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Increasing amount of renewable energy source based electricity production has set high load 

control requirements for power grid balance markets. The essential grid balance between 

electricity consumption and generation is currently hard to achieve economically with new-

generation solutions. Therefore conventional combustion power generation will be examined in 

this thesis as a solution to the foregoing issue. Circulating fluidized bed (CFB) technology is 

known to have sufficient scale to acts as a large grid balancing unit. Although the load change 

rate of the CFB unit is known to be moderately high, supplementary repowering solution will be 

evaluated in this thesis for load change maximization. The repowering heat duty is delivered to 

the CFB feed water preheating section by smaller gas turbine (GT) unit. Consequently, steam 

extraction preheating may be decreased and large amount of the gas turbine exhaust heat may be 

utilized in the CFB process to reach maximum plant electrical efficiency. Earlier study of the 

repowering has focused on the efficiency improvements and retrofitting to maximize plant 

electrical output. This study however presents the CFB load change improvement possibilities 

achieved with supplementary GT heat. The repowering study is prefaced with literature and 

theory review for both of the processes to maximize accuracy of the research. Both dynamic and 

steady-state simulations accomplished with APROS simulation tool will be used to evaluate 

repowering effects to the CFB unit operation. Eventually, a conceptual level analysis is 

completed to compare repowered plant performance to the state-of-the-art CFB performance. 

Based on the performed simulations, considerably good improvements to the CFB process 

parameters are achieved with repowering. Consequently, the results show possibilities to higher 

ramp rate values achieved with repowered CFB technology. This enables better plant suitability 

to the grid balance markets. 
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Kasvava uusiutuviin energian tuotantomuotoihin perustuvan sähkötuotannon määrä on asettanut 

korkeita vaatimuksia sähköverkon tasapainotusratkaisuille. Verkon toiminnan kannalta tärkeä 

kulutuksen ja tuotannon välinen tasapaino on toistaiseksi hankalaa saavuttaa taloudellisesti uusiin 

teknologioihin pohjautuvilla ratkaisuilla. Näin ollen tässä diplomityössä tutkitaan perinteisemmän 

polttoon perustuvan kiertoleijukattilalaitoksen (CFB) käyttöä verkon tasapainoa ylläpitävänä 

yksikkönä. Vaikka kiertoleijukattilan tiedetään tarjoavan riittävän suuren kokoluokan ja 

suhteellisen korkean kuormanmuutoskyvyn, tässä työssä tutkitaan ulkopuolisen lämmön 

tarjoaman lisäkytkennän vaikutuksia korkeampaan tehonmuutoskykyyn. Ulkoinen, 

kaasuturbiiniyksiköstä johdettu lisälämpö syötetään kiertoleijukattilalaitoksen syöttöveteen, 

jolloin väliottohöyryn tarvetta voidaan pienentää ja kaasuturbiinin hukkalämpö saadaan 

tehokkaasti hyödynnettyä niin sanotulla repowering-ratkaisulla. Aiempi repowering-kytkennän 

tutkimus onkin keskittynyt kokonaishyötysuhteen parantamiseen ja retrofit-kytkennöillä 

saavutettaviin tehonlisäyksiin. Tässä diplomityössä lisälämmön syöttämisen vaikutuksia 

tarkastellaan pääasiassa CFB yksikön tehonmuutoskyvyn parantamisen näkökulmasta. 

Repowering-kytkennän tutkimus alustetaan molempien prosessien kirjallisuuskatsauksella. 

Tutkimus suoritetaan käyttäen apuna APROS mallinnustyökalulla aikaansaatuja 

mallinnustuloksia ja työn lopputuloksena suoritetaan konseptuaalisen tason analyysi 

kaasuturbiinikytkennällä varustetun kiertoleijukattilalaitoksen kuormanmuutoskyvystä yksikön 

normaaliin suorituskykyyn verrattuna. Mallinnustuloksista nähdään lisälämpökytkennän vaikutus 

pienentyneenä kiertoleijukattilaprosessin parametrien heittelynä verrattuna ilman kytkentää 

varustettuun yksikköön. Pienentyneet parametrien heilahtelut mahdollistavat tavallista 

korkeampien kuormanmuutosnopeuksien käytön, minkä nähdään tekevän laitoksesta 

sopivamman säätösähkömarkkinoita ajatellen.  
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NOMENCLATURE 

 

Latin alphabet 

A  area      m
2
 

C  constant     - 

CD  drag coefficient    - 

d  diameter     m 

F   force      N 

g  standard gravity     m/s
2
 

h  heat transfer coefficient    W/m
2
·K 

H  height      m 

HHV  higher heating value    MJ/kg 

Kp  gain       -  

L  length      m 

LHV  lower heating value    MJ/kg 

Pe  electrical power    MWe 

p  pressure     Pa, bar 

qi  heat value     MJ/kg 

qm  mass flow     kg/s 

qv  volumetric flow    m
3
/s 

r  radius      m 

T  temperature     K, ºC 

t  time      s 

u  velocity     m/s 

V  volume     m
3
 

W  width      m 

x  volumetric content    - 
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Greek alphabet 

∆  difference     - 

α  experimental parameter   - 

ε  void fraction     - 

η  efficiency     - 

π  pressure ratio     - 

ρ  density      kg/m
3
 

Φ  heat flow     MWth 

𝜇  dynamic viscosity    kg/m·s 

 

Dimensionless numbers 

Ar  Archimedes number 

Re  Reynolds number 

 

Subscripts 

bed  fluidized bed   

c  bituminous coal 

CFB  circulating fluidized bed 

D  drag 

e  electrical 

econ  economizer 

eg  exhaust gas 

eva  evaporative 

fg  flue gas 

fw  feed water 

fwc  feed water container 

g  gas 

grid  furnace grid 

GT  gas turbine 
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hp  high pressure 

i  inflexion- 

in  input 

lp  low pressure 

ls  live steam 

mf  minimum fluidization 

n  nominal    

ng  natural gas 

o  characteristic value 

O2  oxygen 

out  output 

p  particle 

ph  preheating 

repo  repowering 

rs  reheat steam 

sh  superheating 

s  suspension 

t  terminal 

TOT  total 

tr  transport 

 

Abbreviations 

BFB  bubbling fluidized bed 

CC  coordinated control 

CCS  carbon capture and storage 

CFB  circulating fluidized bed 

CHP  combined heat and power 

DEB  Direct Energy Balance 

GOV  governor valve 
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GT  gas turbine 

GTCC  gas turbine combined cycle 

HP  high pressure 

HRSG  heat recovery steam generator     

MCR  maximum continuous rating 

RES  renewable energy sources 

VIGV  variable inlet guide vane 
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1 INTRODUCTION 

 

1.1 Background 

 

Increasing use of wind and solar power has caused radical changes in electricity markets 

recently especially in Europe. Main reason for the phenomena is the fluctuation in 

photovoltaic and wind power generation, commonly stated as renewable energy sources 

(RES). This has created a great need for load regulation capacity as the utilization of RES is 

forecasted to increase globally in the future (Fox et al., 2014, 5). 

 

1.1.1 Electricity grid fluctuations 

 

Fluctuation of wind and photovoltaic energy production is mainly caused by intermittent 

rate of wind speed and solar radiation. Although weather conditions and sun movements 

can be forecasted roughly there is a great need for regulating power to balance the demand 

and the production of energy in the electricity system. The fluctuation of above mentioned 

renewable electricity production is demonstrated in energy source sorted power generation 

chart in Fig. 1.1. (Fox et al., 2014, 137-138) 
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Fig. 1.1 Electricity generation in Germany at week 32/2015 (Edited from: Fraunhofer ISE, 2015) 

 

Fig. 1.1 presents typical variation in German electricity production on hourly and daily 

perspective. Base load plants using hydro, nuclear, biomass and brown coal as energy 

sources are generating the majority of energy with approximately unaltered rate. Also the 

gas usage in Germany can be considered as base load use since it is mainly consumed in 

gas turbine combined cycle (GTCC) plants (IEA, 2012, 18). 

 

Top of the chart presents the hourly-scale variation of solar and wind power generation. As 

figure 1.1 shows the daily variation of solar power is roughly predictable instead of wind 

power which is fluctuating irregularly locally. Nevertheless, even massive local fluctuations 

of the wind power are eventually flattened out as regional generation areas are discussed. 

Consequently, the wind generation does not cause significant peaks to the grid balance. 

Hard coal burning power generation and pumped storage act both as mid-merit plants 

producing the lacking amount of electricity in hourly scale. Greatest need of load balancing 

generation is occurred before and after the highest peak of photovoltaic production. 
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The electricity demand variation caused by consumers further increases the need for rapid 

balancing power generation. As the greatest need for electricity is normally taken place 

during the day and the lowest during the night rough generation scheduling estimations can 

be completed. Nevertheless, as the highest peaks of consumption are not entirely 

predictable and as the capacity of rapid pumped storage, for instance, is limited there is 

constant need for reserve power. (Fox et al., 2014, 138) 

 

The objective for the presentation of above discussed production and consumption 

variations is to point out the challenging environment for the designed flexible power 

generating plant. The fluctuation of electricity consumption alone disturbs the balance of 

the grid which appears in the frequency irregularity (Fox et al., 2014, 117). Electricity 

demand and supply change between annular seasons, between weekdays as illustrated in 

figure 1.1 and rapidly due to consumption and renewable energy fluctuations. As the grid 

frequency and load control is needed in industrial scale fast load changing performance and 

economical partial load operation are both crucial. 

 

1.1.2 Grid balancing solutions 

 

Increased need in regulating capacity for the irregular difference between electricity supply 

and demand has caused the need to find new balancing solutions beside the existing ones. 

Use of spinning reserve in load regulation is already used in a form of thermal plants and 

pumped storages. As the issue of intermittent power is concerning the whole electricity 

system the reserve must be able to respond to the loss of the largest single unit on the 

system. Fast load changing capacity should also occur in economical and pollution-friendly 

way both downwards and upwards which causes limitations for the solutions. (Fox et al., 

2014, 16) 

 

Recent study has focused to the use of new energy storages as a solution for the imbalance 

of electricity markets (Sharma & Kar, 2015, 190). One example of the recent studies has 
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been Power-to-Gas application which uses oversupply electricity and carbon-dioxide from 

combustion processes to create methane through electrolysis-methanation process (Lehner 

et al., 2014, 7-8). Using above-mentioned applications methane can be restored in existing 

natural-gas distribution networks and used later in combustion processes to generate 

electricity (Lehner et al., 2014, 8). Modern energy storage solutions answer to the 

electricity oversupply issues dynamically but do not yet resolve the demand of rapid 

electricity production in a cost effective manner (Fox et al., 2014, 139).  

 

Already existing solution for electricity system balancing is the use of thermal power which 

will be further researched in this thesis. Although conventional steam generating power 

plant have been developed constantly for several decades the main focus has been to use 

them as base load plants with high efficiency electricity production, wide variation of fuels 

and low amount of emissions (Hotta, 2010, 60). As a result of this development the unit 

sizes have been increased with decreasing emissions and production losses (Basu, 2015, 9-

10). Nevertheless, the load change speed of steam turbine cycle processes have not yet 

involved to the requirements of the present-day electricity market fluctuations (Fox et al., 

2014, 140). 

 

Unlike conventional steam turbine combustion processes, open cycle gas turbine processes 

and diesel engines have significantly higher load changing rates and shorter start-up times 

for dynamic electricity production but higher fuel costs. Therefore, the use of high demand 

response gas turbine and combustion engine processes are currently used only for the short-

term demand peaks. (Fox et al., 2014, 138) 

 

1.2 Objective 

 

Use of coal-combusting circulating fluidized bed (CFB) boiler with gas turbine (GT) boost 

up unit will be reviewed in this thesis as a solution for the demand of flexible power 

generation in the electricity system. The objective of the thesis is to combine above 
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mentioned benefits of both processes into industrial scale repowered CFB power plant and 

evaluate the plant load change performance with simulation methods. With increased yet 

efficient load gradients the power plant unit is enabled to produce electricity more 

dynamically for base load and power reserve purposes. By this, alternative electricity 

generation options are available which enables maximum economical potential. 

 

The influences of the gas turbine integration known as repowering will be implemented 

through dynamic and steady-state simulations and the results will be compared to the state-

of-the-art CFB unit load changing behaviour. Consequently, model validation is necessary 

for the accuracy and the usability of the results. The plant economy and emissions will also 

be considered as a part of the review as the operational cost-effectiveness is strongly 

influenced by the fuel and emission control economy. As a result, the advantages and issues 

of the implemented plant may be pointed out as framework for further studies and 

investments. 

 

1.3 Structure of the thesis 

 

Theory part of the thesis presents the thermodynamical and operational background for the 

CFB power generation in Chapter 2. The literature review for the gas turbine power 

generation in Chapter 3 demonstrates basics of gas turbine process in electricity production 

with the assistance of reference units. Also the GT repowering alternatives found from the 

recent studies will be presented in Chapter 3. Objective of the theoretical section is to 

discover operational limitations for both of the processes relative to dynamic but also 

efficient and economical use in electricity system load regulation. The theory part of the 

thesis is focused on the CFB behaviour in load change occasion as it is significantly more 

complex process with multiple non-linearities in the control system. Suitable control 

methods will be introduced for both of the processes prior to the selection of the plant 

control built later in Chapter 4. 
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Dynamic model of the chosen circulating fluidized bed plant with gas turbine integration 

will be built and introduced in Chapter 4. This is achieved through APROS dynamic 

simulation tool, which will be also briefly introduced. After the presentation of APROS 

operational requirements, model limitations and reference based design values for the 

investigated plant configuration will be demonstrated in detail. As a result, the combination 

of the CFB and gas turbine processes will be implemented with the definition of the chosen 

process connection and master control system. Finally, the implemented CFB and GT 

models are validated with the assistance of the reference units and typical behaviour 

descriptions presented in Chapter 2 and Chapter 3. Consequently, the errors and incorrect 

behaviours presented in the validation section may be later taken into account as the results 

are evaluated. 

 

Chapter 5 begins with a definition of simulation cases which will be simulated with the 

APROS model described in Chapter 4. Both dynamic and steady-state simulation will be 

completed for comprehensive analysis of the repowering process. Dynamic simulation 

cases include similar load generation sequences for the original non-repowered power plant 

and for the GT repowered CFB plant. Consequently, superior comparability will be 

achieved for the analysis of the repowering connection in CFB load change performance. 

The steady-state simulations are also performed in different load levels to point out 

operational issues and phenomena which are not practical to be demonstrated with dynamic 

simulation. This includes, for instance, an extensive data for the plant fuel economy 

analysis with and without the repowering process. 

 

The analysis of the simulation results presented and briefly discussed in Chapter 5 will be 

continued in Chapter 6. Consequently, the simulation results will be used to evaluate the 

benefits of the repowering in the CFB load change performance. The discussion of the 

results is roughly divided in three sections concerning fuel economy, load change 

performance and plant control system performance, respectively. Also additional process 

observations are raised and discussed for detailed analysis of the results. Eventually, the 
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feasibility of the results and constructed model will be evaluated on the validation section 

basis. 

 

Finally, the thesis is completed in the conclusion Chapter 7 which includes brief summary 

of the thesis and gained research results. In the end of the chapter, future work interests and 

supplementary perspectives for the subject will be discussed. Also the model development 

aspects and study improvements are highlighted for further research of the circulating 

fluidized bed repowering.  
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2 CIRCULATING FLUDIZED BED PROCESS 

 

Circulating fluidized bed (CFB) combustion has significant advantages in large scale power 

production compared to the market-leading pulverized coal (PC) combustion processes 

(Kettunen et al., 2014, 2). Together with bubbling fluidized bed (BFB) combustion the 

most notable benefits of CFB combustion are discovered in economical emission control, 

minimum combustion losses, wide fuel variety and simple fuel processing (Raiko et al., 

2002, 490). Nevertheless, the PC combustion is well-suited for flexible power production 

as the supercritical once-through boilers operating in sliding pressure provide excellent load 

turndown (IEA, 2007, 34). 

 

In this study, the use of steam drum equipped CFB boiler will be reviewed in power 

production as it has relatively high ramp rating performance (Kettunen et al., 2014, 13). 

This chapter presents the theoretical background of the CFB combustion with the focus on 

the phenomenon causing the load change behaviour. 

 

Circulating fluidized bed combustion basic idea is to burn fuel together with large 

inventory of fine non-combustible solids circulated in the furnace loop. The phenomena of 

solids circulation occurs as the fluidization air velocity exceeds the terminal velocity of 

average particles used in the furnace, which is typically 4.0-6.0 m/s calculated in free 

furnace space. In BFB instead, the solid particles are fluidized to bubbling form with lower 

fluidizing velocity of 1.5-2.5 m/s and the fuel is burned on top of the liquidated bed of 

solids. Heat generated from the fuel combustion reactions is transferred in both processes to 

the solid particles, flue gases and eventually to the heat exchanging surfaces for electricity 

production through steam turbine cycle. (Basu, 2015, 4-7, 22, 57) 

 

Bed solids are typically made of fine sand together with emission control demanding 

sorbents such as limestone for sulphur capture through sulfation. Particles are 

approximately dp = 100 - 300 µm in diameter and the amount of bed solids is significantly 
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high for sufficient boiler thermal capacity. As a result, the fuel particles act only about 1-3 

% mass share of the total particles inside the furnace. The typical bed solids nominal 

material density of ρp,n = 2500 kg/m
3
 is decreased to desired suspension density ρp,s in CFB 

combustion with fluidization air injection which will be later discussed. As a result, the hot 

bed solids and fuel combustion may be spread to the entire furnace volume for desired heat 

transfer and combustion. This leads to excellent grate heat-release rate of 2.5-4.5 MW/m
2
 

near to that of the PC combustion (Basu, 2015, 8-10) 

 

Typical bed temperature is maintained in approximately 800 – 900 ºC throughout the 

furnace which enables efficient sulfur capture, low thermal NOx emissions and prevents 

fuel ash fusing.  Large amount of high thermal capacity possessing solid particles also 

ensure uniform combustion of low-grade fuels such as biomass. (Basu, 2015, 1, 6-7, 115) 

 

Preheated fluidization air is blown uniformly from the bottom of the furnace through air 

distribution nozzles. Consequently, typical CFB fluidizing velocity of 4.0-6.0 m/s 

calculated on free furnace cross-section is achieved. The fluidizing air injection at the 

furnace bottom level is illustrated in Fig. 2.1. Additionally the fluidization air acts as 

primary combustion air with the share of approximately 50 % of total air and the 

combustion process is completed with secondary air blown to the secondary combustion 

zone. Total stoichiometric amount of combustion air with 10 - 30 % excess air depends of 

the fuel mass flow rate and fuel element analysis. (Basu, 2015, 5, 178) 
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Fig. 2.1 Schematic diagram of a drum CFB boiler (Basu, 2015, 178) 

 

The amount of grate injected primary air is used for fluidization control which 

consequently affects to the heat transfer through solids suspension density ρp,s. The 

secondary air is instead used to manage desired flue gas oxygen level for combustion 

efficiency maximization. Altogether, the air distribution is thus strongly affected by the 

CFB load level and fuel used, which will be discussed in detail later. (Basu, 2015, 5, 178) 
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As the fuel reacts in the furnace together with primary and secondary air the combustion 

process releases heat which can be absorbed to the heat exchanging surfaces of the boiler 

through radiative and convective heat transfer. Fig 2.1 demonstrates the typical heat 

transfer surfaces of the CFB boiler which are evaporating surfaces, steam superheaters, feed 

water economizer and combustion air preheater. Mixture of combustion gases, unburned 

solids and circulating bed material reaches the top of the furnace and travels through gas-

solids separator which is typically a cyclone. After the separator flue gases are delivered 

forward to the back pass of the boiler and unburned fuel descends back to the furnace 

through loopseal together with bed solids for recirculation. (Basu, 2015, 4-7) 

 

With above mentioned heat exchangers demonstrated in Fig. 2.1 the flue gas temperature 

can be decreased from typical back pass entraining temperature of 800-900 ºC to flue gas 

exit temperature close to 150 ºC. The exit temperature minimum is typically restricted to 

130-150 ºC by the sulfuric acid dew point which depends of the fuel sulphur content (Teir, 

2003, 127). Cooled exhaust gases are delivered eventually to the stack through dust 

removal and other alternative emission control operations with the assistance of flue gas 

blower. (Basu, 2015, 4, 129) 

 

In following sections the principles of circulating fluidized bed fluidization, combustion, 

heat transfer and operation will be examined in detail, respectively, for model 

implementation and validation discussed in Chapter 4. The emphasis of examination is to 

discover influences of operational values to the foregoing phenomena for the development 

of plant design and dynamic control. 

