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Abstract: Co-combustion of biomass and solid fuels from wastes in existing highly efficient power
plants is a low-cost solution that can be applied quickly and with low effort to mitigate climate change.
Circulating fluidized bed combustion has several advantages when it comes to co-combustion, such as
high fuel flexibility. The operational flexibility of circulating fluidized bed (CFB) co-combustion is
investigated in a 1 MWth pilot plant. Straw pellets and refuse-derived fuel (RDF) are co-combusted
with lignite at full load and part loads. This study focusses on the impact on the hydrodynamic
conditions in the fluidized bed, on the heat transfer to the water/steam side of the boiler, and on the flue
gas composition. The study demonstrates the flexibility of CFB combustion for three low-rank fuels
that differ greatly in their properties. The co-combustion of RDF and straw does not have a negative
effect on hydrodynamic stability. How the hydrodynamic conditions determine the temperature and
pressure development along the furnace height is shown. The heat transfer in the furnace linearly
depends on the thermal load. It increases slightly with an increasing share of straw and the influence
of the hydrodynamic conditions on the heat transfer was low.

Keywords: co-combustion; biomass; refuse derived fuel; circulating fluidized bed; renewable energy;
flexibility

1. Introduction

The world population is growing rapidly and with it the demand for energy, which is necessary
to sustain the social and economic development of the world. By far the largest part of the energy is
still provided by fossil fuels [1], which results in the emission of carbon dioxide. To reduce greenhouse
gas emissions and mitigate climate change, new technologies are needed and they must be applied
quickly. In addition to fluctuating renewable energy sources, such as wind and solar, other technologies
must be applied to compensate for their volatility and secure the energy supply. Carbon capture
technologies [2–6] have the potential to deliver this on-demand energy with low CO2 emissions.
However, retrofitting existing power plants with post-combustion carbon capture or building new
plants is currently not always economically feasible and the realization of these projects will take time.
A promising technology that can be applied quickly and at low costs is to use existing high-efficiency
coal power plants and utilize biomass or substitute fuels to displace fossil fuels. By combining the
combustion of biomass fuels and carbon capture technologies, even negative CO2 emissions are
conceivable. CFB technology is an efficient option for combustion of biomass and substitute fuels due
to its high flexibility for different types of fuel and high combustion efficiency.

CFB combustion is a well-proven technology that is utilized all over the world [7–9] with power
outputs up to 600 MWel [10–12]. In circulating fluidized bed combustion, solid fuel particles are
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fluidized by air. Thereby, the mixing of particles enhances the heat and mass transfer between the
particles and the gas [13–16]. The technology comes with low NOx and SOx emissions [8,14,17]. It can
be operated over a wide range of thermal loads and is capable of compensating fluctuating energy
input. The combustion efficiency of CFB furnaces depends on several factors, but it can be similar
to that of pulverized coal boilers [18]. The flexibility for different types of fuels and fuel properties
is one of the major advantages of CFB boilers. The operation is possible for a wide range of particle
densities, heating values, particle sizes, particle shapes, and chemical compositions [15,19]. Therefore,
CFB boilers are highly suitable to combust a large range of biomass and substitute fuels. The largest
biomass combined heat and power CFB boiler has a size of 300 MWel [20]. The high fuel flexibility also
offers the possibility of co-combustion of solid fuels. By replacing a share or even all of the fossil fuel
by a carbon-neutral fuel, the carbon emissions can be reduced. Co-combustion and fuel flexibility also
saves operational costs of the power plant, when the type of fuel is selected according to seasonal and
regional availability.

There are several approaches for co-firing. During direct co-firing the fuels are combusted in
the same furnace, causing low investment costs. Another option is the indirect co-firing approach,
where biomass is gasified, the syngas is potentially cleaned, and then burned in the existing conventional
boiler. During parallel co-firing, the fuels are burned separately in two different boilers and the steam
is utilized in the same steam cycle. Direct co-firing is the least expensive and a very simple approach,
and it is mostly applied at the industrial scale [9,21]. The type of co-firing technology can also be
differentiated by other properties, such as the principal boiler technology (e.g., pulverized coal (PC),
bubbling fluidized bed combustion (BFB) or circulating fluidized bed combustion (CFB)) or the type
of fuel feeding and burner arrangement (separate/common feed lines and/or burners). There are
several review papers on specific aspects of co-combustion. Sami et al. [22] present a review of a
large variety of fuel blends, properties, and technologies for the co-firing of biomass and substitute
fuels from waste material. Roni et al. [23] review the policies, challenges, and potential of biomass
co-firing over the world. The majority of the co-firing plants are installed in European countries
followed by Northern America [9,23,24]. Many publications focus on emissions, such as SO2, NOx,
CO, and other pollutants, during co-combustion of coal and biomass [25–29] or coal and fuels from
waste materials [30–33]. Other authors evaluate the fly ash quality or other issues resulting from
the co-combustion of fuels with a high alkali content in the ash (e.g., corrosion, fouling) [34–39],
while others perform kinetic analysis of fuel blend combustion reactions [40–42] or assess the impact
of co-combustion on hydrodynamics [43] or the combustion efficiency [44]. Baxter et al. [45] and
Dai et al. [46] review the challenges of co-combustion of coal and biomass. Other papers present
numerical simulations of CFB co-combustion [44,47–49].

