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Abstract: The share of power from fluctuating renewable energies such as wind and solar is
increasing due to the ongoing climate change. It is therefore essential to use technologies that can
compensate for these fluctuations. Experiments at 1 MW scale were carried out to evaluate the
operational flexibility of a circulating fluidized bed (CFB) combustor during transient operation
from 60% to 100% load. A typical load following sequence for fluctuating electricity
generation/demand was reproduced experimentally by performing 4 load changes. The
hydrodynamic condition after a load change depends on if the load change was in positive or
negative direction due to the heat stored in the refractory/bed material at high loads and released
when the load decreases. A 1.5D-process simulation model was created in the software APROS
(Advanced Process Simulation) with the target of showing the specific characteristics of a CFB
furnace during load following operation. The model was tuned with experimental data of a steady-
state test point and validated with the load cycling tests. The simulation results show the key
characteristics of CFB combustion with reasonable accuracy. Detailed experimental data is
presented and a core-annulus approach for the modeling of the CFB furnace is used.

Keywords: CFB combustion; operational flexibility; load transients; fluctuating electricity
generation; lignite; renewables

1. Introduction

Climate change due to high CO: emissions has led to a substantial increase in the proportion of
electricity generated from renewable sources around the world in the last two decades [1]. Wind and
solar energy account for a large share of these renewables. These two energy sources have the
disadvantage that they are not suitable to provide baseload and, depending on the conditions, the
electricity generated can fluctuate strongly and rapidly. There is a demand for highly flexible
technologies to ensure the energy supply with low CO: emissions at the same time. Circulating
fluidized bed (CFB) combustion can be a key element in the future energy supply, as it can combust
a high spectrum of solid fuels of different origins such as biomass and waste-derived fuels [2-5]. The
technology comes with a high combustion efficiency [6] and with low emissions of SOz and NOx [7,8].
CFB boilers can operate over a wide range of thermal loads and are therefore capable of compensating
a fluctuating electricity demand.

The high fuel flexibility is made possible by a large mass of inert particles in the reactor, which
can compensate for fluctuations in the fuel composition. However, the high thermal inertia of this
material has a negative impact on the load following capability and especially the cold start-up of
CFB combustors [6]. During transients from medium to high load, ramp rates of up to 7% MCR/min
(MCR: maximum continuous rating) are claimed to be possible [9]. However, modern large-scale CFB
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boilers, such as the Polish CFBC unit at Lagisza have load following capabilities of up to 4%
MCR/min, which is similar to pulverized coal power plants [6]. The need for even faster load change
rates increases with the rising share of renewable energies. Therefore, there is a demand to investigate
novel concepts to accelerate load ramps in CFB combustion. For example, thermal energy storage
systems can be used to rapidly extract a large amount of energy from the furnace [10]. Another option
is to apply smart control strategies for the water/steam side and the fuel and air mass flow [11-13].
To examine novel concepts, experimental investigations are necessary but often very expensive,
especially on a large scale. Computational fluid dynamics (CFD) simulations, on the other hand, are
complicated and require a lot of computing time, even though they are often the only way to study
CFB combustion inside a furnace in detail [14-17]. One-dimensional dynamic process models offer
the advantage of low computing time and an appropriate accuracy to evaluate new approaches
before they are tested in an industrial-scale boiler [18,19]. The commercial software APROS is used
extensively in industry and research for the dynamic process modeling of thermal power plants
[12,20,21].

So-called 1.5-dimensional core-annulus models take into account the mass and heat flow from
the core to the annulus and vice versa. Particles and particle clusters stream upwards in the core
region of the furnace, while they stream downwards in the annulus, due to the low gas velocities
near the wall. This internal circulation of solids in the furnace is up to 2 times higher than the external
circulation via cyclone and loop seal [22]. The convective heat transfer to the walls of the furnace is
mainly determined by the mass flow from the core to the annulus and from the annulus to the core,
so it is important to take this mechanism into account. However, the only way to prove the suitability
of process models for dynamic investigations is by validation with experimental data. Suitable
models must be able to show all typical characteristics of the CFB combustion: the load change
duration/behavior, the combustion chemistry, the hydrodynamic conditions (particle distribution,
temperature development), and the heat transfer. The present study presents a sophisticated 1.5D-
model of a CFB combustor based on the core-annulus approach for the CFB furnace. The model is
validated with detailed experimental data from CFB combustion of Polish lignite in a 1 MW pilot
plant under dynamic conditions.

The novelty of the paper is concluded as follows:

1. A series of load changes are carried out in a pilot-scale CFB combustor, representing a typical
operation during fluctuating electricity generation by renewables. This involves rapid load
cycles in positive and negative direction before stationary states are reached. The effects of
ascending and descending load cycles on the temperature and pressure in the furnace are
discussed in each case. To the author’s best knowledge, this is done for the first time with such
detailed experimental data.

2. The study presents a highly sophisticated CFB combustor model based on the core-annulus
approach for the furnace. The literature is given an insight into the modeling process of this type
of process model and future research in this field will be accelerated.

3. The agreement between experiment and simulation is very good and the model is suitable for
the deeper investigation of fuel and load ramp flexibility in future work.

4. Weaknesses of the model are identified which can be used in future research to further increase
the agreement between experiment and simulation.

2. Experimental

The following chapter describes the test facility including the pilot plant, the measurement
equipment, and the cooling system. Afterward, the experimental procedure is presented with the
most important boundary conditions of the experiment.

2.1. Pilot Plant Description

Experiments were carried out in a 1 MWw CFB furnace for the combustion of low-rank Polish
lignite. The flow diagram of the CFB reactor (CFB600) and its subsystems is shown in Figure 1. The
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main components of the facility are the air-supply system (primary air, secondary air, and burner
air), the reactor with a hot-loop circulation (cyclone and loop seal), the solid handling systems (solid
feeding and ash extraction), the cooling system and the flue gas line (heat exchanger, bag filter,
induced-draft fan).
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Figure 1. Simplified flow diagram of the 1 MW pilot plant.

2.1.1. CFB Furnace and Auxiliary Systems

The furnace of the CFB600 reactor includes the riser and a hot-loop circulation for the
recirculation of solids. The reactor itself has an inner diameter of 0.59 m and a total height of 8.6 m. It
is fully refractory-lined and the outer diameter of the refractory is 1.3 m. Table 1 shows selected
design parameters of the furnace. See Figure Al in the Appendix A for a detailed geometry of the

CFB combustor.

Table 1. Design parameters of the furnace.