 

2.1 Fluidization 

 

Fluidization in the furnace is occurred as solid bed particles are transformed into fluid-like 

form by the influence of gas blown to the bed (Basu, 2015, 19). Such state is reached as the 

gas velocity is transcended above the minimum fluidization velocity umf which is defined 
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typically in free space with furnace temperature and pressure conditions (Raiko et al., 2002, 

491). Minimum fluidization velocity causes fluid drag FD equal to the relative weight of the 

particles as written in Eq. 2.1 (Basu, 2015, 22). 

 

𝐹D =  ∆𝑝𝐴f = 𝐴f𝐿(1 − 𝜀)(𝜌p − 𝜌g)𝑔     (2.1) 

 

where 

 

∆𝑝 bed pressure drop [Pa] 

Af furnace cross section [m
2
] 

L bed height [m] 

𝜀 void fraction of particles over total bed volume – 

𝜌p  particle density [kg/m
3
] 

𝜌g fluidizing gas density [kg/m
3
] 

g standard gravity = 9,81 m/s
2
 

 

In Eq. 2.1 the fluid drag FD is equal to the pressure drop ∆𝑝 throughout furnace cross 

section 𝐴f in which the bed pressure drop is defined equal (Basu, 2015, 22). Pressure drop 

is given then as bed hydrostatic pressure with included buoyancy factor. As balance is 

maintained the solids are weightless thus moving against each other unlike in fixed bed 

(Basu, 2015, 19, 22). When gas velocity further rises above umf extra gas starts to form 

bubble flows and bubbling fluidized bed is therefore developed as bubbles are going 

upwards due to buoyancy force (Basu, 2015, 24, 28). In conclusion, bubbling bed is 

transformed immediately after umf is exceeded thus definition of minimum bed operating 

velocity is significant. Eq. 2.2 represents the minimum fluidization Reynolds number Remf. 

 

 

 



20 

 

𝑅𝑒mf =
𝑑p 𝑢mf 𝜌g

𝜇
= [𝐶1

2 + 𝐶2𝐴𝑟]0,5 − 𝐶1     (2.2) 

 

where 

 Remf Reynolds number, minimum fluidization - 

 dp particle diameter [m] 

 umf minimum fluidization velocity [m/s] 

 µ gas dynamic viscocity [kg/m·s] 

 C1 empirical constant = 27.2 (Grace, 1982) 

 C2 empirical constant = 0.0408 (Grace, 1982) 

Ar Archimedes number 

 

Eq. 2.3 represents equation for Archimedes number which is needed for the calculation of 

minimum fluidizing velocity in specific conditions. 

 

𝐴𝑟 =  
𝜌𝑔(𝜌𝑝−𝜌𝑔)𝑔𝑑𝑝

3

𝜇2         (2.3) 

 

Minimum fluidizing velocity for specific furnace conditions is thus solvable as bed particle 

and fluidizing gas properties are known. Therefore, the minimum bubbling fluidized bed 

velocity can be calculated for furnace operation inspection. Although the focus of the thesis 

is to concentrate on examining on circulating fluidized bed boiler the bubbling bed 

behaviour has significant role during low load CFB operations (Raiko, 2002, 506). 

 

Bubble phase flow erupts on the bed surface once it has penetrated through the emulsion 

phase of particles as seen in Fig. 2.2. Some solids are transported with bubble phase wake 

force and due to bubble eruption these particles continue to travel upwards in the furnace. 

Gravitational force return heavy solids back to the bed but certain flux of small solid is 

been carried away. (Basu, 2015, 24-25) 
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Fig. 2.2 Fluidization regimes for fixed bed (a), bubbling bed (b) and turbulent bed (c) (Edited from: 

Basu, 2015, 23) 

 

As fluidizing gas velocity is increased further the bed starts to expand by the effect of 

emulsion phase expansion and bubble fraction increase. Eventually, the bubble form is 

unidentified due to constant bubble coalescence and separation which is illustrated in Fig. 

2.2. As a result, the bed upper surface becomes extremely diffuse and high turbulent bed 

starts to form. The turbulent fluidized bed formation begins from the upper part of the bed 

and during the transition the pressure drop Δp fluctuates. During the highest fluctuation the 

fluidization velocity has reached to uc and as velocity is further increased to uk the pressure 

drop stabilizes to constant value. Transition velocity for uc can be calculated from Eq. 2.4 

(Basu, 2015, 25-26) 

 

𝑅𝑒𝑐 =
𝑢𝑐𝑑𝑝𝜌𝑔

𝜇
= 0.936𝐴𝑟0.472       (2.4) 

 

As the fluidizing velocity uk in Eq. 2.5 is achieved, fully turbulent fluidization regime is 

formed. (Basu, 2015, 25-26)  
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𝑅𝑒𝑘 =
𝑢𝑘𝑑𝑝𝜌𝑔

𝜇
 = 1.46𝐴𝑟0.472           (𝐴𝑟 < 104)     (2.5) 

  = 1.46𝐴𝑟0.560           (𝐴𝑟 > 104)  

 

At certain level of fluidization, also the terminal velocity ut of particles is reached as 

gravitational and buoyancy forces are equal the fluidizing gas drag force FD. This 

equilibrium velocity where spherical particle stays still in stationary medium is defined by 

drag coefficient CD in Eq. 2.6, as follows. (Raiko et al., 2002, 497) 

 

 (𝜌p − 𝜌g)𝑉p𝑔 = 𝐶D  
1

2
 𝜌g 

𝜋

4
𝑑p

2 𝑢t       (2.6) 

 

where 

 Vp volume of the particle [m
3
] 

 

Drag coefficient CD is function of Reynold number Re and it is detailed profoundly by 

Kwauk (1992). Noteworthy, Eq. 2.6 is written on spherical particle and corrective factor is 

should be used for accuracy (Basu, 2015, 345). For fine particles the turbulent fluidization 

occurs at gas velocities above the terminal velocity whereas coarse particles descend into 

turbulence fluidization state at velocities lower than ut (Basu, 2015, 27). 

 

In circulating fluidized bed combustion the gas velocities are raised above turbulent 

fluidization velocities described earlier. As a result, the bed material is transported with the 

gas and returning loop is needed for particle recirculation. Amount of solids bypassing the 

loop seal can be adjusted by high pressure air injection to the loop seal later discussed. By 

the effect of recirculation through separator and loop seal the recirculation rate has 

significant effect on solid fraction of bed. (Basu, 2015, 29-33) 
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Eventually as transport velocity utr is exceeded fast bed is evolved and above mentioned 

solids circulation occurs. The approximate transport velocity utr can be calculated with Eq. 

2.7 (Basu, 2015, 33).  

 

𝑢tr = 1.45 ×
𝜇

𝜌g𝑑p
𝐴𝑟0.484,      20 < 𝐴𝑟 < 50,000    (2.7) 

 

In pneumatic transport the particles travel upwards separately. As concentration of solids is 

increased due to lower gas velocity or higher circulation rate particles start to form 

agglomerates typical to fast bed currently under consideration (Basu, 2015, 31). Parts of 

these agglomerates are descending downwards near to the furnace wall as clusters and 

internal circulation of bed material is thus generated (Raiko et al., 2002, 505).  

 

During fast fluidization the voidage of the bed is important to be determined as it has 

significant effect on the heat transfer and dynamics of the furnace. The voidage profile 

occurs approximately in S-shaped profile defined in Eq. 2.8 (Kwauk, 1992, 163). 

 

 
𝜀−𝜀a

𝜀d−𝜀
= exp (

ℎ−ℎi

ℎo
)        (2.8) 

 

where 

 h heigh measured from the bed bottom [m] 

 hi inflexion point elevation from bed bottom [m] 

 ho characteristic height [m] 

𝜀 voidage at heigh h - 

 𝜀a asymptotic voidage in dense section - 

𝜀d asymptotic voidage in dilute section – 

 

Inflexion point is found at the level of secondary air injection as CFB boilers are concerned. 

Purpose of the secondary air feeding is to enable oxygen-rich combustion zone and 
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effective fuel-air mixing. Upwards this point the bed is significantly more dilute but actual 

values depend strongly of fluidizing velocity and circulation rate as discussed before. By 

primary air injection increase CFB boiler has the ability to transport more hot solids from 

the dense lower section thus increase the heat transfer in the upper section. Consequently, 

higher heat transfer enables higher load. In conclusion of this fluidization section, the 

primary air fluidization velocity, bed material circulation and secondary air injection have 

all significant roles in the furnace fluid dynamics. (Basu, 2015, 107) 

 

2.2 Combustion 

 

The coal particle combustion reaction can be considered very complex process as it is 

occurred in multiple stages which of all are briefly presented in this section and illustrated 

in Fig. 2.3. 

 

Fig. 2.3 Coal particle combustion stages (Basu, 2015, 92). 

 

As the coal particle is injected to the furnace it is immediately heated by the hot bed 

material and released combustion heat. As a result, the moisture is removed and the 
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volatiles are released. After a relatively short period of time shown in Fig. 2.3 only char is 

left and it is combusted in more moderate manner described in this section. Eventually as 

the whole combustion of the coal particle is completed only unburned char and ash is left as 

combustion residuals. (Basu, 2015, 91-92) 

 

Typical share of char particles in the furnace is only 1 - 3 % of the total solids, including 

the combusted char, bed material and additional materials such as limestone used in sulphur 

capturing process (Teir, 2003, 162). This share of combustible particles versus temperature 

regulative bed solids plays an important role in the CFB operation (Basu, 2015, 107). To 

ensure constant power generation, suitable amount of fuel is fed to the bottom section of the 

furnace and it is quickly dispersed into the large inventory of elevating bed material (Teir, 

2003, 162). As individual fuel particle enters to the hot suspension above its ignition 

temperature the raise in the particle temperature is 100…1000 K/s depending of the fuel 

size and quality (Raiko et al., 2002, 514). Char surface temperatures are typically 50-200 ºC 

higher than the average temperature of surrounding bed material and increased eventually 

by the effect of decreasing char diameter or increasing oxygen concentration (Basu, 2015, 

111). 

 

As bed temperature is sufficiently high and fuel heating value is enough to raise the fuel 

and the combustion air above the ignition temperature the combustion starts with pyrolysis 

(Teir, 2003, 162). This devolatilization process releases condensable and non-condensable 

gaseous components from the fuel in multiple stages (Basu, 2015, 93). First stage volatiles 

are released already in the temperature of 500-600 ºC and the second stage occurs in 800-

1000 ºC (Basu, 2015, 93). The release and the combustion of the volatiles overlap thus it is 

reasonable to handle them as one process (Basu, 2015, 94).  

 

After the volatile components have burned in the furnace the combustion of remaining char 

is concerned. This complex process takes more time than the pyrolysis on average as 

remaining char is combusted in three regimes described by Basu (2015). These regimes 
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depend of the combustion temperature and porous particle size. In general, the most coarse 

particles combust in high temperature section with small mass transfer and high reaction 

rate while smaller particles have higher rate of oxygen diffusion compared to the chemical 

kinetic rate. This is mostly due to area of porous oxygen diffusion surface of the particles. 

(Basu, 2015, 96-104) 

 

Typical coal feeding particle is 1…10 mm in diameter and it is decreased efficiently by 

combustion in above described manner but also due to fragility of char and collision of 

particles throughout the CFB furnace loop. In this study, an average bituminous coal fuel 

particle diameter dbc is selected to be near 1 mm, which decreases the time of particle 

combustion. Due to efficient combustion and reduction of fuel particle size only the fly ash 

is remained as small particles for the separator before the back-pass of the boiler. As a 

result, circulating fluidizing bed combustion has typically excellent combustion efficiency 

with minimal unburned coal losses. (Raiko et al., 2002, 515-516) 

 

Combustion zones in CFB furnace can be divided in three sections (Teir, 2003, 162). The 

sub-stoichiometric part of the furnace below the secondary air injection acts as thermal 

reserve due to low heat transfer to the refractory-lined water walls (Basu, 2015, 107). In 

this 2-3 m high section the suspension density ρp,s of particles is high and consequently high 

thermal capacity is maintained (Basu, 2015, 177). As mentioned earlier the injection rate of 

primary air has significant effect on the density of solid particles in upper dilute section and 

it can be used in thermal reserve regulation (Basu, 2015, 107). 

 

Most of the heat transfer occurs in upper oxygen-rich section and due to great heat transfer 

potential this section is equipped with steam evaporative and superheating surfaces which 

will be discussed later (Basu, 2015, 178). Only the most fine particles are elevating from 

this upper section to the gas-solid separator as level of cluster flux is constantly descending 

near the walls (Raiko et al., 2002, 505). 
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As a result of circulation the unburned fuel particles return to the lower section of the 

furnace through gas-solid separator and return leg. Small amount in pressurized air has to 

be injected in loop seal for required transportation of the fluidizing solid and unburned fuel. 

(Teir, 2003, 163)  

 

2.3 Heat transfer and thermal design 

 

In this section the basic principles of circulating fluidized bed heat transfer is presented 

briefly. The focus of discussion is to point out the most significant methods of controlling 

the heat released from the combustion. Also suitable design values aiming efficient heat 

transfer and superior load control will be presented. 

 

The upper combustion section is surrounded by membrane water walls and significant 

amount of heat is thus used in water evaporation through bed and cluster convective and 

radiative heat transfer (Basu, 2015, 190). The variation between convective and radiative 

heat transfer as a function of furnace high is illustrated in Fig. 2.4 with three different boiler 

load variations (Basu, 2015, 82). 
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Fig. 2.4 CFB solid concentration and heat transfer mechanisms under different loads (Edited from: 

Basu, 2015, 82) 

 

In full load operation the role of convection is dominant in the lower part of the heat 

transferring section of the furnace (Basu, 2015, 82). Consequently, as load is reduced with 

primary air reduction the concentration of particles in upper section becomes significantly 

lower (Basu, 2015, 82). As an effect, the convective heat transfer between the solid and the 

wall is reduced in upper section. This leads to reduced overall heat transfer although 

radiative heat transfer becomes dominant in diluted section as seen in Fig. 2.4 (Basu, 2015, 

82). As primary air is decreased further the bed is transformed to bubbling fluidized bed 

and the boiler minimum load restricted by umf is achieved eventually (Basu, 2015, 175). 

 

As the radiative heat transfer is strongly affected by the bed solids temperature Tbed and flue 

gas temperature Tfg the heat transfer rate is reduced as the combustion heat release is 

decreased. This occurs during low CFB load levels as the amount of decreased fuel 
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injection heat cannot maintain high bed solid temperatures or flue gas temperatures. (Basu, 

2015, 62) 

  

Altogether, the bed solids temperature and flue gas temperature have both significant effect 

on CFB heat transfer and as mentioned earlier they are courted to maintain as constant as 

possible for efficient sulphur capture and thermal NOx reduction. Especially during load 

changes the bed and flue gas temperatures must thus be controlled by fluidization and fuel 

feeding to the furnace. In the CFB combustion required changes in heat transfer can be 

achieved through bed density alteration illustrated on Fig. 2.5. Consequently, the bed 

temperature is not controlled to adjust boiler load. (Basu, 2015, 62) 

 

 

Fig. 2.5 Effect of superficial gas velocity on furnace heat transfer for laboratory fluidizing particle 

densities and commercial CFB plants (Basu, 2015, 61) 
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During load changes the primary air flow must be altered which has an influence on 

superficial gas velocity. Results in Fig. 2.5 demonstrate the minor effect of superficial 

velocity on heat transfer rate in laboratory conditions. Despite of the minor direct effect the 

decrease of fluidizing gas velocity has significant importance in load changes due to 

influence in furnace upper section density. As flow is reduced the bed density is thus 

increased in the lower part of the furnace and decreased in the upper part. As a result, the 

convection heat transfer is reduced and overall thermal output to the water walls and 

superheaters is reduced also. Consequently, bed cooling and steam generation are both 

reduced which enables constant superheated steam parameters and bed temperature. (Basu, 

2015, 61, 81) 

 

Back-pass of a CFB boiler is equipped with convective heat exchangers (Fig. 2.6) for steam 

superheating, steam reheating, feed water preheating and combustion air preheating 

purposes. Finally, as heat exchanging surfaces are designed properly, the final exhaust gas 

temperature is trimmed to as low as possible to maximize the thermal efficiency of the 

boiler. The flue gas outlet temperature depends of the sulphur content of the fuel as sulfuric 

acid condensation must be avoided (Raiko et al., 2002, 348-349). 
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Fig. 2.6 Basic CFB boiler heat exchanging surfaces and with typical combustion gas cooling (Basu, 

2015, 4) 

 

Example setting of a drum type CFB boiler heat transfer surfaces in Fig. 2.6 illustrates the 

combustion gas temperature decrease through the furnace and back-pass. With the 

assistance of Fig. 2.6 the preheating and evaporation of water as well as the superheating 

and reheating of steam can be further explained. 

 

Before entering the boiler, the feed water temperature is increased with preheaters powered 

by steam from the steam turbine. By this, the efficiency of power production can be raised. 

Low pressure steam will be used before the feed water container as direct steam injection to 
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the container is used to maintain saturated feed water conditions. The economizer inlet 

conditions later discussed are achieved through feed water pump and alternative high 

pressure preheater powered by high pressure steam from the turbine. (Huhtinen et al., 1994, 

11) 

 

Figure 2.6 demonstrates how preheated high-pressure water is transported to the boiler 

back-pass economizer with approximate velocity of 1.0 m/s. In the economizer the feed 

water temperature raises approximately 10 ºC below the temperature of saturated water in 

boiler drum pressure as it is heated by the flue gas flow. By sufficient gap between 

economizer outlet temperature and saturation temperature, the evaporation in economizer 

tubes can be avoided during partial load also. (Teir, 2003, 107, 182) 

 

The heat transfer in the economizer occurs typically through inline tube package heat 

exchanger with the material strength sufficient to the high pressure. By this arrangement, 

heat transfer coefficients from heco = 56.0 - 65.0 W/m
2
K can be achieved which is relatively 

low value compared to the evaporator and superheater values. Shell side is typically 

designed for flue gas velocities ranging from 7.6 m/s to 10.7 m/s and the optimal flue gas 

outlet temperature should be at least 38 ºC higher than the economizer water outlet 

temperature Tecon,out (Basu, 2015, 190). In other words, the flue gas outlet temperature 

exceeds the saturation temperature of water in design pressure. This ensures necessary heat 

for the combustion air preheating. (Teir, 2003, 182, 184) 

 

Eventually heated water flow enters the boiler steam drum where saturated condition is 

maintained. Saturated water is separated from the steam before it enters the furnace 

surrounding evaporator tubes, diametered to be deva = 30 - 80 mm (Teir, 2003, 139). In 

these membrane walls the water is thus partially evaporated before it flows back in the 

drum. Due to partial evaporation of water the amount of circulating water in the 

evaporative walls is considerably higher than the amount of steam required for power 
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production. This leads to high circulation ratio of 5 - 100 which enables thermal buffering 

during minor load changes. (Teir, 2003, 55, 106-107) 

 

Saturated steam is separated in the steam drum and led to the superheating surfaces for 

moisture removal and plant efficiency improvement. Fig. 2.7 illustrates a state-of-the-art 

example of superheater and reheater arrangements. (Teir, 2003, 146-147) 

 

 

Fig. 2.7 Kladno CFB boiler heat exchanger arrangements (Edited from: Parkkonen et al., 2014, 4) 

 

As the superheated steam is headed from superheaters to the turbine the importance of 

steam outlet temperature is notable. Therefore, the steam outlet temperature is controlled to 

maintain ±5 ºC from the design value by feed water injection between superheating stages 

(Teir, 2003, 80). In Kladno 135MWe power plant (Fig. 2.7) the superheating of steam starts 

from the first back pass of boiler with convective heat transfer. After convective heat 

exchangers I and II the steam is eventually superheated in radiation wing wall superheater 

III and finally in the INTREX™-superheater IV. INTREX™ uses the heat generated from 

the return channel recirculation and furnace internal recirculation (Basu, 2015, 181). Plant 
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live steam temperature is controlled with three stage feed water injection. (Parkkonen et al., 

2014, 9-10) 

 

Reheating is commonly started from the convective pass reheaters and finished with 

INTREX™-reheater. Reheated steam temperature can be also controlled by partial by-

passing of RH I. This feature is used especially during higher loads to prevent steam 

overheating without water injection (Parkkonen et al., 2014, 10). However the feed water 

injections can be considered as the most usual method for superheated steam temperature 

control. In water injection desuperheating small amount of high pressure feed water is 

pipelined from the feed water pump outlet to the steam lines between superheating section. 

