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A B S T R A C T   

Bubbling fluidized bed combustion (BFBC) plants for combined heat and power (CHP) production have tradi
tionally been dispatched under slow load changes. As the amount of variable renewable electricity increases in 
energy systems worldwide, knowledge regarding the transient capabilities of the gas and water-steam sides of 
BFBC plants is required. The aim of this work is to investigate the dynamic performance of large-scale BFBC 
plants when accounting for both the gas and water-steam sides. To do so, this paper presents a dynamic model of 
BFB-CHP plants that result from connecting a model of the gas side to a process model of the water-steam side. 
The plant model output is validated by comparisons with operational data measured in a 130-MWth BFBC plant 
that produces electricity, district heating (DH) water and steam for industrial clients. The validation shows that 
the model can satisfactorily describe both multi-load steady-state operation and load transients. The simulation 
results highlight the fact that the water-steam cycle achieves stabilization more rapidly after changes in the DH 
line and steam delivered to customers, as compared to changes in the combustor load. The timescales of the plant 
outputs for different changes have been calculated, with stabilization times ranging from 2 to 15 min for the 
power production versus 2–25 min characterizing the DH production. Compared to the stabilization times of the 
gas side, the water-steam side is an order of magnitude slower, thereby limiting the transient operation capa
bilities of BFB-CHP plants.   

1. Introduction 

The decarbonization of the power sector is considered a crucial 
mechanism for maintaining global warming within the target of 2 ◦C 
above pre-industrial levels [1] and relies heavily on increasing the share 
of energy generated from variable renewable electricity (VRE) sources 
[2]. The rapid increase in the penetration of non-dispatchable electricity 
generation brings up serious challenges with respect to power grid sta
bility, due to the intermittent nature of VRE sources, especially when 
nuclear power plants are being phased-out in many energy systems 
worldwide [3]. As a consequence, dispatchable thermal power plants 
have become crucial actors when it comes to compensating for the 
fluctuations in power generation from VRE sources. In other words, 
thermal power plants will need to have their production and operational 
profiles adapted to the new requirements that characterize energy 
markets with a high penetration of VRE. 

From the perspective of net-zero carbon emissions, fluidized bed 
combustors (FBCs) are especially attractive within the different thermal 

power plant technologies, due to their abilities to run efficiently solely 
on renewable fuel of relatively low cost (often, biomass and renewable 
waste fractions [4]). Among the portfolio of renewable-based FBC units, 
bubbling fluidized bed (BFB) combustors (BFBCs) are the preferred 
option owing to their lower capital costs, as compared to circulating 
(CFB) units at lower thermal sizes, i.e., within the 30–150 MWth range, 
which are typical of biomass-fired boilers [5] due to the low energy 
density of biomass and the correspondingly high specific transport costs. 
Since regions in which biomass is readily available are often charac
terized by a large heat demand (e.g., Nordic countries, Canada, northern 
China), and given the combustion characteristics of biomass fuels, BFBC 
units are often deployed as combined heat and power (CHP) plants. 
Usually, in biomass-based BFB-CHP plants, the production of heat in the 
form of hot water for district heating (DH) or steam for industrial users 
governs the dispatchability of the plant [6]. Given that the demand for 
heat is often constant (industry-based demand) or characterized by very 
slow changes (weather-based demand), traditional operation of BFBC 
plants has been characterized by slow load changes, as compared to 
other combustion facilities. Thus, if BFBC plants are expected to play a 
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role in ensuring the flexibility of the upcoming energy systems, there is a 
need to investigate the transient operational capabilities of BFBC units. 
Exploring the limits of transient operation of BFBC plants would facili
tate: the design of plants with faster responses; the retrofitting of existing 
facilities; and the design of control strategies that would enable the 
production of heat and power at the required rates and flexibility levels. 
Furthermore, industrial processes that consume steam are expected to be 
electrified in the upcoming years [7]. Therefore, the operation of these 
processes is expected to be adapted to follow electricity prices, entailing 
an additional source of variations that will need to be handled by BFB- 
CHP plants. 

Among the different tools for investigating power plant flexibility, 
dynamic process modeling is attracting attention due to its general 
formulation approach and relatively low computational cost (as opposed 
to unaffordable computational fluid dynamics simulations at plant 
level). In particular for FBC plants, dynamic process models can include 

a representation of the gas side (i.e., in-furnace or reactive side) by 
making use of low-order, semi-empirical models that can describe a 
wide range of fluidized bed designs and operations [8,9]. Combining in- 
furnace modeling with a description of the water-steam side enables 
examination of the interactions between the two sides. This allows for 
computation of the representative time constants of different process 
variables, providing insights into the bottlenecks, delays, and in
stabilities of the process, among other factors. The need for additional 
research work on dynamic modeling of renewable fuel power plants has 
recently been highlighted by Atsonios et al. [10], who emphasized the 
scarcity of these types of assessments in the published literature, as 
compared to studies of fossil fuel plants or steady-state investigations. 