Parameter Value
Furnace inner diameter [m] 0.59
Furnace outer diameter [m] 13
Furnace height [m] 8.6
Furnace free volume [m?3] 2.37
Height: Solids inlet (fuel, sand) [m] 0.481
Height: Secondary air inlet 1 [m] 2.74
Height: Secondary air inlet 2 [m] 6.0
Height: Loop seal solid recirculation to 0.481
riser [m]

0.699

Height: Burner air inlet [m]

Height: Temperature sensors [m]

0.25,1.12,1.55, 2.38, 6.25, 8.21

Height: Pressure sensors [m]

0.11,0.22,0.4, 0.58,0.91, 1.1, 2.07, 3.42,
7.31,8.03
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Solids that leave the riser, enter a cyclone, which separates them from the flue gas. The flue gas
and fly ash enter the flue gas line with a small amount of fly ash. The main portion of the solids is
recirculated to the furnace by a standpipe and a loop seal. Thereby, the residence time of char particles
inside the furnace increases and the burn-out of the fuel improves. Air is injected into the loop seal
at 25 °C via two nozzles to maintain fluidization of particles and to ensure a continuous recirculation.
Besides the purpose of hot solid recirculation, the loop seal also provides pressure sealing between
riser and standpipe/cyclone. Five water-cooled lances can be immersed vertically into the reactor at
varying depth to control the combustion temperature.

The combustion air is injected into the furnace at several locations and heights. The primary air
is entering the furnace via a nozzle grid at the bottom of the riser. It is electrically preheated to around
300 °C before entering the reactor. A primary air fan controls the mass flow rate to a certain set point.
Secondary air enters the riser at two different heights (2.74 m and 6.0 m) with two oppositely arranged
nozzles at each elevation. A fan provides the desired mass flow of secondary air. The third major
portion of the air is injected via the start-up burner at a height of 0.70 m. During start-up, this burner
is fired with propane. During the tests, the air is supplied here to prevent backflow of particles and
cool the burner components. The secondary and the burner air are not preheated and enter the
furnace at an ambient temperature of around 25 °C.

A screw conveyor feeding system feeds solid fuel to a rotary valve, which is located above the
return leg. The return leg connects the loop seal and riser. Thereby, the fuel is rapidly flowing to the
bed of the furnace at a height of 0.48 m. The rotary valve guarantees pressure sealing between the
reactor and the feeding systems. Another screw conveyor feeding system feeds sand to the same
rotary valve. A water-cooled conveying screw extracts bed material via a downpipe in the middle of
the nozzle grid. The particles are extracted batch-wise to keep the inventory in a suitable range. The
target is to keep the bed pressure between 50 and 60 mbar.

The flue gas and fly ash leave the reactor through the cyclone. Afterward, it flows to the flue gas
heat exchanger and cools down for further treatment. The heat exchanger is water-cooled and is
arranged in two vertical paths. After cooling down, the flue gas is separated from the fly ash in a
fabric filter. The fly ash is collected in a hopper and transported to a barrel by a rotary valve. A
downstream induced-draft (ID) fan ensures a constant pressure of around 1 mbar below ambient
pressure after the cyclone. After leaving the ID fan, the flue gas leaves the system through the stack
at a temperature of 130-150 °C.

2.1.2. Measurement Equipment

The pilot plant is equipped with measurement equipment for temperatures, pressures, mass
flow rates, and flue gas composition at several measurement locations. The temperatures and
pressures are measured inside the riser, the hot loop circulation, the flue gas path, and the peripheral
systems. Orifice plates and venturi nozzles measure the flow rate of the combustion air and the flue
gas. The mass flow rate of solids is measured either by weight decrease (the continuous measurement
of fuel and sand) or weight increase (the discontinuous measurement of bottom ash and fly ash).
Solid samples are taken from these positions to analyze the chemical composition and the
physical/mechanical properties of the solids. The flue gas composition is measured at three locations.
The volumetric concentration (dry state) of oxygen, carbon dioxide, carbon monoxide, nitrogen
oxide, and sulfur dioxide is measured after the cyclone with a paramagnetic sensor for Oz and an
NDIR (nondispersive infrared) sensor for the other gases. Before and after the fabric filter, the gas
composition is measured with two FTIR (Fourier-transform infrared spectroscopy) measurement
devices, which are additionally equipped with oxygen sensors. Besides the main gas components (O,
CO:, H20), the concentration of trace gases (HCL, NOx, SOz, NO, CH4, CO) can be measured with
these FTIRs.
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2.1.3. Cooling System

Figure 2 shows a simplified scheme of the cold side of the cooling system. Heat is absorbed from
the gas-side by two different subsystems. Five water-cooled lances reduce the temperature in the
furnace. The lances can be moved vertically into the reactor at varying depth. The immersion depth
was fixed during the experiment also at part load (two lances at 4.5 m, three lances at 6.5 m immersion
depth). The cooling lances are manufactured with a double-tube design. Water is flowing down
through the inner tube and flowing up through the outer tube of the lances. The second cooling
subsystem is located downstream of the cyclone, where the flue gas is cooled down in a two-path
heat exchanger. In the first path, the flue gas streams downwards via a tube bundle heat exchanger.
It is then redirected upwards via a second tube bundle heat exchanger. The walls of both paths are
designed as membrane wall heat exchangers. The mass flow rate of water is measured before and
after the cooling lances and after the flue gas cooler. The water temperature is measured before and
after each lance. The mixing temperature after the lances is measured and the temperatures before
and after each path of the flue gas cooler are measured. The hot water is cooled down in an air re-
cooling system to 110 °C before it re-enters the cooling paths. The cooling system operates at 8-16 bar
and the cooling liquid is always in a liquid state (no steam generation). During the experiment, the
inlet temperatures and the mass flow rates of each cooling line are fixed. Thereby, the transferred
heat from the gas side to waterside can be determined by the temperature difference of the water
between the inlet and outlet of the cooling subsystems. Heat losses in the subsystems are unavoidable
in the pilot plant. The heat transfer calculation is therefore subject to uncertainties. The design
parameters of the cooling lances and the flue gas cooler are shown in Table 2.

Table 2. Design parameters of the cooling lances and the flue gas cooler.

Cooling Subsystem Parameter Value
Number of lances [-] 5
Maximum immersion depth [m] 8
Cooling lances Inner diameter of inner tube [mm] 33.6
Outer diameter of inner tube [mm] 42.4
Inner diameter of outer tube [mm] 53.1
Outer diameter of outer tube [mm] 60.3

Tube bundle pipe outer diameter [nmm]  31.8
Tube bundle pipe inner diameter [mm]  25.4
Tube bundle pipe length [m] 0.5
Number of tube bundle pipes [-] 192

Flue gas cooler
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Low-rank polish-lignite was combusted in the experiments in the pilot CFB furnace. The lignite
has a lower heating value of 11.4 MJ/kg and a moisture content of around 49%. The sand was fed to
the furnace to improve the fluidization properties and keep the bed particle size in a suitable range

for CFB combustion. The proximate and ultimate analyses of the raw and dried lignite are shown in

Table 3, while the properties of the sand are shown in Table 4. The average particle size of the sand

particles is 200 um.

