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Abstract

Fluidized bed combustion (FBC) plants are widely used in energy systems across the world for
the thermochemical conversion of solid fuels, and are especially suitable for low-rank fuels (a
category to which renewable solid fuels belong). FBC plants are traditionally operated for base-
load electricity production and for heat production, both of which processes are characterized
by steady and stable operation. As the share of variable renewable electricity (VRE) sources is
expected to increase dramatically, FBC plants will have to adapt their operations to the new
flexibility requirements related to the inherent variability of VRE sources. By enhancing their
operational and product flexibilities, FBC plants can remain financially attractive and offer
services to support the balancing of the grid. As tools for assessing the operational flexibility
of thermal power plants, dynamic modeling and simulation are gaining attention from both
researchers and plant operators. However, it is a common practice to assume that the dynamics
of the gas side are much faster than those of the water-steam side, i.e., not accounting for the
in-furnace dynamic mechanisms.

This thesis aims to characterize the dynamic behaviors of commercial-scale FBC plants,
accounting for both the gas and water-steam sides of bubbling and circulating fluidized bed
(BFB and CFB) units. For this purpose, a dynamic semiempirical model of the gas side of FBC
plants is developed and integrated into a process model of the water-steam side. The models
are validated against steady-state and transient operational data measured at two commercial-
scale industrial units. The model is then used to analyze the inherent dynamics of the gas and
water-steam sides, to compare the transient behaviors of BFB and CFB units, and to assess the
dynamic performances of FBC plants when operated under different control structures.

The results of the dynamic analysis show that the stabilization times of the temperatures across
the furnace differ, largely based on the local heat capacity of the region in the furnace, i.e., the
amount of bulk solids. The work includes an assessment of the impact of the characteristic
times of the in-furnace mechanisms (i.e., fluid dynamics, fuel conversion and heat transfer) on
the computed stabilization times of key in-furnace variables at plant level, and suggests some
simple mathematical relationships for predicting these times. When accounting for the water-
steam side, the results show that the inherent dynamics of variables such as live steam pressure,
flow and power production are in the same order of magnitude as the dynamics of the gas side,
particularly for the CFB case. This highlights the importance of accounting for the gas side
when attempting to model accurately the dynamics of FBC plants. Furthermore, FBC plants
are found to be able to provide fast load changes when operated under control structures that
manipulate the live steam valve, although this is found to trigger operational issues, such as
pressure overshoots.

The results of this thesis are of particular importance in terms of assessing the transient
capabilities of FBC plants to operate in electricity-driven markets where fast operation is



required, and they can be used to identify opportunities and challenges. Furthermore,
knowledge about the transient operation of large-scale FB reactors will be crucial for the
development of FB applications other than combustion, such as polygeneration or
thermochemical energy storage.

Keywords: operational flexibility, thermal power plant, process control, combined heat and
power, biomass combustion
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Nomenclature and terminology

Latin symbols

A: area

a: decay factor

C: controller

c: concentration, heat capacity
D: diameter

F: flow,

h: heat transfer coefficient

I: instrument

K: transport decay factor, backflow effect ratio, flow area coefficient
k: decay constant, absorption coefficient
L: level, lenght

M: total mass

P: pressure instrument

p: pressure

Q: heat flow, composition,

R: reading

St: stokes number

T: temperature, transmitter,

t: time

u: velocity

y: process variable

Greek symbols

T characteristic time

n: efficiency

€: voidage

o. Stefan-Boltzmann constant
p: density

Subscripts

b: backflow

C: convection, core

comb: combustion

db: dense bed

DH, in: inlet district heating water
DH, out: outlet district heating water
e: equivalent

el: electricity

entr: entrained

extracted, i: extracted in a certain cell |
f: fuel

g: gas

Xi



in: inlet

n: nominal

p: particle, at constant pressure
rad: radiation

s: stabilization

susp: gas-solid suspension

t: terminal, turbine

top: at furnace top

vol: volumetric

w: wall
Walls: to the waterwalls
wil: wall-layer

0: before change is introduced
oo: after new steady-state is reached

Abbreviations

BF: boiler-following

BFB: bubbling fluidized bed

CFB: circulating fluidized bed
CHP: combined heat and power
CP: centrifugal pump

DH: district heating

DHC: district heating condenser
DSH: desuperheater

ECO: economizer

FB: fluidized bed

FBC: fluidized bed combustion / combustor
FC: fuel conversion

FD: fluid dynamics

FG: flue gas

FP: floating pressure

FWH: feedwater heater

HHV: high heating value

HPT: high pressure turbine

HT: heat transfer

IPCD: integrated process control design
IPT: intermedium pressure turbine
LPT: low pressure turbine

MPC: model predictive control
OFWH: open feedwater heater

RC: relative change

SH: superheater

SP: set-point

TF: turbine-following

VRE: variable renewable electricity
VRR: variable ramping rate

TCES: thermochemical energy storage

Xii



Glossary

The following terms are recurrent throughout the text:

Controlled dynamics: Transient behavior of the plant/furnace when running with
closed (i.e. activated) control loops.

Dynamic analysis: investigation of the different aspects related to the transient
operation of FBC plants.

Gas side: Combustion chamber of the furnace in which the fuel, bulk solids and gas are
located. In some contexts, also referred as in-furnace. Note that the furnace walls and
convective flue gas path are in this work considered part of the water-steam side.

Inherent dynamics: Transient behavior of the plant/furnace when running with open
(i.e. deactivated) control loops.

Model calibration: Fine-tuning of model parameters to adjust the model output so that
it resembles more accurately a specified operational dataset of a certain reference unit.

Model formulation: Writing and balancing of the model, i.e. of the system of equations
consisting of mass and heat balances.

Model validation: Use of the calibrated model to predict steady-state and transient
operational datasets others than the one used for calibration.

Open-loop: Uncontrolled response of the system variables after a step-change in one of
the inputs.

Reference units: Commercial-scale FBC plants used for collecting operational data.
Water-steam side: All the equipment related to the water-steam loop conforming the
Rankine cycle, i.e., the convective flue gas path (economizers and superheaters),

evaporator tubes and in-furnace walls, steam drum, steam lines and valves, steam
turbines, condensers, deaerators, feedwater heaters, pumps and valves.

Xiii






1. Introduction

In accordance with the Paris Agreement [1], decarbonization of the power sector is a priority
to maintain global warming at well below 2°C above pre-industrial levels [2]. Electricity supply
from renewable sources such as wind and solar represents a key solution to this challenge [3],
and the share of renewable sources in the worldwide electricity generation is expected to
increase from 25% in Year 2016 to 33% in Year 2025 on global level, playing a crucial role by
Year 2050 in the electricity production of most European countries [4],[5]. However, electricity
generated from wind and solar power is subject to weather variations, so it is often referred to
as variable renewable electricity (VRE). This intermittency creates a need for power system
balancing to ensure security of supply at all times. As the share of VRE generation surges, the
variations in the net load curve (calculated by subtracting the renewable energy generation
from the total energy demand) increase. This net load is currently met by thermal power plants
in most of the energy systems worldwide [6], and the impact of the penetration of VRE on the
operational patterns of these plants is already noticeable in some regions [7], as they are
operated to provide regulation and back-up capacity to the grid during periods with very low
levels of solar and wind power generation [8]. Thus, it is clear that practically all thermal power
plants existing and to be commissioned for power production will be required to adapt their
operation to the fluctuating market conditions created by the high-level penetration of VRE.

The term ‘flexibility’ is currently used widely, and it is therefore important to establish
definitions depending on the context and the timescales. A recent paper from Beiron et al. [9]
has defined different types of flexibility, categorized according to plant-level (operational and
product flexibility) and system-level flexibilities (thermal, electricity system, fuel supply and
climate flexibilities). Operational flexibility is defined in that study [9] as the ability of a plant
to vary its output by adjusting the input thermal load from the fuel conversion system. Among
the different types of thermal power plants, solid-fuel boilers are the slowest in the operational
flexibility spectrum (see [8][10]), especially those that burn low-grade fuels (to which
renewable solid fuels typically pertain) such as biomass and waste. For the conversion of these
fuels, fluidized bed combustors (FBCs) are the preferred technological choice due to the strong
mixing and heat transfer capabilities offered. Thus, FBC plants play a crucial role in many
energy systems around the world [11][12], and their operation is directly affected by the need
for increased operational flexibility stated above. Yet, the vast majority of FBC plant setups
are either: (i) larger coal-fired units for base-load electricity generation; or (ii) smaller
biomass-fired or waste-fired units for combined heat and power (CHP) generation, with heat
as the main output governing the plant dispatchability [11]. Moreover, the two existing types
of FBC units, bubbling and circulating fluidized beds (BFB and CFB, respectively, with the
latter having larger specific thermal capacity and typically larger sizes), have a large in-furnace
solids inventory that yields plant systems that are characterized by delay, strong coupling
among parameters and non-linear behaviors [13]. Thus, conventional operation of FBC units
is characterized by small and slow load changes compared to other solid fuel combustion
alternatives, such as pulverized coal plants [14], and the limits related to the transient
capabilities of FBC units remain largely unexplored.