When it comes to modeling the dynamics of BFBC plants, it is 
important to distinguish between the gas and water-steam sides. 
Focusing on the gas side, the work conducted by Selçuk et al. [11] stands 
out, in that a detailed dynamic model was presented and validated 

Nomenclature 

Greek 
α heat transfer coefficient 
β Baumann factor 
ε emissivity 
η efficiency 
θ valve opening 
λ thermal conductivity 
ρ density 
ψ enhancement factor 

Latin 
A area 
AP absolute percentage error 
Bo boiling number 
C pre-exponential factor, valve flow coefficient 
c heat capacity 
Co Convection number 
d diameter 
dp pressure drop 
E total energy 
F flow rate 
G mass flow density 
h specific enthalpy 
K flow area coefficient, friction loss coefficient 
k absorption coefficient 
L length 
LF length factor 
m mass flow through a pipe, total mass 
n number 
Nu Nusselt number 
P power, pressure 
Pr Prandtl number 
p pressure 
Q heat flow 
R resistance 
RC relative change 
s thickness 
T temperature 
t time 
x variable, steam quality 
y variable 

Subscripts 
a arrangement 
c condensate 

comb combustion 
crit critical point 
el electrical 
f fuel, friction 
fw feed water 
g gas 
hyd hydraulic 
is isentropic 
Liq liquid 
LM logarithmic mean 
m measured 
mech mechanical 
n element 
nom nominal 
p constant pressure, optical path 
s simulated, steam 
t turbine 
tp two-phase 
v vapor, valve 
vap vaporization 
vol volume 
w wall 
0 initial, reference 
∞ final 

Abbreviations 
BFB bubbling fluidized bed 
BFBC bubbling fluidized bed combustor 
CFB circulating fluidized bed 
CHP combined heat and power 
DH district heating 
ECO economizer 
HHV high heating value 
HP high-pressure 
HPT high-pressure turbine 
FB fluidized bed 
FBC fluidized bed combustion 
FG flue gas 
FWH feed water heater 
LPT low-pressure turbine 
OFWH open feed water heater 
RC recirculated 
SH superheater 
STC steam to customers 
VRE variable renewable electricity  
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against steady-state and transient operational data obtained from a 
0.3–MW unit. The model was subsequently used to find out inverse re
sponses of the char inventory of the dense bed after a load change. More 
recently, Yasar et al. [12] have presented a transient model of BFBC 
units coupled to a 3-D radiation model, which was validated against a 
lignite-fired 0.3-MW unit. Kataja et al. [13] presented the formulation of 
1-D model of the furnace that was connected to a model of the steam 
drum and evaporator. That work also included a simulation study of the 
boiler responses after step changes were applied to the fuel flow. Lastly, 
it is worth mentioning the work of Galgano et al. [14], whose study 
uncovered substantial differences between the dynamic behaviors of the 
dense bed and freeboard regions. Martinez Castilla et al. [8] have 
recently published a 1.5-D dynamic model of the gas side of large-scale 
BFBC units, which was used to compute the inherent dynamics of the 
furnace. The study revealed characteristic times in the order of 1–15 
min, with large differences between the bottom and top regions of the 
combustor. The authors carried out further investigations on the impacts 
of different in-furnace mechanisms on the stabilization times [9]. 
Regarding the water-steam side, it is worth mentioning the recent study 
of Zlatkovij et al. [15], in which a 0-D dynamic model of a BFB furnace 
was integrated into a simplified model of the water side. The model was 
used to test and compare different model predictive control strategies. In 
summary, the studies available in literature have either focused on the 
gas side or on the water-steam side. There is a knowledge gap regarding 
the overall transient behavior of BFBC plants, and there is a need for 
assessments of the dynamics at the plant level, i.e., accounting for the 
interactions of both the gas and water-steam sides. Furthermore, the 
models mentioned above lack validation with operational data from 
large-scale facilities. 

This work aims at acquiring insights into the open-loop transient 
behaviour of large-scale BFBC plants when accounting for both the gas 
and water-steam sides. This is tackled by developing a dynamic model of 
large-scale BFBC plants that results from the integration of a process 
model of the water-steam side with an existing model of the gas side by 
the authors (a low-order semiempirical model that can describe a wide 
range of fluidized bed designs and operations at low computational cost) 

previously validated [8]. The complete plant model developed in this 
work is initially validated against operational data from a 130-MWth 
reference plant, and is subsequently used to conduct a dynamic analysis 
of the reference plant. 