Consequently, desired amount of cooling water can be guided to the steam line with 

injection valve actions. The temperature control is significant to the turbine performance 

especially during fast load variations. (Teir, 2003, 80) 

 

Suitable flow velocity of water in the economizer and preheaters was stated to be only 

about 1.0 m/s (Teir, 2003, 107). Instead, the superheated steam velocity is typically 10.0 - 

20.0 m/s and due to lower heat transfer rate caused by lower pressure the reheater tube 

diameter and quantity must be chosen for further increased steam velocities (Teir, 2003, 

147, 182). The outside velocities differ depending on the heat exchanger type. This means 

flue gas velocities of up to 15 m/s on convective heat exchanger meanwhile radiative tube 

bundles can be arranged more loose, resulting in <5 m/s flue gas velocity (Teir, 2003, 147). 

The altering in flue gas and steam properties must be considered in design as the density 

and volumetric flow are altered as function of temperature and pressure. 

 

Kladno CFB plant economizer and combustion air preheater are located in the second back-

pass as Fig. 2.7 shows. Air preheater type is commonly used tubular recuperative heat 

exchanger which passes the flue gas flow tubes multiple times for designed flue gas 

temperature reduction. The heat transfer rate in air preheater is significantly smaller to other 

parts of the boiler. (Teir, 2003, 112) 
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The CFB boiler design introduced later in this thesis will be based for the most part on 

Amec Foster Wheeler designed Kladno 135 MWe boiler as it represents state-of-the-art 

drum type boiler design. Also performance data on load ramping reported by Parkkonen et 

al. (2014) is available for model validation. 

 

2.4 Load control and operation 

 

The load control of circulating fluidized bed boiler has already been partially discussed in 

sections above mainly related to the fluidizing condition manipulation with air distribution. 

In present section all the basic principles will be reviewed for plant model development. 

Methods can be roughly divided into heat absorption adjustments and secondary methods 

meanwhile the main control loops are generated typically for boiler and steam turbine 

(Basu & Debnath, 2014, 749). For modern power plant with excellent load following 

capacity the balance between load control methods must be well organized thus coordinated 

main control is needed (Basu & Debnath, 2014, 749). Noteworthy, all of the reviewed 

methods are typical for steam drum type boiler with constant pressure operation. 

 

2.4.1 Boiler load control 

 

The fuel feeding and quality has the most significant effect on boiler heat release rate in the 

long term. Although the amount of fuel can be roughly calculated from the desired electric 

power output the feeding rate control is based on the boiler steam pressure (Basu & 

Bebnath, 2014, 588). 

 

Due to excellent mixing of fuel the feeding system requires smaller amount of feeding 

points compared to the BFB furnace. The final coal feeding rate is typically maintained 

with required amount feeding screws and additional high pressure air injections (Parkkonen 

et al., 2014, 11). Amount of high pressure air is injected to the feed point for back flow 

prevention although the gravitational force could be used for fuel feed injection to the 
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furnace. The CFB furnace fuel feeding point is typically located either in the sub-

stoichiometric refractory zone or in the loop seal (Basu, 2015, 173). Loop seal feeding 

provides preheating and partial devolatilization which is advantageous for high moisture 

fuels in particular (Basu, 2015, 173). Instead, for more reactive and high-volatile fuels such 

as bituminous coal feeding near to the combustion zone is necessary as the fuel burns 

faster. (Basu, 2015, 174) 

 

As the fuel feed rate influences the bed temperature with delay due to high share of solids 

the furnace heat absorption must be adjusted simultaneously with supportive methods. The 

load control with primary air share was discussed earlier. The total amount of combustion 

air is defined by the fuel characteristics and the desired amount of excess air which was 

stated earlier to be 10.0 - 30.0 % of the total air. With sufficient amount of oxygen the 

combustion and desulfurization reactions are completed (Basu, 2015, 349). Nevertheless, 

the amount of oxygen is limited with the distribution to primary sub-stoichiometric zone 

and oxygen rich upper secondary zone. As an effect, the formation of NOx reduces as the 

fuel nitrogen is transformed into molecular nitrogen in limited oxygen concentration (Basu, 

2015, 146). 

 

Above mentioned limitations for efficient and environmental combustion must be sustained 

also as the primary air injection is controlled during load changes. For instance, as the 

amount of primary air is reduced to limit convectional heat transfer in the upper bed section 

the rate of secondary air must deliver the required amount of air to ensure constant level of 

excess oxygen and vice versa. The air control is thus calculating the total amount of air 

from the fuel flow and flue gas oxygen residuals (Basu & Debnath, 2014, 590). During 

higher loads of 75-100 % calculated from the unit maximum continuous rating (MCR) the 

oxygen level should be approximately 1.5 - 2.0 % whereas amount of oxygen should be 

4.0% for load levels less than 60 %MCR (Basu & Debnath, 2014, 590) The continuous 

calculation of the bed fuel inventory is beneficial for combustion air control as the 

measurement of excess oxygen in the flue gases has time lag to the ongoing rate of 
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combustion. Thus, the O2 correction to the secondary air flow is used only as the value has 

moved too far from the set point (Karppanen, 2000, 59). 

  

Also the INTREX™ section can be used for load controlling. The solid recirculation to the 

furnace can be adjusted with fluidizing conditions inside solids return loop with high 

pressure air injection. Consequently, the adjustment of solids circulation rate has effect on 

bed density and heat transfer coefficients inside the evaporator. The fundamentals of the 

INTREX™ heat exchanger in CFB boiler live steam control will be discussed later in 

section 2.4.4. (Teir, 2003, 165) 

 

2.4.2 Turbine load control 

 

Power grid power demand sets the live steam consumption for steam turbine expansion as 

constant pressure boilers are discussed. The primary control of steam flow and turbine inlet 

pressure is mastered with live steam control valve near to the turbine known as governor 

valve (GOV). As mentioned earlier the steam drum type CFB boiler has excellent thermal 

buffering ability for short-term steam consumption changes (Teir, 2003, 55). Minor actions 

of GOV can thus be used for primary grid control which is automatically activated as the 

grid frequency alters from the set point value (Müsgens et al., 2013, 392). Consequently, 

primary control is integrated to the internal unit controls and needs no requests from the 

centralized grid operations (Müsgens et al., 2013, 392). 

 

Instead, as the steam flow is permanently changed by the foregoing turbine valve the boiler 

steam generation must react to the steam consumption change. This is maintained primarily 

with the reduction of fuel and combustion air feeding together with the bed density control 

with primary air share. The basic effect of live steam governor valve position change in 

steam is illustrated in Fig. 2.8. (Basu & Debnath, 2014, 758) 
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Fig. 2.8 Effect of governor valve position gaining in boiler follow mode (Basu & Debnath, 2014, 

757) 

 

In Fig. 2.8 the steam pressure correction is maintained with primary and supportive fuels. 

Nevertheless, the amount of air must be simultaneously increased to minimize combustion 

losses. In CFB boilers, the use of supportive gaseous fuel in boiler control is substituted 

with primary air control as mentioned earlier. (Basu, 2015, 82) 

 

Long-term output changes in base load us are typically activated due to day-ahead 

generation schedules which are set by price auction. For power reserve use similar auctions 

are performed and the unit providing cheapest reserve power are used either for secondary 

control or eventually as minutes reserve. As the primary control earlier introduced was 

basically for frequency trimming the secondary reserve should be in full operation in 5 
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minutes and the minutes reserve should be in full capacity in 15 minutes. Although 

requirements described above are used for the German grid control they are very similar in 

Northern Europe for instance. (Müsgens et al., 2013, 392) 

 

2.4.3 Condensator control 

 

The generator power production rate can be controlled also by the condensate vacuum 

change with cooling water flow and condensate pumping. As the low pressure steam 

turbine outlet pressure is increased with reduced cooling, for instance, the expansion of 

steam is limited and mechanic force to the shaft decreased. The control for condenser level 

and pressure must be developed whether the condenser is used for electricity production 

control or not to ensure constant vacuum conditions for the process. (Basu & Debnath, 

2014, 736) 

 

2.4.4 Superheating control 

 

The change in steam production should not affect the live steam temperature either. The 

steam inlet temperature for high pressure and low pressure turbines is controlled to 

maintain ±5 ºC from the selected temperature of 540 ºC (Teir, 2003, 80). Constant 

temperature ensures excellent turbine efficiency and minimum thermal stress which can be 

considered as a main limitation for CFB load change speed. Usual method for steam 

temperature control is to use feed water injecting desuperheaters. Also superheater and 

reheater bypassing can be used to control the superheated steam heat exchange rate, as 

mentioned earlier (Teir, 2003, 80). 

 

As the boiler load reduction, for instance, appears in reduced amount of flue gases in 

convective pass and in decreased furnace radiation the heat transfer in superheating sections 

is compensated automatically with time lag. The heat transfer rate in INTREX™ heat 

exchanging surfaces is not though changed dramatically due to constant bed material 
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temperature. This ensures sufficient steam superheating during low boiler load situations. 

The circulation loop section heat transfer to the INTREX™ tube bundles can also be 

controlled with the fluidizing air injected to the bubbling bed and solids return leg, as in 

Fig. 2.9. Consequently, the solids mass flow through the INTREX™ section can be used 

for both superheating and bed temperature control within certain restrictions. (Teir, 2003, 

183) 

 

 

Fig. 2.9 Function of the INTREX™ section found at the furnace bottom level (Basu, 2015, 181) 

 

Nevertheless, the feed water injection desuperheaters have the most rapid influences to the 

steam temperature. Noteworthy, both the superheating and reheating steam path must be 

equipped with necessary amount of desuperheaters for sufficient control actions to maintain 

the temperature within ±5 ºC range from the set point. 
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2.4.5 Feed water control 

 

Discussed boiler will be operating on constant pressure mode in which the turbine valve is 

used for primary power control and fuel feeding for steam pressure control. As circulating 

fluidized beds are concerned the rapid pressure control is mastered with bed density in the 

upper section. Also the feed water system must react to the changes in the live steam 

consumption. The change in steam consumption is calculated from the change of steam 

drum liquid level and corrected with the difference of mass flow between the inlet and 

outlet of the drum. As a result, the feed water pump speed is changed with inverter which 

results in feed water flow and pressure change according to the feed pump characteristic 

curve. (Basu & Debnath, 2014, 622) 

 

2.4.6 Furnace draft control 

 

The furnace pressure condition is essential parameter for efficient and smooth boiler 

operation especially as circulating fluidized bed combustion is concerned. Upper furnace 

pressure is generally maintained below atmospheric pressure with flue gas blower located 

before the stack. Sufficient pressure also ensures smooth flue gas flow through the boiler 

and emission control equipment in all boiler load conditions. (Basu & Debnath, 2014, 618) 

 

2.4.7 Control coordination 

 

Coordination between individual controls of CFB boiler is necessary as maximum power 

generating performance is pursued. This is emphasized especially by non-linear action of 

boiler pressure control as the turbine output is variated by governor valve positioning. As a 

result of fuel feed and combustion air oversteering the design live steam pressure and mass 

flow stabilizing during load changes is difficult achieve. As a result of fluctuation, state of 

control oscillation is possible which causes equipment mechanical and thermal stress 
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together with decreased performance in power generation and emissions control. (Kovacs, 

2010, 69, 72) 

 

To eliminate the fluctuations and achieve steady-state conditions in shorter period of time 

multiple coordinative methods between individual controls have been developed. The most 

common issue between boiler steam generation and live steam consumption in steam 

turbine can be considered as main target of development for CFB boilers. The most used 

control coordination method of feed forwarding exploits process prediction to eliminate 

overshoot issues. As boiler and turbine controls are concerned the feed forward signal of 

live steam flow change can be used to predict the demand of steam generation. Prediction 

of pressure gradients results in constant live steam conditions, minimum thermal stress and 

efficient electricity production during load changes also. Simplified fundamental diagrams 

of coordinated control mode, turbine follow mode and boiler follow mode are all presented 

in Fig. 2.10. (Basu & Debnath, 2014, 749) 
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Fig. 2.10 Coordinated control mode, boiler follow mode and turbine follow mode fundamentals 

(Basu & Debnath, 2014, 750) 

 

As the system is operating in boiler follow mode the fuel and air control is based entirely 

on live steam pressure measurement as seen in Fig. 2.10. The goal in fixed pressure 

operation is to keep live steam pressure in constant value defined by throttle pressure set 

point. The electricity production control is maintained with governor valve hence the 

change in electricity set point occurs in time lag between the controls. This result in 

unstable pressure as the fuel and air feeding control both have significant respond time 

compared to the governor valve operation time. (Basu & Debnath, 2014, 750) 

 

The turbine follow mode operation instead controls the fuel and air feeding based on 

desired electricity set point. Demand change is thus resulted in fast boiler heat release rate 

adjustment. For instance, as the power demand is reduced the fuel and fluidizing air 

injection is immediately reduced by the control system. The effect of heat release rate 
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decrease is appeared in the live steam pressure reduction. As the pressure is below the fixed 

pressure operation set point level the live steam line is thus throttled with governor valve. 

The throttling operation results in lower steam flow to the turbine and the live steam 

pressure will be eventually restored. Once again, the time lag in pressure is significant 

which is not desirable for dynamic electricity production although the fuel feeding is 

instantly decreased. (Basu & Debnath, 2014, 750) 

 

The coordinated control combines the load unit load control and pressure control to one 

main control loop which is used for fuel feeding, air feeding and governor valve 

adjustments. Boiler load and turbine power production controls are working as separate 

control units regardless of the coordinated control which is used in control prediction to 

eliminate time lags caused by slowly responding pressure. (Basu & Debnath, 2014, 751) 

 

Use of feed forward signals require either accurate tuning of the controls or included 

control intelligence to response CFB non-linearities. This however is challenging especially 

as the fuel heat value may be variated. As a result of heat value change the biased feed 

forward signal may try to compensate the boiler control into incorrect direction. As feed 

forward signals are easily detuned more complex feed forward signals such as fuzzy feed 

forward signals presented by Karppanen (2000) and Li et al. (2011) must be developed to 

the coordinated control. Implementation of intelligent feed forwarding however can be 

considered rather time demanding. (Kovacs, 2010, 73-77) 

 

An alternative coordination method called Direct Energy Balancing (DEB) has been also 

used in coordination of boiler and turbine control loops. Use of DEB eliminates the issues 

in feed forwarding caused fuel heat value fluctuation as it is self-calibrating. Energy 

Balance Signal (© Metso Automation) presented in Eq. 2.8 presents the balance of turbine 

demand and boiler energy development and can be thus used in boiler fuel feed and air 

control. (Kovacs, 2010, 77-79) 
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𝑝1
𝑝T,SP

𝑝T
 = 𝑝1 +

d

dt
𝑝d        (2.8) 

 

where 

 p1 turbine first stage pressure [bar] 

 pT,SP throttle pressure set point [bar] 

 pT throttle pressure [bar] 

 pd drum pressure [bar] 

 

Left side of Eq. 2.8 presents the boiler energy development by adding the derivative of 

boiler drum pressure to the turbine first stage throttled pressure. As the drum is in saturated 

condition, the development of pressure indicates exactly the development of heat release in 

the furnace. This value of boiler energy can be individually used as controllable variable for 

the fuel and air controls. As a result, fuel heat value calculation can be neglected. (Kovacs, 

2010, 77-79) 

 

Right side of Eq. 2.8 sets the value of turbine energy demand as the first stage pressure is 

multiplied by the ratio of the throttle pressure set point and the measured throttle pressure at 

GOV inlet. As Eq. 2.8 indicates this energy demand value may be used as a set point for the 

fuel and air controls. For instance, as the increased demand of electrical output requires 

more steam, the governor valve must be opened. As a result of GOV position change the 

throttle pressure ratio increases which occurs in the increase of boiler control set point. 

Increased set point is thus compared to the boiler heat release value presented above which 

causes corrections to the fuel feeding and fluidization through primary air injection. As the 

evolution of energy contained by boiler is taken into account minimum oversteering of fuel 

feeding and fluidization is occurred. (Kovacs, 2010, 77-79) 

 

Eventually after GOV position change and corrective actions of boiler control both sides in 

Eq. 2.8 are equal and steady-state condition is achieved (Kovacs, 2010, 78). Use of above 
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described control coordination structure ensures simple yet effective and self-tuning control 

for drum type CFB boiler. 
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3 OPEN CYCLE GAS TURBINE UNIT 

 

In this chapter the basic principles of gas turbine (GT) combustion in electricity production 

will be reviewed. The presentation is focused on the performance and the control of the 

process based on reference units and literature. Especially the effects of load change in 

exhaust gas mass flow, oxygen concentration and temperature will be reviewed as efficient 

connection to the CFB unit is pursued. 

 

In gas turbine combustion process illustrated in Fig. 3.1 gaseous or liquid fuel is burned in 

the combustion chamber together with pressurized air. As a result of the combustion, flue 

gas reaches high temperature above 1000 ºC in the combustion chamber before gas turbine 

expansion. Enthalpy of the flue gas decreases in the turbine expansion which results in the 

shaft mechanical power. Majority of this power, approximately 50 - 60 %, is consumed by 

the compressor as air pressure must reach 10 - 20 bar before entering to the combustion 

zone (Basu & Debnath, 2014, 14). Short length of the combustion zone requires significant 

amount of excess air due to unefficient mixing. As a result, compressor power requirement 

is further increased which leads to total thermal efficiency around 35 - 40 % without any 

additional recovery processes. (Huhtinen et al., 1994, 15) 

 

 

Fig 3.1 Single-shaft gas turbine process with heat recovery steam generator (MHPS, 2015, 4) 
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High outlet temperature of 425 - 600 ºC and relative large mass flow of the exhaust gases 

results in significant heat output (Basu & Debnath, 2014, 17). To maximize electricity 

production efficiency the heat output is usually utilized by heat recovery steam generator 

(HRSG) in gas turbine combined cycle process (GTCC) as visualized in Fig. 3.1. The 

excess heat is thus used in steam generation and eventually in steam turbine expansion 

which increases electricity production efficiency up to 60 % (Basu & Debnath, 2014, 14). 

As the sulphur content of the fuel is typically very low, the outlet temperature after steam 

generation in HRSG can be fixed to very low value as risk of sulphuric acid condensation is 

rather small. This further increases the thermal efficiency as the heat output loss is 

decreased (Huhtinen et al., 1994, 15-17) 

 

The combination of the gas turbine and the circulating fluidized bed process discussed in 

this thesis differs from the gas turbine combined cycle as the GTCC utilizes mainly fuel 

consumed by the gas turbine. As the gas turbine unit is used in load ramping and minimum 

power production in this study, the GT unit size is consequently smaller compared to the 

CFB plant which acts as primary power source. 