The importance of mastering the dynamic operation of FBC plants has been highlighted by
several authors [15][16]. Investigations of the transient performances of effective control and



operational strategies would enable current FBC setups to increase their participation in various
electricity markets, expand their product portfolio and, thus, remain financially attractive.
Furthermore, large-scale FB reactors are at the core of several novel energy processes in early
developmental phases in which the transient performance is foreseen as being crucial. Two
major examples of these developments are: i) the retrofit of FBC plants into polygeneration
facilities in which output energy vectors other than heat and power (e.g., fuel gas, char,
hydrogen) are produced [17], [18]; and ii) thermochemical energy storage through solids
cycling [19], [20], [21]. There are two main constraints that currently limit the introduction of
flexibility into FBC plants in terms of load ramping. First, due to the complexity of the
fluidization phenomena and the relatively large lack of industrial measurements, the inherent
dynamics of FB boilers are still largely unknown, which means that fast ramping is a non-
optimized process for most units, which may entail undesired consequences such as high
emission levels [22]. Second, cyclic operation implies increasing stresses on plant components,
and this results in reductions in equipment lifetimes and increased operational costs [23], [22].

Dynamic process modeling is gaining attention as a tool that can provide insights into the
transient behaviors of power plants, as it allows operators and plant owners to evaluate various
operational and control strategies that can lead to increased profits in the present and future
energy markets [24], [25]. However, this strategy relies heavily on the reliability levels of the
models used. While unit-specific models for conventional operation of existing furnaces and
plants can be developed based on correlations derived from site measurements, general model
formulations with a more solid theoretical ground are needed to study unit designs, sizes and
operations outside the scope covered by site measurements. In particular for FB combustors,
low-order, semiempirical models represent an optimal trade-off between accuracy, generic
applicability, and low computational cost to be integrated into dynamic process models [26].

Alobaid et al. [25] have published an extensive review of dynamic modeling and simulation of
thermal power plants, including a wide range of technologies and feedstocks, from which the
following points can be extracted: i) there is a lack of dynamic modeling studies that focus on
biomass-fired plants; and ii) there is very limited knowledge about the dynamic behaviors of
FB boilers. Similar conclusions can be drawn from the recent review of Avagianos et al. [27],
which is dedicated to dynamic modeling and simulation of solid-fuel power plants: there is a
clear deficit of dynamic models that include FBCs, as well as of dynamic models of large-scale,
biomass-fired units. Lastly, Atsonios et al. [15] have reviewed the existing dynamic process
models of bio-based heat and power plants, highlighting the scarcity of such models as
compared to models of fossil-fueled plants. Among the few published dynamic modeling
investigations of biomass-fired power plants, the review highlights the scarcity of studies that
account for the flue gas side of FB combustors, especially those that have been validated with
site measurement data.

In summary, there is a growing need for FBC plants to increase their operational and product
flexibility levels, in order to adapt to the new requirements associated with energy systems that
have a high penetration of VRE. Due to the complexity of the fluidization phenomena, the lack
of measurements from industrial-sized units, and the traditional steady operation of these
plants, there is a knowledge gap regarding the transient capabilities of FBC plants. Although
dynamic power plant modeling is a widely used tool to characterize and study the transient
performance of power plants, very little work has been performed on the inherent and



controlled operational capabilities of FBC plants through thorough dynamic descriptions of
both the gas and water-steam sides.

1.1.Aims and scope

The overall aim of this thesis is to characterize the dynamic behavior of large-scale FBC plants,
so as to facilitate their transition into the forthcoming energy systems with high penetration
levels of VRE. The scope of the work includes both the gas and the water-steam sides of
commercial-scale FBC plants for combined heat and power production.

More specifically, this thesis attempts to fill the two major knowledge gaps by addressing the
following research questions:

)} What are the inherent dynamics of FBC plants associated with load and fuel
changes?

i) How can control and operational strategies improve the operational flexibility of
FBC plants?

To answer these questions, the present work makes use of semiempirical dynamic modeling to
describe the transient performances of the reactor and water-steam process equipment of FBC
plants. The specific objectives of the thesis are the following:

1) To develop a model that is capable of describing the dynamic behaviors of industrial-
scale FBC plants while accounting for both the gas and water-steam sides.

2) To analyze the inherent dynamics of large-scale FBC plants when the load, fuel
composition and district heating (DH) production level are varied.

3) To characterize the in-furnace mechanisms driving the inherent dynamics of FBCs.

4) To compare the dynamic behaviors of BFB and CFB combustors.

5) To evaluate the operational capabilities of FBC-CHP plants to provide fast load changes
when operated under different control structures.

6) To assess the interplay between the dynamic responses of the gas and the water-steam
sides.

1.2. Outline of the thesis

The present thesis comprises a summary dissertation and three appended papers. The
dissertation consists of six chapters, for which the linkages with the three appended papers
(Papers I-I111) and the performed activities are depicted in Figure 1. After the introductory
Chapter 1, Chapter 2 provides the background of the work and a literature review of the
dynamic modeling assessments previously carried out for FBC plants. Chapter 3 presents the
methods used in the work, Chapter 4 describes the formulation, calibration and validation of
the dynamic models, Chapter 5 highlights and discusses the main findings of the work, and
Chapter 6 concludes the thesis in relation to the aims, research questions and objectives set,
and incorporates a brief discussion on future work.



As shown in Figure 1, the model of the gas side is capable of describing both BFB and CFB
combustors; and an FBC-CHP plant model has been developed from integrating the gas side
model into a dynamic process model of the water-steam side. Operational data from two
reference units are used for the calibration and validation of the dynamic models. Lastly, the
furnace and plant models are used for carrying out various dynamic analyses of the gas and
water-steam sides of CFB and BFB units, including examinations of control and operational
strategies imported from the literature. The findings of this thesis are of relevance to various
thermochemical processes where large-scale FB reactors are expected to operate dynamically,
as further discussed in Chapter 6.

Dynamics of FBC plants

Modeling and simulation

-------------- . Model formulation, Dynamic
280N % | calibration and validation

— analysis
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Units id Gasside 0 N/
oee e el (rzireitd ! Section 5.1 !
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Figure 1. Schematic of the thesis structure. Light green area: Modeling and simulation activities. Dark blue

boxes: non-modeling activities. Yellow boxes: scope within FBC plants. Grey boxes: outputs from the analyses.
Light blue: appended papers.

! Section3.1

Paper | presents a dynamic model of the gas side of large-scale FBC plants. The model, which
is capable of describing both BFB and CFB furnaces, is validated against operational data from
one reference unit of each type. After the formulation, calibration and validation of the model,
the paper focuses on studying the partial load performances of the reference units prior to the
analysis of the inherent dynamic behavior of the gas side when the load and fuel composition
are changed.

Paper 11 uses the gas side model presented in Paper | to compare the transient performances
of BFB and CFB furnaces after eliminating the thermal size effects (given that two units of the
same size, 130 MW, are simulated). Furthermore, the paper investigates the impacts of the
characteristic times for each of the dominant in-furnace mechanisms (fluid dynamics, fuel
conversion, heat transfer) on the stabilization times of the furnace temperatures and heat
extraction in BFBs and CFBs.

Paper 111 investigates the transient capabilities of CFB-CHP plants, including both the gas and
the water/steam sides. The gas-side model presented in Paper | is integrated into a dynamic

4



process model of the water-steam side, and the resulting integrated FBC plant model is
validated against steady-state and transient operational process data obtained from an industrial
CFB-CHP plant. The paper includes a comprehensive review of the main control strategies for
load changes applicable to CFB-CHP plants. Finally, the paper studies the interactions between
the inputs (e.g., fuel and air flows) and outputs (e.g., power and heat production) of the plant,
the inherent dynamics of the process at the plant level, and the performances of the different
control and operational strategies in providing fast load changes.






2. Background and related work

2.1. Power plant flexibility

It is known that operational flexibility is needed to handle variations in plant load over a wide
range of magnitudes and time scales. The timescales range from seasonal, caused by changes
in air temperature or fuel composition, to hourly, required to match the needs of societal daily
patterns as well as day-ahead market operations, and even down to shorter timescales (minutes
and seconds), required for voltage and frequency control. Operational flexibility includes the
following key aspects [28]:

- High cycling capability: increasing the speed of load ramping and start/stop of the plant
allows the plant to provide grid stabilization services, although this requires advanced
process control (in addition to plant components of good quality that can withstand the
increased thermal stresses).

- Part-load efficiency: As the share of VRE increases in a certain power market, it is
expected that thermal power plants will operate at off-design (i.e., partial) loads for long
periods of time. Thus, plant efficiency at partial loads becomes crucial from both the
economic and environmental perspectives.

- Expansion of the operational boundaries: Overload capability (i.e., production at
105%-110% load) allows the plant to deliver excess output at times when additional
production is beneficial. In contrast, reducing the minimum load offers the possibility
to reduce the production level during those periods when it is not economically
attractive to produce power or when reducing the load generates revenue, while
avoiding the costs associated with stop/start of the plant.