Table 3. Analyses of the polish lignite (ultimate, proximate, others).

Fuel Analysis

Property As Received Dry
C [wt-%] 29.31 57.70
H [wit-%] 2.16 4.26
O [wt-%] 10.21 20.10
N [wt-%] 0.37 0.72
S [wt-%] 0.84 1.65
Moisture [wt-%] 49.20 0.00
Ash [wt-%] 7.90 15.55
Fixed C [wt-%] 18.41 36.24
Volatiles [wt-%] 24.49 48.21
Lower heating value [M]/kg] 114 224
CaO in ash [wt-%] 16.70 16.70
D(10) [mm] 0.797 -
D(50) [mm] 8.656 -
D(90) [mm)] 13.369 -
Bulk density [kg/m?] 617 -
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Table 4. Properties of sand.

Parameter Value
D(10) [mm] 0.138
D(50) [mm] 0.204
D(90) [mm] 0.287
Particle density [kg/m?] 2650
Specific heat capacity at 800 °C [k]/ kg K] 1.37

Heat conductivity coefficient at 800 °C [W/m K] 25

To evaluate the long-term steady-state behavior of the fuel, a 57-h test was carried out at the
beginning of the test series with a thermal load of 845 kWi. Short-term fluctuations of the fuel mass
flow rate and composition are compensated in such a long period, making this test point very suitable
for tuning and validation of process simulations. After the steady-state test, load change tests were
carried out to evaluate the dynamic behavior and the hydrodynamic conditions at low loads. Firstly,
the load was slowly reduced to 648 kW. After a stabilization time, the load was increased stepwise to
914 kW and 1032 kW. The thermal load depends on the speed of the conveying screw of the fuel, but
also on changing properties of the fuel such as bulk density, moisture content, particle size, and
chemical composition. To keep the excess-air factor nearly constant, the air mass flow rates were
increased to the desired set point and only the fuel mass flow rate was controlled to keep an oxygen
excess of around 4—6 Vol-%we. With the same approach, two load decreasing steps from 1032 kW to
921 kW and 699 kW were performed. After each load change, the pilot was operated in the same
conditions for at least 50 min before the next load step was carried out. The large thermal inertia of
the bed material acts as a buffer after a load change. Therefore, the stabilization time of ~50 min is not
long enough to achieve steady-state conditions for each part-load test. However, the fluctuating
behavior of wind and solar power requires quick and flexible load changes by power plants. In the
energy market nowadays, it is necessary to perform load changes, when steady-state conditions are
not achieved. The target of the experiments was to represent this behavior. Table 5 presents the
conditions of the long-term steady-state test and the part-load tests. The experimental approach for
the load changes is illustrated in Figure 3. As mentioned, the mass flow of the solid fuel fluctuates
strongly, so that the figure only illustrates the average mass flow/setpoint and not the actual one. For
the evaluation of the tests, mean values are calculated for the temperature, pressure, and other
measured parameters for each part-load test. This evaluation period starts 15 min after each load
change and ends 5 min before the next load change.

1000 I 1.4

900 Excess-air factor 13

800 | I 1.2
700 +—m— 1.1
= Primary air =
2 600 : 1.0 §
1 G
% 500 Secondary air 0.9 E
= . >
% 400 Solid fuel 08 %
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300 ,_—! l 0.7 1

200 0.6

100 0.5

0 t f—t— t t —t—+— —t f—t— —t— —rt —t— —t t 0.4

0 60 120 180 240 300
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Figure 3. Schematic presentation of test conditions during part-load tests.
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Table 5. Test conditions at steady-state and part-loads.

Tuning Point 63% 88% 100% 89% 68%

Property Unit 82% Load Load lLoad Load Load Load
Primary air mass kg/h 690.9 4262 5683 7102 5680 4257
flow rate
Secondary air kg/h 615.7 3472 4902 6332  490.0  346.8
mass flow rate
5 .

UINET alr Mass kg/h 84.3 84.7 85.0 84.2 84.1 84.1
flow rate
Loop seal air mass kg/h 30.8 39.1 39.1 37.2 37.3 37.3
flow rate
Solid fuel mass kg/h 266.8 2022 2862 3265 2898 2191
flow rate

fl
Sand mass flow kg/h 10.6 5.2 5.2 6.3 5.7 6.2
rate
Excess-air factor mol/mol 1.40 1.27 1.21 1.25 1.21 L9

Part load conditions are part of the investigation in this paper. At lower loads, the velocity in the
furnace decreases. To estimate the state of fluidization in the fluidized bed, it is helpful to compare
the present velocity with the minimum fluidization velocity and the transition velocity. These two
velocities can be calculated using various formulas. With the help of Grace et al. [23] u,, is estimated
t0 0.015 m/s and ug, is estimated to 6.0 m/s. The velocity in the furnace depends on the flue gas flow
rate, but it also depends on the position, as gaseous components are released along the reactor height
and secondary air injection increases the gas flow rate. However, in this study, the velocity in the
furnace is estimated according to the following equation, while Tavg is the arithmetic mean of the
measured reactor temperatures, the index N means normal conditions (0 °C, 1.01325 bar), and A is
the reactor cross-section:

I-/Flue gas _ Vflue gasN Tapg + 273.15K

Vavg = = 1)
I Apeactor  Areactor 27315 K

3. Model Description

The model of the pilot CFB furnace is created with the software APROS (Advanced Process
Simulation). APROS was developed by Fortum and the Technical Research Centre of Finland (VIT)
[21,24-28]. Process components such as pumps, fans, heat exchangers, or piping can be selected from
a component library of the programme to model the process realistically. The components are
connected via mass flow and energy equations. Data of the process components can be inserted at a
high level of detail. Geometries, material properties, and characteristic curves of electrical machines
can be inserted into the model. APROS is often used in literature for the modeling of thermal
processes, especially thermal power plants, such as pulverized-coal fired power plants [20,29-31],
municipal waste incinerators [32], circulating fluidized beds [21,33], concentrated solar power plants
[34-36], and nuclear power plants [37,38].

The test facility in Darmstadt is modeled in detail with APROS, using the design data of the pilot
plant. The subsystems fluidized bed combustor, air-supply, cooling system, flue gas path, and several
boundary conditions for the simulation are modeled in individual nets with high detail. Where no
suitable standard components are provided by APROS library (e.g., air preheater, and bag-house
filter), the components are implemented with an in-house code. The homogeneous flow model
describes the fluid properties and behavior in the combustion air lines, the flue gas path and the
waterside of the cooling system. After the model was built, it was tuned with the long-term steady-
state experiment at 82% thermal load. The test duration for this test point was 57 h, so the
experimental data is considered to be very reliable. According to the experimental test schedule, the
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load was decreased afterward to 63%. Then, the load increasing (63-88-100%) and load decreasing
steps (100-89-68%) were performed according to the test procedure described in Section 2.2. After
tuning, the model was validated with the experimental data of the transient operation. Pressures, and
temperatures inside and after the furnace, as well as the flue gas composition, were compared to the
measurement data for validation.