 

Large amount of excess air in gas turbine process results in increased amount of oxygen in 

exhaust gases (Bartnik, 2013, 16). The oxygen content of 13 - 16 % differs only slightly 

from the amount of oxygen in air which is approximately 23 %. Together with high 

temperature and large mass flow of the exhaust gas, the heat output from the gas turbine is 

reasonable to use in CFB combustion. Due to high exhaust gas temperature and pressure 

equal to the atmospheric pressure direct injection through blowers to the CFB furnace is not 

applicable. As a result, heat transfer to the feed water or combustion air must be carried out 

to eliminate blower failure. Alternative thermal connections of gas turbines to power plants 

will be discussed in section 3.4. 

 

 



49 

 

3.1 Reference units 

 

Two gas turbine units manufactured by Mitsubishi Hitachi Power Systems and Siemens are 

introduced in Table 3.1 as reference units for theoretical review and process integration 

later implemented. Both units have the same rated power output of approximately 37 MWe 

which is suitable for power production requirements described later in chapter 4. 

 

Table 3.1 Reference unit details (MHPS, 2015 & Siemens, 2015) 

 

Siemens SGT-750 Hitachi H-25 (35) 

Electric power rating 37.03 MW 37.60 MW 

Electrical efficiency 39.5% 35.0% 

Compressor pressure ratio 23.8 : 1 18.0 : 1 

Heat rate 9,120 kJ/kWh 10,288 kJ/kWh 

Exhaust gas flow 114.2 kg/s 112.0 kg/s 

Exhaust gas temperature 459 °C 556 °C 

Shaft quantity Double Single 

Power shaft rated speed 6100 rpm 7280 rpm 

NOx emissions (15 % O2) ≤15 ppm 15 ppm 

Starting time 10 min 22 min 

   
Note: Design values in ISO standard ambient conditions (15 ºC, 101.3 kPa, 60 %RH) 

 

As Table 3.1 shows, the exhaust gas outlet temperature is significantly lower for Siemens 

SGT-750 compared to Hitachi H-25(35). This is due lower combustion temperature which 

represents state-of-the-art combustion chamber design for increased robustness and 

minimum NOx emissions (Hellberg et al., 2011, 6). Although high combustion exit 

temperature is usually pursued for maximum efficiency and performance Siemens SGT-750 

is able to reach very high efficiencies (Basu & Debnath, 2014, 17). 

 

Also the shaft construction differs as Siemens SGT-750 has free power turbine separated 

from the compressor and compressor turbine, seen in Fig. 3.2. By double shaft construction 
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the generator connected power turbine is able to respond to fast frequency changes and 

operate on lower compressor pressures. (Siemens, 2015, 8) 

 

 

Fig. 3.2 Siemens SGT-750 two-shaft gas turbine (Edited from: Hellberg et al., 2011, 2) 

 

Performance details in Table 3.1 are listed in ISO conditions for design point only. 

Consequently, performance details change as power output or outside ambient conditions 

variate (Kurz, 2005, 131). Especially the flue gas condition and mass flow are essential for 

efficient integration of the gas turbine to the circulating fluidized bed process. Performance 

curve in Fig. 3.3 illustrates the effects of load and air inlet temperature changes in flue gas 

properties for Siemens SGT-750. 
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Fig. 3.3 Siemens SGT-750 electrical drive performance map (Siemens, 2015, 10-11) 

 

For instance, as the compressor inlet air temperature remains unchanged drop of electrical 

output from 37 MWe to 15 MWe decreases the flue gas temperature from 459 ºC to 400 ºC 

and flue gas mass flow from 114.2 kg/s to approximately 82.0 kg/s. Dependency of the flue 
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gas heat output on the electrical power and ambient conditions must be thus taken into 

account for plant performance calculations. 

 

Difference of nearly 100 ºC in the exhaust temperature between reference units sets 

different design conditions for unit thermodynamic connection later discussed. Hitachi H-

25(35) exhaust gas temperature enables higher heat input for the CFB process. Also the 

ramp rate difference has influence on the control loop design thus turbine power generation 

capacity must be defined for control trimming. 

 

3.2 Operation and control 

 

As electrical power map in Fig. 3.3 indicates, the gas turbine unit power output is strongly 

linked to the ambient temperature. This is mainly due to the change in compressor air mass 

flow as the air density is a function of temperature and pressure. The decrease of ambient 

temperature results in the increase of maximum to minimum cycle ratio T3/T1 which is the 

ratio of the maximum cycle temperature at turbine inlet to the compressor inlet minimum 

cycle temperature. (Razak, 2007, 315) 

 

The fuel rate injected to the combustion chamber sets the most significant effect on turbine 

power output. Thus, the quantity of natural gas flow must be controlled with fuel control 

valve. Increase in the fuel flow occurs in increased compressor turbine speed and firing 

temperature which are both measured constantly by the control system. (Kurz, 2005, 136) 

 

Variable inlet guide vanes (VIGV) are used for the compressor aerodynamic control 

independently of the fuel control system. The idea of VIGV is to control air flow direction 

at the compressor inlet depending on the rotational speed and mass flow. During low 

rotational speed and reduced mass flow the guide vanes are near closed position and air 

inlet flow is thus guided in the direction of rotation. As a result, aerodynamic stability is 

achieved during off-design partial load. The independent operation control measures the 



53 

 

non-dimensional speed of the compressor shaft rather than exhaust gas temperature, which 

is used for single-shaft engine VIGV control. (Razak, 2007, 508, 545) 

 

The use of rather expensive gaseous or liquid fuel limits the use of open cycle gas turbine 

combustion typically to minutes reserve use described during CFB turbine control 

principles. Consequently, the OCGT units connected to the grid are typically in stand-by 

mode and fired during the highest demand of grid balancing. Highest demand results in 

higher balance power price which is enough to cover variable costs of start-up and energy 

production. Secondary grid control use cannot be typically offered by OCGT providers as 

the unit should be kept in un-economical partial-load operation to meet the requirements of 

secondary control. (Müsgens et al., 2013, 392) 

 

3.3 Literature review of gas turbine repowering 

 

Use of gas turbine unit in CFB plant ramp rate gaining will be inspected and modelled later 

in Chapter 4. This section defines the existent research of plant integration which is 

typically stated as gas turbine repowering. Noteworthy, the CCGT process earlier described 

will be ignored from the discussion although the combination of gas turbine and heat 

recovery steam regenerator could serve the boiler plant steam turbine with excellent overall 

efficiency (Khoshkhoo & Tanassan, 2010). However, the construction of entire CCGT 

plant beside the steam boiler is neglected from this review as smaller capital costs and 

shorter outage times are pursued. 

 

Example of coal combustion process and gas turbine integration in ramp rate and partial-

load performance improvement is reported by Mitsubishi Hitachi Power Systems with 

pulverized coal (PC) combustion (MHPS, 2014, 19). Application presented in Fig. 3.4 can 

be considered nearly similar to the connection developed later in this thesis. However, the 

brochure values presented by MHPS show no performance data of reference units. 
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Fig. 3.4 Pulverized coal combusting repowered by gas turbine unit (Edited from: MHPS, 2014) 

 

The configuration in Fig. 3.4 is not further explained by Mitsubishi brochure. Nevertheless, 

the heat output from GT combustion is used either in combustion air preheating or feed 

water preheating through heat exchanger. The feed water repowering combined cycle 

(FRCC) is introduced more specific, for instance, by Carapellucci & Giordano (2014) in 

steady-state use. All solutions utilizing the excess heat from the GT unit can provide 

increased overall efficiency (Smith, 2005, 481). Simplified performance improvements of 

MHPS provided plant is illustrated in Fig. 3.5. 

 

 

Fig. 3.5 PC combustion plant performance data achieved by improvements (MHPS, 2014, 34) 
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As improvements provided only by the GT unit are discussed, the plant is stated to raise the 

overall ramp rate speed from 10 % to 12 %. As the ramp rate is strongly influenced by fast 

gas turbine unit the difference between GT and PC power outputs must be taken into 

account. Up to 20 % increase in total power output denotes that the GT power output less or 

equal to 20 % of the PC generation. With such ratio also the plant minimum load may be 

decreased to GT minimum partial load as Fig 3.5 states. (MHPS, 2014, 34) 

 

As feed water preheaters are replaced by the heat of GT exhaust gases in FRCC increased 

amount of steam is available for the steam turbine expansion. Replacing of the high-

pressure (HP) preheaters is stated to have more power output improvement potential than 

low-pressure (LP) preheater repowering. High pressure steam is utilized though wider 

section of expansion which results in 12 - 16% steam turbine power output gain. 

Substituting the LP preheaters with the GT repowering provides the similar improvement 

of only about 4 - 6 %. The idea of FRCC for in-series HP and LP repowering is illustrated 

in Fig. 3.6. (Khoshkhoo & Tanassan, 2010, 188) 

 

 

Fig. 3.6 An illustration of in-series HP and LP repowering (Khoshkhoo & Tanassan, 2010, 188) 
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Also direct injection of the exhaust through high temperature wind box as combustion air 

substitute is reported (MHPS, 2015). By this application known as fully fired combined 

cycle (FFCC) the gas turbine unit may be used for retrofitting also (MHPS, 2015). In the 

FFCC high GT exhaust oxygen content and heat output are both utilized in steam 

generating combustor (Smith, 2005, 481). As a result, significant part of the boiler 

combustion air and fuel power may be replaced with the GT exhaust gas (Smith, 2005, 

481). Presentation by Koike & Noguchi (1999) states that this solution has the greatest 

efficiency improvement potential yet large boiler modifications will be needed. Brief 

considerations of alternative repowering solutions are presented in Appendix I. 

 

For direct exhaust injection the tot wind box must be built for sufficient heat resistance 

(IEA, 1996, 3). Also the combination of exhaust cooling and combustor firing can be used 

to eliminate hot wind box construction (IEA, 1996, 3). Noteworthy, volumetric exhaust gas 

flow from the GT is a function of turbine power. Consequently, the implementation of gas 

turbine used in ramp rate boosting use can be considered very difficult in the case of CFB 

boilers as homogeneous fluidizing conditions must be maintained. 

 

Two other repowering solutions beside feed water repowering and fully firing are presented 

by Koike & Noguchi (1999). These are the use of exhaust gases for evaporation or mixing-

injection of exhaust gas to the combustion air. In total, multiple connections are studied for 

either new plants or retrofitting purposes to maximize total unit performance. The method 

of feed water repowering by replacing high-pressure preheaters will be later modelled in 

Chapter 4 and discussed in the end of this thesis. Also the cooled exhaust injection for 

FFCC use will be briefly analysed during the discussion of results. 
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4 POWER PLANT MODEL 

 

Simulation with APROS dynamic process simulation software developed by VTT and 

Fortum will be used for flexible power plant performance inspection in this thesis. Basic 

features and use of APROS in combustion process modelling will be presented in section 

4.1. After the presentation of APROS, fuel analysis, plant requirements and outline for the 

model will be presented. This includes the definition of performance, unit sizes, fuel types 

and necessary model simplifications. 

 

The CFB and gas turbine plant models in sections 4.4 and 4.5 will be based on 

thermodynamical and operational theories reviewed in Chapter 2 and Chapter 3 together 

with chosen steady-state design conditions. As a result, the validation of individual process 

models can be pursued with comparison between simulation results and typical 

performance values obtained from the literature. The validation however lacks accuracy as 

no specific performance data is available for the comparison between the simulated values 

and actual experimental data. 

 

As circulating fluidized bed plant and gas turbine models are profoundly validated the 

chosen connection of fluctuating power providing plant will be constructed first 

thermodynamically in section 4.6. After the process thermodynamic connection the master 

control system will be build based on control principles presented in theory sections. 

Although the combined plant model will be implemented in section 4.6 the possibility of 

individual unit simulation will be preserved for comprehensive analysis of the results. 

 

4.1 Apros dynamic modelling tool 

 

Dynamic simulation can be considered as a cost-effective method of techno-economic 

analysis as new plants or plant improvements are pursued. Instead of the steady-state 

simulations dynamic models offer time-related information of even the most complex 
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process dynamics. As a result, the process may be guided to any given condition and the 

influences of actions may be recovered through data collection. Exact implementation of 

process, automation, electricity system and other existing sub-systems enable the use of 

dynamic simulation in training simulation also. (Lappalainen et al., 2012, 3) 

 

In this thesis the dynamics of gas turbine integrated circulating fluidized bed combustor 

will be evaluated with The Advanced Process Simulation Environment known as APROS. 

Software is developed by VTT and Fortum and it offers full-scale dynamic modelling and 

simulation of nuclear and combustion power plants, for instance. Through graphical 

interface and wide equipment libraries APROS provides an accessible tool from conceptual 

level analyses to accurate training simulator applications. Few of possible applications are 

mapped in Fig. 4.1 (Apros, 2016). 

 

 

Fig. 4.1 Alternative applications of dynamic simulation (Apros, 2016) 

 

The model generated with APROS may be roughly divided into three hierarchical levels 

which are illustrated in Fig. 4.2. These are user defined model diagram level and process 
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component level meanwhile the calculation level is generated automatically by APROS. 

(Apros, 2016) 

Fig. 4.2 Apros model hierarchical structure (Apros, 2016) 

 

Diagram level in Fig. 4.2 may be used for process categorization and clarifying as parts of 

the plant may be divided to individual model sheets known as diagrams. In the case of 

steam power plants the water-steam circuit, flue gas section and automation rules are 

typically split into individual diagrams and connected to each other through reference flags. 

This enables, for instance, easy importing and exporting of the model parts which is 

practical as multiple users may exchange diagrams with each other. (Apros, 2016) 
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The modelling of the process or automation occurs mainly in the process component level 

seen also in Fig. 4.2. In this section, the user defines the model construction by adding 

components to the model diagram from the components libraries. This includes pipelining, 

heat transfer surfaces, valves, measurements, electrical systems and automation structures 

such as PID-controllers, for instance. Design and definition of the components is possible 

through accessible tables and operational parameters such as pump speeds and valve 

positions may be changed also online during the simulation. (Apros, 2016) 

 

All of the results and operative values achieved through simulation may be visualized as 

charts or values attached to the diagram. The online view simplifies the modelling and 

enables the use of APROS in training simulation, as earlier mentioned. Results of the 

simulation may be also exported and thus the analysis and further study may be performed. 

Also the importing of data as simulation input values can be found beneficial for process 

performance validation in defined conditions. (Apros, 2016) 

 

Defined or simulated conditions of the model are saved as initial conditions. Consequently, 

steady-state conditions can be stored and later used for either simulation or model 

development. Various versions of the model may include multiple initial conditions which 

can be thus restored for comparison between different process designs, for instance. (Apros, 

2016) 

 

4.2 Fuel analysis 

 

Fuel analysis is essential for thermodynamical and economical review of the plant as highly 

efficient electricity production is achieved. Majority of power production is thus made with 

inexpensive fuel consumed by circulating fluidized bed boiler. Therefore, expensive 

gaseous fuel is used only for ramp rate boosting, peak power and short-term minimum 

power generation. 
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The circulating fluidized bed plant has superior fuel flexibility due to high thermal mass of 

circulating solids, low combustion temperatures and excellent gas-solid solid-solid mixing. 

As a result, wide selection of fuels with variating elemental consistency and heating value 

may be also used for power generation. The effect of fuel quality is nevertheless significant 

and must be considered for plant design. For instance, the combustion of low-grade wood 

waste carries 55 % of generated heat forward from the furnace while bituminous coal 

combustion flue gases carry only 43 % of heat input to the convective pass. Consequently, 

the use of off-design fuels demands adjustments to maintain primary loop and secondary 

loop heat duties in design conditions. The effect of fuel content to the flue gas heat carried 

to the convective pass is shown in Table 4.1. (Basu, 2015, 8, 187) 

 

Table 4.1 Fuel heat duty carried to the convective pass (Edited from: Basu, 2015, 187) 

 

 

The design fuel for the CFB under focus is bituminous coal which has high fixed carbon, 

excellent heating value and low moisture content as the example in the Table 4.1 

represents. High ash content underlines the significance of low combustion temperature as 

no ash melting is desired to occur during the combustion of the fuel (Basu, 2015, 115). 
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The gas turbine fuel selection is narrow compared to the CFB process. The combustion 

must occur quick in high temperature and pressure which thus requires highly volatile ash-

free fuel. As the combustion chamber is pressurized to 15 - 30 bar the fuel must be injected 

in high pressure also (Raiko et al., 2002, 453). Therefore, only high-quality gaseous and 

liquid fuels may be used for combustion (Huhtinen et al., 1994, 15). The possible fuel 

choices are thus limited to natural gas, biogas, gasification gas and multiple high quality 

liquid products which results in high operating costs. The designed fuel for the gas turbine 

unit used in this research is natural gas which is detailed in the Table 4.2 together with 

bituminous coal consumed by the CFB boiler. 

 

Table 4.2 Bituminous coal and natural gas elemental analysis. 

Bituminous coal  Natural gas  

  [%-total]   [%-total] 

H2O Water 7.5 H2O Water 0.0 

  [%-dry matter]   [%-dry matter] 

C Coal 80.8 CH4 Methane 88.0 

H2 Hydrogen 4.4 C2H6 Ethane 1.0 

O2 Dioxide 3.1 C3H8 Propane 0.2 

N2 Nitrogen 1.1 C4H10 Butane - 

S Sulfur 1.375 N2 Nitrogen 10.0 

Na Sodium 0.012 S Sulfur - 

K Potassium 0.003 CO2 Carbon-dioxide 0.8 

P Phosphorus 0.01    

Cl Chlorine 0.1    

 Ash 9.1    

 

The lower heating values used in this study are LHVc = 26.1 MJ/kg for the bituminous coal 

combusted in the CFB and LHVng = 44.8 MJ/kg for natural gas consumed by the gas 

turbine unit. 
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Although both of the processes will be designed for fossil fuel based combustion the use of 

renewable fuels is not restricted. As mentioned earlier, the circulating fluidized bed boiler 

is able to use multiple fuels including low grade biomass and waste. Yet there is a need for 

control changes as more heat is carried to the convective pass as Table 4.1 shows. Also the 

gas turbine may utilize good quality biofuels as mentioned earlier. 

 

4.3 Plant performance requirements 

 

The suitability of circulating fluidized bed power plant with gas turbine integration as grid 

regulating solution will be investigated in this thesis. The basic idea of this repowering 

connection is to improve plant load changing performance and minimum partial-load 

operation compared to conventional CFB unit power generation. Combined control system 

and thermal integrations between the processes will be implemented for the plant 

performance improvement. First of all, present load change requirements and designed 

power generation capacities has to be defined for both processes. 

 

4.3.1 Partial load operation 

 

The CFB plant is designed to produce 135 MWe of electricity as the gas turbine boost unit 

electric power output is 37 MWe. Therefore, the maximum plant power generation is 172 

MWe with no district heating or external process steam connections. The gas turbine unit is 

used in ramp rate boosting and it enables 37 MWe of topping peak power as electricity 

market prices are high enough to cover operational costs. The start-up and shut-down 

operations of the CFB and GT units will not be implemented in this thesis for simplification 

of the model construction and discussion. Consequently, as the ramp rate boosting, topping 

power or supplementary heat duty is not required the GT unit is designed to operate at its 

minimum partial load of 7 MWe. (Fox et al., 2014, 140). 
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Circulating fluidized bed minimum partial-load without auxiliary fuel is typically 30 % of 

the maximum continuous rating (MCR) (Basu, 2015, 80). Recent reference CFB plant test 

results also report the minimum part-load to be approximately 30 %MCR in the scale of the 

boiler discussed (Parkkonen et al., 2014, 13). The implemented plant is designed however 

to reach to 35 MWe minimum load output. An alternative objective of the thesis could be to 

improve the power plant overall minimum load to 10-20 % of CFB design output which is 

hereby 13.5 - 27.0 MWe. As chosen gas turbine design output is 37 MWe it would cover the 

goal minimum load although efficiency of the unit will be decreased during partial load 

(Kurz, 2005, 138). The GT unit minimum load handling was briefly presented in section 

3.4 with MHPS example case. Nevertheless, as the start-up and shut-down of the CFB unit 

is also beyond the outline of this study the modelling of the analysis overall minimum 

operation will be neglected. 