Apart from operational flexibility, product flexibility attains importance in plants that produce
more than one output, i.e., CHP or polygeneration plants, by decoupling the production of the
outputs, as it enables the possibility to prioritize the generation of a specific product based on
market conditions. In the case of CHP plants, this can be achieved, for instance, by partial or
full turbine bypass [29], [30] or hot water accumulators [31], among other means [32],[33].
Furthermore, decoupling the production of heat and power allows CHP plants to participate in
electricity-driven markets rather than being concerned with dispatch based on heat demand
only [34].

In solid-fuel power plants, the variations in fuel properties (e.g., moisture content, heating
value) represent critical sources of variations that require power plant flexibility [27]. The plant
is required to respond to disturbances in fuel properties on seasonal, daily and batch bases,
especially when dealing with low-grade fuels such as biomass or waste. Moreover, FBC units
are often used for the co-firing of coal and renewable solid fractions, which creates an
additional source of variations related to varying the fuel mix [35].

Within a thermal power plant, the control system is responsible for the regulation and
coordination of all the involved subsystems, so as to fulfil a certain operational objective while
ensuring safe operation [36],[37]. Currently, the control solutions deployed in industry are
often based on traditional practices and are not necessarily optimized for fast load changing or

7



maximal plant efficiency. However, as the need for operational flexibility increases, the
effective design, tuning and deployment of advanced control strategies gain relevance as tools
to increase the operational and production efficiencies of the plant, thereby avoiding expensive
retrofits [38].

2.2. Fluidized bed combustion

A gas-solids fluidized bed consists of a vessel in which a bed of bulk solid particles adopts a
fluid-like behavior when a gas is injected from the bottom of the vessel. Fluidized beds are
known to exhibit high mass and heat transfer capabilities due to the relatively high mixing rates
of both the solid phase and gas phase [39]. Furthermore, the thermal capacity associated with
the large mass of bulk solids yields relatively homogeneous furnace temperatures, which are
advantageous in terms of efficiency and emissions, especially in the case of thermochemical
conversion of low-grade solid fuels [11]. In addition, FBCs enable the in-bed capture of CO>
through the use of sorbents as bed material, as well as the efficient handling of different fuel
types and even mixtures thereof [35].

Fluidized beds can generally be divided into the dense bed, which is located at the bottom of
the reactor and characterized by a large concentration of solids, and the freeboard, which is
located immediately above the dense bed. In this freeboard, a splash zone characterized by a
strong drop in solids concentration with height is established after solids ejection from bubbles
that are erupting at the dense bed surface and solids backmixing to the dense bed. While this
summarizes the picture for BFB units (Figure 2a), in CFB units a combination of higher gas
velocities and finer solids yields entrainment of solids above the splash zone (in the so-called
transport zone) and the establishment of a significant solids flow also at the upper furnace
locations (see Figure 2b). This disperse solids flow backmixes gradually by separation at the
furnace walls and, eventually, a minor share of the solids is recirculated externally to the
furnace after being separated from the gas in a cyclone. In FB boilers, heat is typically extracted
from the furnace through membrane tube walls, as well as from the convective flue gas path,
where economizers and superheaters are located (also included in Figure 2). It is common that
in CFB units, which typically have larger thermal capacities and sizes, there are additional heat
transfer surfaces in the furnace, cyclone and/or loop seal, in order to close the heat balance with
a furnace temperature of around 850°C.

At present, FBC units are used to produce power, heat, and a combination of these. When
deployed for power production only, large (with sizes up to 500 MWe) coal-fired CFB units
are the preferred option, owing to the higher energy density of coal and the superior heat
transfer capabilities of CFB units. Alternatively, FBC units deployed for the production of heat
for a nearby DH system or industrial process are often of smaller size (typically <100 MW4)
and make use of low-grade fuels such as biomass, waste and other waste-derived fuels. Due to
the large demand for heat in regions with large volumes of biomass, such as Sweden, the
production of heat is the main economic incentive of FBC plants, although the production of
electricity often represents a side-revenue for the process.
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Figure 2. Schematic of the two main types of FBCs. Arrows show the main heat transfer from the gas side to
the water-steam side.

2.2. Dynamic modeling of FB boilers

Mathematical modeling of power plants represents an essential tool for plant design, operation
and optimization, as it allows the investigation and understanding of the process behavior,
capabilities and limitations. Furthermore, dynamic modeling can be used to assess the
flexibility of a specific existing or future process and to test control and operational strategies,
as well as, for instance, to train plant operators. Over the last decade, extensive research studies
have been published regarding the dynamic modeling of power cycles, such as Rankine cycles
for coal-fired power plants [40],[41], combined-cycle plants [42], [43], waste-fired units [44],
[45], nuclear plants [46], and concentrated solar power [47]. Nevertheless, one of the aspects
that most of these works share is the assumption that the gas side of the boiler has a much faster
response to operational variations than does the water-steam side, and so its dynamics can be
neglected. Although the validity of this assumption has been proven for gas-fired combustion
[48], [49], it has not been explored for FBC plants.

When it comes to modeling the dynamics of the gas side of FB boilers, most of the available
literature has focused on CFB units. Several 0D models [50], [51], [52] have been presented
and used in the literature, although they are not capable of describing the special distribution
of the solids throughout the furnace, which is a crucial aspect of CFB operation. One of the
first 1D dynamic models published was that of Park and Basu [53]: a mathematical
representation of a 0.3-MW furnace that was capable of predicting the transients of char and
oxygen concentrations. A 1D model was presented by Majanne and Kéykka [54], in which an
evaporator model was linked to the gas side, allowing simulations of the steam pressure and
mass flow after a change in fuel moisture, with stabilization times of the water/steam side in
the order of 10 minutes. Recently, Deng et al. [55] have modeled the 1D dynamic behavior of
the solids flow of a 350-MW unit, observing abrupt transients when increasing the gas



velocity. More detailed models include the internal recirculation of solids through the wall
layer. The 1D models that include this feature are typically called 1.5D models. Among these,
the model presented by Chen et al. [56] of a 410 t/h coal-fired unit stands out as having being
validated with operational data from an industrial site. After presenting and validating the
model, the work focused on the qualitative analysis of the trajectories of the main in-furnace
variables after a load change. More recently, Kim et al [57] have presented a 1.5D model of
the gas side of CFB units that was validated with design data from a coal-fired 795-MW plant.
The model was then applied to investigate the effect of the solids flow on the transient
responses of the CFB loop, revealing overshoots in the temperature responses for certain load
changes. A 1.5D dynamic model presented by Ritvanen et al. [58] and based on a previous
publication [59] has been widely used for simulation and control studies [60], [61], [62]. Haus
et al. [63] have presented a dynamic model of the gas side of interconnected FB reactors with
the focus on chemical looping combustion. That model was successfully validated against tests
conducted in an experimental facility. Lastly, it is important to mention that some other groups
have developed dynamic models of the gas side as a way to design and test control strategies
(see for instance [64]), where the high level of interaction between variables was highlighted.

Regarding the gas side of BFB units, Kataja et al. [65] have presented a 1D model connected
to a model of the steam drum and evaporator, and used this to simulate the boiler responses
after a step-change in fuel flow. A detailed model has been described by Selcuk [66], presenting
a validation of the model with steady-state and transient data obtained from a 0.3-MW unit.
This model was subsequently used to investigate the dynamics of the unit, identifying inverse
responses in the char inventory of the dense bed after a load increase. A model of a biomass-
fired BFB combustor has been developed and used by Galgano et al. [67], who uncovered large
differences in the dynamics of the dense bed and in the freeboard caused by the differences in
heat capacity between the different regions.

Other studies have investigated the transient behaviors of FBC plants by focusing on the
dynamics of the water-steam side, especially in coal-fired CFB units. Hultgren et al. [68] made
use of the CFB model presented previously [59] to perform a control design analysis of a coal-
fired CFB plant, identifying large interactions between the control loops, i.e. manipulation of
one input affected several outputs. Their work was further expanded upon [69] to create an
integrated control process design (ICPD) to optimize the transient performance of the steam
side, resulting in very good load-tracking performance under boiler-following operation.
Nevertheless, the authors stated the need for a detailed mechanistic model to improve the
robustness of the study. Gao et al. [13] have presented and validated a 0D model of a CFB
furnace that accounts for the water-steam side tubes. Following linearization, this model was
used by Zhang et al. [14] for model predictive control (MPC). The 1.5D model of the gas side
presented in [57] was integrated into a model of the water-steam side by [70] and utilized to
quantify the responses of the steam temperature after changes in the fuel and feedwater flows.
Recently, Stefanitsis et al. [61] have used the CFB model originally published in [59] to
evaluate the transient performance of a boiler after implementing a thermal storage in the form
of hot bulk solids, and they concluded that the stabilization time for load changes is reduced
when adding the storage. In recent times, some authors have investigated the transient
behaviors of waste-fueled CFB plants. Zimmerman et al. [71] have exploited a 0D model of
the gas side presented earlier [50] to compare different control strategies, identifying feed-
forward (FF) MPC as the optimal strategy in terms of disturbance rejection. Beiron et al. [45]
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have presented and validated a detailed dynamic model of the water-steam side of a waste-fired
CFB unit, and have further applied the model to investigate the inherent dynamics of the
process. Regarding BFB plants, it is worth mentioning the recent work of Zlatkovij et al. [51],
in which a 0D dynamic model of a BFB furnace integrated into a simplified model of the water
side was used to test and compare MPC strategies, highlighting FF-MPC as the preferred
option.