2. Method 

A schematic overview of the methodology and workflow followed in 
this study is shown in Fig. 1. With the aim of computing the transient 
performance characteristics of BFBC plants, a dynamic model of the gas 
side of BFBC units, previously presented and validated by the authors 
[8], is in this work connected to a model of the water-steam side, 
together conforming a BFB-CHP plant model (see Section 3). The BFB- 
CHP model is parametrized and initialized with design equipment 
data obtained from an industrial-size reference plant (described in 
Section 2.1). The reference data include the regulatory and supervisory 
layers of the control system. The validation of the dynamic model with 
steady-state and transient operational data measured in the reference 
plant is presented in Section 4.1. Lastly, the validated model is here used 
to study the reference BFB-CHP plant using a dynamic analysis, the 
methodology for which is presented in Section 2.2, with the related 
results and discussion in Section 4.2. 

3. Reference plant description 

The present work utilizes as reference for the construction, calibra
tion and validation of the model an industrial BFB-CHP plant located in 
Örnsköldsvik, Sweden. A schematic of the plant input/output energy 
mix is shown in Fig. 2. The 130-MWth biomass-fired plant delivers 
medium-pressure steam to industrial facilities, i.e., steam to customers 
(STC), power to the grid and DH to the nearby municipality. Table 1 
summarizes the main plant characteristics and design values. 

Fig. 3 shows a process schematic of the reference plant, along with 
the main process variables used in this work. The BFB furnace has sec
ondary and tertiary air injection points and uses flue gas recirculation 
from the bottom of the furnace for bed temperature control. The internal 

Fig. 1. Schematic overview of the methodology followed in this work.  

Fig. 2. Input/output scheme of the reference plant. HP, High-pressure; DH, district heating; STC, steam to customers.  
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walls of the furnace are membrane walls in which saturated water is 
evaporated while it naturally circulates from/to the drum. Several su
perheater (SH) tube bundles are vertically immersed in the wingwall of 
the freeboard (upper furnace). The remainder of the superheaters and 
economizers (ECO) are located across the flue gas flow in the convection 
path. Three spray attemperators (desuperheaters, DSHs) are situated 
within each superheating stage for steam temperature control. The 
steam turbine train consists of six stages, which are distributed within 
the high-pressure train (HPT) and the low-pressure train (LPT). Steam 
from the third HPT outlet is extracted and delivered as STC, while the 
two low-pressure condensers are used for DH production (DHCs). The 
feedwater is preheated prior to the economizers using three closed 
feedwater heaters (FWHs) and a deaerator (OFWH), whereby the make- 
up water and condensate returned by the industrial customers are 
returned into the cycle. 

The conventional operation of the plant is governed by the STC de
mand, being the generation of DH and power the secondary and tertiary 
products, respectively. Thus, based on the plant layout shown in Fig. 2, a 

given combustor load can lead to a wide range of output mixes (referred 
to hereinafter as ‘load levels’), depending on the STC and DH demands. 
In this work, two load levels of relevance for the reference plant are 
studied, the operational conditions for which are shown in Table 2. The 
selected load levels are used for steady-state validation of the plant 
model (see Section 4.1), as well as for initial steady-state operation prior 
to the dynamic analysis (see Section 4.2). Note that the load levels used 
in this work have very similar STC demands and differ mostly in gen
eration of power and DH. 

3.1. Dynamic analysis 

The transient performance of the investigated BFB-CHP plant is 
assessed through so-called open-loop tests [8,9]. By disconnecting the 
supervisory control loops (i.e., the control loops governing the plant 
production levels; see Section 3.2) and introducing step-changes in the 
relevant inputs, the tests allow the computation of the inherent process 
dynamics for a given perturbation/change ensuring the effect of control 
loops are minimized. The list of input variables that are changed in the 
present work is shown in Table 3, and includes the load level at which 
the plant is running when the changes are introduced, as well as the 
magnitudes of the changes. Note that during each input variable change, 
the remainder of the inputs remain constant, with their values corre
sponding to Load level 2. It should also be noted that although the STC is 
an output of the plant, the choice of mass flow to be delivered is an input 
to the model. After the step-changes are applied, the open-loop re
sponses of the main process variables of the water-steam side (listed in 
Table 4) are tracked and measured through the stabilization time ts. 

Fig. 3. Process schematic of the reference plant including the main process variables used throughout the work. Red is used for steam lines and water for water lines. 
SH, superheater; DSH, desuperheater; ECO, economizer; HPT, high-pressure turbine; LPT, low-pressure turbine; DHC, district heating condenser; OFWH, open 
feedwater heater; FWH, feedwater heater. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Plant load levels (i.e., output mix) used for steady-state validation of the model.  