This work investigates the flexibility of CFB co-combustion in a 1 MWth plant concerning fuel
flexibility and varying loads. The impact of co-combustion on several parameters is shown, such as the
hydrodynamic stability/behavior, the heat transfer, the emissions, and other parameters. The objectives
and the novelty of this article are summarized as:

• This study presents highly valuable experimental data for direct CFB co-combustion at full load
and part load (60–100% load) at the pilot scale, which is not available in the literature so far.

• The presented data is of special interest for the retrofitting of existing coal power plants for
co-combustion. It shows the feasibility of the direct co-combustion approach in CFBs at MW-scale
with a CFB combustor that is not designed for any of the three fuels, as would be the case for
retrofitting commercial-scale boilers.

• The impact of co-combustion on the hydrodynamic conditions is presented. The experimental
setup is ideally suited to show the influence of hydrodynamics on the temperature in the furnace.
A direct correlation between the fluidization state of the fluidized bed and the temperature
development along the furnace height is presented.
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• Very few studies exist that evaluate the influence of varying fuel mixtures on the heat transfer
inside the furnace. In this study, the heat transfer inside the furnace and to the flue gas cooler
are investigated.

• The influence of strongly varying chemical and physical fuel properties is shown with the
combustion of three low-rank fuels, namely crushed lignite, fluffy refuse-derived fuel (RDF),
and straw pellets.

• The experimental setup and boundary conditions are described in detail to allow researchers
all over the world to further utilize the available data for modeling purposes for the numerical
analysis of CFB co-combustion.

2. Experimental

A pilot-scale CFB combustor with a nominal load of 1 MWth is located at Technische Universität
Darmstadt. In three test series, the operational flexibility of CFB combustion is investigated regarding
co-combustion of lignite and straw pellets as well as lignite and RDF fluff. The impact of the type of
fuel, the share of the co-fuel, and the varying load are studied in an overall testing time of around 240 h.

2.1. Experimental Setup

A scheme and a 3D-model of the utilized CFB boiler are shown in Figure 1. The pilot plant consists
of the main components: CFB reactor (called CFB600), cooling lances, solid recirculation, air supply
systems, fuel feeding systems, and the flue gas path including a venturi, a fabric filter, and an induced
draft fan. It has an inner diameter of 590 mm and a total inner reactor height of 8.6 m. Five water-cooled
cooling lances can be immersed into the riser to cool the particles and flue gas. The immersion depth
of the lances can be varied between 0 and 8 m. The cooling lance design is described in detail in the
later sections of this chapter. After leaving the riser, the major fraction of the particles is separated
from the flue gas by a cyclone. Depending on their size and density, some particles (fly ash) are not
separated from the flue gas by the cyclone. The flue gas and fly ash particles enter the downstream
flue gas path, while coarser and higher-density particles flow downwards into the standpipe. At the
bottom end of the standpipe, these particles enter the loop seal. The loop seal serves as a pressure
seal between the standpipe and the reactor. Particles are recirculated to the reactor by fluidization of
the loop seal with air. Two air nozzles are installed in the lower part: one nozzle is installed at the
bottom pointing upwards, another nozzle points in the direction of the loop seal outlet. The particles
re-enter the reactor at a height of 0.48 m via the “return leg” that connects the loop seal and reactor.
Bed material is regularly extracted by a water-cooled extraction screw from the bottom of the reactor
to maintain a certain inventory inside the reactor. Solid samples can be taken from the “bottom ash”
and the circulating material at the loop seal. The CFB reactor, including the hot-loop circulation,
is fully refractory-lined to resist temperatures of up to 1100 ◦C and to minimize heat losses. The outer
diameter of the reactor is 1300 mm. The pilot plant is equipped with multiple measurement devices,
such as temperature and pressure along with the riser height. Some selected measurement devices,
their measurement principle, and their position in the pilot plant are shown in Table 1. The maximum
measurement uncertainty for the temperature measurement is 0.4% (relative) of the measurement
signal in ◦C. The maximum measurement uncertainty for the pressure measurement is 0.5% (relative)
of the measurement signal in mbar.

The primary combustion air is electrically preheated up to 300 ◦C by radiant heaters before
entering the reactor via a nozzle grid. The nozzle grid consists of 30 nozzles. These nozzles cause a
certain pressure drop, which ensures uniform distribution of fluidizing air over the cross-section of
the reactor and prevents the backflow of particles to the primary air line. Secondary air is injected
at two heights (2.7 and 6.0 m) at ambient temperature (around 25 ◦C). During start-up, propane and
air are injected via a start-up burner at a height of around 0.70 m to heat the plant. During the tests,
only air (no fuel) is injected into the burner for cooling purposes and to prevent backflow of particles.
The primary air, secondary air, and burner air are provided by air fans. The volume flow rates of air
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are measured with orifice plates and controlled to a certain setpoint by a PI controller adjusting the
rotational speed of the fans.Energies 2020, 13, x FOR PEER REVIEW 4 of 21 
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Figure 1. Flow scheme and 3D-model of the 1 MWth combustor pilot plant.

Table 1. Measurement devices of the CFB pilot plant.