3.1. APROS Model

The core of the APROS model of the pilot plant is the circulating fluidized bed reactor. Figure 4
shows the process diagram of the net of the CFB furnace including air supply, solid handling, cooling
lances, insulation and the solid recirculation system. The core of the model is the fluidized bed
module of the APROS simulation software. It is based on a 1.5 D core annulus approach. This allows
the modelling of a typical circulating fluidized bed flow pattern, in which the particles flow upwards
in the core region and downwards in the annulus near to the wall. The fluidized bed module is
separated into 20 calculation nodes. Ten types of materials are considered in the riser (three fluids:
air, flue gas, water and seven solids: solid fuel, sand, limestone, calcium sulfate, lime, char, ash). The
solid recirculation to the riser (in the experiment by the cyclone, standpipe, and loop seal) is modelled
with a solid split block (cyclone) and a heat structure module (standpipe and loop seal). In the
experiments, the air is injected into the loop seal to maintain fluidization of the solids. This air mainly
flows to the standpipe, heats up, mixes with the flue gas and leaves the reactor through the cyclone.
To reproduce this behavior, the loop seal air is mixed with the flue gas after the cyclone at a
temperature of 300 °C. The heat that is required to increase the temperature of the air from 25 °C to
300 °C is taken into account, by withdrawing exactly this amount of heat from the recirculating solids.
Solid fuel is injected to the riser at 0.481 m, while the fuel is separated into three components before
injection: water/moisture, lime, and the rest of the fuel (dry fuel without lime). Water is separated
from the fuel to avoid numerical instabilities according to the user manual of APROS. Lime is
supplied separately to take into account the desulfurization reaction (Ca0O + SO, + 1/2 0, — CaS0,).
The individual mass flow rates of the three components are calculated based on the ultimate and
proximate analyses of the fuel, see Table 3.

In the model, the mass flow of the bottom ash is calculated by solving the solids mass balance.
A major part of the incoming solid fuel is converted to gas by drying, devolatilization, and
combustion reactions. Contrary, a small part of the gas is converted back to a solid state (e.g., by
desulphurization reaction). After the chemical reactions, the solid materials ash, sand, lime, calcium
sulfate, and unburned carbon leave the reactor either as fly ash or as bottom ash. The bottom ash
mass flow is adjusted in such a way to maintain a constant inventory of a pre-defined set point of 130
kg.
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Figure 4. Circulating fluidized bed (CFB) combustor net.

The air is supplied to the reactor by three main lines: primary air, secondary air (injection at two
different heights), and burner air. The air supply is modeled in a separate net, which is not shown
here. The air streams enter the riser at the same height and at the same temperature as in the
experiment. The primary air pre-heating is modeled by the implementation of a PI controller that
either increases or decreases the heat supply to the air stream to match the temperature set point.
Each of the combustion air streams is modeled by a fan, which speed is controlled by a PI controller
to supply the specified mass flow rate (with the setpoint coming from the experimental data). The
piping of the air supply is modeled with the APROS module “pipe”. The geometrical and material
data for this piping is taken from the pilot plant.

The flue gas path (from the heat exchanger to stack) is modeled in detail in another net. The flue
gas flows to the two-path flue gas cooler, the filter, the ID fan, and the stack. Geometrical and material
data for both paths of the heat exchanger and the piping of the flue gas lines are taken from the pilot
plant design and implemented in the model. The fabric filter is not presented by a standard APROS
library component. Therefore, a pre-defined pressure drop and a thermal mass are used to represent
the filter in the APROS model. In the model and the experiment, the speed of the ID fan is controlled
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by a PI controller to maintain a pressure of around 1 mbar below ambient conditions at the cyclone
outlet.

The cooling system is modeled according to the design of the cooling system in the experiment,
see Figure 2 and Table 2. However, some components such as the air re-cooling unit are not
implemented in the model. Instead, fresh cooling water enters the system with 110 °C and 11 bar
(data taken from the experiment). The cold water is pumped to a distributor pipe before it enters the
cooling lances and the flue gas cooler. The mass flow through each cooling subsystem is controlled
to a certain set point by control valves, while a speed-controlled pump ensures the overall mass flow.
In the model, after leaving the subsystems, the hot water is discarded. Three cooling lances are in
contact with the calculation nodes 620 (corresponds to 6.5 m immersion depth) and two lances are
in contact with the nodes 11-20 (corresponds to 4.5 m immersion depth).

3.2. Materials

In circulating fluidized beds, the high mass of particles in the bed has a high heat storage
capacity. This property of the bed has a large impact during load following operation. Therefore, it
is important to implement the heat capacity and the thermal conductivity of the bed materials with
high accuracy, if the model is to reflect the experimental data in good agreement. Seven solid
materials are present in the riser: sand, solid fuel, char, ash, lime, limestone, and calcium sulfate. Their
heat capacity and thermal conductivity highly depend on the temperature, which varies significantly
during part load. In the model, this temperature dependency is implemented for many of the solid
materials. The thermal conductivity at 800 °C, the temperature-dependent functions for the specific
heat capacity and thermal conductivity, and the density of the materials are shown in Tables 6 and 7.

Table 6. Thermal conductivity of solid particles in the riser.

Thermal Conductivity [W/m/K]

Material Ao An=A+BT+CT?+D-T? +E-T*
A B C D E
Sand 25 1.04x 102 —2.1x107! 1.82x107* 6.87x107® 9.17 x 10712
Solid fuel 0.26 0.26 0 0 0 0
Char 0.26 0.26 0 0 0 0
Ash 1.1 04 1x1073 0 0 0
Lime 1 1 0 0 0 0
Limestone 1.03 23807 —42x107% 4x10°° —2x107° 0
Calcium sulphate  0.17 0.17 0 0 0 0

Table 7. Density and heat capacity of solid particles in the riser.

Density o Heat Capacity Cpm = A + B-T + C-T2 + D-T? + E-T* [k]/kg/K]

Material [ke/m?] A B C D E
Sand 2650 0723 1.26x107% —69x1077 2.67x10710 —38x1071*

Solid fuel 1300 2.5 0 0 0 0

Char 1350 0.739 2.09x1073 -3.6x107° 0 0

Ash 2400 745.6 1.041 —-0.6 x 1073 0 0

Lime 3350 0.84 0 0 0 0

Limestone 2700 0.4091 2.1x1073 —-2x107° 7 x 10710 0

Calcium sulphate 800 1.09 0 0 0 0

Tables 8 and 9: The refractory is made of three layers, starting with concrete at the inner layer
via calcium silicate in the middle layer and ending with microporous material in the outer layer.
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Table 8. Thermal conductivity of furnace insulation.