 

4.3.2 Ramp rate speed 

 

Load changing rates are usually given percentages of maximum continuous rating (MCR) 

per minute. Usually the ramp rate for circulating fluidized bed is 2 - 4 %MCR/min in the load 

range of 100 - 50 %MCR and 1 - 2%MCR/min below 50 %MCR (Basu, 2015, 80). Nevertheless, 

ramp rate value of 2.9 %MCR/min has been recorded and illustrated in figure 4.3 for the load 

range of 30 - 85 %MCR both upwards and downwards by Parkkonen et al. (2014).  

 



65 

 

 

Fig. 4.3 Kladno CFB plant grid secondary support tests in Poland, 11/2013 (Parkkonen, 2014, 13). 

 

Amec Foster Wheeler ramping tests in Fig. 4.3 were recorded with combined heat and 

power CFB plant for secondary grid load control (Parkkonen et al., 2014, 9-13). The 

reported values represent the state-of-the-art load change operation of steam drum equipped 

circulating fluidized bed power plant as mentioned above. Ramp rate value of 2.96 %MCR 

will be thus required for the CFB model built later in this chapter. This results in 

approximately 4.0 MWe/min gradients for the whole scale between the unit minimum and 

maximum output.  Consequently, the CFB unit enables 20 MWe of secondary grid support 

generation in required period of 5 minutes. This however requires that generation sold to 

the base load markets does not exceed 115 MWe. 

 

Live steam pressure fluctuations caused by CFB load changes are also illustrated in Fig. 

4.3. The presented fluctuation of approximately 10 bar calculated from the test minimum 

and maximum values can be considered very high as constant pressure operation is 

achieved. Variating pressure causes mechanical stress to the system and must thus be 
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minimized for maximum plant performance. Also the live steam temperature and mass flow 

must be monitored for the same reason of efficient, economical and sustainable electricity 

production. As introduced later in the case definition in Chapter 5, the effects of the GT 

integration to these three values is considered as main objective for this thesis. Noteworthy, 

the restrictive factor in ramp rate is typically the turbine metal temperature gradient instead 

of the boiler live steam gradients (Basu, 2015, 79). 

 

Fast load changing velocity is considered as key benefit for gas turbines used in electricity 

production. Consequently, GT units are commonly used in primary frequency control (Fox 

et al., 2014, 138). Hitachi H-25(35) ramp rate is listed to be 3.1 MWe/min which is 8.2 

%MCR/min calculated from the maximum continuous rating (MHPS, 2015). The start-up 

time of 22 minutes is too slow to meet the requirements of minutes reserve use as full 

capacity is pursued (MHPS, 2015). 

 

Siemens has not listed specific ramp rate for the SGT-750 although relatively fast start-up 

time of less than 10 minutes from shut down to full operation indicates significantly faster 

response compared to the Hitachi H-25(35) (Siemens, 2015, 3). An approximation of 4.0 

MWe/min for the SGT-750 will be used for calculations, which exceeds the ramp rate of 

10.8 %MCR/min. Such rate of load change enables 20 MWe of secondary reserve power, 

which is approximately same as corresponding value for the CFB unit earlier presented. As 

a result, without any thermal or control system improvements the plant is expected to offer 

up to 40 MWe of secondary grid support power. Example in Fig. 4.4 illustrates how the gas 

turbine unit may be operated as boosting unit beside the CFB plant.  
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Fig. 4.4 Illustration of 30%MCR to 100%MCR gain with gas turbine integration 

 

In example load increase illustration in Fig. 4.4 the CFB unit is commanded to raise its 

electrical output from the 30 %MCR value of 40.5 MWe to the maximum output value of 135 

MWe. This is achieved in 26 minutes which results in 3.6 MWe/min load gradient for the 

CFB. The gas turbine unit is operated from the stand-by mode to the full operation of 37 

MWe in about 10 minutes. The total generation reaches the demand value of 135 MWe in 

16 minutes which leads to the total ramp rate of 5.9 MWe/min. After the total demand has 

achieved the set point value the gas turbine output is constantly decreased to maintain total 

set point generation. Eventually, the demanded output is generated entire by the CFB unit 

and the GT unit is led to the stand-by state. 

 

Power generation raise in Fig. 4.4 demonstrates the achievable boost in power generation as 

the processes are controlled individually. In other words, the combination does not differ 

from two independent electricity generating units. Instead, in this thesis the integration of 
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heat transfer and control systems will be implemented in order to maximize power 

gradients with efficient operation. 

 

An objective of this thesis is to investigate the possibilities of the feed water repowering 

and control integrations to the CFB and GT processes for ramp rate improvements. Thermal 

connections and combined control rules must be applied as individual units cannot provide 

more than 8 MWe/min total load gradient based on reference values, which is 4.65 

%MCR/min out of total 172 MWe output summed up from the individual unit outputs. 

Objective values of approximately 6.0 - 10.5 %MCR/min could serve the electricity control 

markets excellently. This is however as much as 10.3-18.1 MWe/min as MCR is calculated 

from the total 172 MWe output. As a result, gaining the state-of-the-art CFB ramp rate by 

repowering can be considered very challenging as constant live steam conditions are 

prioritized for cost-effective CFB operation. Noteworthy, the ramp rate gain must be 

achieved mostly by the CFB operation as there is no significant gas turbine gaining 

possibilities reported. Thus, the desired ramp rate of 6 MWe/min or more for the CFB is 

pursued and later simulated in Chapter 5. 

 

Noteworthy, the simulation cases performed and analysed later in this thesis are simplified 

from the Kladno secondary grid support case in Fig. 4.3 and repowering illustration in Fig. 

4.4. Both upwards and downwards load change gradients will be presented individually 

with smaller load adjustments for straightforward interpretation. Nevertheless, the 

simulated load alterations will be selected to serve secondary grid support purposes. The 

simulation cases will be introduced in detail in Chapter 5. 

  

4.3.3 Emissions control  

 

Modern power plants are facing high environmental requirements especially for SO2 and 

NOx emissions. The key benefit of CFB combustion is the efficient removal of sulfuric 

oxides as sorbent can be injected to the bed. Low combustion temperature also restricts the 
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formation of thermal NOx. Consequently, emission control of the CFB plant is efficient as 

primary emissions are restricted and secondary control methods are effective yet 

economical (Parkkonen et al., 2014, 11). The secondary removal of NOx is yet compulsory 

with selective catalytic removal (SCR) or selective non-catalytic removal (SNCR) of NOx 

particles (Metso, 2011, 14, 18). 

 

The formation of sulfuric oxides in the gas turbine combustion may be ignored due to low 

sulphur content of the fuel. Nevertheless, the formation of thermal nitrogen oxides needs to 

be taken into account. The formation of thermal NOx is due to high combustion 

temperatures in oxygen rich environment in the combustion chamber. Primary methods 

aiming to the decreased amount of thermal NOx are based on superior air distribution. In 

practice, this is achieved with low-NOx burners. Also water injection can be used for NOx 

reduction as liquid fuels are used. (Hellberg et al., 2011, 5) 

 

Present studies in CFB power generation have focused also on the reduction of carbon 

dioxide emissions through carbon capture and storage (CCS). A thorough presentation of 

different oxyfuel applications, including oxyfuel-CFB and oxyfuel-GT considerations, is 

reported by Stanger et al. (2015). The focus has been to use oxyfuel combustion for 

efficient CO2 capture from the flue gases. In this method, nitrogen is removed from the 

combustion air which requires integration air separation unit (ASU) to the power plant. As 

a result of nitrogen removal, the combustion flue gases contain mostly CO2 and water. 

Consequently, the purification and storage of CO2 is efficient with carbon nitrogen 

purification unit (CPU). The integration of oxyfuel combustion however affects to the 

design combustion process as flue gas quantity is decreased and adiabatic combustion 

temperature is increased. Thus flue gas recirculation is required for minimum design 

changes in CFB combustion. (Myöhänen et al., 2009, 355-356) 

 

Gas turbine oxygen combustion has been researched also especially for combined cycle 

processes later discussed. Similarly to CFB oxyfuel combustion, flue gas recirculation has 
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been used for adiabatic combustion temperature balancing and efficient oxygen usage. This 

is not however possible on open cycle combustion due to high flue gas outlet temperature 

of 400-550 ºC (Huhtinen et al., 1994, 15). As a result, exhaust gas cooling through 

economical yet slowly responding heat recovery steam generator have been used for flue 

gas recirculation through the compressor. (Habib et al., 2015, 105) 

 

Combination of CFB and gas turbine processes enables also the unification of emission 

control systems. As exhaust gases from the gas turbine unit are delivered to the CFB flue 

gas channel, secondary removal of NOx with SCR or SNCR can be unified. Also possible 

sulfuric oxides in the gas turbine exhaust gases may be directed to the CFB loop for 

efficient removal through sulfation reactions. Although the CCS system will not be 

implemented to the plant simulated in this thesis, the ASU and CPU units would be able to 

serve both of the processes. Gas turbine flue gas cooling demanded by the adiabatic control 

is also applicable as exhaust gas excess heat will utilized in the CFB combustor. 

Noteworthy, due to intermittent use of the gas turbine unit the emission controls and 

external processes like ASU must be able to be adjusted rapidly. 

 

4.3.4 Economical perspective 

 

Basics of electricity production in Germany were earlier discussed during the discussion of 

control and performance of the CFB and GT units. It was stated that individual day-ahead 

markets for base load and control power exists. As a result, electricity providers may 

choose the generation between the base load wholesale markets and balance power 

markets. The price of base load electricity together with secondary and tertiary control 

capacity is usually set by day-ahead auction and the cheapest prices among the offers are 

selected by the transmission system operator. For the base load, the accepted bids for the 

quantity and price must thus be generated according to the offered schedule. The accepted 

balance capacity is instead generated in price oriented order as the transmission system 



71 

 

operator requests for balancing power. Noteworthy, individual markets are used for 

primary, secondary and tertiary grid balance generation. (Müsgens et al., 2013, 392-393) 

 

In the Central European electricity markets coal combusting power plants usually provide 

grid control capacity as Fig. 1.1 illustrates in chapter 1. This is due insufficient capacity of 

hydroelectric or other inexpensive balancing capacity (Joronen et al., 2007, 169). As use of 

RES are expected to increase in the future, more control providing thermal capacity is 

needed. The optimization between the base load and control capacity is however very 

complex as it is influenced by the price of RES, fuel costs and auctions of other electricity 

providers. In this thesis, the maximum freedom of choice between the markets is pursued 

and production the optimization is thus neglected for the sake of simplicity.   

 

The GT unit is offering electrical output either equal or above to its minimum load for 

model simplification. This results in uneconomical operation as variable costs of gas 

turbine generation can be considered significantly higher than wholesale market price, 

which makes it extramarginal as individual unit. However, if sufficient control markets are 

found and the plant ramp rate may be improved to meet the targets detailed in section 4.3.2 

the overall plant economy is possible to maintain inframarginal. This requires improved 

ramp rate to offer larger amount of generation capacity on either secondary or tertiary grid 

support markets. 

 

4.4 CFB plant model 

 

This section represents the model of the circulating fluidized bed plant developed with 

APROS. First, the design of the plant will be presented which is followed by the control 

system description. Although the controls of the GT and CFB unit will be later partly 

combined, both of the units must be able to operate individually to enable comprehensive 

analysis of the results in Chapter 5. 
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After the demonstration of the process design and control system the model will be 

validated and any simplification to the model will be presented. Objective of the validation 

in section 4.4.3 is to compare the generated CFB model to the existing reference data for 

improved accuracy of the study. The validation data is mainly based on the Kladno 135 

MWe drum type CFB boiler performance presented by Parkkonen et al. (2014). 

 

4.4.1 Boiler design 

 

The CFB boiler in this thesis is a drum type, bituminous coal firing unit with steam 

reheating. It results with 135 MWe electrical output and has no process steam or district 

heating operations. The basic design data used in modelling is presented in Table 4.3. 

 

Table 4.3 Design parameters of the modelled boiler 

Electrical output Pe 135.0 MWe 

Fuel input Φin 338.0 MWth 

Electrical net efficiency ηe,net 40.0 % 

Steam pressure psh / prh 133.0 / 33.0 barA 

Steam temperature Tsh / Trh 540.0 / 540.0 °C 

Live steam flow qm,sh 114 kg/s 

Feed water temperature Tfw 260.0 °C 

Exhaust gas temperature Teg 150.0 °C 

Furnace cross section area Af 89.0 m2 

Grid cross section area Agrid 72.0 m2 

Furnace height Hf 38.0 m 

Superheating sections - 3 - 

Reheating sections - 2 - 

Condensator pressure pcon 7.0 kPa 

HP preheater extractions - 2 - 

LP preheater extractions - 3 - 

Feed water container pressure pfwc 15 barA 

Feed water container temperature Tfwc 160 °C 

 

Noteworthy, the operational values presented in Table 4.3 are the design values pursued in 

the design output point of 135 MWe. As a result of load reduction the exhaust gas 
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temperature and feed water temperature tend to reduce, for instance. Nevertheless, the 

performance in partial load point will be later discussed during the model validation. A 

simplified demonstration of the unit is presented in Fig. 4.5. 

 

 

Fig. 4.5 Basic demonstration of the CFB unit 

 

Fig. 4.5 illustrates the arrangement of the superheating (SH) and reheating (RH) sections 

with desuperheating water injections (WI). Also the economizer (ECO) and combustion air 

preheater (APR) are demonstrated. In the generated model, the flue gas first travels through 

primary air preheater and the final stage of flue gas cooling is occurred in the secondary air 

preheater. For the sake of simplicity, the ducting from the primary air blower (PAB) and 

secondary air blower (SAB) to the preheaters is not drawn. Also the ducting of the hot air to 

the furnace is left undrawn. The injection occurs through the grate for primary air and three 

meters higher in the inflexion point for the secondary air. 
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Superheated steam is delivered to the high pressure turbine (HPT) through governor valve. 

Part of the expanded steam is used by two HP feed water preheaters yet the majority of the 

steam is reheated and consumed by the low pressure turbine (LPT) which serves the 

generator together with HPT. Fig. 4.5 also demonstrates the condenser and cooling water 

system operated by two parallel connected pumps. The condensate water is partially 

preheated by three LP preheaters before it enters the feed water container (FWC) kept in 

saturated condition by extraction steam from the LPT. Eventually, as Fig. 4.5 shows, the 

feed water is pressurized by the feed water pump (FWP) and guided to the evaporator 

through preheaters and economizer. 

 

Instead of the plant presented in Fig. 4.5 the modelled plant does not have reheat steam 

pressure control valve between the live steam and reheated steam pipelining. Also the water 

injection WI I between the SH I and SH II superheaters is not included in the model. 

Consequently, the superheated steam and the reheated steam temperatures are both 

managed with single desuperheaters. 

 

The CFB model generated with APROS is divided in four different diagrams which are 

control system, furnace, evaporator and water-steam circuit. All of the fore-mentioned sub-

models are connected with reference flags to each other. For instance, the furnace diagram 

includes the combustion and flue gas route and the evaporating walls are connected to the 

furnace by thermal reference flags. As a result, smaller sub-systems are functional yet the 

entire model is linked for the simulations. 

 

4.4.2 Coordinated control with Direct Energy Balance 

 

The control system is adhered to the coordinated control structure presented by Kovacs 

(2010) which was discussed in section 2.4.7. It offers self-tuning performance with 

sufficient load gradients to meet the ramp rates and maximum live steam fluctuation limits 
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earlier discussed. In following control system demonstration simplified turbine load 

definition rules will be introduced before the presentation of the boiler coordination. 

 

The electrical output demand of the unit depends whether the plant is participating to the 

grid support production or not. If only base load is offered the output of the unit is set to 

match the electricity sold to the markets through day-ahead auction. However, if primary 

support control is offered the unit sets its output automatically with given limits to balance 

the grid frequency. Commands for secondary and possible tertiary grid support are instead 

performed by the TSO if offered support generation is accepted. 

 

The load dispatch centre (LDC) delivers the input load demand signal to the coordinated 

control system through auto-manual selection and multiple load change limiters. The LDC 

collects unit load data from the electricity grid balance and generates the plant optimum 

load demand. The demand requires specific ramp rate which is limited mainly by the 

turbine thermal stress evaluator which defines the maximum load change from turbine 

metal temperature gradients. Load demand to the coordinated control system from LDC 

may be restricted also by error measurement signals as the signals are corrupted or the 

deviation is too high. For instance, as rapid drop in the live steam pressure results the load 

decrease limiter is activated to ensure sufficient pressure. (Basu & Debnath, 2014, 752) 

 

In this thesis the load gradients are defined manually for accuracy. Also the unit output 

demand is given in electrical power and thus the frequency scoop is neglected. The 

simplification of the electrical demand enables comparability between the cases later 

simulated. Consequently, the unit demand is set to match maximum ramp rating ability 

which is considered to be approximately 2.96 %MCR/min without any process integrations. 

This is demonstrated in Fig. 4.7. 
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Fig. 4.7 CFB steam turbine master control 

 

As mentioned above the turbine master control set point can be defined either manually or 

through sequence. Fig. 4.7 illustrates how the demand is first limited to meet unit maximum 

value of 135 MWe and minimum value of 35 MWe. Eventually, the change of set point is 

limited by gradient limiter which would be replace by the thermal stress evaluator and error 

restriction rules in more detailed model. Finally, fast operating PI-controller operated 

governor valve is used to guide the output set point value and measured power output value 

into equilibrium. 

 

The change in GOV position has significant effects in the live steam pressure and quantity. 

The coordination between the changes must thus be developed for maximum performance. 

An illustration in Fig. 4.6 presents the use Direct Energy Balance (DEB) signal in 

coordinated boiler control. 
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Fig. 4.6 Implemented boiler master control with DEB coordination 

 

The upper section of Fig. 4.6 presents the Direct Energy Balance calculation discussed in 

section 2.4.7. The demand signal with dynamic compensation represents the current state of 

the steam consumption and it is thus used as set point value for the primary air PI-controller 

and coal conveyor PI-controller. The fuel feed set point is constantly compared to the heat 

release value calculated from the steam drum pressure gradients. The PI-controller defines 

the conveyor motor speed by proportional-integral action to match heat release rate and 

boiler demand. The primary air set point calculated from the boiler demand value is 
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controlled with similar PI-action to match the actual measured primary air flow. The share 

of the primary air to the total air is adapter from Wu et al. (2012) test results and it is shown 

as a function of output in Table 4.4. As a result of the actions described above the boiler 

heat transfer conditions are controller through fluidization conditions and coal firing rate. 

 

Table 4.4 Primary air ratio as a function of unit output 

Boiler load demand 100 % 85 % 60 % 45 % 30 % 

Primary air to total air ratio 44 % 47 % 50 % 53 % 56 % 

 

Although the ratio of the PA to the total air is increasing during the load reduction as Table 

4.4 represents the amount of the air is decreasing to meet the correct fluidizing conditions 

and flue gas oxygen content. For model simplicity, the fuel injection air and loop seal air 

presented in chapter 2 are included to the primary air amount. As a result, the difference 

between the total air and primary air quantity is fulfilled with secondary air. 

 

For homogenous fuel, the secondary air flow set point may be defined from the fuel feeding 

screw speed. The objective is to keep constant flue gas oxygen content for maximum 

combustion efficiency and minimum emissions. However, for the reason of variating load 

conditions and fuel quality changes the calculated air flow must be corrected with oxygen 

concentration calculation. This achieved through set point biasing O2 correction signal. The 

set point for the O2 content is calculated from the boiler demand and it is defined to 

increase linearly from 1.5 vol-% to 4.0 vol-% as the boiler load is decreased from MCR 

maximum to MCR minimum, respectively. Eventually, the corrected set point is compared 

to the actual secondary air flow value and SAB speed actions are performed by PI-

controller. 

 

4.4.3 Model validation 

 

The validation of the CFB model will be completed in this section in order to discover 

errors and similarities between the model and real CFB power plant. As no experimental 
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data is available the Kladno CFB plant performance results presented by Parkkonen et al., 

(2014) will be used. Due to proprietary information only charts and basic performance 

values are given instead of detailed measurement data. Consequently, supplementary values 

from other resources must be used for maximum accuracy. 