Measured Quantity Measurement Device/Principle Position

Temperature Thermocouples/Seebeck effect Height in riser (m): 0.25, 1.12, 1.55, 2.38, 5.27, 6.25,
8.21; 2× loop seal, 2× standpipe, cyclone outlet

Pressure Pressure transducers/
piezoresistive sensor

Height in riser (m): 0.11, 0.22, 0.4, 0.58, 0.91, 1.10,
2.07, 3.42, 7.31, 8.03; 2× loop seal, 2× standpipe,

cyclone outlet

Volume flow rate Orifice, venturi/pressure difference Combustion air lines (orifices), flue gas line after
flue gas cooler (venturi)

Gas composition NDIR-sensor, paramagnetic
sensor, FTIR

NDIR and Paramagnetic after cyclone, FTIR
before and after fabric filter

Mass flow Weight sensors/strain gauges Solid feeding systems for lignite, RDF,
straw-pellets, sand

All solids (fuels and sand) are fed to the return leg and enter the riser at a height of 0.48 m. An air-
and nitrogen-flushed rotary valve is installed on top of the solids inlet to provide pressure sealing
between the reactor and the solid feeding systems. The fuel feeding systems are especially suitable for
the respective fuels. The feeding system for low-rank lignite is capable of feeding high volumes of fuel,
which is necessary as the heating value is very low. Additionally, it is suitable for feeding fuels with
maximum particle sizes of up to 20–30 mm, which corresponds to the maximum fuel particle size that
can be combusted in the pilot plant. The feeder is weighed with four load cells. The fuel is transported
from the hopper to the return leg with a conveying screw with a coil diameter of 120 mm and a shaft
diameter of 65 mm. The speed of the conveying screw is controlled with the speed of a hydraulic
motor. The hopper of the feeder is automatically refilled from a big bag when the weight of the feeder
falls below a pre-defined value. The straw pellet feeder is suitable for feeding different kinds of fuels
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and solids such as pellets or ground particles. It is equipped with a twin-screw feeder that has an
advantage, that it is self-cleaning; one screw cleans the other when they rotate. Therefore it is especially
suitable for solids that tend to wrap themselves around the screw, such as fibrous pellets (e.g., pellets
from straw or other biomass), or particles that tend to stick to the screw, such as fine powders. It is
weighed to determine the mass flow rate and refilled automatically when the weight falls below a
certain setpoint. The refilling-hopper is located above the feeder and is filled pneumatically from a big
bag. RDF fluff is a very difficult fuel to feed with a constant flow rate. The composition of the fuel,
as well as the particle size and shape, are very inhomogeneous. The average density is only 190 kg/m3

(lignite: 716 kg/m3) and varies strongly. Additionally, low calorific RDF consists of a large variety of
materials such as plastics, biomass, fibers/textiles, glass, metals, and others. These properties require
the use of unconventional concepts for the feeding of RDF. In the pilot plant, RDF is fed by a conveying
belt which transports the fuel upwards at an angle of around 45◦. Orthogonal plates are attached to
the belt to transport the fluff upwards. A rubber tire rotates above the belt to ensure a uniform height
of the fluff by removing the surplus material. The fuel mass flow is controlled by the speed of the
conveying belt. At the upper end, the fuel falls into a downpipe connected to the rotary valve above
the return leg. The RDF feeder is weighed with four load cells to determine the mass flow rate and is
refilled automatically when the weight falls below a defined value. The mass flow of all fuels and
other solids is calculated by mass loss over time. During the refilling of the feeders, the mass flow
cannot be determined and is assumed to be equal to the mass flow before refilling.

The flue gas composition is measured after leaving the cyclone by an NDIR sensor (nondispersive
infrared sensor) and a paramagnetic sensor. Here, the dry volume fractions of O2, CO2, CO, NO,
and SO2 are determined. Flue gas and fly ash enter the flue gas cooler. The flue gas flows downwards
through the first row, where it passes a tube bundle and a membrane wall heat exchanger in the
countercurrent flow direction. Then it is redirected upwards and streams in the co-current flow through
a tube bundle heat exchanger in the second row. After leaving the heat exchanger, the flue gas
temperature is around 150–200 ◦C. The flue gas and the fly ash flow through a venture measurement
to measure the volume flow rate of the gas. Then they enter a fabric filter, where the fly ash is
separated from the flue gas by 49 PTFE (polytetrafluoroethylene) filter hoses. Before and after the fabric
filter, the flue gas composition is measured with two FTIR (Fourier-transform infrared spectroscopy)
measurement devices and additional oxygen sensors. With these devices, the main components of
the flue gas O2, CO2, and H2O are measured (N2 can be calculated by Equation (4)), as well as other
trace gases such as HCl, SO2, NOx, and CO. From the bottom of the fabric filter, fly ash is extracted
and weighed. Solid samples are taken from this point. The particle-free flue gas streams through
an induced draft fan (ID fan) and leaves the pilot plant to the environment via a stack. The ID fan
maintains constant pressure at the cyclone outlet of around 1 mbar below ambient pressure.