Process variable Load level 1  

– High Power, High DH, medium STC 

Load level 2  

– Medium Power, Medium DH, medium STC 

Fuel flow, Ffuel [kg/s]  14.0  8.4 
Live steam flow, Fsteam [kg/s]  53.4  29.5 
STC mass flow, FSTC [kg/s]  13.4  15.8 
Power generation, Pel [MW]  36.0  16.5 
DH production, QDH [MW]  49.2  31.8  

Table 1 
Reference plant design values.  

Fuel type Wood chips and forest residues 

Furnace dimensions [m] 9.18 × 8.67 × 30 
Combustor thermal load [MWth] 130 
Drum pressure [bar] 151.5 
Live steam temperature [̊C] 540 
Live steam flow [kg/s] 53.4 
Power production [MWel] 37 
District heating production [MW] 60  
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Here, the stabilization time is defined as the time that it takes for a 
certain process variable to execute 90 % of the total change, i.e., when 
the process variable y lies within the interval defined by Equation (1). To 
facilitate the assessment of the interactions between plant inputs and 
outputs, the relative change (RC) before and after the change is also 
computed using Equation (2). 

y∞ − 0.1Δy < y < y∞ + 0.1Δy (1)  

RC = 100 •
y∞ − y0

y0
(2)  

4. Model description 

The dynamic model of BFB-CHP plants used in this work results from 
connecting a dynamic model of the gas side of FB boilers previously 
published and validated by the authors [8], with a dynamic process 
model of the water-steam side. The model is developed in Modelica [16]. 

Fig. 4 shows a simplified diagram of the plant model, including a 
simplified representation of the main mass and energy streams. Inputs to 
the model include: geometric data of the furnace and process equipment; 
the properties of the fuel and bulk solids; the incoming DH water tem
perature and flow; and the plant operating load (i.e., desired output 
production). The following subsections describe the two parts (gas side 
and water-steam side) of the BFB-CHP plant model. 

4.1. BFB gas side 

The combustor side is described by a number of perfectly mixed 
control volumes exchanging mass and energy. In the BFB mode, the 
model domain is divided into two fluid-dynamic regions, the dense bed 
and the freeboard, each of which is described as a consecution of N 
control volumes (represented by B and F, respectively, in Fig. 4). Three 
phases are included in the model: bulk solids (modeled as a mean size); 
gas (as an ideal gas mixture of nine components); and fuel (modeled as 
fresh, dry, and devolatilized in order to account for the changes in size 
and density as fuel conversion evolves). All of the solid phase is assumed 
to remain in the bottom region, i.e., neglecting the entrainment of solids. 
Radiation is assumed to be the dominant mechanism for bed-wall heat 
transfer in the freeboard, and as such, convective heat transfer to the 
waterwalls is neglected. This assumption is traditionally considered 
valid when designing and modeling BFB furnaces (see [17;18]) and 
based on the relatively low gas velocity throughout the riser under 
bubbling fluidized bed conditions (<1.5 m/s), which yields solids con
centration values in the freeboard (far below 1 kg/m3) too low 
compared to those required to attain a significant contribution of 

Table 4 
Selected process variables used to characterize the process dynamics of the 
plant.  

Tracked process variables Unit 

Power production,Pel MW 
District heating production in turbine condensers,QDH MW 
Live steam flow,Fsteam kg/s 
Live steam pressure,Psteam bar 
District heating outflow temperature,TDH,out C̊  

Fig. 4. Schematic of the dynamic plant model after integration of the gas side and water-steam side models. Discretization of the gas side is noted with Bi for the bed 
region and Fi for the freeboard. 

Table 3 
Step input changes introduced in the open-loop tests.  

Input variable Relative change Absolute change Initial plant steady-state 

Combustion load, Qcomb [kg/s] − 20 % 8.4 → 6.7 Load level 2 
STC flow, FSTC [kg/s] − 20 % 15.8 → 12.6 Load level 2 
DH water inflow, FDH [kg/s] − 20 % 135 → 108 Load level 2  
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convection to the bed-wall heat transfer. In this sense, industrial boiler 
measurements show that solids concentrations in the order of 100 kg/m3 

(i.e., above those found under bubbling conditions) yield a convective 
heat transfer to the walls of about 15–30 W/m2K, compared to the total 
heat transfer of 100–200 W/m2K [19]. The model includes a description 
of the radiative heat flows between all the surfaces and gas volumes 
accounting for geometrical view factors. Although the model neglects 
solids entrainment, it is well-known that the presence – even at very low 
concentrations not measurable by pressure transducers – of fine solids in 
the freeboard influences the effective emissivity of the gas. Therefore, 
the model computes the emissivity of volumetric cells (vol) according to 
Beerś Law, as shown in Equation (3), where the attenuation factor kvol is 
a calibration factor that is dependent upon the gas velocity and Lp is the 
optical path length. 