 

The validation will be conducted in three different steady-state simulations at load levels of 

30 %, 65 % and 100 % of the maximum continuous rating. Only errors and invalid values 

are discussed more specific in this validation section for the sake of simplicity. As the 

effects of CFB load alterations are investigated in this thesis also the dynamic effects will 

be validated briefly in this section. The accuracy of the dynamic simulations will be 

evaluated more detailed during the presentation and discussion of the results. 

 

Steady-state simulation results at selected electrical outputs of Pe,30% = 40.50 MWe, Pe,65% = 

87.75 MWe and Pe,100% = 135.00 MWe are given in Appendix II. The efficiency drop may 

be consired to be near to the actual plant although higher efficiencies have been reported. 

Also the steam and water circuit values show no significant differences to the literature 

CFB performance. 

 

The CFB furnace block used in this model is known to behave in invalid manner as the heat 

release and thermal profile are challenging to manage during load changes. Although 

average bed temperature behaviour presented in steady-state simulations is near to the 

literature results the thermal profile has large temperature differentials as a function of 

elevation. As a result, relatively high temperature sections are found near to the primary 

and secondary air injections. Minor temperature differentials in the CFB furnace thermal 

profile are usual as oxygen rich air injection zones are offering better combustion 

conditions. In the modelled CFB unit the furnace temperature profile is however 

significantly unequal at different CFB loads as different fluidization conditions show 

significantly different behaviour.  
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During low load of 30 %MCR, high temperature section resulting in approximately 1100 ºC 

is found on the furnace bottom level and the temperature is smoothly decreasing to the 

cyclone exit temperature of 525 ºC. The temperature differential ΔTsec = 80 ºC measured 

before and after the secondary air injection spot can be found relatively valid although the 

value should be smaller. During the maximum CFB load the sub-stoichiometric 

temperature is in the range of normal CFB bed temperature of 850 ºC meanwhile the 

temperature differential near secondary air injection is as large as ΔTsec = 300 ºC. 

Consequently, high heat transfer rates occur at this section during high load. As the air 

injection is typically located 3 - 5 meters above the grate, abnormal high temperature zone 

was recorded to affect the INTREX™ surfaces too much. As a result, better load gradient 

behaviour was achieved as the injection port was positioned in the upper section of the 

furnace. By this, the simulated upper section heat transfer rate behaviour was near to the 

one described in section 2.4. 

 

The heat transfer rate in the INTREX™ heat exchangers is limited as a function of the load. 

This enables more valid operation of the INTREX™ section during partial loads as the 

actual heat transfer is reduced as a function of solid circulation decrease. The superheating 

control of the INTREX™ is modelled only with heat transfer rate control instead of 

fluidizing conditions. The lack of loop seal injection air together with fuel injection air is 

contemplated not to cause any significant error to the air distribution and can be thus 

neglected. 

 

Invalid heat release from the bed material causes error to the heat transfer in the flue gas 

route after the furnace also. During the minimum load of 30 %MCR the simulated furnace 

exit temperature is only 526.8 ºC. This inflicts low heat transfer in convective superheating 

section, economizer and air preheaters. As a result, low feed water, air and flue gas 

temperatures occur. The reduction of the furnace exit temperature as function of the load 

reduction is however normal although the simulated results show too large gradients due to 

furnace block invalid behaviour. 
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4.5 Gas turbine model 

 

The gas turbine model used in this thesis is based on the Siemens industrial gas turbine 

SGT-750 presented in section 3.2. This section defines the basic design of the modelled GT 

and control system, respectively. Simplifications to the model are presented during the 

introduction and validation data of the Siemens performance chart in Fig. 3.3 is thus used 

for model validation. 

 

4.5.1 Unit design 

 

The gas turbine adapted from the Siemens product data is two-shaft, gas firing unit with an 

electrical output of approximately 37 MWe. Fig 4.7 illustrates the basic construction of the 

unit with control operations discussed more detailed in the following section. 

 

 

Fig. 4.7 Basic description of the gas turbine model 

 

As seen in Fig. 4.7 the unit is divided into gas generator turbine and power turbine sections. 

The gas compressor driving section has start-up electrical motor connected to the shaft, 

which will not be modelled as no start-up situations are simulated. Consequently, the unit 
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must operate at least with its minimum partial load, defined to be 7 MWe, to achieve 

sufficient gas generator turbine output to drive the compressor. 

 

The natural gas feeding pressure is designed to be png = 30.0 bar(a) which enables injection 

of fuel to the pressurized combustion chamber during all occasions. The amount of the fuel, 

together with the electrical output, is controlled by fuel regulating valve later detailed more 

specific. As earlier mentioned, efficient compressor conditions are maintained with variable 

inlet guide vanes (VIGV) which are neglected from this study as if the model performance 

may be validated without the implementation of the VIGV. 

 

The design compressor pressure ratio π=23.8:1 results in approximately 24.0 bar(a) 

pressure at the compressor outlet and combustion chamber during the highest output of 37 

MWe. Consequently, the compressor driving turbine outlet pressure is design to be 2.5 

bar(a) based on typical power turbine inlet pressure. Also the firing temperature and gas 

generator turbine outlet temperatures must be approximated to maintain within typical 

values. As above mentioned parameters are not listed by Siemens some validation errors 

must be taken into account. 

 

Eventually, the exhaust gas is discharged with atmospheric pressure conditions with the 

mass flow and temperature given in Table 3.1. As a result of above described conditions, 

the unit should be able to result with approximately 37 MWe output and 39.5 % electrical 

efficiency to match the data provided by the manufacturer. This and partial load 

performance will be discussed during the validation in section 4.5.3. 

 

4.5.2 Description of control 

 

Control of the GT unit is modelled to be as simple as possible yet similar performance to 

the Siemens reference data should be pursued for maximum model accuracy. The unit 

electrical power demand is set by sequence or manual action with the limitations of the unit 
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output range of 7.0 - 37.0 MWe and ramp rating ability of approximately 10 %MCR/min in 

both directions. A fast set PI-controlled is used to control the fuel flow to the combustion 

chamber to maintain equilibrium between the set point demand and electrical output. 

Consequently, the frequency scoop calculation is neglected and thus considered to include 

to the power demand value. 

 

In actual GT units the firing temperature is monitored and kept in unit output dependent set 

value by firing and VIGV controls. However, the temperature control is ignored in this 

thesis and only monitored to maintain in reasonable limits. As a result, only one PI-

controller operated valve is constructed in the model created with APROS. 

 

4.5.3 Model validation 

 

The gas turbine model is validated similar to the CFB model validation. The simulation 

results are thus compared to the Siemens SGT-750 performance data (Fig. 3.3) and 

supplementary values from reference literature. As the GT exhaust gases are desired to be 

utilized in the CFB repowering especially the quantity and thermal capacity of the GT 

exhaust must be validated in detail. This is enabled as unit performance chart is presented 

by the manufacturer. Nevertheless, both interpolation and extrapolation are required as the 

electrical output of the presented chart reaches only to 15 MWe and only few performance 

curves are presented. 

 

Validation is completed in three different load levels of Pe,19% = 7 MWe, Pe,60% = 22 MWe 

and Pe,100% = 37 MWe which covers the whole desired range of GT output as no start-up or 

shut-down actions are taken into account in this study. The foregoing situations are 

simulated in steady-state mode and the results are visible in Appendix III. Similar to the 

CFB validation, also the dynamic gradients are discussed in brief manner and model 

anomalies will be presented. 
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The efficiency of the electricity production decreases from 38.7 % to 17.9 % as unit 

electrical output is reduced. Efficiency drop is not listed by the manufacturer yet it is 

comparable to the performance data of small gas turbine unit presented by Ganapathy 

(2003). The direction of exhaust gas temperature change as a function of electrical output is 

however opposite to the SGT-750 performance data in Fig. 3.3. The exhaust mass flow 

should reduce only little during unit output decrease (Ganapathy, 2003, 25). The reference 

values for mass flow reduction are however bigger as seen in Fig. 3.3. Nevertheless, the 

unit heat output influence of excessive mass flow reduction is partially compensated by 

temperature gain as illustrated in Fig. 4.8. 

 

 

Fig. 4.8 Gas turbine exhaust heat flow as a function of electrical output for Siemens SGT-750 and 

the model (reference point: h = 0.0 kJ/kg at p = 101 325 Pa, T = 42.5 ºC) 

 

Chart in Fig. 4.8 represents the exhaust gas heat output error between the simulated values 

and value reported by the manufacturer. Noteworthy, the values from performance chart 

show only rough estimation of the actual SGT-750 exhaust output. Also the zero enthalpy 

reference point must be taken into account as values are further used. As only indirect heat 

transfer to the CFB process is observed in this study, the GT model may be used in 
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repowering simulation purpose. The model construction should be however modified for 

further studies such as the fully fired repowering discussed earlier in section 3.4. 

 

Reason for invalid simulation results may be linked to the absence of VIGV and other 

control structures as the GT unit is controlled entire by the fuel injection valve position. 

Unreal mass flow and temperature however affects to the design of the feed water preheater 

and thus detailed design of the process integration must be done either with actual values or 

with improved GT model. 

 

4.6 Model connection 

 

The objective of this thesis is to represent dynamic simulation results from the combination 

of the GT and CFB units. As a result, this section demonstrates the implementation of feed 

water repowering combined cycle (FRCC) described in section 3.4. The integration of the 

processes will be roughly divided into control system and process integrations which will 

be next under consideration, respectively. As stated, the possibility of independent GT and 

CFB operations must be kept for comprehensive analysis of the subject. 

 

4.6.1 Electricity demand distribution 

 

For combined units, the total load capacity ranges from 42 MWe to 172 MWe as both of the 

units must generate at least their minimum partial load for model simplicity. The total grid 

demand is considered as one frequency scoop including value which is eventually divided 

between the GT and CFB units. Fig. 4.9 presents the grid generation demand division 

between the units. 
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Fig. 4.9 Combined plant demand distribution between the GT and CFB units 

 

The total generation demand first passes through the CFB turbine control structure 

described in section 4.4.2. The steam turbine master control variates the governor valve 

position to match the unit demand restricted with ramp rate and load limiters. As a result of 

the grid demand above the CFB ramp rating ability or above its electrical output maximum 

the GT unit is used to regulate the total output to meet the grid requirements. 

 

Load demand structure in Fig. 4.9 thus uses the GT unit for primary frequency control. 

Also the CFB unit errors are handled by the gas turbine unit as the GT generation demand 

is equal to the difference of CFB actual electrical output and total plant demand. 
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Consequently, the CFB unit does not participate in primary grid control. Instead, both of 

the unit are involving in secondary grid control with capacity described in section 4.3.2. 

 

Although automated demand structure illustrated in Fig. 4.9 is created to the model, both of 

the units may be directed also manually to desired load level with defined ramp rate. This 

ensures easy hand set control of the system as multiple repowering conditions must be 

evaluated later in this thesis. 

 

4.6.2 Feed water repowering 

 

Basics of the feed water repowering combined cycle (FRCC) were discussed in section 3.4 

together with other gas turbine repowering solutions. The FRCC was selected to be 

implemented in this study as it demands lower capital costs and shorter outage time. As a 

result, faster retrofitting is enabled as only feed water line must be modified. 

 

The feed water design point flow is approximately qm,fw = 114 kg/s which results in the 

approximate velocity of wfw = 2.2 m/s through the pipeline with diameter of dfw = 276 mm. 

The high pressure preheating from feed water vessel temperature of 172 °C to the 

economizer input temperature of 260 °C requires approximately Φth,HP = 45.0 MWth 

thermal power from the steam extractions in the design point of CFB operation. 

 

In the GT exhaust repowering the HP preheating energy is partially or entirely generated by 

the gas turbine excess heat. The heat exchanger is connected in-series with the steam heat 

exchangers, which differs from the design presented by Khoshkhoo & Tanassan (2010). 

The exhaust gas path and the feed water path flow into opposite directions and the desing 

point exhaust gas output temperature Trepo,out is chosen to be equal to the combustion air 

temperature, resulting in about 200 °C. Noteworthy, the value is designed to be achieved as 

the CFB unit and the GT unit are both generating electricity with their maximum 



88 

 

continuous rating and all of the GT exhaust is directed to the repowering counter-flow heat 

exchanger. 

 

Chosen connection slightly increases the feed water pressure losses during all loads and the 

high pressure section heat exchange rate must be able to be controlled either with exhaust 

damper or extraction steam valves. The exhaust damper is used to guide desired part of the 

flow to the repowering surfaces while the rest is guided to the CFB flue gas path. Both the 

repowering heat exchanger path and the by-pass path are defined to cause approximately 

Δp = 0.18 bar pressure losses during maximum GT output which must be compensate by 

higher GT unit output pressure. As a result, the flue gas expansion is limited which causes 

efficiency drop compared to the validation values presented in section 4.5.3. The efficiency 

drop is later calculated during the discussion of the results. 

 

4.6.3 Repowering control 

 

The test cases later presented require multiple actions for the feed water preheating. Both 

the extraction steam flow and the exhaust gas flow must be controlled continuously if 

necessary. As a result, the economizer inlet temperature is measured for constant 

temperature cases. In alternative temperature controlled action, the damper is controlled to 

keep the feed water in set point value. This is achieved through slow action PI-controller to 

eliminate feed water quality fluctuations and gas turbine disturbances. The cases simulated 

next in this study are however focused only to uncontrolled actions for repowering. 

 

Also the extraction steam flow could be controlled with control valves to maintain desired 

feed water temperature. Extraction flow control has yet strong influences to the CFB 

generator output as the steam flow through the turbine would change simultaneously 

(Joronen et al., 2007). As turbine control operations are desired to be kept in minimum, the 

continuous extraction steam controls must be eliminated. As a result, the extraction steam 

valves are kept in constant position depending on the case under focus. The steam 
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extraction valves minimum set point is also set to be at minimum steam passing position. 

As a result, the extraction steam pipelines are kept pressurized which enables steam 

extraction usage for example in the gas turbine emergency shut-down situations. Unit 

failure occasions such as GT emergency shut-down demand robustness analysis for the 

repowering system which must be included in further repowering concept analysis. 

Although detailed robustness analysis will be neglected from this thesis it will discussed 

briefly during the analysis of the results. 

 

4.6.4 Model presentation 

 

As stated earlier, model may be divided to multiple diagrams with APROS. This section 

presents briefly the entire model and basic connections between different diagrams for 

improved clarity of the model presentation. An illustration in Fig. 4.9 presents the model 

division to five different diagrams and to points out the most important connections 

between the sub-systems. 
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Fig. 4.10 Model construction with basic interactions between the diagrams 

 

The control diagram in Fig. 4.10 first receives generation demand signal which can be 

given either manually or through sequence. As if the generator output feedback signals 

from the gas turbine diagram and steam turbine including diagram differ from the output 

demand value control rules will be applied. As a result, the CFB governor valve position 

and the GT fuel feeding valve position will be variated for equilibrium between the demand 

set point and output value. Simultaneously the control system receives information from the 

live steam pressure measurement which is then used for CFB fuel feeding and air injection 

controls. 
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Beside the control and measurement connections, other interactions between the diagrams 

are also applied with similar reference flags used for instrumentations above briefly 

described. These are the heat transfer connections between furnace and evaporator, gas 

turbine and feed water system but also the mass transfer connections between feed water, 

evaporator, superheating, turbine and condensate sub-systems. Also a supplementary 

connection for hot windbox is presented between the GT diagram and CFB furnace 

diagram. This connection is not however applied to the model used in the next simulations. 

 

Although model construction in Fig. 4.10 includes only the basic connections between the 

modelled diagrams it illustrates the importance of the diagram division between multiple 

sub-systems for improved usability of the model.  
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5 PROCESS SIMULATION 

 

This chapter represents the simulation cases and results for CFB feed water repowering 

analysis and optimization later discussed. The objective of the chapter is to illustrate both 

individual and combined performance of the CFB and GT units, respectively. The cases are 

defined to be simple to clarify the repowering effects on the CFB performance. Also 

simplifications to the presented control structure are done in order to track the processional 

phenomena as thermodynamic effects are focused instead of the control system effects. 

This results in simple throttle pressure operated, non-coordinated control structure used in 

the following simulations. Nevertheless, results gained with the DEB control structure 

discussed in section 2.4.7 and 4.4.2 will be briefly presented and analysed for further 

studies although it will be neglected from the cases next presented. 

 

As mentioned, the cases used in the following simulations are defined to be as simple as 

possible for explicit analysis of the results. For accuracy, the load levels used in the cases 

are selected near to the validation points. Also both ascending and descending load 

gradients are performed which enables hysteresis analysis. The range of load change is 

based on the secondary grid support demand which was earlier stated to be achieved 5 

minutes. As a result, the range of load alteration with defined ramp rate of 4 MWe/min is 20 

MWe for the both CFB and GT unit which results in total generation range of 40 MWe. 

 

Dynamic simulation performed with APROS is enabled to collect significant amount of 

process data during the case simulations. For simplicity of the study, only few process 

variables are yet monitored to this demonstration of the simulation results. The CFB 

maximum ramp rate performance was earlier mentioned to be restricted mainly by the 

steam parameters. Fluctuation of the fuel and air feeding should be avoided also for 

maximum economic and emission control efficiency. Consequently, above mentioned 

process variables are illustrated in this chapter for the evaluation of repowering effects to 

the CFB dynamics. All monitored factors are presented also in the Table 5.1. 
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Table 5.1 CFB and GT process variables monitored in the simulations 

CFB generator electrical output Pe,CFB [MWe] 

Live steam pressure at governor valve inlet pls [bar] 

Live steam temperature at governor valve inlet Tls [°C] 

Live steam mass flow qm,ls [kg/s] 

Reheat steam temperature at low pressure turbine inlet Trs [°C] 

Feed water temperature at economizer inlet Tfw,econ,in [°C] 

Coal mass flow qm,c [kg/s] 

Flue gas volumetric oxygen content xO2 [vol-%] 

GT generator electrical output Pe,GT [MWe] 

Natural gas mass flow qm,ng [kg/s] 

 

As lower heating values for the coal and natural gas together with the coal moisture content 

are known the monitored values for the electrical output and fuel mass flow enable the 

calculation of momentary efficiency for both of the units. The flue gas oxygen content is 

also illustrated for the validation of the results and evaluation of the combustion 

performance. 

 

5.1 Simulation case I: Generation increase 

 

The selected range of actions for simulation cases I and II is 115 - 135 MWe for the CFB 

unit and 17 - 37 MWe for the GT unit. As mentioned, both upwards and downwards 

directed load changes will be presented, respectively. The CFB feed water preheat demand 

and the GT exhaust gas heat flow are in sync as the course of electrical generation change 

is equal for the units. 

 

This section present the generation increase case in which the CFB output is increased from 

115 MWe to the maximum continuous rating of 135 MWe. Simultaneously the GT output is 

increased from 17 MWe to the 100 %MCR value of 37 MWe which is known to serve the 

CFB feed water preheat system with approximately equal thermal input as the HP 
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extraction steam does as the CFB unit is generating its maximum electrical output. The 

results are next presented with unconnected units and repowered CFB plant with 100 % gas 

turbine exhaust gas usage in Fig. 5.1. Both the non-repowered and repowered simulations 

will be thoroughly discussed next, respectively. 
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Fig. 5.1 Generation increase simulation results without feed water repowering (solid curves) and 

with repowering connection (dashed curves). 
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Load increase case with no repowering connections in Fig. 5.1 illustrates the effect of load 

variation to the variables listed in Table 5.1. The chosen period of total time is 2400 

seconds where the first 300 seconds are used for stabilization of the variables after the timer 

reset and loading of current initial condition. Consequently, the desired alteration of the 

load starts from steady-state generation condition and is thus comparable. Noteworthy, the 

values for live steam temperature Tls, reheat steam temperature Trs and feed water 

temperature at economizer inlet Tfw,econ,in are found on the right axis meanwhile live steam 

pressure pls, live steam mass flow qm,ls and unit electrical outputs Pe,CFB and Pe,GT are 

marked on the left axis. Also individual scale has been marked for coal mass flow qm,c, 

natural gas mass flow qm,ng and flue gas concentration xO2 on the right side of the chart. 