A simplified flow diagram of the cold side of the cooling system is shown in Figure 2 on the left.
The total mass flow of cooling liquid through the cooling system is provided by a speed-controlled
pump. Control valves distribute the cooling liquid to the heat exchanger sub-systems with pre-defined
setpoints for the mass flow rates. The sub-systems that are important for CFB combustion, “cooling
lances” and “flue gas cooler” are shown in the flow diagram. The cooling lances can be immersed
into the reactor individually up to a depth of 8 m. The mass flow rate through all cooling lances is
measured before and after the lances with orifice plates. The lances inlet temperature, the individual
outlet temperature of each lance, and the outlet temperature of the combined flow are measured
with resistance temperature detectors (RTDs) to determine the enthalpy increase of the cooling liquid.
The cooling lances are designed with a double-tube design. The cold liquid flows through an inner
tube from top to bottom and flows back up through the outer tube, which is in contact with the gas
side. The principal design is shown in Figure 2, right-hand side. The dimensions of the cooling lances
are shown in Table 2. The cold side of the flue gas cooler is divided into three sections, the membrane
wall and tube bundle heat exchanger of the first row and the tube bundle heat exchanger of the second
row. The inlet temperature, the temperatures between the three sections, and the outlet temperature
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are measured with RTDs. The mass flow rate is measured with an orifice plate at the outlet of the heat
exchanger. After leaving the cooling lances and the flue gas cooler, the hot cooling liquid is cooled to a
defined temperature of 110 ◦C with an air re-cooling unit to ensure a constant temperature at the pump.
The cooling liquid is a mixture of water and the commercially available antifreeze agent Antifrogen L,
which reduces the freezing point to –19 ◦C. Important properties of the cooling liquid are shown in
Table 3.
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Figure 2. Flow diagram of cooling system (cold side) and scheme of cooling lances.

Table 2. Dimensions and boundary conditions of the heat exchangers.

Sub-System Property Unit Value

Cooling lances

Number of cooling lances - 5
Length of cooling lances m 8

Outer diameter of inner tube mm 33.6
Inner diameter of inner tube mm 42.4
Outer diameter of outer tube mm 53.1
Inner diameter of outer tube mm 60.3

Inlet temperature of cooling liquid ◦C 107–109

Flue gas cooler

Cross-sectional area of 1st row m2 0.165
Height of 1st row m 6.63

Cross-sectional area of 2nd row m2 0.148
Height of 2nd row m 5.41

Inlet temperature of cooling liquid ◦C 108–109

Table 3. Properties of the cooling liquid.

Property Unit Value

Volume fraction of water H2O vol% 62
Volume fraction of Antifrogen L vol% 38

Density (115 ◦C) kg/m3 964
Heat capacity (115 ◦C) kJ/kgK 4.01

2.2. Materials

Three different low-rank fuels were combusted: non-dried crushed lignite, straw pellets, and RDF
fluff. In total, 46 tons of solid fuels were used. Due to the high amount of fuel, the fuel is provided in
total in 108 big bags. Fuel samples of Lignite and RDF are collected from every big bag during the tests.
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These samples are combined to one sample and then analyzed to gain representative fuel compositions
for the whole test. The straw sample is taken from one big bag. Table 4 presents the lower heating
value, the proximate, and the ultimate analyses of the fuels. Additionally, characteristic particle sizes
and temperatures to assess the ash melting behavior are shown. The lignite originates from Western
Germany. The moisture content of around 51 wt% is in a typical range for non-dried low-rank lignite.
The fuel is crushed before the tests to a particle size of <40 mm to meet the requirements of the pilot
plant. The straw originates from different kinds of cereals (e.g., barley, wheat, rye, and oats) and it
is harvested in the countryside of North-Western Germany. The straw pellets are not pre-dried or
torrefied and during the production process, no other substances were added. The high volatile content
is typical for fast-growing biogenic fuels [50]. The RDF fluff has a high moisture content. The volatile
content is even higher than it is for the straw pellets. The bulk density of the RDF is only 190 kg/m3

and most of the particles are flat (e.g., foils, paper, textiles). The large surface area and low weight
make them easy to fluidize.

Table 4. Fuel properties (a.r. = as received, n.a. = not analyzed).

Property Unit Lignite Straw Pellets RDF Fluff

Lower heating value MJ/kg, a.r. 10.81 14.59 12.29
Lower heating value MJ/kg, dry 24.73 16.78 23.43

Total moisture wt%, a.r. 51.2 11.4 43.1
Volatiles wt%, dry 49.70 74.4 * 78.3

Fixed carbon (100%-rest) wt%, dry 46.20 17.40 * 5.40
Ash (815 ◦C) wt%, dry 4.10 8.20 16.30

C wt%, dry 66.10 45.00 54.80
H wt%, dry 4.70 5.50 7.30
N wt%, dry 0.76 0.68 0.96
S wt%, dry 0.30 0.11 0.29
Cl wt%, dry 0.022 0.10 1.53
F wt%, dry 0.002 <0.001 <0.001

O (100%-rest) wt%, dry 24.02 40.41 18.82

Bulk density kg/m3 716 487 190
d(10) mm 0.1 n.a. n.a.
d(50) mm 2.8 n.a. 50 *
d(90) mm 11.9 n.a. 120 *

Typical particle length mm n.a. 6.7 n.a.
Typical particle diameter mm n.a. 6.1 n.a.

Ash softening temperature * ◦C ≥1100 851 1179
Ash flow temperature * ◦C ≥1250 1298 1225

* Analysis is done with another batch of the fuel.

Manual sorting of a sample of the RDF shows the large variety of materials inside the RDF fluff,
see Table 5. The manual sorting is done with a sample from another batch of the fuel from the same
supplier before the tests. Therefore, it may differ from the tested RDF, but it illustrates the large variety
of different materials inside the fuel. Sand is dosed during some of the tests. The properties of the sand
are shown in Table 6.

2.3. Evaluation

In this section, selected parameters are presented, that are relevant for the assessment of the
experimental data. The thermal load during co-combustion of multiple fuels is calculated by summation
of the thermal load of all fuels, based on the lower heating value of the fuels Hu, f uel,i, see Equation (1).
The load share of each fuel is calculated according to Equation (2). It is defined by dividing the
specific load of each fuel by the total thermal load. The share of a fuel is, therefore, based on its lower
heating value.
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.
Qth =

∑ .
m f uel,i·Hu, f uel,i =

.
mcoal·Hu,coal +

.
mRDF·Hu,RDF +

.
mstraw·Hu,straw (1)

Load shareLHV, f uel,i =
.