The literature review presented in this chapter in combination with more dedicated literature
reviews in Papers | and 111 justify the aim of this thesis as presented in Section 1.1, as there is
a clear lack of:

)] assessments of the dynamics of FBC plants that include a description of the
dynamics of both sides, i.e., the gas and the water-steam sides.

i) studies focusing on the transient performances of biomass-based units of smaller
size for the production of CHP; and

iii) models that are validated against steady-state and transient operational data
obtained from large-scale FBC plants.

iv) Assessment of control structures for FBC-CHP plants in a systematic way.
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3. Methods

This chapter gives an overview of the main methods used in the thesis. First, Section 3.1
describes the large-scale FBC furnaces and plants used as references in this work, i.e., those
from which operational data were collected for model calibration and validation (Papers I and
11, Chapter 4) and in which the dynamics were studied. Thereafter, Section 3.2 briefly
discusses the procedures for modeling formulation and simulation, while Section 3.3 presents
the different procedures for the dynamic analyses carried out throughout the work (Papers I-
).

3.1.Reference units

3.1.1. BFB and CFB furnaces

Two industrial furnaces with sizes, designs and operational conditions representative of
biomass-based FB boilers were selected as references. A simplified pipping and
instrumentation diagram (P&ID) of each of the units, including the instruments selected for
data collection (see Section 3.1.2), is shown in Figure 3, and the nominal compositions of the
biomass (wood chips) regularly used as fuel in each of the units are listed in Table 1.

The reference 100-MW CFB unit (Figure 3a) has a furnace with dimensions of 8.5x4.1x21
m?® which is coupled to two parallel cyclones with corresponding diplegs. The fuel-feeding
ports are located in the return pipes. The furnace has secondary air injection ports located
between 1.5 m and 3 m above the bottom gas distributor. Above the refractory-lined region (up
to a height of 4.5 m), the furnace is composed of membrane-type waterwalls. The furnace has
a tube-bundle superheater in the riser at a height of 11 m.

The reference BFB furnace (Figure 3b) is a 130-MW, with dimensions of 9.18x8.67x30 m?
and operated with a dense bed height of approximately 0.5 m. Secondary and tertiary air
streams are injected at heights of 2.5 m to 10 m, respectively, above the nozzle level. Part of
the cold flue gas can be recirculated for bed temperature control. The furnace walls and roof
consist of membrane waterwalls located above the refractory-lined bottom section (up to a
height of 2.5 m). Two superheaters in the form of three tube bundles in total are immersed in
the upper part of the furnace.
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Figure 3. Schematic piping and instrumentation diagram of the reference units. Source: Paper |

Table 1. Proximate and ultimate analyses and heating values of the reference biomass used in the reference
plants. Source: Paper I

Proximate Analysis wt% CFB furnace BFB furnace
Moisture 54.00 40.00
Volatiles 32.00 47.00

Char 13.60 12.60
Ash 0.40 0.40

Ultimate Analysis wt%o
(dry ash-free)

C 50.60
H 5.90
0 43.20
N 0.08
S 0.04
HHV (dry, ash-free), MJ/kg 17.0-18.5 17.9

3.1.2 CFB-CHP plant

The reference CFB unit generates superheated steam for the production of DH and electricity.
The boiler is one of the three units that compose the DH system of the City of Karlstad in
Sweden [72], and it is operated as a mid-merit type, i.e. adjusting its output for daily changes
in heat demand. The plant is a subcritical, single-pressure steam cycle, which is typical of CHP
plants in Sweden. A simplified process diagram of the plant is shown in Figure 4, indicating
the main regulatory and supervisory control loops, as well as the names of the different process
equipment. The feedwater line flowing into the drum is first preheated in the economizer. From
the drum, the saturated water-steam mixture naturally circulates through the evaporator tubes
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located in the furnace waterwalls. The generated steam is then superheated before expanding
in the steam turbine. DH water is produced in the last turbine condenser, whereas two additional
steam extractions are used for feedwater preheating. Note that according to this process
arrangement, the production of heat and power are linked through a constant power-to-heat
ratio (of around 0.36 in this specific case).
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)

Figure 4. Schematic diagram of the CFB-CHP reference plant. Name tags of the main process equipment: SH:
superheater. DSH: desuperheater. ECO: economizer, HPT: high pressure turbine. IPT: intermedium pressure
turbine. LPT: low pressure turbine. OFWH: open feedwater heater. FWH: feedwater heater. DHC: district
heating condenser. CP: centrifugal pump. Supervisory and control structures are shown: L: level. F: flow, T:
temperature. Source: Paper 111

3.1.2. Data acquisition

The reference units presented above were used to collect both operational plant data and design
information of the main process components. Following a systematic approach for the data
collection and analysis is required when dealing with complex plants as the ones of this work.
Thus, the following steps summarize the data acquisition process followed for collecting and
processing the datasets used in this work:

- Step 1 - Instrument and data selection: Studying the P&IDs containing the flows,
vessels, controllers, and instruments present in each of the units conforming the plants
is @ mandatory first step in the data acquisition process. Subsequently, the instruments
of interest, i.e. the measurements and set points containing variables of interest for the
model development are selected and requested. Variables of interest include
temperatures, pressures, flows, levels and concentrations. In parallel to the instrument
selection, geometric design data of the modeled equipment were selected, such as
dimensions, pitch and number of tubes, existence of fins or metal thicknesses.
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- Step 2 - Time period selection: For the steady-state calibration and validation of the
model, different operational periods at which the plants were running at diverse load
levels were requested. Steady-state datasets involved periods of 1-2 hours of operation.
Regarding transient operation, periods in which the load was increased and decreased
were requested. The transient datasets used in this work are periods of 3h of operation.
The resolution of both steady-state and transient datasets was the minimum that the
plant instruments could provide, i.e. 60 seconds.

- Step 3 - Post-processing data: Steady-state data used in this work was calculated as the
average of 30-minute measurements (see Paper | for details). For the transient
validation (see Section 4.3.3), the measured transient datasets were linearly interpolated
from the sampling time scale of 1 min into a time scale of 1 second.

3.2. Modeling and simulation

Dynamic models of thermal power plants are those capable of describing both the steady-state
behavior at several load levels (i.e. design and off-design behaviors) as well as the transient
behavior of the process when the operating conditions are changed, capturing the timescales
and physical phenomena of the changes of interest. In this work, dynamic models of the gas
and water-steam side of FBC plants are developed using Modelica [73]. The model also
includes regulation components such as controllers, ramps, steps and other mathematical
blocks. The formulated dynamic models result in a differential-algebraic system of equations
(DAE) solved by means of the numerical solver Radau I1A [74]. In order to capture the fast-
transient events typical of combustion processes, the selected time resolution for the dynamic
analysis was 1 second. This was increased to 100 seconds for steady-state analyses.
Initialization of the model was done by assigning design values to the main state variables.

To simulate the reference units, the models are first parametrized with design plant data and
after that calibrated and validated with steady-state and transient operational plant data from
the reference units described in Section 3.1. The calibration and validation of the gas-side
model with data from the BFB and CFB furnaces are described in Paper I, while the validation
and calibration of the CFB-CHP model accounting for both the gas and water-steam sides are
presented in Paper Ill. Figure 5 summarizes the operational datasets used for calibration
(green boxes) and validation (grey boxes), respectively. As indicated, for the reference CFB
unit the model (encompassing the gas and water-steam sides) is calibrated to match the steady-
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state operational dataset at 100% load. For the BFB reference furnace, the model is calibrated
with steady-state data at 100% and 40% load.

CFB BFB
furnace furnace

CFB-CHP plant

Steady-state Tra nsie‘nt Steady-state Transient
operation operation

100% load 100% load

—_ [ —
N 40% load [ —

Figure 5. Operational datasets acquired from the reference plants and used for model calibration (green boxes)
and validation (grey boxes). Yellow boxes refer to the gas side model and blue boxes to the integrated plant
model.

3.3. Dynamic analyses

This section describes the methods employed in the dynamic analyses for the evaluation of the
inherent and controlled transient performances of FBC plants through dynamic simulations.

3.3.1. Inherent dynamics

The inherent dynamics of a certain system are commonly evaluated through open-loop tests.
These tests involve the introduction of individual step-changes in the key process inputs when
the system is uncontrolled, after which the trajectories of the variables of interest are tracked.
Thus, an open-loop analysis enables an assessment of how the system responds to the effect of
a specific change while minimizing/cancelling the impact of the control layer. Performing this
type of tests in industrial plants is often not possible due to safety and operational constraints
as well as due to the presence of non-optimal control loops, what makes mechanistic dynamic
models a great alternative for the investigation of the process inherent dynamics.

Table 2 lists the changes studied through open-loop tests in each of the appended papers,
specifying the step magnitudes and the loads at which the boilers were running when the steps
were introduced. Process variables typically important for operation are used to characterize
the transient performances of the gas and water-steam sides, included in Table 3. The responses
of these variables are assessed in terms of the total stabilization time [ts, see Eq. (1)], which is
defined as the time it takes for a certain process variable y to remain within an error band of
+10% of the total change in steady-state values. The relative change (RC) of the process
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variables between their initial and final steady-state values is also computed according to Eq.
(2). Figure 6 includes a simplified representation of how ts and RC are computed.