 

First of all the generation curves for both of the units must be discussed. The average ramp 

rate speed is set to be the desired 4.0 MWe/min. Although the load demand structure is 

simplified from the automated structure presented in Fig. 4.9 the GT primary grid control 

structure has been preserved to balance the overall grid demand. Primary grid control with 

the GT unit is known to cause minor influences to the simulated repowering case. The GT 

unit correction actions caused by CFB unit output error however can be considered 

relatively small which leads to only minor effects in the GT exhaust. 

 

The non-repowered case CFB generator output curve in Fig. 5.1 is notably round near to 

the 100 %MCR value which is defined as its final set point. Better grid support suitability 

could be achieved with fast turbogenerator actions. In this model the steam quantity 

required for 100 %MCR load is selected to be near to the maximum value which the HP 

turbine can pass. As a result, during high generator demand the HP turbine section cannot 

pass enough steam for fast generator actions. The repowered results however show the 

positive effect of repowering on this matter will be seen as the reduction of extraction 

steam flow leads to smaller amount of steam passing the HP turbine. 
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As seen, the live steam and reheat steam temperature fluctuation as well as the live steam 

pressure fluctuation are within sufficient limits as the maximum temperature deviation from 

the set point ΔT is only ±4 °C meanwhile the pressure deviation Δp is approximately ±1.5 

bar. Relatively long period of fluctuation could be minimized with coordinative methods 

such as feed-forwarding or DEB control discussed in Chapter 2. As effects to the process 

are mainly evaluated in this thesis, the results are however satisfactory. 

 

The fluctuation of live steam pressure affects to the fuel and air feeding system which are 

controlled by the same throttle pressure value. As a result, the fuel and flow rates are 

fluctuating simultaneously which affects to the flue gas O2 content and fuel inventory yet 

also to the steam temperatures through variating bed conditions. The effect of the load 

change to the CFB dynamics is thus rather long and steady-state circumstances are not 

achieved during the chosen period of simulation time in non-repowered case results. 

 

One of the most important factors on the perspective of this thesis is the evolution of the 

feed water temperature. As earlier mentioned, the steady-state condition is not achieved in 

the 2100 second period of time after the load change command. This is mainly due to the 

slow alteration of the feed water preheating which is powered by the extraction steam flow. 

Eventually, the feed water temperature rises to the validation value of 261 °C as the 

simulation is further resumed. This has minor effects to the fuel and air feeding which will 

achieve steady conditions after a long period of time after the feed water temperature has 

stabilized. The relatively large time used in the final stabilization of the process is not 

however prior consideration of the feed water condition evolution as plant used in grid load 

control will be constantly in the state of change. Next the presented effects of the similar 

load ramping for repowered plant configuration will be discussed. 

 

The alteration of the process variables is notable equal for the non-repowered and 

repowered results in Fig. 5.1. The repowered case curves in Fig. 5.1 are however stabilized 

more quickly although the ultimate steady-state conditions are not achieved in the selected 
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period of time this time either. The difference in the CFB electrical output curve is an effect 

of smaller amount steam needed to pass the HP turbine section. As a result, the turbine 

performance is not limited as the quantity of steam required is not near the HP turbine 

maximum rate. If the low pressure turbine sections are sufficiently loose for larger steam 

rates, the overall generator output may be gained to higher values with feed water 

repowering. Eventually, this electrical output gaining has been recorded to serve retrofitting 

purposes excellently (Khoshkhoo & Tanassan, 2010, 187). Anyway, the CFB electrical 

output increase is not interest under consideration in this study. 

 

Noteworthy, the reheat steam temperature is constantly approximately 5 °C lower than the 

set point value. This is due the less need for steam generation in the evaporative walls 

which affects to the fuel and air feeding and eventually to the heat exchange rate in all of 

the surfaces depending from the furnace internal conditions. As earlier stated, the reduction 

of the furnace thermal power is seen also in the decreased amount of heat guided to the 

convective pass and eventually to the convective superheating surfaces, economizer and air 

preheaters. Consequently, the superheating, reheating, economizing and air preheating 

thermal power is reduced. Significant reheat steam temperature reduction illustrated in Fig. 

5.1 is linked to higher share of convective pass heat duty compared to the superheating 

surfaces. As a result of the decreasing convective pass temperature the reheat steam 

temperature is reduced more than the superheated steam temperature which has two heat 

exchangers inside the furnace. The simulated reduction of the temperature passing the 

convective section during lower boiler demands was stated to be invalid earlier in the CFB 

model validation section 4.4.3. As a result, the error of the furnace heat release must be 

taken into account during the analysis of the results. 

 

Nevertheless, smaller fluctuation of the steam parameters during load change is known to 

enable efficient emission control and also less maintenance requirements in the long run. 

As mentioned in section 4.6.2 the overall efficiency of the system can be calculated as the 

fuel mass flows and lower heating values are known together with coal moisture content. 
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The evolution of the repowered case feed water temperature in Fig. 5.1 differs slightly from 

the non-repowered case. Meanwhile the feed water temperature was slowly rising to the 

steady-state mode in non-repowered case, the increase in repowering heat duty serves the 

CFB feed water faster. As a result, the feed water temperature is first raised fast to 259 °C 

which is above the final steady-state value of 250 °C. Noteworthy, the final steady-state 

condition of the power plant is not achieved in the selected simulation period and is not 

thus visible on the chart. 

 

The difference of the extraction steam HP preheating and the GT exhaust repowering is 

thus considerable as the temperature gradients are discussed during load changes. This is 

mainly due to slow evolution of the steam extraction flows versus fast effects of the gas 

turbine exhaust as a function of the unit electrical output. Consequently, if enough excess 

heat from the gas turbine unit is available, an exhaust gas damper could be used for 

optimizing the HP preheating of the CFB feed water to maximize the CFB load change 

performance. This will be further discussed in Chapter 6 after the presentation of the 

decreasing electrical output cases and supplementary simulations. 

 

5.2 Simulation case II: Generation decrease 

 

This simulation section present opposite generator output actions to the ones illustrated in 

section 5.2. As a result, the CFB output is decreased from the MCR value of 135 MWe to 

115 MWe while the GT output is limited from 37 MWe to 17 MWe. Similarly, both 

unconnected and repowered load change simulations are demonstrated for repowering 

analysis later discussed. The order of the results discussion is similar to the one presented 

in section 5.1. Both of the simulations are though first presented in Fig. 5.2. 
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Fig. 5.2 Generation decrease simulation results without feed water repowering (solid curves) and 

with repowering connection (dashed curves). 
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The electrical output change near to the circulating fluidized bed 100 %MCR value is 

similarly slow in Fig. 5.2 as what it was in section 5.1. The effect of the load change in the 

steam parameters, fuel feeding, fuel inventory and flue gas oxygen content are somewhat 

similar to the case upwards case presented in the last section. The evolution of the variables 

is however opposite as opposite load change actions are made. Corresponding deviations of 

the process variables between the output increase and decrease cases was expected as no 

supplementary control structures such as DEB coordination was used. Eventually, after a 

long period of time the same steady state values used in the beginning of the load increase 

study were achieved. Consequently, no simulation hysteresis was registered. The 

development of the feed water conditions was also similar yet opposite in direction to the 

one presented in section 5.1. 

 

Repowered simulation results in Fig. 5.2 show no unexpected information from the past 

cases. The stabilizing of the controlled variables occurs in shorter period of time with 

repowering compared to the ones simulated with no repowering. The oversteering of the 

feed water temperature is also similar to the load increase case as fast changes are taken 

place in the GT exhaust heat utilized by the CFB feed water preheater. Oversteering of the 

feed water preheating thus seems to have positive effect on steam parameters, fuel feed and 

air injection fluctuation. Further examination of this matter will be conducted later in 

Chapter 6 as stated earlier. 

 

5.3 Simulation case III: CFB ramp rate improvements 

 

As state-of-the-art representative CFB load change rates were recorded in the simulation 

case I and II this section demonstrates briefly the influences of the CFB ramp rate gaining 

to the plant behaviour. Again, the non-repowered and repowered cases are examined with 

both increasing and decreasing load gradients. As the CFB ramp rate was limited to be 4.0 

MWe/min in the earlier simulations the results in Fig. 5.3 and Fig. 5.4 illustrate the ramp 

rate of 6.0 MWe/min for the CFB unit. As earlier stated, the improvement of the gas turbine 
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load change performance is not an objective of this thesis. Consequently, 4.4 %MCR load 

change rate for the circulating fluidized bed and 5.8 %MCR for the whole plant is 

commanded in following simulations. 
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Fig. 5.3 Generation increase simulation results without feed water repowering (solid curves) and 

with repowering connection (dashed curves), CFB ramp rate of 6 MWe/min achieved with boosted 

GOV actions. 
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Fig. 5.4 Generation decrease simulation results without feed water repowering (solid curves) and 

with repowering connection (dashed curves), CFB ramp rate of 6 MWe/min achieved with boosted 

GOV actions. 
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The influences of more powerful governor valve adjustments are seen in increased 

fluctuation for all of the simulations in Fig. 5.3 and Fig. 5.4. Nevertheless, the action of the 

repowered CFB unit is notable stabile compared to the one without any supplementary 

thermal connections. This is however similar yet more explicit to the cases I and II 

presented earlier. The results illustrate improved stabilization of the process without any 

feed-forward biasing or coordination between the turbine and boiler controls. Also as the 

damper controls are not implemented the heat flow utilized by the CFB unit is not trimmed 

to fit maximum CFB performance during load changes. Consequently, even better 

performance could be expected with control improvements later briefly presented. 

 

5.4 Simulation case IV: Steady-state simulations 

 

It is already proven that the CFB repowering usage of the gas turbine excess heat has 

positive influences to the CFB fuel economy. For comprehensive analysis, this section 

presents the steady-state simulation values for the CFB and GT fuel injections in the 

selected points of plant operation. As the difference between the non-repowered unit 

operation and repowered operation is an objective of this study, similar simulations will be 

performed with and without the repowering. Although further study of the overall fuel 

economy is eliminated from the outline of this thesis, the selected steady-state values 

shortly presented in this section may be used for additional analysis of the subject. 

 

During low CFB loads the amount of gas turbine repowering heat duty is significantly 

larger than the one normally generated with steam extractions. Oversupply of heat occurs 

even as the GT unit output is in its minimum value of 7 MWe. Consequently, if all of the 

exhaust heat is guided to the feed water preheating the total temperature tends to rise above 

290 °C in some low load occasions. High temperature feed water passing the economizing 

section causes a risk of evaporation inside the economizer tubes, which must be avoided. 

The use of exhaust gas damper eliminates the risk of feed water overheating. However, 
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major heat losses are simultaneously formed as part of the heat output must be guided 

outside of the CFB process if no supplementary integrations are done. 

 

On the other hand, during higher CFB load levels the repowering heat input might be 

insufficiently low which sets demand for additional extraction steam usage. As the 

extraction steam control actions are desired to be kept in minimum in this study, the GT 

output should meet the CFB feed water preheating requirements. Nevertheless, the cases 

presented in sections 5.1, 5.3 and 5.3 already indicated minor shortages of repowering heat 

duty as both of the unit were performing with MCR outputs. Simulations in Fig. 5.5 present 

the non-repowered CFB feed water temperatures at the economizer inlet in six different 

points of CFB operation. 

 

 

Fig. 5.5 Feed water temperature dependency on the non-repowered CFB unit electrical output 
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As feed water temperatures equal or above from the ones presented in Fig. 5.5 are most 

likely targeted, few important operation points for the plant must be defined. As the gas 

turbine unit is usually desired to work with its minimum output of 7 MWe during base load 

use the heat duty generated is not big enough to serve the whole range of CFB operations. 

Consequently, repowered CFB maximum base load operation point without additional 

extraction steam injection must be simulated. The simulated and manufacturer detailed gas 

turbine exhaust duty was presented during the validation of the GT unit in Fig. 4.8. 

However, the maximum CFB operation point cannot be defined with the simulation results 

having the same non-repowered CFB high pressure preheating heat duty value as the GT 

unit exhaust heat duty during minimum load. This is due to influences in the whole CFB 

process, for instance the bed temperature decrease caused by the repowering. 

 

The fuel thermal heat inputs Φc and Φng of both calculated from the dry-basis mass flows 

and LHV values earlier presented. The repowering heat input value is attached from the 

simulations. The simulated electrical efficiencies of the units presented later are calculated 

from the quotient of the electrical output and heat input. The electrical efficiency of the gas 

turbine ηe,GT is calculated from the Eq. 5.1. 

 

𝜂e,GT =
𝑃e,GT

𝑞i,ng,as∙𝑞m,ng
       (5.1) 

where 

 

𝑃e,GT gas turbine unit electrical output [MWe] 

qi,ng,as natural gas heating value as received [MJ/kg] 

qm,ng natural gas mass flow [kg/s] 

 

For the calculation of the CFB electrical efficiency ηe,CFB also supplementary heat input 

from the GT exhaust must be taken into account as Eq. 5.2 presents. 
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𝜂e,CFB =
𝑃e,CFB

𝑞i,c,as∙𝑞m,c + 𝛷repo
      (5.2) 

where 

 

𝑃e,CFB circulating fluidized bed unit electrical output [MWe] 

qi,c,as bituminous coal heating value as received [MJ/kg] 

qm,c coal mass flow [kg/s] 

Φrepo utilized heat duty from the gas turbine repowering [MWth] 

 

Overall efficiency ηtot is calculated from the quotient of the total electrical output and 

combined thermal heat from the fuels. Total electrical efficiency used in the results is 

presented in Eq. 5.3. 

 

𝜂e,TOT =
𝑃e,CFB + 𝑃e,GT

𝑞i,ng,as∙𝑞m,ng +𝑞i,c,as∙𝑞m,c 
     (5.3) 

 

Noteworthy, as the electrical efficiency differs from the unit net electrical efficiency the 

consumption of the pumps and blowers must be taken into consideration if more detailed 

analyses are performed. This is however neglected from this study and following steady-

state results. Following simulations present both non-repowered and repowered actions 

similar to the ones in dynamic simulation cases. Nevertheless, this section presents also 

influences of the repowering heat duty control and extraction steam control to the process 

efficiencies. The steady-state simulation results for 135 MWe CFB output are presented in 

Table 5.2. 
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Table 5.2 Steady-state simulation results on the CFB load level of 135 MWe 

   Non-repowered Repowered Repowered, 

boosted 

Pe,CFB [MWe]  135.0 135.0 135.0 

Pe,GT [MWe]  37.0 37.0 37.0 

qm,c [kg/s]  14.436 13.218 13.203 

qm,ng [kg/s]  2.315 2.320 2.320 

Φc [MWth]  345.9 316.7 316.3 

Φng [MWth]  101.8 102.1 102.1 

Φrepo [MWth]  0.0 40.3 40.1 

ηe,CFB [%]  39.0 37.8 37.9 

ηe,GT [%]  36.3 36.3 36.3 

ηe,TOT [%]  38.4 41.1 41.1 

pGT,out [bar(a)]  1.16 1.17 1.17 

Tfw,econ,in [°C]  260.9 258.9 260.1 

Tfw,econ,out [°C]  331.2 327.7 328.4 

Tdrum [°C]  340.1 339.3 339.3 

qm,repo / qm,bypass [kg/s]  - / 113.5 113.6 / - 113.6 / - 

Trepo,out / Tbypass [°C]  - / 512.3 203.8 / - 205.7 / - 

 

As results in Table 5.2 demonstrate three different cases were simulated for the CFB 

maximum output. First column presents the original CFB operation at its 100 %MCR output. 

As the gas turbine unit is operating with its maximum output of 37 MWe also the simulated 

results are thus equal to the cases presented in sections 5.1, 5.2 and 5.3. The results 

demonstrate 39.0 % and 36.3 % efficiencies for the CFB and GT units, respectively. 

 

The second column of the Table 5.2 presents the repowered case which was also earlier 

simulated during the dynamic simulations in sections 5.2 and 5.3. As seen, the GT unit 

exhaust temperature is reduced to 203.8 °C as majority of its thermal output is consumed 

by the CFB feed water preheating process. The feed water temperature gap of 

approximately -2 °C between the repowered and non-repowered action is illustrated 

together with the feed water economizer outlet temperature and steam drum temperature. 

Consequently, as the difference between Tdrum and Tfw,econ,out is bigger for the repowered case 

than the one for the non-repowered case some extraction steam could be used for efficiency 
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improvements. The control of the extraction steam is not yet completed to meet the CFB 

performance requirements. Nevertheless, with large stabilizing time the boosted values 

presented in the third column were gathered. However, as the feed water temperature raise 

was only about 2 °C no significant total plant efficiency gain was achieved as can be seen 

from the difference between ηe,TOT values between second and third column. 

 

Maximum point of repowered CFB base-load operation without supplementary extraction 

steam must be thus defined with steady-state simulation iteration. Eventually, as the CFB 

unit is operating at 87.75 MWe the repowered case with minimum GT load level generates 

the same 238 °C feed water temperature as non-repowered CFB unit has with similar CFB 

load level. As a result, if temperatures equal to the ones presented in Fig. 5.5 are desired 

with minimum GT output repowering the CFB unit must be generating base-load electricity 

with 87.75 MWe output. CFB load levels above this point need additional feed water 

preheating meanwhile load levels beneath 87.75 MWe require exhaust gas damper actions 

as if feed water temperatures presented in Fig. 5.5 are desired. However, supplementary 

heat could be wise to utilize in the CFB process as long as evaporation in the economizer 

tubes is not occurred. Results in the Table 5.3 demonstrate the steady-state performance of 

the plant in three different occasions, all with the same CFB output of 87.75 MWe. 
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Table 5.3 Steady-state simulation results on the CFB load level of 87.75 MWe 

   Non-repowered Repowered Repowering, 

boosted 

Pe,CFB [MWe]  87.75 87.75 87.75 

Pe,GT [MWe]  7.0 7.0 7.0 

qm,c [kg/s]  9.784 9.355 8.927 

qm,ng [kg/s]  0.890 0.890 0.890 

Φc  [MWth]  234.4 224.1 213.9 

Φng  [MWth]  39.2 39.2 39.2 

Φrepo  [MWth]  0.0 23.3 21.0 

ηe,CFB [%]  37.4 35.5 37.4 

ηe,GT [%]  17.9 17.9 17.9 

ηe,TOT [%]  34.6 36.0 37.4 

pGT,out [bar(a)]  1.02 1.02 1.02 

Tfw,econ,in [°C]  238.2 238.6 276.5 

Tfw,econ,out [°C]  309.9 309.1 326.2 

Tdrum [°C]  336.2 335.9 335.9 

qm,repo / qm,bypass [kg/s]  - / 46.4 46.4 / - 46.4 / - 

Trepo,out / Tbypass [°C]  - / 626.1 187.2 / - 233.3 / - 

 

As mentioned, the circulating fluidized bed unit working with 87.75 MWe output has 

approximately the same feed water temperature at economizer inlet either with non-

repowered or GT repowered operation with 7 MWe gas turbine output. This can be seen 

from the first and second column of Table 5.3. As all of the GT exhaust is guided to the 

CFB process the GT exhaust gas enters the stack with temperature of 187.2ºC. Lower 

exhaust outlet temperature to the 135 MWe case presented in Table 5.2 is caused by lower 

feed water mass flow and HP preheater inlet temperature. Eventually, the repowering 

preheating process is seen in about 1.4 % gain in the total electrical efficiency. 

 

The third column presents repowered plant action with supplementary extraction steam 

injection. The slow action extraction steam valve controls are tuned to raise the economizer 

outlet temperature approximately 10 ºC lower than the saturated steam drum temperature. 

As seen, the gained drum entering feed water temperature has significant influence to the 

total electrical generation efficiency which is increased 1.4 % from the normal GT 
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repowered results and as much as 2.8 % from the non-repowered results. The effect of 

supplementary extraction steam is also visible on the CFB unit electrical efficiency gain, 

which reaches to 1.9 % better value compared to the normal repowered case. 