Qth, f uel,i/
.

Qth (2)

Table 5. Manual sorting of RDF fluff.

Category Mass Fraction (wt%) Material Mass Fraction (wt%)

Plastics 25.6
Plastic foils 4.6

3-dimensional plastic 19.7
Foam 1.3

Biomass 32.0
Paper, cardboard 20.9

Wood 11.0
Other biomass 0.1

Inerts 3.0
Glas, stones 2.2

Metal 0.8

Others 39.4
Plastic + metal hybrid 0.1
Textiles, fibers, fabrics 13.5

Fine particles (undefined) 25.8

Table 6. Sand properties.

Property Unit Sand

Bulk density kg/m3 1400
Density kg/m3 2650

d(50) mm 0.240
Particle size > 0.355 mm wt% 5

Particle size 0.250–0.355 mm wt% 28
Particle size 0.180–0.250 mm wt% 49
Particle size 0.125–0.180 mm wt% 16
Particle size 0.090–0.125 mm wt% 2

Particle size < 0.090 mm wt% 0

SiO2-content wt% 99.7

The flue gas flow rate is a key parameter to quantify the gas velocity in the reactor. The gas velocity
is highly relevant, as it determines the hydrodynamic conditions in circulating fluidized beds [13,14].
The flue gas flow rate is measured with a venture measurement device, based on the principle of
differential pressure over a venture nozzle. This measurement system is only accurate when no solids
are present in the gas. The varying fly ash load in the flue gas distorts the measurement of the flue
gas flow rate. Therefore, the flue gas flow rate needs to be calculated by balance equations (i.e., mass
balance, elemental balances). Nitrogen accounts for the main share of flue gas and combustion air and
is, therefore, particularly suitable for the calculation of the flue gas flow rate. When neglecting trace
gases such as nitrogen oxides, the flue gas flow rate mainly depends on the combustion air mass flow,
see Equation (3). The influence of the nitrogen content in the fuel is small compared to the nitrogen
from combustion air, which makes variations in the fuel composition less important.

(
.

VAir·0.791·ρN2 +
.

m f uels·wN, f uels)/MN =
.

VFG·xN2,FG·ρN2/MN (3)

xN2,FG = 1−
∑

xi,FG (4)

The heat transfer from gas and ash particles to the cooling system in circulating fluidized bed
combustion depends on different mechanisms. Convective heat transfer from gas to heat exchanger
surface (gas convection) and convective heat transfer by particle movement and contact to the heat
exchanger surfaces (particle convection) are the dominant mechanisms. The heat transfer coefficient
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and the dominance of one of these mechanisms are mainly dependent on the gas velocity, the gas
composition, and the particle properties (size and density) [15,51]. Potential deviations in heat transfer
during co-combustion may be caused by changing ash properties. The heat transfer in the tests is
calculated with the enthalpy increase at the waterside. The cooling system is operated only with a
cooling fluid in liquid state (no vaporization) at a constant pressure. The inlet and outlet temperatures
of the heat exchangers are in a temperature range, where the density and the heat capacity of the
cooling liquid do not change significantly. Therefore, they are assumed to be constant. The flow rate
of cooling liquid is fixed during all experiments to reduce the influence of changing conditions at
the waterside on the heat transfer. The heat transfer to the heat exchanger i can be calculated with
Equation (5) with these assumptions.

.
QHX,i =

.
V f luid,i·ρ f luid,i·cp, f luid,i·(TH2O,HX,in,i − TH2O,HX,out,i) (5)

In this study, the hydrodynamic conditions are assessed by investigating the entrainment.
In circulating fluidized beds, the major portion of the particles is located in the lower area of the
reactor, called bed zone or dense phase. Above the bed, the void fraction between particles increases
significantly. This area is called freeboard or lean phase. In fluidized beds, the pressure difference
along a certain length in the riser is directly related to the mass of particles in this volume. Therefore,
the normalized pressure-drop in the freeboard is a measurement for the mass of particles in the lean
phase. The pressure-drop in the freeboard of the pilot plant is divided by the total pressure-drop over
the riser in Equation (6). This coefficient will be called “entrainment coefficient” cE, as it is a suitable
indicator for the entrainment. It is defined here, that the freeboard starts at a height of 1.1 m.

cE = (p1.1 m − p8.03 m)/(p0.11 m − p8.03 m)·100% (6)

The temperature profile inside the CFB depends on the design of the boiler, the operating
parameters, and the hydrodynamic conditions. Major temperature differences are not expected to be
found inside the bed zone of a CFB. The large fraction of well-mixed inert particles homogenizes the
temperature in this area. Above the bed, however, two mechanisms mainly influence the temperature
profile. Combustion reactions (e.g., between fuel and secondary air) increase the temperature,
while heat transfer to the cooling system or heat losses to the refractory wall reduces the temperature.
The temperature difference between the bed and the top of the riser is a suitable parameter to assess
whether either the combustion reactions or the heat transfer/heat losses are dominant. It is calculated
by Equation (7).