εvol = 1 − e− kvolLp (3) 

The modeled fuel consists of wood chips, for which the proximate 
and ultimate analyses are shown in Table 5. In the model, fuel drying 

and devolatilization processes are assumed to be driven by heat transfer 
and to occur simultaneously, with a combined drying and devolatiliza
tion time that is dependent upon the fuel particle size taken from [20]. 
Char combustion is modeled through the shrinking sphere regime under 
transport-controlled conditions, while the combustion of gas species is 
computed using the rates described elsewhere [21]. The gas mixing in 
the freeboard is handled by the model as a calibration factor, through 
the tuning of the effective reaction rate of the homogeneous reactions 
(for details, see [8]). 

The gas model was validated previously [8] using data from the 
reference BFB combustor. The validation showed that the model is 
capable of describing the in-furnace variables (such as temperatures and 
heat transfer to the waterwalls) with deviations of<10 % for the oper
ational conditions considered for both the steady-state and transient 
operations. The reader is referred to [8] for a comprehensive description 
of the model formulation, calibration and validation. 

4.2. Water-steam side 

The water-steam model presented in this work has been developed 
following the model formulations for steam cycles presented in [22] and 
[23]. A summary of the followed approach and the principles underlying 
the main expressions used to model the different process components is 
shown in Table 6, while the specific correlations and equations can be 
found in Table A1. The water-steam side is calibrated through the tuning 
of a pre-exponential factor in the correlations for heat transfer co
efficients, which is a common practice for dynamic process modeling 
[24]. Furthermore, the components modeled in 1-D are discretized into 
N elements, which is chosen as a compromise between model accuracy 
and computational cost. In addition, the model is initialized using the 
reference dataset of Load 1 (see Table 2). 

The model includes the regulatory and supervisory control layers 
present in the reference plant. The former is devoted to maintaining the 
stability of the components, i.e., loops controlling levels, pressures, and 
temperatures in specific process units, while the latter is responsible for 
the production performance of the plant, i.e., controllers working on a 
minute-hour timescale. Among the different supervisory control strate
gies available for FBC-CHP plants (see [28] for a comprehensive review) 
this work includes a sliding-pressure structure, in which the combustion 
load Qcomb is used to control the plant output while the live steam 
pressure is controlled (but not fixed). Both layers are modeled as PI 
controllers and tuned according to the PID tuning rules of Skogestad 
[29]. 

5. Results and discussion 

5.1. Validation of the model 

The dynamic model presented in this work is validated against 
operational data obtained from the reference plant described in Section 
2.1. The output of the model is validated both with steady-state and 
transient operational data, as a way to evaluate the capabilities of the 
model to describe typical operation of industrial-scale plants. 

The BFB-CHP plant model is calibrated (as explained in Section 3.1) 
to resemble the design load (i.e., 100 % combustor load), represented by 
Load level 1 (see Table 2). After calibration, the output of the model at 
partial load is validated through simulation of Load level 2. Table 7 
shows the comparison of the simulated process variables with the values 
measured in the industrial facility, as well as the absolute percentage 
error (AP; see Equation (4)) between them. 

AP = 100
|xm − xs|

xm
(4) 

It is clear that the model can reproduce multi-load, steady-state 
operation with a reasonable level of agreement, as all deviations are <
10 % with an average AP of 2.03 % (0.89 % and 3.17 % for the 

Table 5 
Modeled fuel (wood chips) analyses.  

Proximate analysis, wt%  

Moisture  40.00 
Volatiles  47.00 
Char  12.60 
Ash  0.40 
Ultimate analysis (dry, ash-free), wt%  
C  50.60 
H  5.90 
O  43.20 
N  0.08 
S  0.04 
HHV (dry, ash-free), MJ/kg  17.9  

Table 6 
Summary of the water-steam side model formulation.  

Process equipment Modeling approach Correlations/equations 

Monophasic flow tube 
heat exchangers 
(economizers and 
superheaters) 

1-D lumped pipes separated 
from each other by a wall 
model 

Nusselt based correlation 
for both sides [25]. 

Biphasic flow tube heat 
exchanger 
(evaporator) 

1-D lumped pipes separated 
from the combustor side by 
a wall model 

Nusselt correlation based 
on the Dittus-Boelter 
equation [26]. 

Steam drum 0-D for the liquid/vapor 
volumes. Heat transfer 
through the drum wall is 
neglected. 