Table 2. Step changes (magnitude and variable) input in the model for the open-loop tests.

Input variable changed Simulated steps
Paper | Combustion load, Qcomb -15%, +25% and -50% at 100% load
Fuel moisture content, %20 +5% at 100% load and at 75% load
Paper 11 Combustion load, Qcomb -15% at 100% load
Fuel moisture content, %20 +5% at 100% load
Paper 111 Combustion load, Qcomb +20% at 70% load and at 80% load
Fuel heating value, HVs +20% at 70% load and at 80% load
DH water flow, Fpy +20% at 70% load and at 80% load

DH water inlet temperature, Ton,in  £20% at 70% load and at 80% load

Table 3. Process variables tracked to characterize the inherent dynamics

Gas side

Temperature of the dense bed, Ta, ["C]

Temperature at the top of the furnace, Tip ['C]
Total heat transferred to the waterwalls, Quwais [MW]
Water-steam side

Power produced, Pei, [MW]

DH Ioad, QDH, [M\N]

DH water outlet temperature, Tow,out [°C]

Live steam mass flow, Fsteam [Kg/s]

Live steam pressure, Psteam [bar]

ts = Tlyy > yeF0100—eo) (1)
RC = 100 - 2= (2)
Yo

Steady-state 2
Stabilization time, ¢, l Voo

[ 1

=

Yeou Vo D

Process variable

Steady-state 1
Yo

Time

Figure 6. Schematic of how stabilization time and relative change are computed from the transient trajectory of
a certain process variable

Paper 11 carries out a comprehensive comparison of the transient performances of the gas sides
of BFB and CFB furnaces of the same size. For this, the stabilization times of the different
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variables listed in Table 3 are studied through open-loop tests as a function of the characteristic
times of the main gas-side mechanisms (i.e., fluid dynamics, heat transfer and fuel conversion;
see Chapter 4).

3.3.2. Controlled dynamics

The supervisory control layer of a process plant is responsible for regulating the variables of
importance from the production point of view, i.e., driving the plant economics in a longer
timeframe [38]. In thermal power plants, the supervisory control structure works on a minute-
hour timescale, handling variations in the fuel composition and load. In particular in steam-
generating plants, such as those investigated in this work, the supervisory control system
modulates the steam flow, temperature, and pressure, so as to target production values.
Complementary to this, the regulatory control layer takes care of stabilizing the process so that
it does not drift away from acceptable operating conditions during disturbances. This translates
into the control of vessel pressures, levels, and in some cases, temperatures.

Supervisory control strategies for boilers differ in with respect to whether the power plant
output (i.e., generated power and heat) is controlled by the combustion load (i.e., air and fuel
flows into the furnace) or by the live steam control valve. The operational implications of each
of the most-common standard boiler control strategies used to provide fast load changes in
FBC plants are briefly described below, schematically shown in Figure 7 and reviewed in
Paper I11.

- Boiler-following operation (BF): The master load controller manipulates the live steam
control valve, which yields a change in the live steam pressure that is corrected by the
pressure controller that manipulates the combustion load.

- Turbine-following operation (TF): The master controller uses the combustion load to
control the load, while the live steam pressure is controlled by the opening of the steam
control valve.

- Floating pressure operation (FP): In this operational strategy, the live steam pressure is
not controlled, and instead fluctuates with boiler load as a result of the energy balance
in the boiler. Thus, the load is controlled with the combustion load and the live steam
control valve remains open.

- Sliding pressure: As a variant of FP operation, the pressure is controlled but not fixed.
The set-point of the live steam pressure is a function of the boiler load (and is commonly
measured using the live steam mass flow) and it is controlled by the combustion load.
Thus, the plant load is controlled by the steam control valve opening.

- Hybrid control operation: As an enhanced version of the sliding pressure method, this
strategy combines constant pressure operation at high boiler loads with variable
pressure at lower loads (see [75] and [76]).
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Figure 7. Supervisory control strategies for load changes. Source: Paper 111

Variable ramping rate analysis

In order to assess the performances of FBC plants at rates that are typical for industrial
operation, load changes at different ramping rates are investigated. While Paper | evaluates
the implications of load ramping speed on the in-furnace dynamics, Paper 111 evaluates the
load changing performance of the CFB-CHP plant when operated under different control
strategies and for several ramping rates (see Table 4). The rise time of the generated power,
i.e., the time that it takes for the output power to go through the 10%-90% response window
[77], is used in Paper 111 to assess the performance of each control strategy.
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Table 4. Magnitude and rate of the load changes simulated in the variable ramping rate (VRR) analysis

Load change

Ramping rate

Paper |

100%—75%

-0.41%ls
-0.041%ls

Paper Il1

100%—50%

-0.005%/s
-0.05%/s
-0.5%/s
-5%/s

50%—40%

-0.001%/s
-0.01%/s
-0.1%l/s
-1%/s
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4. Dynamic model

A dynamic model of large-scale FBC plants is developed in this work, and it is used for
generating the dynamic responses, which are analyzed as described in Chapter 3 (see Papers
I-111). This chapter describes the formulation, calibration and validation of the overall dynamic
model, resulting from integrating two dynamic models: one describing the gas side of FBC
plants (described in detail in Paper 1), and one describing the water-steam side (presented in
Paper I11). External inputs required for the integrated model are:

Boiler and equipment geometry, including location of fuel and air feeding injections.
Bulk solids properties: namely the density and size of the in-furnace bulk solids.

Riser pressure drop, i.e.

Fuel and gas composition and properties, including feeding temperatures.

DH inlet conditions: flow, temperature and pressure of the return DH entering the plant.
Operational conditions dictating the operation of the reference plant, i.e. set points for
load level, live steam temperature and/or pressure, etc.

Figure 8 shows a schematic of the input/output flow diagram of the two integrated models,
including the master control governing the plant operation and the internal model variables
through which both sides are connected. The following aspects of the model integration in the
present work are particularly noteworthy:

The flue gas stream leaving the gas side enters the water-steam side model via the
convection path.

The furnace waterwalls transfer heat from the gas side for evaporating the biphasic
water-steam flow, which in combination with the thermal inertia of the wall material
determines the dynamics of the wall temperature. This heat transfer through the walls
and wall temperatures are represented in Figure 8 by a single arrow for simplification.
However, these are handled in the model as control volumes in each of which a dynamic
energy balance is solved (see Section 4.1 for details).

The superheaters that are immersed in the furnace at height h extract heat from the
corresponding control volumes of the gas side while simultaneously superheating steam
in the water-steam side.
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Figure 8. Input/output scheme of the integrated dynamic model including the master control. Source: Paper 111

4.1. Gas side

The gas side (see glossary and Figure 9 for the definition and boundaries, respectively) is
described by a number of perfectly mixed control volumes (CSTR) that exchange mass and
energy (Figure 10). The domain is divided into the different fluid-dynamic regions that are
generally identified from experimental studies in large-scale FBCs [78], [79], [80]: the dense
bed and freeboard, and for CFB boilers, also the exit zone, cyclone and loop seal. The regions
that are known to exhibit a plug-flow behavior, and thus deviate from the assumption of perfect
mixing (such as the gas in the dense bed or gas and solids in the freeboard), are described in
terms of a consecution of CSTRs. The model accounts for three phases consisting of the: gas
(comprising an ideal gas mixture of nine phase components); fuel (modeled as three phase
components — fresh, dry devolatilized, and char — to account for the changes in size and density
that occur during conversion); and bulk solids (represented by a mean size). The model solves
the intercoupled dynamic energy and mass balances for each of the control volumes, computing
the temperatures and heat flows, as well as the concentrations and mass flows of each of the
phase components. These energy and mass balances are governed by three main mechanisms
defined below and briefly described in the following subsections:

- Fluid dynamics: description of the gas and solids flows within the furnace.

- Fuel conversion: drying, devolatilization and homogeneous and heterogeneous
combustion of the fuel.

- Heat transfer: Transport of thermal energy within the furnace and from/to the
waterwalls.
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Figure 10. Schematic of the dynamic model of the gas side including domain discretization and scheme of
phase and phase components. Dotted lines/arrows are exclusively present in CFB conditions. Source: Paper |

4.1.1 Fluid dynamics

In the model, the height of the dense bed is considered to be constant and is selected according
to the total riser pressure drop (handled as an input). Note that when the model is run in BFB
mode, all of the solid phase is assumed to remain in the bottom bed, i.e., solids entrainment is
neglected. When run in the CFB mode, the in-furnace fluid dynamics is a 1.5D description that
assumes, based on previous findings [81], that there is no gas flow in the wall-layers. The solids
flow is modeled in accordance with previous publications [82], [83], with the solids
entrainment from the bottom and the backflow effect at the furnace top being modeled using
expressions derived from the data in a previous study [84] [Egs. (3) and (4), respectively]. The
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entrained solids are assumed to flow upwards at their slip velocity, calculated from the single-
particle terminal velocity [85], which is also assumed to be the velocity at which the solids
flow downwards in the wall-layers [86]. The backmixing of solids to the waterwalls in the
freeboard is modeled according to Eq. (5) (solids clusters in the splash zone [80]), and Egs. (6)
and (7) (transfer of the entrained to the walls in the freeboard [82], [84], [87]), respectively.
Paper | includes a detailed description of how Egs. (3) — (7) are used in the mass balances of
the CFB gas side model.