 

The last steady-state simulations demonstrated in this thesis are performed with the 

minimum CFB output of 35 MWe for maximum coverage of the study. As mentioned 

earlier, high feed water temperatures occur as all of the heat duty generated by the GT is 

delivered to the low load performing CFB unit. Consequently, feed water temperature 

values presented in Fig. 5.5 are exceeded if no damper bypassing is used. The results in 

Table 5.4 however show that the economizer temperature does not rise too near the 

saturated temperature of the drum if all of the exhaust is utilized in the feed water 

preheating. As a result, economizer boiling is not occurred as steady-state values are 

concerned. 

 

Table 5.4 Steady-state simulation results on the CFB load level of 35 MWe 

   Non-repowered Repowered Repowering 

control 

Pe,CFB [MWe]  35.0 35.0 35.0 

Pe,GT [MWe]  7.0 7.0 7.0 

qm,c [kg/s]  5.188 4.328 4.877 

qm,ng [kg/s]  0.891 0.892 0.891 

Φc  [MWth]  124.3 103.7 116.8 

Φng  [MWth]  39.2 39.2 39.2 

Φrepo  [MWth]  0.0 23.1 9.4 

ηe,CFB [%]  28.2 27.6 27.7 

ηe,GT [%]  17.8 17.8 17.8 

ηe,TOT [%]  25.7 29.4 26.9 

pGT,out [bar(a)]  1.01 1.02 1.02 

Tfw,econ,in [°C]  211.7 288.1 211.1 

Tfw,econ,out [°C]  288.5 323.3 286.5 

Tdrum [°C]  333.4 333.3 333.3 

qm,repo / qm,bypass [kg/s]  - / 46.5 46.5 / - 17.7 / 28.8 

Trepo,out / Tbypass [°C]  - / 622.6 191.3 / - 164.0 / 622.5 
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The maximum exhaust utilization in preheating is occurred in approximately 5 % higher 

CFB efficiency. Altogether, the positive efficiency influences of the repowering are more 

significant as the CFB unit is operating with reduced output. If damper actions illustrated in 

the third column of Table 5.4 are performed to guide the feed water temperature to the non-

repowered value of 211 ºC only about 1 % total electrical efficiency improvement to the 

non-repowered case is achieved while the 100 % exhaust usage case presents near 4 % gain 

to the nominal total efficiency. Consequently, the maximum drum entering temperatures 

should be pursued to maximize ηe,TOT. Nevertheless, the use of damper does not seem to 

have major effect on the CFB efficiency. 

 

Although the use of GT exhaust gas damper is not seen beneficial during steady-state 

operations the action should be well designed for practical plant operations. Damper should 

be used, for instance, as the economizer outlet temperature is raised too close to the 

saturation point. The effect of well-tuned damper actions to the drum entering temperature 

are fast which eliminates the use of un-efficient and slow CFB boiler controls. The damper 

should not however be controlled by the economizer outlet temperature due to large time 

lag. The controls should be thus further improved to utilize information from the feed water 

conditions and boiler actions as a feed-forward signal. As stated in dynamic simulation 

sections, high gradients of the feed water preheat duty were seen beneficial to the CFB load 

change performance. In the simulated load decrease case the heat duty was however altered 

entirely by the GT electrical output change. Consequently, the damper actions must be 

developed to enable unit independency. The development of the process controls will be 

later discussed further in Chapter 6 and also as a part of the future work perspectives in 

Chapter 7. 

 

Noteworthy, the validation errors of the CFB and GT units must be taken into account for 

all of the results presented in this section especially as high trimmed drum entering 

temperatures are concerned. For instance, the economizing heat duty of the CFB process 

was earlier stated to decrease too much as a function of the CFB load decrease. As a result, 



114 

 

the actual CFB unit should transfer more heat to the economizer during decreased CFB 

outputs which could raise the economizer outlet temperature too close to the saturation 

temperature. The results presented in this chapter are however demonstrating useful 

conceptual details for further studies of the repowering. Similar examinations to the ones 

described in this section can be performed at any desired load level and preheating rules 

with the implemented APROS model. 
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6 DISCUSSION OF RESULT 

 

The evaluation of the simulation results presented and partly discussed in Chapter 5 will be 

continued in this chapter. The objective of the evaluation is to point out and further analyse 

the most significant benefits and limitation of the circulating fluidized bed repowering. The 

evaluation of the plant performance is emphasized on the dynamic behaviour presented in 

sections 5.1, 5.2 and 5.3 yet the steady-state simulations and validation are also concerned 

for improved accuracy of the analysis. Consequently, the repowering concept will be 

analysed in CFB load change point of view for further load gradient studies and plant 

development. 

 

6.1 Fuel economy 

 

The dynamic simulations in sections 5.1, 5.2 and 5.3 together with the steady-state 

simulations in section 5.4 illustrated notable positive influences of the feed water 

repowering heat duty to the CFB fuel consumption. The fuel economy improvements must 

be though compared to the gas turbine fuel economy also as it is consuming rather 

expensive gaseous fuel. For simplicity of the model both of the unit were operating at least 

with minimum load. However the GT unit could be used also from the stand-by mode 

which affects to the GT fuel economy positively. The time from stand-by to the full load 

operation was stated to be only 10 minutes. 

 

In all of the repowered dynamic simulation cases the CFB unit was utilizing the GT exhaust 

heat for feed water repowering. The CFB unit should be however able to control the 

extraction steam injection to the HP preheaters dynamically during GT stand-by use. The 

use of extraction steam nevertheless affects to the turbine and generator performance which 

must be considered. This will be discussed later during the evaluation of the simulated 

control operations. 
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All in all, the fuel economy of the CFB process could be improved with repowering 

connections. It was also mentioned earlier that the unit maximum rated power could be 

raised if the low pressure turbine sections approve increased amount of steam. This would 

serve retrofitting purposes excellently. 

 

6.2 Load gradients 

 

The results of the dynamic simulations illustrated the positive effects of the feed water heat 

duty alteration to the live steam parameters. This was seen in reduced fluctuation of the live 

steam pressure and temperature. As a result, also stabilized the fuel and air injections were 

recorded as the boiler was controlled entirely by throttle pressure. Reduced control actions 

enable smaller amount of mechanical stress of the equipment such as pumps, blowers and 

valves. Also the thermal stress is reduced as the fluctuation of the pressure and temperature 

is minimized. 

 

The results were completed thoroughly with 4.0 MWe/min load gradients for both of the 

units. As mentioned, such rates represent state-of-the-art action for gas turbine resulting 

with 37 MWe output and drum equipped 135 MWe circulating fluidized bed boiler. Also 

improved performance for the CFB unit was simulated and the difference between the 

behaviour of the non-repowered and repowered unit was demonstrated. The results for the 

state-of-the-art ramp rate and gained ramp rate both indicated better performance for the 

repowered cases. The fluctuation of the steam parameters, fuel injection, air injections and 

flue gas oxygen content was significantly smaller for the gas turbine connected plant than 

the original. This consequently enables better plant suitability to the demanding grid 

balancing purposes. 
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6.3 Evaluation of the plant controls 

 

The modelled power plant controls were simplified on purpose as the coordination was 

expected to cause difficulties to the evaluation of the repowered performance. The Direct 

Energy Balance coordination was witnessed to cause large fluctuation to the fuel inventory 

although fairly good steam parameters were achieved. Nevertheless, more valid results 

were recorded with simplified CFB controls. 

 

The controls of the gas turbine were also simplified to operate only with the injection valve 

position. The absence of the variable inlet guide vane controls and combustion chamber 

temperature indications were however supposed to cause errors to the mass flow and 

temperatures. The overall output heat duty was though validated to be near to the 

manufacturer reported values. Nevertheless, the gas turbine controls are not considered to 

cause significant error to the overall results. 

 

The controls of the repowering system were earlier stated to be rather slow and especially 

the extraction steam valve controls demonstrated large CFB generator output errors. This is 

due to the variation in the steam flow through the turbine sections which must be either 

avoided or coordinated between the extraction steam valve controls and governor valve 

controls. The maximization of the drum entering feed water temperature illustrated in 

section 5.4 was considered to have great total efficiency gain possibilities. This however 

requires the use of extraction steam which requires further development for the model. 

Noteworthy, the dynamic simulations of the extraction valve actions were not demonstrated 

yet the steady-state results of the such operations were presented in section 5.4. 

 

6.4 Feasibility of the model 

 

During the validation of the model few invalid behaviour aspects were raised. The most 

significant error was generated by the CFB furnace block which performed rather abnormal 
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combustion compared to the actual CFB boilers. This was seen in high temperature peaks 

above the normal CFB bed material temperature. Consequently, the model could not be 

used for emission analysis purposes without furnace block development. The varying 

temperature profile inside the furnace also caused error the heat transfer as different heat 

exchange surfaces were located in different levels. Also the heat release was earlier stated 

to cause modelling error as the heat conducted to the convective pass was decreasing too 

fast as a function of the CFB load level reduction. 

 

On the other hand, as the invalid perspectives are taken into account the model offers wide 

amount of dynamic behaviour data of the CFB power plant either with or without the use of 

gas turbine repowering. Especially the possibility of dynamic simulation of the selected 

cases has great potential as if conceptual analyses are further needed. This enables, for 

instance, the fuel economy analyses and unit operation optimization as the fuel costs and 

electricity prices are known. 
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7 CONCLUSIONS 

 

An objective of this thesis was to evaluate the influences of the circulating fluidized bed 

repowering to the CFB load change performance. The chosen feed water repowering 

connection was earlier studied in the economical and repowered unit electrical output gain 

points of view. However the ramp rate gaining possibilities were not widely reported in the 

literature. 

 

7.1 Summary of the research 

 

The repowering of the 135 MWe circulating fluidized bed plant was maintained with 37 

MWe gas turbine unit having an maximum output of approximately 27 % of the chosen 

CFB unit maximum output. Significantly smaller size was chosen as the GT unit was 

designed to serve the CFB unit in ramp rate boosting and topping power purposes. 

Nevertheless, the GT unit output range was also selected to cover load levels beneath the 

CFB minimum load of 35 MWe. Consequently, the summarized load generation range was 

invented to be as wide as 7 - 172 MWe without any repowering output effect 

considerations. 

 

Before the model was constructed with APROS dynamic simulation tool the basic 

principles for the CFB and GT performances were presented on the load change and fuel 

economy perspective. The presented behaviour aspects, including sufficient CFB 

fluidization and heat transfer conditions, were taken into account during the implementation 

of the model. Finally the model designed to be used with or without the repowering action 

was constructed with APROS. 

 

Both dynamic and steady-state simulations were completed in selected points of the plant 

operation to discover repowering influences to the plant load change dynamics, fuel 

economy and other performance perspectives. Although coordinated control system and 
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complex grid demand sequences were included to the model, the simulation results were 

performed with simple load gradients and without any coordinative control structures. This 

was done in order to illustrate clearly the influences of the repowering without disturbances 

caused by too complex process actions. Eventually, the repowered simulations 

demonstrated better process stabilization and fuel economy as the results were compared to 

the ones simulated without GT repowering heat duty utilization. 

 

The validation of the model illustrated few notable abnormalities from the reference values. 

It was mentioned that the modelled CFB furnace block combustion did not behave 

equivalently to the behaviour presented in the literature. This affected to the heat release 

which eventually had influences to the heat transfer especially in the cold end of the CFB 

flue gas channel. Thus the exact optimization of the feed water repowering was not 

completed as the invalid furnace heat release was known to cause economizing errors, for 

instance. Nevertheless, the temperature abnormalities were not significantly high and the 

results presented in Chapter 5 can be considered to fit conceptual repowering analysis 

purposes. More detailed studies of emission control, for instance, must be though neglected 

as the temperatures inside the furnace do not yet act normally. 

 

The presented and analysed results in this study demonstrated interesting performance 

influences of the external feed water preheating duty. It was briefly proven that the fast 

responding feed water thermal energy alteration achieved with GT repowering had positive 

effects to the CFB load change dynamics. Instead, the original extraction steam preheating 

was stated to alter with much more moderate manner during load changes. As a result of 

the faster heat duty variation in the sub-cooled part of the CFB steam-water circuit the 

boiler controls were not required to perform original amount of un-efficient oversteering 

actions for the fuel and air injections. Consequently, the steam parameters together with 

fuel air controls were achieving steady conditions in relatively shorter period of time. 
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7.2 Future work persectives 

 

The model constructed in this thesis has potential for further analyses in any desired point 

of operation. As if the electricity prices and fuel costs were known, the model could be used 

to preliminary electricity production optimizations and investment analyses. The use of hot 

wind box mentioned during the presentation of the repowering options could be also 

constructed to the model. As a result, utilization of relatively oxygen rich GT exhaust to the 

CFB combustion and fluidization purposes could be evaluated. As stated, the use of hot 

wind box enables complete utilization of the gas turbine exhaust which could lead to 

maximum plant efficiency. 

 

The validation errors could be minimized with furnace block behaviour improvements 

gained with computational fluid dynamics integration, for instance. Consequently, all-

inclusive analyses including emission control could be performed.  
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Appendix I: Repowering alternatives  

 



 

Appendix II: Circulating fluidized bed model validation results 

 

Generation 

30 %  65 %  100 %  

Generator output [MW] 40,50 MWe 87,75 MWe 135,00 MWe 

Fuel input flow [kg/s] 5,18 kg/s 9,68 kg/s 14,41 kg/s 

Fuel thermal energy [MW] 125,02 MWth 233,69 MWth 347,83 MWth 

Net efficiency [%] 28,00 % 37,55 % 38,81 % 

       

Steam       

Steam drum pressure [bar] 134,44 bar 139,14 bar 147,04 bar 

Evaporator circulation ratio - 23,13 - 13,73 - 9,69 - 

Live steam flow [kg/s] 39,39 kg/s 77,11 kg/s 118,14 kg/s 

Live steam pressure [bar] 133,00 bar 133,00 bar 133,00 bar 

Live steam temperature [C] 545,90 C 540,00 C 540,20 C 

Reheat steam flow [kg/s] 36,22 kg/s 66,67 kg/s 99,37 kg/s 

Reheat steam pressure [bar] 11,71 bar 21,22 bar 31,43 bar 

Reheat steam temperature [C] 545,80 C 539,90 C 539,70 C 

LP turbine outlet pressure [mbar] 7,00 mbar 7,00 mbar 7,01 mbar 

LP turbine outlet temperature [C] 113,10 C 38,83 C 38,80 C 

       

Condensate & low pressure preheat       

Condenser outlet pressure [mbar] 36,20 mbar 36,10 mbar 35,99 mbar 

Condenser outlet temperature [C] 36,50 C 35,90 C 35,40 C 

Feed water pressure at vessel inlet [bar] 6,41 bar 11,28 bar 16,60 bar 

Feed water temperature at vessel inlet [bar] 137,00 bar 152,20 bar 163,10 bar 

Feed water vessel outlet temperature [C] 141,10 C 159,20 C 171,70 C 

Feed water pump outlet pressure [bar] 138,86 bar 146,36 bar 159,30 bar 

       

High pressure preheat & economizer       

Feed water pressure at econ inlet [bar] 137,30 bar 143,12 bar 153,16 bar 

Feed water temperature at econ inlet [C] 211,80 C 242,70 C 260,76 C 

Feed water pressure at econ outlet [bar] 134,87 bar 139,56 bar 147,45 bar 

Feed water temperature at econ outlet [C] 289,00 C 311,20 C 330,5 C 

       

Flue gas & air       

Bed average temperature [C] 818,30 C 871,60 C 884,2 C 

Flue gas mass flow [kg/s] 69,62 kg/s 119,02 kg/s 168,92 kg/s 

Flue gas temperature after cyclone [C] 526,80 C 708,50 C 835,1 C 

Flue gas temperature at econ inlet [C] 405,80 C 461,50 C 516,1 C 



 

Flue gas temperature at air preheater inlet [C] 248,0 C 284,9 C 312,0 C 

Primary air mass flow [kg/s] 40,03 kg/s 57,73 kg/s 71,93 kg/s 

Primary air pressure at furnace inlet [bar] 1,08 bar 1,08 bar 1,083 bar 

Primary air temperature at furnace inlet [C] 157,40 C 184,20 C 205,5 C 

Secondary air mass flow [kg/s] 24,40 kg/s 51,61 kg/s 82,59 kg/s 

Secondary air pressure at furnace inlet [bar] 1,00 bar 1,00 bar 1,011 bar 

Secondary air temperature at furnace inlet [C] 162,20 C 184,70 C 200,4 C 

       

Note! Pressure presented in absolute pressure. 

  



 

Appendix III: Gas turbine model validation results 

 

Generation 

19 %  60 %  100 %  

Generator output [MW] 7,00 MWe 22,00 MWe 37,00 MWe 

Fuel input flow [kg/s] 0,89 kg/s 1,54 kg/s 2,18 kg/s 

Fuel thermal energy flow [MW] 39,11 MWth 67,70 MWth 95,73 MWth 

Net efficiency [%] 17,90 % 32,50 % 38,65 % 

       

Compressor speed [rpm] 2320 rpm 2941 rpm 2966 rpm 

Compressor outlet pressure [bar] 8,72 bar 15,48 bar 21,51 bar 

Compressor outlet temperature [C] 315,60 C 422,00 C 434,60 C 

Combustion chamber temperature [C] 992,00 C 1076,6 C 1101,7 C 

Gas generator turbine outlet pressure [bar] 2,31 bar 3,73 bar 5,09 bar 

Gas generator turbine outlet temperature [C] 749,40 C 747,90 C 764,70 C 

       

Power turbine speed [rpm] 3000 rpm 3000 rpm 3000 rpm 

Exhaust gas mass flow [kg/s] 46,33 kg/s 80,16 kg/s 110,42 kg/s 

Power turbine outlet pressure [bar] 1,01 bar 1,01 bar 1,01 bar 

Power turbine outlet temperature [C] 622,28 C 514,50 C 479,59 C 

 
Note! Pressure presented in absolute pressure. 

 


	NOMENCLATURE
	1 INTRODUCTION
	1.1 Background
	1.1.1 Electricity grid fluctuations
	1.1.2 Grid balancing solutions

	1.2 Objective
	1.3 Structure of the thesis

	2 CIRCULATING FLUDIZED BED PROCESS
	2.1 Fluidization
	2.2 Combustion
	2.3 Heat transfer and thermal design
	2.4 Load control and operation
	2.4.1 Boiler load control
	2.4.2 Turbine load control
	2.4.3 Condensator control
	2.4.4 Superheating control
	2.4.5 Feed water control
	2.4.6 Furnace draft control
	2.4.7 Control coordination


	3 OPEN CYCLE GAS TURBINE UNIT
	3.1 Reference units
	3.2 Operation and control
	3.3 Literature review of gas turbine repowering

	4 POWER PLANT MODEL
	4.1 Apros dynamic modelling tool
	4.2 Fuel analysis
	4.3 Plant performance requirements
	4.3.1 Partial load operation
	4.3.2 Ramp rate speed
	4.3.3 Emissions control
	4.3.4 Economical perspective

	4.4 CFB plant model
	4.4.1 Boiler design
	4.4.2 Coordinated control with Direct Energy Balance
	4.4.3 Model validation

	4.5 Gas turbine model
	4.5.1 Unit design
	4.5.2 Description of control
	4.5.3 Model validation

	4.6 Model connection
	4.6.1 Electricity demand distribution
	4.6.2 Feed water repowering
	4.6.3 Repowering control
	4.6.4 Model presentation


	5 PROCESS SIMULATION
	5.1 Simulation case I: Generation increase
	5.2 Simulation case II: Generation decrease
	5.3 Simulation case III: CFB ramp rate improvements
	5.4 Simulation case IV: Steady-state simulations

	6 DISCUSSION OF RESULT
	6.1 Fuel economy
	6.2 Load gradients
	6.3 Evaluation of the plant controls
	6.4 Feasibility of the model

	7 CONCLUSIONS
	7.1 Summary of the research
	7.2 Future work persectives

	REFERENCES
	Appendix I: Repowering alternatives
	Appendix II: Circulating fluidized bed model validation results
	Appendix III: Gas turbine model validation results