Formulations derived by 
Åstrom and Bell [27] and 
Eborn [24]. 

Steam turbine Quasi-static assumption 
and isentropic efficiency 
constant with load 

Stodolás Law of cones 

Condensers / closed 
feedwater heaters 

0-D for the liquid/vapor 
volumes and 1-D lumped 
pipes. A wall model 
separates them. 

Correlation for 
condensing steam over 
horizontal tubes and Nu- 
based for the cold-fluid  
[25]. 

Open feedwater heater 0-D for the liquid/vapor 
volumes assuming 
thermodynamic 
equilibrium. 

– 

Spray attemperators 0-D mixing volumes – 
Valves Linear valve opening flow. 

Flow assumed to be 
turbulent. 

Flow computed from 
valve flow coefficient 
based on valve nominal 
conditions. 

Pumps Centrifugal pumps with 
constant rotational speed. 

Quadratic flow 
characteristic. 

Walls 1-D flat domain with heat 
accumulation. 

Energy balance using a 
thermal resistance 
function of the thickness, 
area and conductivity.  
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calibration and validation cases, respectively). The observed deviations 
are within the same order as those observed in the validation of the gas 
side model. As discussed previously [8], the deviations can most likely 
be attributed to the fact that most of the semi-empirical expressions used 
in the model formulation of both sides were derived from data sampled 
at full-load operation. 

To evaluate the capability of the model to describe transient opera
tion, a 2 h-long dataset is used (which was also used in for validation of 
the gas side model, see [8]). This dataset covers a boiler fuel load in
crease from 56 % to 90 % and is simulated with the input trajectories of 
fuel, air, flue gas and STC mass flows, as shown in Fig. 5a. The output 
management strategy followed in the reference plant during the load 
change consisted of increasing the amount of steam delivered to cus
tomers while maintaining the DH production rather constant. This was 
achieved using the valve located between the high-pressure and low- 
pressure steam turbine sections (see Fig. 3). 

Figure 5b-5f show the measured and simulated time trajectories of 
the main plant model variables, i.e., power and DH generation, steam 
mass flow, drum pressure and level as well as temperatures within the 

gas side. In general, the model is found to predict satisfactorily the be
haviors of the reference plant across the 120 min simulated. Note that 
the model shows greater discrepancy with the measurements only 
within the first 20 min of the transient operation, which is the period 
during which the fuel flow and STC production are temporarily 
decreased (see inputs in Fig. 5a). With the inertia of the equipment being 
well-captured in the model formulation, this reduced model perfor
mance is likely due to discrepancies in the parameters of the supervisory 
and regulatory control layers (whose data is not available to the authors 
and is thus set by tuning according to [29]), which can be seen in the 
controlled drum level displayed in Fig. 5d: the systematic tuning intro
duced in the model shows more stable results than the signal measured 
in the plant. An additional potential source of errors might be in the 
input data for the incoming DH flow (which in this work, has been back- 
calculated). However, when evaluating the level of model agreement 
over the whole time series, it can be concluded that the ability of the 
model to predict steady-state and transient industrial operations is valid 
for the purpose of the model. 
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Fig. 5. Transient validation of the main plant model output variables. The figure includes: a) the input trajectories introduced into the model from measurements 
made in the reference plant; and b-f) a comparison of the simulated and measured variables of interest during the 120 min simulated. 

Table 7 
Results of the steady-state model validation.  

Variable Load level 1 (calibration) Load level 2 (validation) 
Measured Simulated AP (%) Measured Simulated AP (%) 

Live steam flow [kg/s] 53.4 54.3  1.7 29.5 29.6  1.0 
Drum pressure [bar] 145 144  0.7 135 134  0.7 
Live steam temperature [̊C] 540 540  0.0 540 540  0.0 
Power production [MW] 36.0 35.5  1.4 16.5 17.8  7.9 
DH production [MW] 49.2 49.4  0.4 31.8 30.1  5.3 
DH outlet temperature [̊C] 105 104  1.0 82.5 85.9  4.1  
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5.2. Dynamic analysis 