Csentr(U—ug) _ . _ Utve.8
R 3109-(1--9) (3)
1 255
ky = 0.85- [1+exp (—66:St) (4)
a= 4% (5)
4k
K= o ©)
k=0.1084 - (u —u;) (7)

4.1.2. Fuel conversion

The model accounts for the main steps involved in the conversion of solid fuel particles typical
for FB conditions, i.e., drying and devolatilization, and char combustion, using a characteristic
time for each. The drying and devolatilization processes are driven by heat transfer and occur
simultaneously given the large fuel particle sizes in FBC units, with a combined drying and
devolatilization time as a function of the fuel particle size taken from [88]. The time for char
combustion is calculated according to the expressions for shrinking sphere conversion regime
under transport-controlled conditions. Lastly, the model includes three homogeneous reactions:
the combustion of CO, H: and light hydrocarbons, with rates calculated according to [89] and
[90].

4.1.3. Heat transfer

The formulation of the heat transfer differs between the CFB and BFB modes. Under CFB
conditions, bed-to-wall heat transfer in a certain cell i is modeled as the combined contributions
of convection and radiation, as expressed in Eg. (8). The convective heat transfer coefficient is
modeled as a function of the solids concentration in the wall-layers according to [91]. For the
radiative contribution, the model introduces the radiation efficiency factor suggested
previously [91], according to which the radiation of heat from the core solids to the waterwalls
increases as the solids concentration in the freeboard decreases.

Qextracted,i = hc 'Aw ' (Twl - Tw) + Nraa Esusp,i * Aw *0 (Tc4 - Tv{‘;) (8)
When run under BFB conditions, the convective heat transfer to the waterwalls is neglected

and only radiation is accounted for. This radiative heat transfer shows a relatively low optical
thickness in the freeboard of BFB units, which allows the different surfaces to radiate heat to
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each other. Thus, the model accounts for radiation between surfaces and volumetric cells, with
geometric view factors calculated according to [92] (for details, see Paper I). Note that even
at the low gas velocities characteristic of BFB operation, the freeboard contains a small amount
of fine solids, which are known to influence the emissivity of the volumetric cells. This cell
emissivity is computed according to Beer’s law [Eq. 9], where kyol is a tuning factor (see Section
4.3 and Paper 1) that depends on the gas velocity, in order to account for the contribution of
the solids fines at different loads.

Epor = 1— e ~Fvollp 9)

4.2. Water-steam side

The dynamic process model of the water-steam side is built using the Modelon
ThermalPowerLibrary [93]. The different components have been modeled using the lumped
parameter approach, which is known to be a valid assumption when describing power plants at
the process level [94]. Regarding those components for which such a 0D representation is not
appropriate, e.g., a tube, a 1D discretization is applied. For all the components, geometric data
were fed into the model according to the design of the reference plant (Section 3.1.2).

In the convection path, the heat transfers on the gas and water-steam sides of the superheaters
and economizers are modeled according to Nusselt number correlations from [95], while the
evaporator tubes model uses a correlation based on the Dittus-Boelter equation. The wall
separating the two sides is modeled as a 1D domain, assuming heat accumulation with a
thermal resistance function of the wall thickness, area and conductivity.

The steam drum is modeled according to [96], solving the dynamic energy and mass balances
for the liquid and vapor volumes. Heat transfer through the drum walls and heat accumulation
in the walls are neglected. The natural circulation of the two-phase flow through the evaporator
tubes is modeled with an ideal height difference that yields a certain pressure head.

The steam turbine is described by a quasi-static model, an assumption that is found valid when
comparing its characteristic time with those of other plant components such as condensers [97].
The power generation is calculated based on the inlet and outlet steam enthalpies with a
constant dry isentropic efficiency [98]. The off-design performance is modeled according to
Stodola’s law of cones, according to which the flow area coefficient Kt is calculated as:

K, = - (10)

2
\/pi,npi,n<1_(z;f_'n> >
in

Lastly, the steam condensers are modeled as horizontal cylindrical vessels with a hotwell at the
bottom where the condensate is accumulated. The model assumes thermodynamic equilibrium
between the two phases. A wall model separates the condensing steam from the cooling fluid,
with a heat transfer correlation for condensing steam over horizontal tubes and one based on
the logarithmic average of the inlet and outlet temperatures for the cooling media, as derived
from [95]. The deaerator is modeled in a similar manner, albeit without cooling tubes and
neglecting the heat transfer through the walls.

27



The supervisory controllers are modeled as PI controllers that are tuned according to the PID
tuning rules described by Skogestad [99]. Note that for tuning the supervisory control
structures, the regulatory control layer needs to be already tuned and kept in a closed loop. For
cascade control loops, the slave controller (i.e., the internal, faster controller) is tuned first.

4.3. Model calibration and validation

4.3.1 Calibration

Due to the assumptions associated with BFB and CFB operation (see Section 4.1), the
respective calibrations of the gas-side model are based on different parameters (see Table 5).
For CFB conditions, characterized by a large amount of entrained solids in the riser, the model
is calibrated by tuning the mean particle diameter of the bulk solids, which differs from the
mean size of the fed particles due to particle attrition and size segregation phenomena. For BFB
conditions, where the heat transfer to the walls is assumed to be driven exclusively by radiation,
the entrainment of miniscule amounts of solids fines is known to have a significant impact on
the emissivity of the freeboard cells. As this is a complex mechanism to model, it is here
handled as a calibration factor through tuning the effective absorptivity of the freeboard cells,
kg [see Eq. (9)]. Lastly, the gas mixing rate governing the homogeneous reactions is used as a
calibration factor in both BFB and CFB operations. Regarding the water-steam side, the present
work follows the common practice in dynamic process modeling of calibrating the model by
tuning a pre-exponential factor in the correlations for the heat transfer coefficients. The specific
values of the tuned calibration factors are discussed and listed in Papers I and I11.

Table 5. Calibration factors used in each of the dynamic models.

Calibration factors

CFB - Gas mixing
Gasside  Mode - Bulk solids size
BFB - Gas mixing
mode - Absorptivity of the gas-solids
suspension
Water-steam side - Heat transfer correlations

4.3.2 Steady-state operation

The results from the calibration and validation of the gas side are shown in Figure 11, where
the heat transfer to the waterwalls computed by the model is compared to those measured in
the reference units under steady-state conditions. Note that two datasets at 100% load are used
for calibration of the CFB conditions, corresponding to two different fuel conditions. It is
evident that the simulated values are in good agreement with the reference plant data, with
average errors to the measurements of 1.9% for the calibrated cases and 4.9% for the validation
cases. When validating the steady-state operation of the water-steam side, all the errors
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between the simulated and measured process variables (e.g., drum pressure, DH outlet
temperature or generated power, among others; see Paper 111 for details) remain below 5%,
with an average percentage error of 1.5%.
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Figure 11. Parity plot comparing the in-furnace heat transferred to the waterwalls computed by the model and
measured in the reference plants. Source: Paper |

4.3.3 Transient operation

Validation of the transient performances of the models is done by comparing the model output
with measurements taken during 2—3 hours of transient operation. Figure 12 shows the input
values of the 50—100% load change used for validation of the CFB-CHP plant model. Figure
12a plots the load set-point input into the master load controller, while Figure 12b shows the
variations in the DH boundary conditions. The results from the corresponding transient
validation are shown in Figure 13, where variables from the gas side (cyclone temperature;
Figure 13a) as well as from the water-steam side (DH load and generated power, Figure 13b;
and live steam mass flow, Figure 13c) are included. As observed, the model describes rather
well the behavior of the reference plant when subjected to a load change. Thus, it can be
concluded that the dynamic models are capable of describing with good accuracy the steady-
state and transient behaviors of large-scale FBC plants during industrial operation.
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5. Selected results and discussion

The most important findings from the three appended papers are presented and discussed in
this chapter, the structure of which is aligned with the research questions formulated in Chapter
1. First, the inherent dynamic behaviors of FBC plants are presented, both for the gas side
(Papers I and 11) and at the plant (gas and water-steam sides) level (Paper 111). Second, the
performances of FBC plants under different supervisory control strategies are addressed.
Lastly, the dynamic interplay between the gas and water-steam sides in FBC plants is
discussed.

5.1.Inherent dynamics of FBC plants

5.1.1 Gas side

The inherent dynamics of the gas sides of the CFB and BFB reference furnaces are analyzed
and compared in Figure 14. Figure 14, a and b shows the open-loop transient responses of the
main process variables of the gas side when the load is reduced in a single step from 100% to
75% in the CFB and BFB, respectively. In the CFB furnace, the bottom temperature is reduced
to a lesser extent than the temperature at the top of the furnace because: (i) the dense bed has
much larger solids flows than the top of the reactor; and (ii) at lower loads, i.e., at lower gas
velocities, the relative content of fuel in the bottom region increases, whereas it decreases in
the upper region. Besides, due to the larger heat capacity of the bottom region (consequence of
the solids inventory), the temperature response in the bottom region is slower than that at the
furnace top. In the BFB furnace (Figure 14b), the differences in heat capacity between the
bottom and top regions are more pronounced, which explains the larger differences observed
in these regions for the transient responses and the stabilization times of the temperatures.