Thermal Conductivity [W/m/K]

Material A0, An=A+BT+CT2+D-T?
A B C D
Dense refractory concrete  1.657 3.1 0 -7 0
Calcium silicate 02874 0.09 1x10™* 4x1077 —-2x107%
Microporous 0.05352 0.016 2x10™° 2x107®% 4x107'!

Table 9. Density and heat capacity of solid particles in the riser.

Density ¢ Heat Capacity Cpmn = A + B-T [k]/kg/K]

Material [kg/m’] A B

Dense refractory concrete 2450 0.8 0
Calcium silicate 260 0.08 0.5x1073

Microporous 230 1 0

3.3. Procedure of Dynamic Simulations

The long-term steady-state test run with lignite lasted 57 h so that short-term fluctuations are
compensated and the data is very reliable. Therefore, the test point is suitable to tune the APROS
model to the corresponding solid fuel and the bed properties. The objective of the tuning process was
to achieve a high agreement between the simulation results of the steady-state test and the
experimental data, especially concerning the pressure and temperature profile. Mainly nine
parameters were tuned, such as the number of calculation nodes, the heat transfer coefficient
calculation method, or the global split coefficient between core and annulus and vice versa. Details
of the tuning process and the tuned parameters are presented in Section 4.1.

After the model was tuned, validation of the model was done with the experimental data of the
part-load tests. Therefore, no additional parameters were adjusted or tuned and only the boundary
conditions were modified. The mass flow of solids (fuel and sand) and the air mass flow was modified
with pre-defined setpoints according to the experimental data. Figure 3 shows a graphical
visualization of the set points in the experiment and the simulation. As in the experiment, the load
was increased from 63% to 88% to 100% followed by a load reduction from 100% to 89% and 68%.
For details regarding the boundary conditions during the part-load simulations, see Table 5.

4. Results

Low-rank lignite was combusted in a 1 MW pilot plant to investigate the operational flexibility
of CFB combustion. An APROS model was designed and adjusted to reproduce the experimental
results. The underlying objective of this work is to create a model, which can predict the behavior of
CFB combustion with different fuels and fuel mixtures and at varying load. The data is presented
here to provide valuable input for future research in the field of the flexibility of CFB combustion.
The first part of this section describes the model tuning process. Additionally, the temperature
profile, the pressure profile, and the gas composition of the tuned model are presented and compared
to experimental data of the long-term steady-state test. The experimental data is averaged over the
complete testing time and the standard deviation is used to illustrate the fluctuations during the test.
After the tuning process, the validation process with five test points at part load is presented. The
development of the pressure and temperature along the furnace height is presented on average and
over time to evaluate the average part-load conditions as well as the dynamic behavior of the boiler.
The validation process focusses on the hydrodynamics, the flue gas composition, and the dynamic
behavior during load increasing and decreasing conditions.
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4.1. Steady-State Model Tuning

The model was tuned with the experimental data of the 57-h steady-state test at a load of 845
kWi (82% load). Various model parameters were adjusted and chosen to meet the pressure profile,
the temperature profile, and the gas composition of the experiment. Other parameters were tuned to
find the best values for high numerical stability and good agreement with the experimental data. The
most relevant parameters are listed in Table 10 with a short description. The riser is separated into 20
nodes. If the 20 nodes were equally distributed over the riser height, each node would have a height
of 0.43 m. However, the bottom node of the riser has a height of 0.7 m. The bottom node represents
the high-density bed zone. Here, no core-annulus approach is implemented due to the high inventory
and the enhanced mixing of particles. For numerical stability, the bottom node must be higher than
the bed height, which is calculated by APROS by dividing the mass of solid particles in the bed node
by the average density of gas and solid particles in this node and the flow area of the node.

The heat transfer from the riser to the waterside depends on the temperature difference, the
surface area, and the heat transfer coefficient. The heat transfer coefficient is calculated using the
Mattman-Molerus-Wirth correlation. It takes into account the Archimedes number and the local
pressure drop/particle fraction [39]. This correlation is recommended for the prediction of heat
transfer in circulating fluidized beds [24].

The mass flow of particles from the core to the annulus and vice versa depends on the radial
velocities and the mass of solids in the calculation nodes. Without further tuning, the radial velocities
of the solids would be set equal to the axial velocities of the solids in the core/annulus. However, in
reality, radial and axial velocities are not equal. To adjust the radial velocities and thereby the mass
flow rates of the solids, so-called global split coefficients from the core to the annulus and from the
annulus to the core are introduced. These coefficients have values between 0 and 1. With a value of
e.g., 1, the radial velocity is equal to the axial velocity. With a value of e.g., 0.1, the radial velocity is
ten times smaller than the axial velocity. Thereby, the global split coefficients have a great impact on
the upflow/downflow of particles in the core/annulus and largely influence the pressure profile. The
global split coefficients were adjusted to adapt the pressure profile according to the measurement
data.

Another large influence on the pressure profile is given by the so-called interface density. The
amount of particles that are entrained from the high-density bottom node to the first core node
directly depends on the axial solid’s velocity and the interface density. The interface density is a
theoretical value and can be set freely by the user. It represents the suspension density in the zone
between the bed and the freeboard. Therefore, it physically represents the density in the splash zone
of the fluidized bed. The density can be estimated from the experimental data by using the pressure
drop in this area. From the experimental data, it is reasonable to define the location of the splash zone
between the two pressure sensors at 0.58 m and 2.07 m, where the density of the bed changes from
high-density zone to lean zone. In the steady-state case, the calculated splash zone density is 58.2
kg/m?3. However, in the model, a value of 30 kg/m?® was chosen, as the entrainment was highly
overestimated, when using a value of 58.2 kg/m?.

An average diameter has to be set to account for the particle size of the fluidized bed particles
and no particle size distribution is implemented in the model. The average particle size is 0.211 mm,
which is the average particle size of the bottom ash sample taken after the test period. To calculate
the heat loss through the insulation to the environment, a boundary condition has to be set for the
ambient temperature outside of the refractory lining. This temperature is set to 25 °C and is not
adjusted during the simulations.
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Table 10. Attributes/parameters of the CFB combustor model.

Parameter/Attribute

Description

Selected Value

Number of calculation

The number of calculation nodes inside the
riser. The parameter impacts numerical

20 [nodes] (Varied

nodes stability and model resolution. from 10-100)
The height of the bottommost node (high-
density bed zone). No core-annulus
Height of bottom node approach is implemented for this node. 0.7 [m] (Varied from

This height must be higher than the
calculated bed height for numerical
stability.