In order to illustrate the transient response of the plant after a step 
change is introduced, Fig. 6 shows the simulated open-loop transients of 
the main process variables when Qcomb is reduced at t = 0. The stabili
zation times and relative changes obtained from all the open-loop tests 
(see Table 3) are displayed in Fig. 7. The stabilization times shown in 
Fig. 7a range from an average of 17 min for changes to the combustion 
load to 2 min for changes to the DH line and to the STC flow. These 
differences are partly explained by the fact that Qcomb has the strongest 
steady-state effect on the process, as evidenced by the RCs plotted in 
Fig. 7b. In addition, changes to Qcomb are firstly introduced in the gas 
side before being propagated to the water-steam side, which entails an 
inherent delay compared to changes to FSTC and FDH, both of which are 
introduced directly in the water-steam side, where the process dynamics 
are measured. The computed timescales and trends are in line with 
previous results obtained for FBC-CHP plants of similar size and layout 
as the one used here (see [28] for a dynamic analysis of a CFB-CHP plant, 
and [23] for an investigation that only includes the water-steam side of a 
waste-fired CFB). Furthermore, the data in Fig. 7b indicate that process 
variables connected to the DH production (i.e., QDH and TDH,out) have the 
slowest stabilization times, in contrast to the variables connected to the 
live steam and steam turbine; this phenomenon was also identified in 
CFB-CHP plants assessed previously [23,28]. 

In Fig. 7b, it is important to note that changes in FSTC and FDH barely 
affect the live steam conditions (RC < 1 %) and, therefore, the stabili
zation times for these cases have been disregarded in Fig. 6a. It is also 
noteworthy that a reduction in FSTC yields a slight reduction in the level 
of generated power. This is because, while the mass flow in the low- 

pressure stages of the turbine is increased (intuitively yielding an in
crease in generated power), the specific enthalpy drop across each tur
bine step does not remain constant (since the supervisory control loops 
are deactivated in the open-loop tests, which include the steam pressure 
control). This makes the intermedium pressures in the different turbine 
stages vary as the steam flow varies, thereby altering the pressures of the 
steam extractions and in the feedwater line. 

For the reference BFB-CHP plant studied here, the characteristic 
times of the water-steam side can be compared to those of the in-furnace 
side reported earlier by the authors [8,9]. According to the previous 
study [8], while the temperatures at the bottom bed have characteristic 
stabilization times of 12 min, the stabilization times for the heat transfer 
to the waterwalls and the freeboard temperatures are in the range of 
0.5–2.0 min for changes to Qcomb of similar size as those simulated 
herein. In [9], the authors explored the relationships between the sta
bilization times of key gas-side variables and the characteristic times of 
the three in-furnace mechanisms (namely, fluid dynamics, heat transfer 
and fuel conversion). The results showed that the stabilization times for 
the freeboard temperature and heat transferred to the waterwalls were 
largely driven by the fluid dynamics, i.e., the residence time of the gas, 
which for the BFB furnaces scoped in this work is in the order of 10–15 s. 
The results of the present work complete that picture by demonstrating 
that after changes are made to the combustion load, the stabilization of 
the water-steam side is governed by the large fluid and metal inventories 
(with the equipment connected to steam-only flows being faster). These 
results suggest that the water-steam side is an order of magnitude slower 
than the gas side in BFB combustion plants. i.e., being the eventual 
bottleneck for fast transient operation of biomass-fired BFB-CHP units. 

The inherent transient response of the plant after changes in Qcomb 

Fig. 6. Transient responses of the relevant process variables after a 20 % step change in the combustion load (see Table 3) is introduced at t = 0 (dashed verti
cal line). 
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(which represents the main plant input to manipulate for changing the 
output load, see [28]) can be compared with that of the current plant 
operation. This is done in Fig. 8, which shows the output power gen
eration, Pel, when Qcomb is decreased 20 % according to i) the current 
ramping rate of the reference plant, estimated from the dataset used for 

validation ii) a step-change with the plant in open-loop (displayed in 
Fig. 6a) and iii) a step-change with the plant under a conventional 
sliding-pressure supervisory control loop [28]. The controlled plant 
overperforms the inherent response by yielding a stabilization time for 
the power output < 10 min, in contrast to the 15 min for the latter and 
120 min characterizing the current plant rate, which shows the potential 
of BFB-CHP plants for faster operation. Nonetheless, the eventual plant 
capability for flexible operation has to consider additional aspects such 
as the lifetime of technical components and other economic metrics 
[30]. 

6. Conclusions 

This work presents a dynamic model of BFB-CHP plants that includes 
both the gas (in-furnace) side and the water-steam side as well as the 
control structures that regulate the plant operation. The plant model is 
validated with operational data from an industrial reference unit and is 
subsequently used to compute the inherent (open-loop) dynamic be
haviors of the main process variables under transient operation. It has 
been found that the dynamic model presented herein can satisfactorily 
describe the steady-state and transient operations of large-scale BFBC 
plants within the load range that is typical for these units (i.e., 50–100 
%). 

Based on the results presented and discussed, the following conclu
sions regarding the dynamics of large-scale BFBC plants can be drawn:  

- The computed stabilization times of all the process variables remain 
under 25 min for the cases investigated, with changes introduced in 
the combustor being those that have the strongest impact and yield 
the longest stabilization times.  