Figure 14, c—f shows the computed stabilization times (ts) and relative changes (RC) of the
CFB and BFB reference furnaces when the magnitude of the introduced load change is varied.
In line with the observations mentioned above, it is evident that the stabilization time of the
dense bed is always longer than that at the top of the furnace for all the cases investigated,
although the relative change is smaller. Thus, these differences are maximized in the BFB
furnace, with the stabilization time in the dense bed being around 20 minutes, compared to 30—
100 seconds at the top of the furnace. Another important aspect highlighted in Figure 14, ¢ and
e is that when the load is incremented, the stabilization times are significantly shorter than
those related to a load reduction of the same magnitude. This aspect, which has been previously
reported for other thermal processes (see [43] and [100]) and is explained in detail in Papers |
and 11, reflects the fact that a load reduction relies on the heat transfer to the waterwalls, a
process that is generally slower than the heat release due to fuel conversion driving the
temperature change under a load increase. As shown in Figure 14, the dynamics of the heat
transfer to the waterwalls Quan are largely driven by the in-furnace temperatures, thus
stabilization is achieved just before/after the temperature at the furnace top stabilizes.
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Figure 14. Inherent dynamics of the gas sides of the reference CFB and BFB furnaces, expressed as variable
trajectories, stabilization times (ts) and relative changes (RC). Source: Paper 1.

To analyze the dependencies of the stabilization times of the gas side on the three main
mechanisms taking place in the furnace (fluid dynamics, fuel conversion and heat transfer),
additional open-loop tests are performed for the -25% load reduction, whereby the
characteristic times of each of the mechanisms (defined and varied as shown in Table 6) are
varied independently (for details, see Paper I1). A representative selection of the runs is plotted
in Figure 15a (reference BFB furnace, note the double y-axis) and Figure 15b (CFB furnace
upscaled to the same thermal capacity as the BFB reference furnace). Table 6 formulates
simplified mathematical expressions that relate the stabilization times of the three gas-side

34



variables monitored (heat extracted from the furnace and temperatures at the furnace bottom
and top of the furnace) to the characteristic times of the above-mentioned furnace mechanisms.

Table 6. Characteristic times of the main in-furnace mechanisms of CFB and BFB furnaces. The table shows
how these have been varied in the model to evaluate their impacts on the in-furnace dynamics. Note that the
fluid dynamics characteristic time of the BFB furnace has not been varied. Source: Paper II.

Mechanism Characteristic time Variable varied
CFB BFB CFB BFB
Fluid dynamics  Trpcrp = Triser + Trp,8FB = Tgas Size of loop seal -
Tcyclone + Tloop—seal (for CFB)
Fuel conversion _ Char conversion time
TFC - tchar
Heat transfer MGy, Solids heat capacity
THr = < 0 ~
Z Fi Cp,i

In agreement with the discussion coupled to Figure 14, the dense bottom bed of the BFB
furnace takes much longer to stabilize (600-1500 seconds) than the temperature at the furnace
top and the heat extracted through the walls. It can be seen that the stabilization times at the
furnace bottom correspond roughly to the sum of the characteristic times of the two
mechanisms present in the dense bottom bed, i.e., the fuel conversion and the heat transfer [see
Eqg. (11)]. In contrast, the temperature at the furnace top and the heat transfer to the walls
stabilize in 60-80 seconds and 40-70 seconds, respectively, as a consequence of Qwan being
driven by the change in effective gas emissivity forced by the varied presence of solids fines
entrained by the gas. Given the very low thermal inertia of the upper regions of the BFB
furnace, its temperature dynamic behavior can be expressed as a function of the residence time
of the gas triggering the change in gas emissivity, and to a minor extent [see Eq. (12)], the
stabilization time of the temperature exiting the bottom region. Since Qwan depends mainly on
the gas temperature and effective emissivity, its stabilization time can be approached as that of
the temperature at the furnace top [Eq. (13)].
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Figure 15. Stabilization times of the gas sides of the BFB and CFB furnaces under variations of the
characteristic times of the three in-furnace mechanisms (FC, fuel conversion; FD, fluid dynamics; HT, heat
transfer). Note that the characteristic time of FD is not varied in the BFB furnace. Source: Paper I1I.

When analyzing the stabilization times of the monitored variables in the CFB furnace, a
relatively uniform effect of the three mechanisms considered for the CFB conditions is
observed on the gas-side temperatures. Furthermore, in the bottom region, the stabilization time
can be directly approximated as the sum of the three characteristic times [Eq. (14)]. Thus, even
though the changes in fluid dynamics, fuel conversion and heat transfer are occurring in
parallel, the tails of each of these mechanisms follow each other and add up sequentially to
give the total stabilization time. As for the temperature in the upper furnace, its stabilization
generally occurs some 30% faster than that at the furnace bottom [Eq. (15)]. Lastly, the
dynamics of the heat transfer to the waterwalls are found to be sensitive to all the investigated
variations, although they are predominantly influenced by the fuel conversion time [Eq. (16)].

These results may be of importance when assessing the transient capabilities of the gas side of
a given FB furnace with a certain size, fuel and bulk solids. The expressions in Table 7
represent a simple way to estimate the impacts of specific changes in the gas velocity, fuel size
or composition, or a change in the solids inventory on the dynamic behaviors of key in-furnace
variables.
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Table 7. Simplified expressions for the dependency of the stabilization times (ts) of the gas side on the
characteristic times of the three in-furnace mechanisms (FC, fuel conversion; FD, fluid dynamics; HT, heat
transfer). Source: Paper II.

Unit Variable Expression
Ta tspB = Tpc + Tyt (11)
BFB Ttop tS,tOp ~ TFD + 0'05 tS,DB (12)
Qwall ts,Q ~ ts,top (13)
Tus tspp = Tpc + Tyt + Trp (14)
CFB Ttop ts,top ~ 0.7 ts,DB (15)
Q | tS,Q = TFC (02 TFD + 05 THT) (16)
wa

5.1.1 CFB-CHP plant

The computed stabilization times (in minutes) of the main process variables (i.e., generated
power, DH production, live steam mass flow, DH outlet temperature, live steam pressure, and
in-furnace heat transfer to the walls) when performing open-loop tests in the CFB-CHP plant
with step variations of the operational inputs (combustion load, DH flow, DH inlet temperature
and fuel heating value) are shown in Figure 16. First, it is evident from comparing Figure 16a
(-20% steps) and Figure 16b (+20% steps) that, as occurred within the gas side, the process
tends to stabilize faster (on average, 15% shorter stabilization times) when heat is added to the
system, i.e., when the combustion load, fuel heating value and DH inlet temperatures are
increased. When comparing the stabilization times of the different variables, the live steam
pressure and mass flow are found to be the fastest to reach stabilization within the water-steam
side, averaging 5 minutes for the investigated cases, which is comparable to the gas-side
variable added in Figure 16, i.e., Qwan. The generated power stabilizes within 8 minutes on
average, whereas the outlet DH temperature and the condenser heat load are the slowest
variables to reach stabilization, with average times of 10 and 13 minutes, respectively. Figure
16 also shows that the process transient response is the fastest to react to changes in the DH
mass flow, whereas the disturbances linked to the furnace, i.e., the combustion load and fuel
heating value, yield the slowest stabilization times, averaging 11 and 13 minutes, respectively,
for the cases investigated.
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5.2. Controlled dynamics

The simulated trajectories of the power generated by the reference CFB-CHP plant when the
load is changed from 100% to 50% at different ramping rates under each of the investigated
control strategies are plotted in Figure 17. While Figure 17, a and b (i.e., the slowest ramping
rates investigated, at -0.005 and -0.05%f/s, respectively) show that for all the tested control
strategies, the plant is capable of executing load changes at the same rate as the set-point is
varied. Figure 17, ¢ and d (i.e., the fastest ramping rates investigated at -0.5 and -5.0%/s,
respectively) present noticeable differences between the control structures. It is clear that the
control strategies that manipulate the steam valve opening to regulate the plant load, i.e.,
Hybrid and BF, provide fast power output changes that are able to follow the set-point. In
contrast, the control strategies that manipulate the combustion load, i.e., FP and TF, provide
considerably slower load changes, with rising times of 6 minutes and 4 minutes, respectively,
and stabilization times of up to 10 minutes. This can be explained by the dynamic effect of the
control valve, which uses the energy accumulated in the drum and superheater tubes to generate
fast, temporary changes in the steam pressure and flow, which quickly propagate to the turbine.
Figure 18 displays the live steam pressure prior to the control valve for the fastest ramping rate
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under TF, BF and Hybrid operation. It is clear that the rapid changes in power output provided
by the Hybrid and BF strategies are achieved at the expense of steam throttling, caused by fast
valve closing. The overshoot in the pressure trajectory is up to +30% for the BF case, as
compared for instance to +0.01% for the TF case. This temporary overshoot can be directly
linked to exergy losses and, therefore, loss of available work, resulting in a period of low
process efficiency that lasts until the pressure is stabilized. Under FP operation, where the
steam valve remains fully open during all the operational window, the opposite occurs:
although the plant response is considerably slower due to the thermal inertia associated with
the gas side, the throttling losses during the process transient response are minimized.
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Figure 17. Responses of the generated power (in % of design power) compared to the load set-point (SP) for the
100%—150% load change under different control strategies and ramping rates. FP, Floating pressure; TF,
turbine-following; BF, boiler-following. Source: Paper I11.
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Figure 18. Live steam pressures compared to the set-point (SP) for the very fast (-5.0%/s) ramping rate of the
100%—50% load change. Source: Paper 111.
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5.3.Dynamic interaction between the gas and water-steam sides

Assuming a quasi-static transient behavior for the gas side is a commonly used approach when
modeling the dynamics of combustion plants because it yields substantial savings related to the
complexity and computational cost of the model. Based on the results obtained in Papers I-
111, the dynamic interplay between the gas and water-steam sides in large-scale FBC plants can
be explored.