0.2-0.8)

Total mass of particles in
the bed

The mass of particles in the fluidized bed.
The value is estimated from the pressure
drop in the experiment.

130 [kg] (Varied from
120-140)

Convection heat transfer
correlation

The calculation method for the convective
heat transfer coefficient between particles,
gas, and tubes/walls. The parameter
influences the heat transfer to the cooling
lances/insulation.

Mattman-Molerus-
Wirth correlation
(recommended for
CFB)

Heat transfer coefficient

The coefficient modifies the heat transfer
coefficient calculated by the convection heat
transfer correlation.

1.5 [-] (Varied from
1-5)

Global split coefficient
from core to annulus/
annulus to core

The coefficient reduces the calculated
particle mass flows from the core to the
annulus and vice versa. The parameter

impacts the pressure profile.

0.03 [-] (Varied from
0-1)

Interface density

Defines the solid density on the interface
between the high-density bed and the
freeboard. The interface density affects the
entrainment/the pressure profile.

30 [kg/m3] (Varied
from 15-50)

Figure 5 shows the pressure profile along with the furnace height during the long-term steady-
state test with 845 kWu load. The average velocity according to the description in Section 2.2 is
calculated to 4.2 m/s. In the model, the pressure drop in the freeboard is overestimated indicating
that the entrainment is higher in the simulation compared to the experiment. The hydrodynamic
conditions influence the chemical reactions, the heat transfer, and the temperature development in
the furnace. Further improvements of the model are therefore useful to achieve better agreement in
future studies—e.g., the interface density parameter can be set to smaller values. In this work, the
interface density is already set 2 times smaller than the density in the splash zone. Therefore, it was
chosen not to make the parameter even smaller, to have an appropriate compromise between the
accuracy of the model and the physical foundation of the interface density. The agreement between
experimental data and simulation is good both in terms of the total pressure drop and the
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reproduction of the typical CFB pressure profile. The figure also shows the standard errors for the
experimental data calculated from the standard deviations in the measurement signals and the
uncertainty of the measurement devices.

The temperature profile is shown on the right in Figure 5. The temperatures in the simulation
agree very well with the experiment. In the bed zone, the temperatures are almost constant due to
the high level of mixing in the bottom region. At 2.7 m, secondary air is injected. However, the
measurement shows decreasing temperatures from 2.4 to 6.3 m potentially for two reasons. Firstly,
the cooling lances and the non-preheated secondary air might compensate for the combustion
reactions. Secondly, no measurement is installed between these two locations. Therefore, the
temperature might rise above the secondary air injection and it is just not shown by the available
experimental data. However, the simulation does not show a temperature increase above 2.7 m either.
In the experiment, the temperature increases above the secondary air injection at 6.0 m to the last
measurement at 8.2 m. In the model, a temperature peak at 7.0 m is observed, before the temperature
decreases again due to the impact of the cooling lances. At 8.2 m, experiment and simulation
correspond. In addition to the riser temperatures, the temperature measurement after the cyclone is
shown in Figure 5. In the experiment, the temperature increases between riser and cyclone outlet. It
is reasonable, that the mixing of secondary air, volatiles, and char is considerably smaller in the
experiment, as the penetration depth of the secondary air is not optimized in the pilot. Thereby, the
combustion reactions are shifted to the top of the reactor and the cyclone. In the cyclone, the high
velocity and the turbulent flow ensure a strong mixing leading to the post-combustion of char. In the
model, the mixing is very efficient, due to its 1-dimensional nature. Therefore, the combustion
reactions are taking place only in the riser and the post-combustion is not reproduced sufficiently.
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Figure 5. Pressure and temperature along with the reactor height (steady-state test).

The flue gas composition is presented in Figure 6. On the left-hand side, the main gas
components Oz, CO2, and H2O are shown. The standard errors are presented, taking into account the
measurement device uncertainty and the standard deviation of the fluctuating measurement signal.
The simulation agrees very well with the experiment. Simulation results are always within the
standard error of the experiment and the relative deviations are very small. Considering that the
composition of the fuel is subject to fluctuations during the experiment, the agreement is considered
very high.

On the right-hand side of Figure 6, the content of the trace gases CO and SOz is presented. There
is no CO in the flue gas in the simulation. This supports the findings from the temperature profile of
the simulation, where all combustion reactions are completed in the riser. In the experiment, the CO
content is around 200 ppmuwet, so the combustion reactions are not completed even after the post-
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combustion in the cyclone. The SO: content depends on the varying sulfur content in the fuel and on
the efficiency of the sulfur capture with calcium oxide from the fuel ash. The sulfur capture in a CFB
combustor is a complex process, which depends on many parameters, such as the flue gas
composition (locally reducing conditions, water vapour content), the temperature, the residence
times and the properties of the CaO-particles (porosity, size, shape) [40—43]. Taking into account all
these uncertainties and the fact, that especially the particle properties cannot be defined to this extent
in the APROS model, the relative deviation of 41% between model and experiment is in a
comprehensible range. It should be mentioned at this point that no tuning was carried out concerning
the desulphurization reactions in the model, besides the definition of the S-content in the fuel and the
CaO content in the fuel ash.
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Figure 6. Flue gas composition (steady-state test).

4.2. Model Validation

After tuning with the steady-state test, no further tuning or modification of the model took place
during the validation process. The model is validated with the measurement data of five test points,
with a thermal load from 63% to 100%. The model validation focusses on the hydrodynamic
conditions, the flue gas composition, and the dynamic behavior of the fluidized bed.

4.2.1. Hydrodynamic Condition in the Furnace

The hydrodynamic conditions in a CFB furnace depend on the load, the bed material properties,
the fuel, the combustion air, the heat exchangers inside the furnace, and other parameters, such as
the insulation of the furnace. All these parameters are considered in the presented APROS model.
The temperature and pressure profiles are a suitable way to validate a process model in terms of the
hydrodynamics. Figure 7 shows the pressure and temperature profile of the 100% load case (1032
kW) with a calculated average velocity of 4.60 m/s. The agreement between experiment and
simulation is very good for the temperature profile. The bed temperature, as well as the temperature
development along the reactor and the temperature at the riser top in the simulation, are within the
standard errors of the experimental data. As in the steady-state case, the post-combustion in the
cyclone does not happen in the model. Therefore, there is a temperature deviation of about 20 K
between simulation and experiment for the temperature after the cyclone. The pressure profile shows
greater deviations than the temperature profile. The overestimation of the pressure drop in the lean
zone is similar to the steady-state test. However, the total pressure drop and the slope of the pressure
profile in the upper reactor is still in good agreement.
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Figure 7. Pressure and temperature along the reactor at high load.