∆Tbed−top = (T0.25 m − T8.21 m) (7)

The combustion efficiency is defined as the ratio of heat released by the fuel to the heat input by
the fuel. It describes how much of the combustible components of the fuel have been converted and
can be determined by considering the unburned carbon in the ash (bottom ash and fly ash) and the
unburned components of the flue gas, see Equation (8).

ηC =
( .
Qth −

.
QC,BA −

.
QC,FA −

.
QCO,FG

)
/

.
Qth·100% (8)

2.4. Experimental Procedure

Co-combustion tests in a 1 MWth CFB combustion pilot plant were carried out. Low-rank German
lignite is combusted as a reference case for co-combustion. As co-fuels, straw pellets, and a low calorific
RDF were selected. Lignite and straw pellets were co-combusted with a load share of 7–23% of straw.
Lignite and RDF were co-combusted with load shares of 16-28% of RDF. Long-term tests were carried
out for several hours up to several days to see the long-term effects of the co-combustion. After the
full load long-term tests, the load was reduced to around 60% load. The percentages shown here are
based on the thermal load, while 100% load refers to the load that was present during the steady-state
tests. After the long-term test, the load was increased stepwise to around 80 and 100%. Then, the load
was reduced back to 80 and 60%, before the test series ended with a load increase from 60% to 100%.
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The procedure for the load changes is illustrated exemplarily for the straw tests in Figure 3. On the left
side of the dotted line, the long-term steady-state test is presented, while the right-hand side of the
dotted line shows the part load tests. The right-hand side of Figure 3 shows numbers from 63–104%
load. This refers to the thermal load in these test points. For example, 104% means that the load is
4% higher than in the steady-state test point. The combustion air flow was adjusted at the beginning
of each load change to match the targeted load changes (100% air flow at ~100% load, 80% at ~80%
load, and 60% at ~60% load). The air flow rate was then kept constant until the next load change.
However, the fuel mass flow was constantly subject to short-term fluctuations due to inhomogeneities
in flowability, density, or particle size distribution of the fuel. Therefore, the fuel mass flow was
adjusted to keep an oxygen excess in the flue gas of around 2–3 vol%wet in average. The bed pressure
was kept in a range of 50–60 mbar by batch-wise extraction of bed material, as soon as the bed pressure
reached ~60 mbar.Energies 2020, 13, x FOR PEER REVIEW 11 of 21 
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Regarding the dynamic tests, all tests were evaluated after a stabilization time after the load
change. It needs to be mentioned, that steady-state conditions were not fully achieved for the part
load tests. However, the significance of the results is not affected by this, as this study intends to
show the impact of part load during co-combustion, which is possible without waiting for steady-state
conditions. The tests were carried out for lignite combustion and for lignite and RDF co-combustion
with a similar procedure. The results are discussed in detail in Section 3. Detailed boundary conditions
of the test series are presented in Table A1 in Appendix A.

3. Results and Discussion

The hydrodynamic conditions during part load will be presented for varying loads and varying
share of straw and RDF. Afterward, the heat transfer during co-combustion is discussed in detail,
before the flue gas composition is evaluated. Table A2 in the Appendix A lists the main results of the
test series.

3.1. Hydrodynamics during Co-Combustion

In this chapter, the hydrodynamics of the CFB combustion tests with lignite and the co-combustion
tests are compared. The pressure and temperature profiles (pressure/temperature development over
the reactor height) are shown for the three fuels/fuel mixtures in Figure 4. Tests with a similar load
are selected for comparison of the fuel mixtures for better comparability. The pressure profiles have a
typical shape for circulating fluidized beds. The pressure drop in the lower part is much higher than
the pressure drop in the freeboard indicating a high solids concentration in the bed zone. The void
fraction between the particles is much lower in the freeboard above 1.1 m, resulting in a decreasing
pressure drop with the height. The pressure drop along the bed is very similar for all three fuel
mixtures. However, the pressure drop in the freeboard is nearly reduced by the factor of 2 for the
lignite test compared to co-combustion, which indicates a decreased entrainment during these tests.
The entrainment is decreased due to the high average diameter of the bottom ash particles during the
lignite tests, see Table 7. Agglomerates were found in the bottom ash during the lignite tests. Therefore,
sand was fed during the co-combustion tests to extract potential agglomerates regularly. This measure
shifts the particle sizes to a more suitable range for CFB combustion. As a result, the entrainment
increases. The slope of the pressure drop increases again between 7.3 and 8.0 m for all tests, due to
particles hitting the ceiling of the reactor, which decelerates them before they stream to the cyclone or
fall downwards. This results in a solid fraction increase at the top and to an increased pressure drop.
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The temperature profiles of the same tests are shown in Figure 4b. In the dense zone, the temperature
is very uniform due to the strong mixing of particles and the high solid inventory. The temperature
level in the bed is similar for the co-combustion tests but significantly higher for the lignite test.
The temperatures slightly increase above 1.1 m due to the combustion reactions with the incoming
burner air. The lower secondary air inlet is located at 2.7 m. However, above this height, the temperature
decreases as the effect of the cooling lances compensate for the combustion reactions. A temperature
increase is observed between 5.3 and 6.3 m due to the secondary air injection at 6.0 m and the resulting
combustion reactions. Above this height, the temperature decreases again between 6.3 and 8.2 m, due to
the cooling lances. Generally, the temperature difference between the bed and top is much higher in
the lignite test compared to the tests with straw and RDF. Several factors affect the temperature profile
in the riser. High entrainment of carbon particles shifts the combustion reactions to the freeboard,
which potentially results in lower bed temperatures and higher freeboard temperatures. Additionally,
entrained inert particles are cooled in the upper reactor by contact with the heat exchanger surface and
the surrounding gas. These cool particles re-enter the bed, lowering the temperature there. Additionally,
changing gas flow rates have a significant impact on the temperature profile. The residence time for
cooling the flue gas decreases with higher velocities/loads. Therefore, the temperature-drop inside the
reactor decreases. As another major factor, the high volatile content of RDF and straw promotes high
temperatures in the upper part and lower temperatures in the dense bed. The volatile components are
not retained in the bed like solid carbon, so the combustion reactions occur in the upper areas of the
reactor. Additionally, other effects such as heat losses contribute to the temperature profile. However,
as the load and the flue gas flow rates are similar, the great differences in the bed temperature and the
temperature drop during the lignite tests seem to originate from low entrainment.