Table 8 summarizes the inherent stabilization times computed for the main process variables
of the gas and water-steam sides. Table 8 lists only those scenarios that relate to the -20%/-
25% load reductions driven by decreases in the fuel input flow. These have been chosen in
order to allow for the comparison, since stabilization times increase with the magnitude of the
load change (for details, see Paper I) and vary depending on the change-driving parameter.
Due to the large differences in dynamics between the bottom and top regions of the furnace in
BFB units, the stabilization times of the corresponding temperatures in such units are presented
separately. It is evident that the stabilization times are of the same order of magnitude in both
the gas sides and the water-steam sides of CFB furnaces. In contrast, in BFBs, the relevant in-
furnace parameters interfacing with the water-steam side — the heat extracted in the furnace
and the flue gas temperature before the convection pass (i.e., the top/outlet furnace
temperature) — exhibit dynamics that are one order of magnitude faster than the water-steam
side.

Table 8. Summary of the inherent stabilization times of the gas and water-steam sides of the investigated units.

Variable Inherent stabilization times (min)

Gas side CFB furnaces BFB furnaces
Temperatures 3-21 Ta: 1026 Tigp: 1-1.5
Heat transfer to waterwalls 2-10 0.5-1.0
Water-steam side

Live steam pressure and mass flow 10

Power generation 8

DH temperatures and heat flows 13-15

Paper | analyzes the responses of the gas side variables when the load change is introduced as
a step function and at two different rates that are typical of industrial operation (see Figure
19a). As can be seen in the response trajectories included in Figure 19b, the inherent dynamics
observed for the open-loop responses disappear as the rate of the load change is slowed,
eventually yielding a ramp-like response for the slowest rate in the temperature at the furnace
top and the heat extracted through the furnace walls. This observation indicates that those
variables adopt a pseudo-steady-state behavior, i.e., at any time during load ramping, the
variables adopt the same values that they would have under steady-state conditions. Generally,
this effect arises when the load change is introduced at a rate with a longer characteristic time
than the inherent stabilization time of the variable. Note that the temperature in the dense bed,
with an inherent stabilization time longer than 600 seconds according to Table 8, does not
follow the load ramp and it displays some dynamic behavior well beyond 10 minutes.
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Figure 19. Variable ramping rate (VRR) test in the gas side of the CFB furnace. Source: Paper I.

Therefore, it can be concluded that for an accurate prediction of the transient performance of
FBC plants, the description of the dynamics of the gas side is crucial, especially when
investigating changes over characteristic times that are shorter than the inherent dynamics of
the gas side, as well as when the variables of interest are those connected to the live steam. As
shown in Table 8, the response times of variables such as the generated power or the live stem
pressure are very much reliant on the stabilization times of the gas side which, based on the
investigation presented in Paper 11, are indeed a function of the fuel and bulk solids properties,
among other operational conditions. While these findings are of special importance for CFB
furnaces, assuming a quasi-static behavior for the gas side might suffice to describe the
transient operation of BFB plants.

These results are relevant when assessing the transient capabilities of FBC plants to provide
load changes in short timeframes on a regular basis, as needed for instance for primary control
reserve (characterized by response times in the order of 30 seconds in most European markets).
Furthermore, fast load ramping would yield undesired temporary emissions (as indicated by
the results in Paper 1), highlighting the importance of a dynamic model of the gas side for a
robust assessment of the flexibility capabilities of FBC units.
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6. Conclusions

This thesis analyzes the dynamic behaviors of commercial-scale fluidized bed combustion
plants for heat and power production. The work involves the development and use of
mechanistic dynamic models of both the gas and water-steam sides of bubbling and circulating
FBCs. Two industrial-scale plants are used to acquire steady-state and transient operational
datasets for calibration and validation of the models, as they are used as reference cases for the
performed dynamic analyses.

With respect to the analyses of the inherent dynamics of FBC plants, the following can be
concluded:

Evaluation of the impact of the thermal inertia created by the bulk solids on the in-
furnace dynamics of FBC plants reveals that regions with large heat capacities, such as
the bottom of the furnace in BFB units, take up to 10-times longer to stabilize than does
the furnace top. CFB furnaces show a more even distribution of solids throughout the
furnace, which yields stabilization times that are more similar across the different
regions. While the stabilization times of the gas sides of CFB combustors are found to
be dependent upon the characteristic times of the main in-furnace mechanisms (i.e., fuel
conversion, heat transfer and fluid dynamics), the dynamics of BFB units are driven
mainly by the residence time of the gas. For this reason, the heat transferred to the
waterwalls displays faster transient responses in BFB units than in CFB combustors.
Due to reduced residence time of the gas and water-steam flows, FBC plants respond
faster to changes when running at higher loads. In addition, changes which imply a heat
removal from the system (e.g. decreasing combustion or DH load or increasing the fuel
moisture) leads to slower transients than the inverse.

Lastly, it can be concluded that although the dynamic behaviors of the gas sides of FBC
plants can be assumed to be quasi-static when operated at rates that are typical of heat-
driven operation, dynamic modeling of the gas side is critical for accurate prediction of
the process dynamics when assessing faster operation. This aspect attains greater
importance in CFB combustors because the in-furnace transients are found to be of the
same magnitude as those of the water-steam side, while the in-furnace responses of
BFB units are found to be one order of magnitude faster than those of the water-steam
side.

Regarding control and operational strategies to improve the operational flexibility of FBC
plants, the following is concluded:

Implementing supervisory control strategies can have a strong positive impact on
maximizing the load change capabilities of FBC plants. While control strategies for
load changes based on modifying the fuel input flow can provide changes in the order
of 5%/min, strategies that manipulate the live steam control valve can follow changes
in generated electricity at rates as fast as -5%/s. The results show that the increased
ramping capabilities offered by these strategies come at the expense of lowered thermal
efficiency due to steam throttling, revealing a trade-off between flexibility and
efficiency, as well as the need for economic optimization.
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Furthermore, other constraints must be considered when assessing the transient operation
capabilities of FBC plants, such as thermal stresses in key components, undesired pollutant
emissions, and the dynamics of subsystems outside the scope of this work (e.g., the fuel
handling system).

6.1. Further work

Based on the outcomes and findings of this thesis, new research tasks can be proposed that
would likely further our understanding of the transient operational capabilities of large-scale
FB units, some of which are listed below.

As the demand for biofuels increases and the yearly-average capacity utilization of
conventional FB boilers remains at low levels (23%-40% in Sweden, depending on the
supply side —district heating or industry), the retrofit of FBC plants into polygeneration
facilities represents a promising alternative way for FBCs to promote their standing as
a key technology for the transition towards a sustainable energy system. It is foreseen
that in such a scenario, the dynamic interplay between heat, power and gas production
will be crucial for maximizing plant utilization, for understanding the plant capabilities
to operate in specific power markets, and for establishing its role as a variation
management tool for the electricity system. The dynamic models developed in this
thesis could be adapted to account for the retrofits and could subsequently be used to
investigate the transient operation capabilities of these facilities.

The use of large-scale FB reactors for thermochemical energy storage (TCES) through
the cycling of solid systems, such as carbonates and redox metals, is gaining global
recognition as an efficient storage technology with possibilities in relation to energy
shipping. If deployed in a renewable energy generation facility, such as a wind farm or
a concentrated solar power (CSP) plant, the transient capabilities of the process would
play a crucial role in the effective deployment of the technology. Moreover, advanced
control structures could enhance the transient performance of the process, optimizing
the operation for the timescales required by the system. Thus, the dynamic models
developed in this work and the insights acquired on the dynamics of large-scale FB
reactors are valuable for investigating TCES processes based on solids cycling.

Using model order reduction methods, the high-fidelity models developed in this thesis
could be reduced to simpler models that are capable of describing the transient
operation of the plants at a much lower computational cost. These simpler models, after
verification and validation, could be used to develop model predictive control (MPC)
strategies for advanced and robust process control.
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