Figure 8 presents the hydrodynamics at medium load (88%, 89%). The average calculated
velocities are 3.70 m/s (88%) and 3.77 m/s (89%). The pressure profile is similar for ascending and
descending load. The load is slightly higher than in the steady-state tuning test point. However, the
velocities are smaller, as the excess air factor is lower in these cases. The pressure drop in the
freeboard is overestimated by the model, which could potentially be improved by adjusting the
interface density in the model. However, the numerical simulation is capable of predicting the
reduced entrainment at decreasing velocities/load cases on the same scale as in the experiment. The
agreement between experiment and simulation is good regarding the total pressure drop and the bed
density.

It is noticeable that the average temperature differs significantly at descending and ascending
load changes, despite similar loads. The refractory and the inert bed material play a major role here.
A large amount of energy is stored and is then slowly released when the load decreases. Therefore,
the temperature level is higher in the case of descending load (89% load case), as long as steady-state
conditions are not achieved. This mechanism is well shown also by the simulation, where this
temperature difference is also present. It is necessary to mention here, that the walls of commercial
CFB boilers are made of water walls. Therefore, the effect observed here will hardly affect industrial
scale boilers.

Despite the different average temperatures, the temperature development along the riser is
similar for both medium load tests. Partly, bed temperatures are higher at medium loads compared
to high loads. Additionally, the temperature drop along the reactor increases at lower loads (see
Figure 7), due to several reasons. Less particles (e.g., char) are entrained from the bed at lower
loads/velocities. Thereby the combustion reactions are shifted to the bed zone, which increases the
bed temperatures and decreases the temperatures in the upper reactor. When the circulation of
particles decreases, fewer particles are cooled by contact with the cooling lances and the surrounding
flue gas. This lack of particle-cooling can result in an increased temperature of the solids and thereby
an increasing bed temperature. These mechanisms, in combination with the heat stored in the
insulation, can lead to an increase in the bed temperature, although the load is reduced. The
simulated temperatures match the experiment very well in the high-density bed region and at the
reactor top. At 6.3 m height, there is a larger deviation between model and experiment. Potentially,
the heat transfer to the cooling lances is not correctly reproduced at this low load. As already
discussed, also the combustion reactions with the secondary air, which is injected at a height of 6.0
m, are completed much faster in the model due to the idealized mixing. This leads to a higher
temperature in this area.
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Figure 8. Pressure and temperature along the reactor at medium load.

The hydrodynamic profiles of the tests with 63% and 68% load are illustrated in Figure 9. The
calculated velocities are 2.78 m/s (63%) and 2.88 m/s (68%). In the experiment, there is only a minor
pressure drop along the lean zone of the riser, while the simulation results still show significant
entrainment. As discussed before, the model parameter interface density, which largely influences
the entrainment, is kept constant for validation purposes. In the experiment, on the other hand, the
density in the splash zone is slightly decreasing at lower loads (58.2 mbar at 82% load and 48.2 mbar
at 63% load). It is therefore reasonable, that the deviation between the pressure profile of the
simulation and the experiment may get worse at lower loads. The model gives a good indication of
the total pressure loss of the experiment, even if the deviations are greater than at higher load.

Again, the temperature level is higher for the load reduction test (68% load) compared to the
load elevation test (63%), which is partly due to the energy stored in the refractory and bed material.
However, the load in the latter is also significantly lower, which is also responsible for the higher
temperatures. There is an excellent agreement between experiment and simulation for the bed
temperatures. The model also shows that the temperature along the reactor decreases much more
than it did at higher loads, which matches the experimental data. At the top of the reactor and around
6 m, the deviation between experiment and simulation is higher than at high and medium load,
whereby the agreement between experiment and model is much better for the temperature after the
cyclone. In the experiment, there is a major level of post-combustion in the cyclone, which is not
present in the model due to the reasons discussed before. As the combustion takes place entirely in
the riser, the temperatures in the simulation are higher at 6.3 and 8.2 m.
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Figure 9. Pressure and temperature along the reactor at low load.

4.2.2. Flue Gas Composition

The flue gas composition is measured at several positions in the pilot plant. The FTIR
measurement after the flue gas cooler includes all main species including water vapor and many trace
gases. This measurement data is compared to the simulation results for the validation of the model.
Figure 10 shows the flue gas composition of the part-load tests. In the simulation, the content of
carbon dioxide and water vapor is within the standard error of the experiment for all tests. The
oxygen content is always at or slightly below the lower limit of the standard error in the experiment.
Regarding the fluctuating fuel composition, the model shows an excellent agreement with the
experiment.
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Figure 10. Flue gas composition at part load.

The CO content in dependency of the average riser temperature is shown in Figure 11. Large
fluctuations are present for the CO content in the experiment. The CO content tends to decrease with
increasing temperature, as high temperatures accelerate the combustion reactions. However, more
parameters influence the CO content, such as the oxygen content and the efficiency of the post-
combustion in the cyclone for instance. In the simulation, no carbon monoxide remains in the flue



Appl. Sci. 2020, 10, 5972 20 of 26

gas and the combustion reactions are completed inside the riser for all tests. As discussed before, the
mixing of oxygen and burnable components (CO, char) is modeled as ideal in the 1.5 D APROS
model. In the experiment, the mixing depends on several parameters, such as the injection speed of
the secondary air and the conditions in the riser.
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Figure 11. CO content in flue gas for varying riser temperature.

4.2.3. Dynamic Evaluation

Besides the evaluation of the part-load tests with mean values for the temperature and pressure,
also the dynamic behavior during load change is relevant to validate the process model. In this
chapter, the dynamic response of the furnace is evaluated and the model prediction of this response
is assessed. Figure 12 shows the development of the temperature in the bed and at 8.2 m, the pressure
at several heights, and the flue gas composition. The fuel mass flow is varying, due to differences in
the fuel properties such as particle size, shape, density, or moisture. In the simulation, these
fluctuations are not modeled. This results in fluctuating values for the flue gas composition and the
temperatures.

At the starting point at 63% load, the bed temperature of the numerical analysis and the
experiment agree very well, while the temperature at the top of the reactor is significantly higher in
the simulation. It is also apparent that the pressure above the bed (2.1 m) is overestimated, while the
pressure in the bed and at the top, as well as the flue gas composition agree well with the experiment.
The reasons for the deviations are discussed in detail in Section 4.2.1. After 47 min, the load is
increased to 88%. In the simulation, the temperatures oscillate shortly after the load changes,
especially in the dense bed region. Pl-controllers control the mass flows of combustion air in the
model. These controllers cause a temporary excess/shortage of air and thus they are responsible for
the temperature oscillation. Further optimization of the controller is necessary to match the air-flow
of the experiment at all times. There is a very good agreement for the overall duration of the load
change. In the experiment and the simulation, 75% of the absolute change in temperature is
completed after 3-4 min. After 97 min, the load is increased to 100%. The load change duration is
similar to the first load transient. Despite the oscillation after the load change in the numerical model,
the furnace response is predicted well by the model and 75% of the new temperature level is reached
after 2-3 min. As already discussed in Section 4.2.1, the model is more accurate at higher loads with
regard to the average pressure and temperature in the furnace.
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Figure 12. Temperature, pressure, and fuel mass flow during load change tests.