- In general, the generated power stabilizes faster than the DH 
production.  

- When comparing the results presented here with those of previous 
investigations of the dynamics of the gas side carried out by the 
authors, the dynamics of the water-steam side is found to be an order 
of magnitude slower than that the gas side. Thus, with the water- 
steam side governing the dynamics, these results suggest that CHP 
plants with a BFB furnace have similar transient plant abilities than 
CHP plants with other furnace technologies with faster response (e. 
g., pulverized fuel burners). 

The results obtained and conclusions drawn in this work represent 
relevant information when assessing the transient operation capabilities 
of large-scale, biomass-fired BFB plants. Moreover, pertinent modeling 
assumptions can be derived from the findings of the present work when 
it comes to representing the timescales of the gas and water-steam sides. 
Nonetheless, further investigations including techno-economic consid
erations related to flexible operation such as thermal stresses, as well as 
control and operational strategies are required to better understand the 
dynamic capabilities of large-scale BFBC plants. 
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Fig. 7. Results from the open loop tests showing the impact on five main 
process variables as the input parameters are changed (see Table 3). Output 
variables: Pel, generated electricity; QDH, generated DH; TDH,out, outlet DH 
temperature; Fsteam, live steam mass flow; Psteam, live steam pressure. Input 
variables: Qcomb, combustion load; FSTC, mass flow of steam to customers; FDH, 
DH mass flow. 

Fig. 8. Simulated output power generation when a 20 % change in the com
bustion load is introduced in t = 0 (represented with a dashed vertical line) as i) 
a current ramping rate as measured in the reference plant, ii) a step-change 
without supervisory control and iii) a step-change with supervisory control 
in place. 
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Appendix A. . Water-steam side model 

Table A1 complements Section 3.2 by including a more detailed 
description of the model formulation of the water-steam side. 

Table A1 
Equations used to model the different components of the water-steam side model.  

Process equipment Formulation/magnitude Correlation/Equation Ref 

Economizers and Superheaters Heat transfer gas side α = C
FaNu0λ

dhyd 
[25]  

Energy balance gas side ṁ(hout − hin) = αA(Tgas − Twall) –  
Mass balance gas side dṁ

dt
= 0 [31]  

Heat transfer water/steam side α = C
Nu0λ
dhyd 

[25]  

Mass balance water/steam side dṁ
dt

= ṁout − ṁin 

–  

Pressure drops 
dp =

Kf ṁ2

ρ 
[23,32]  

Kf =
dpnom*LF*ρnom
(

ṁnom

nchannels

)2 

Evaporator tubes Heat transfer water side αtp = ψαLiq [33]  ψ = f(Co,Bo)

αLiq = 0.023Re0.8PrLiq
0.4(

λLiq

dhyd
)

Co =
[1 − x

x

]0.8[ ρv
ρLiq

]0.8  

Bo =
q

G • hvap  

Pressure drops 
dp =

Kf ṁ2

ρ = 0 [23,32]  

Kf =
dpnom*LF*ρnom
(

ṁnom

nchannels

)2 

Steam turbine Stodola Law of cones for off-design 
conditions 

Kt =
ṁn

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

pi,nρi,n

(

1 −
(p0,n

pi,n

)2 )
√
√
√
√

[34]  

Dry isentropic efficiency degradation ηis,wet = ηis,dry − β(1 − x)
[35]  

Energy balance hout = hin − ηis(hin − his) –  
Generator Pel = ηmechṁ(hin − hout) – 

Condensers / Closed feedwater heaters Mass balance hot side dṁ
dt

= ṁin − ṁout 

–  

Heat transfer hot side Correlation for film condensation over horizontal tube bundles = f(Re,Pr,x,p,
pcrit,dhyd)

[25]  

Mass balance cold side ṁin = ṁout [23]  
Driving force heat transfer cold side ΔTLM =

Twall − Tin

Twall − Tout 
[25] 

Open feedwater heater Energy balance dE
dt

= ṁchc + ṁsths − ṁfwhfw 

–  

Mass balance dṁ
dt

= ṁc + ṁst − ṁfw 

– 

Valves Linear valve characteristic 
ṁ = θ • Cv •

ṁnom
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρ • dpnom

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
pin − pout

dpnom

√

[36] 

Pumps Volume flow rate 
V̇2 = V̇1

(N2

N1

)(d2

d1

) –  

Total head 
H2 = H1

(N2

N1

)2(d2

d1

)2 – 

Walls (connecting sides of heat 
exchangers) 

Heat accumulation mwallcpdT
dt

=
2(Twall,g − Twall,steam/water)

Rw   
Heat resistance 

Rw =
s/λ
A 

–  
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