In addition to the temperatures in the riser, the temperature measurement of the flue gas after
the cyclone is included in the temperature profile in Figure 4b. The temperature between reactor
and cyclone increases strongly by more than 50 K during the lignite test. A temperature increase
between the reactor and outlet of the cyclone indicates that the combustion of carbon and/or burnable
gases is not completed at the top of the riser. Inside the cyclone, the tangential inflow and the high
velocities provide an excellent mixing of oxygen and burnable gases, which results in post-combustion
inside the cyclone, leading to a temperature increase. The fluidization and the mixing of particles
and gas inside the bed decrease with increasing particle size. This results in less efficient combustion
of carbon inside the riser. Agglomerate formation during the lignite tests might explain the high
magnitude of post-combustion. However, the combustion efficiency is similar for the lignite test and
the co-combustion test with lignite and straw, see Table 7. The post-combustion in the cyclone during
the lignite tests seems to compensate well for the poor combustion efficiency in the riser. While the
carbon content in the bottom ash and the fly ash are similar for the three fuel blends, the CO content is
significantly higher for RDF, which is a known phenomenon due to its low density and high volatile
content. This results in a lower combustion efficiency of 98.3%. In commercial scale, the CO content
can be reduced by a higher excess air factor. For this study, the high CO content was accepted during
the tests to ensure comparable conditions (similar air flow rates) between the fuel mixtures.

The pressure and temperature profiles indicate that the temperature difference between bed and
top is mostly dependent on the entrainment of particles when the thermal load and flue gas flow rate
are similar. This relation is confirmed with the results shown in Figure 5. In Figure 5a, the entrainment
coefficient cE is plotted over the flue gas flow rate. The entrainment increases with increasing flue gas
flow rate for all fuel mixtures. However, the entrainment is significantly lower during the lignite tests,
which confirms the conclusions drawn from the pressure profiles (Figure 4a). The entrainment is in
a similar magnitude for both co-combustion tests with straw and RDF. Besides the feeding of sand,
the entrainment also increases with a higher content of fine ash particles. The ash content of RDF and
straw is significantly higher than the ash content of lignite, see Table 4. Additionally, both co-fuels
have a high content of volatile components, which increases the particle entrainment by a rapid gas
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release in the bed. However, it is conclusive that the entrainment can be significantly increased with
sand feeding also during the CFB combustion of lignite.

Table 7. Properties of the ash samples and combustion efficiency (long-term steady-state tests).

Property Unit Lignite Tests Co-Combustion
with Straw

Co-Combustion
with RDF

D(10) bottom ash mm 0.21 0.18 0.16
D(50) bottom ash mm 0.34 0.25 0.23
D(90) bottom ash mm 0.70 0.45 0.47

Bulk density bottom ash kg/m3 1072 1393 1477
Total carbon bottom ash wt%, dry 0.2 0.1 0.3

Total carbon fly ash wt%, dry 3.1 4 4
Bottom ash mass flow kg/h 0.9 25.7 23.4

Fly ash mass flow kg/h 5.3 4.9 3.8
CO in flue gas ppm, wet 68 139 2328

Combustion efficiency % 99.8 99.6 98.3

The impact of the varying entrainment on the temperature-drop along the reactor is presented
in Figure 5b. No direct relation between load (or flue gas flow rate) and the temperature difference
could be found. Instead, the figure shows a direct relation between the entrainment coefficient and
temperature difference between bed and top. Increasing entrainment reduces the temperature-drop.
Low temperatures at the reactor top can have negative effects on the burn-out of char particles.
Additionally, high temperatures in the dense zone can favor the formation of agglomerates. To prevent
negative effects like these, suitable temperature control in the CFB furnace is of the highest importance
for the process stability.
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Figure 5. Entrainment coefficient (a) and temperature difference (b) (similar share of co-fuel).

The influence of varying share of the co-fuel on the entrainment coefficient and the temperature
difference between bed and top is presented in Figure 6. When the share of straw increases,
the entrainment slightly increases. As discussed before, higher entrainment decreases the temperature
drop along the reactor. The increasing entrainment is potentially due to the high volatile content of
the straw pellets. The volatile gases are released in the bed zone of the riser and increase the gas
velocity there.
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A similar behavior could be expected for the RDF tests, but the results are not conclusive. At a
lower load share of RDF (16–19%), high deviations are observed, which is possibly due to the varying
properties of the RDF. At a higher load share, the entrainment slightly increases. However, no conclusive
statement is possible here, as the difference is small compared to the deviations at low load share.
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Figure 6. Entrainment coefficient and temperature difference (similar load/flue gas flow rate): straw (a)
and RDF (b).