The first load decreasing step (100-89%) is performed after 182 min. Due to the fuel mass flow
fluctuations, shortly after the load change, there is a higher oxygen excess in the flue gas in the
experiment compared to the simulation. When the fuel mass flow decreases slightly over time, the
average oxygen excess decreases and is closer to the model prediction. This leads to a lower
temperature level at the beginning of the 88% load test and an increasing temperature to the end of
this test. For both, experiment and process model, the temperature difference between the 100% and
89% load test is low compared to the other tests. Therefore, and due to the fuel mass flow fluctuations,
it is difficult to assess the duration of the temperature change in detail. After 264 min, the load
changes from 89% to 68% load. The temperature response directly after the load change is reproduced
well by the model. However, in the experiment, there is a long period (20-25 min), where the
temperature converges to the final value, which is not observed in the simulation.

Compared to the partly slowly changing temperatures, the pressures are changing very fast (a
few minutes) in all load transient tests—for the experiment and the numerical model. This is because
the hydrodynamic condition mainly depends on the gas velocity and the solid particle properties. It
depends only indirectly on the temperature—mainly by changing gas density and viscosity. On the
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other hand, the temperatures do of course depend strongly on the hydrodynamic conditions.
However, the new temperature levels do not adjust as quickly as the pressure, due to the heat storage
capacity of the bed material and the refractory. The large fluctuations of the pressure in the
experiment in areas with high solid content (bed and splash zone) are typical for a CFB. The
fluctuations decrease with the height of the reactor. The fluctuations are not given in the simulation,
due to its one-dimensional nature.

Concluding this, the response of pressure and temperature on positive load changes can be
predicted well by the model. It is not clear if this is also valid for negative load transients, but the first
response after the load change seems to be predicted with good accuracy. In future studies, the fuel
mass flow including the fluctuations should be modeled with higher details to further assess the
dynamic properties of the model. However, with some improvements, the model seems to be suitable
to predict the load transient response of a boiler very well. Therefore, core annulus models could be
used to test novel concepts to increase the maximum load ramps of CFB combustors.

5. Conclusions
The conclusions are as follows:

1. The average temperature in the riser is significantly higher at descending load compared to
ascending loads, which is due to the heat that is stored in the refractory/bed material at high
loads and released when the load decreases. The process model shows this specific characteristic
of CFBs with high accuracy, especially for the bed temperature.

2. The model predicts the duration of the positive load changes correctly. A statement for negative
load changes cannot be given with certainty, but the response of the furnace directly after the
load change seems to be reproduced well also at negative load transients. A high level of detail
is necessary when modeling the material properties of the refractory and the bed material to
achieve a high agreement between experiment and simulation for the dynamic behavior.

3. Inthe pilot, the freeboard temperature decreases sharply at lower loads, because the combustion
reactions shift to the high-density bed. The model can reproduce this behavior well, although it
overestimates the temperature in the freeboard at low loads.

4. The CO concentration increases at lower loads due to decreasing temperatures in the freeboard
and an imperfect mixing of air and burnable components in the riser. The model neglected this
imperfect mixing and was not able to show the incomplete combustion at low
loads/temperatures.

5. As expected, the entrainment increases with increasing load, while the overall pressure
difference from the bottom to the top only slightly changes. The APROS model with the annulus
core approach overestimates the entrainment but reproduces the total pressure drop well.
Improvements are necessary for future studies to match the pressure profile of the experiment
with higher accuracy.

This study is relevant for future research on the flexible operation of CFB combustion regarding
load change operation. The presented CFB model is highly suitable to examine concepts for
accelerated load ramps. The work gives valuable concepts for, and insight into the process modeling
of the CFB combustion technology. In ongoing work, the developed model is further optimized for
different kinds of fuels such as refuse-derived fuel (RDF) and biomass and will be validated with
experimental data of co-combustion tests with lignite and straw/RDF.
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Appendix A
Table A1. Test results at steady-state and part-loads.
Provert Unit Tuning Point 63% 88% 100% 89% 68%
perty 82% Load Load Load Load Load Load
Temp. at 0.25 m °C 794.3 800.8 790.9 805.6 822.3 829.1
Temp. at 1.12 m °C 796.1 794.4 789.9 809.3 820.0 821.8
Temp. at 1.55 m °C 794.6 796.6 788.6 804.8 817.0 825.6
Temp. at 2.38 m °C 795.1 797.8 789.5 804.9 817.1 826.8
Temp. at 6.25 m °C 720.3 685.0 725.2 760.8 751.5 7159
Temp. at 8.21 m °C 728.2 686.9 732.2 762.3 760.5 729.6
Temp. after °C 740.9 7159 7441 7765 7822 769.6
cyclone
Pressure at 0.11 m mbar 53.3 45.1 50.0 55.7 45.0 51.2
Pressure at 0.22 m mbar 47.5 38.8 44.3 50.6 39.4 443
Pressure at 0.4 m mbar 34.7 24.1 31.9 423 28.4 28.7
Pressure at 0.58 m  mbar 28.1 14.2 25.3 39.3 23.1 17.7
Pressure at 0.91 m mbar 23.8 9.1 21.3 36.3 19.8 10.3
Pressure at 1.1 m mbar 22.8 8.6 20.4 35.2 18.9 9.6
Pressure at 2.07 m mbar 19.5 7.2 17.3 31.2 16.1 7.9
Pressure at 342 m mbar 17.2 59 15.0 27.4 13.2 5.7
Pressure at 7.31 m mbar 17.4 6.6 15.2 27.6 14.1 7.2
Pressure at 8.03 m mbar 14.9 5.3 12.7 23.7 11.8 5.7
1-
COzin flue gas 2/70 10.3 12.0 12.8 12.6 12.9 13.1
owet
Vol-
Oz in flue gas (yo 6.0 45 3.7 42 3.7 34
owet
. Vol-
H20 in flue gas o 17.0 19.5 20.6 19.8 20.1 20.1
owet
CO in flue gas ppm 1775 2433 3350 87.8 86.6 58.6
wet
: ppm
SOz in flue gas 678.7 944.4 739.8 849.7 1624.8 1300.1
wet
3
Flue gas flow rate r;l / 1364.5 921.2 1214.1 1477.7 1205.9 926.9
Vapg m/s 4.16 2.78 3.70 4.60 3.77 2.88

Table A2. Bottom ash analysis.

Property Unit  Value

Bulk density  kg/m3 1350

Total carbon  wt-%ary 04

D (10) mm  0.132

D (50) mm 0211

D (90) mm  1.100
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