3.2. Heat Transfer during Co-Combustion

The heat transfer to the cooling lances and the flue gas cooler is shown in Figure 7. The cooling
lances take up the heat inside the reactor by particle convection and gas convection [14,15,52].
The dominant mechanism for the flue gas cooler is gas convection due to the low solid fraction in the
flue gas. In the tests, around 2/3 of the transferred heat is transferred to the cooling lances, while 1/3 is
transferred to the flue gas cooler. The transferred heat linearly increases with the thermal load for both
heat exchangers and all tested fuels/fuel mixtures. The heat transfer is not changing significantly when
changing the fuel. The heat transfer to the cooling lances is only slightly reduced at higher loads in the
lignite tests, despite the different hydrodynamic conditions. However, from the literature, it is known
that the heat transfer coefficient for particle convection is highly dependent on the hydrodynamics and
the solid fraction at the heat exchanger surface [14]. The minor differences for the heat transfer might
be explained by the higher temperature level in the lignite tests (see Figure 4b), which compensates for
lower heat transfer coefficients. Additionally, in the freeboard, the fraction of particles is much lower
than in the bed, so the gas convection mechanism and not the particle convection may be the dominant
heat transfer mechanism inside the pilot.

Even though the heat transfer to the cooling lances is similar, the temperature drop along the
reactor is significantly higher in the lignite tests, see Figure 4b. This indicates that mainly the flue gas
is cooled in the lignite tests, while the particles remain in the bed. In the co-combustion tests, the bed
material acts as a buffer, which takes up the heat from the combustion reactions due to the considerably
higher volumetric heat capacity of solids compared to gases. This reduces the temperature drop along
the reactor.

Figure 8 presents the heat transfer to the cooling lances and the flue gas cooler with a similar
load and varying share of the co-fuels. There is a slightly increasing trend for the heat transfer to the
cooling lances in the straw tests. This result is supported by the increasing entrainment (see Figure 6a),
which increases the freeboard temperatures and enhances the heat transfer coefficient slightly. During
RDF co-combustion, there is no significant influence of the load share on the heat transfer.
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3.3. Flue Gas Composition during Co-Combustion

The flue gas composition for the three fuels/fuel mixtures is presented in Figure 9. The shown
values are averaged over time while the average includes both full load and part load tests. The target
during the tests was to keep the oxygen content at around 2.5 vol%wet. During the lignite and the
straw co-combustion tests, the carbon dioxide content is similar, while it is only slightly lower during
the RDF tests. The largest difference is noticeable for the water vapor concentration in the flue gas. It is
around 1.5 vol%wet lower during the co-combustion tests. The difference in the moisture content of
lignite and straw can explain the different water vapor concentrations in the flue gas for the straw test
series. However, according to the analyzed sample, the RDF should have a similar moisture content as
the lignite, see Table 4. RDF is known to have strongly varying properties and composition, so that
the analyses of the fuel samples may distort the results. According to the supplier of the RDF fluff,



Energies 2020, 13, 4665 16 of 20

the typical moisture content is between 9 and 21 wt%, which would explain the difference in the
water vapor content in the flue gas. Despite the different water vapor content, the differences in the
flue gas composition are only marginal. Therefore, the physical properties of the flue gas are similar,
which supports the results, that the heat transfer to the flue gas cooler does not vary strongly with
changing fuels in these pilot tests.
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4. Conclusions

Three test series were carried out in a 1 MWth CFB boiler pilot plant to investigate the impact of
co-combustion on several parameters. RDF fluff and straw pellets were co-combusted with low-rank
lignite at different thermal loads. A third test series was carried out for reference where only lignite
was combusted. The fuel flexibility of CFB combustion was proven with three low-rank fuels that
differ strongly regarding their chemical and physical properties. The conclusions are as follows:

1. The entrainment of particles from the fluidized bed highly depended on the bed particle properties
and, therefore, it depended on the fuel ash. Sand feeding can provide similar conditions in the
furnace for different fuels.

2. The hydrodynamic conditions determined the temperature profile along the reactor. No direct
relation between thermal load and temperature profile was found.

3. The heat transfer to the heat exchanger inside the furnace was in the same magnitude for all fuel
mixtures. It linearly increased with the thermal load and slightly raised when the share of straw
pellets increased.

4. The heat transfer to the flue gas cooler was mainly dependent on the load. Varying share of
co-fuel did not have a major impact on the test results.

5. The entrainment increased when the share of straw pellets increased, which is probably due to
the high volatile content.

The experiments were carried out in a pilot plant unit with 1 MWth, which makes them relevant for
commercial CFB combustion power plants. The study shows that the fuel and operational flexibility of
CFB combustors offer a feasible low-cost solution to decrease the CO2 emissions by a significant amount.
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Nomenclature

Roman Symbols Subscripts
cE Entrainment coefficient (%) el Electrical
cP Specific heat capacity (kJ/kgK) th Thermal
Hu Lower heating value (kJ/kg) Abbreviations
M Molar mass (kg/kmol) a.r. As received
.

m Mass flow (kg/h) BFB Bubbling Fluidized Bed

N
Standard conditions
(0 ◦C, 1.01325 bar)

CFB Circulating Fluidized Bed

p Pressure (bar/mbar) FG Flue gas
.

Q Heat flow (kW) FTIR Fourier-transform infrared spectroscopy
T Temperature (◦C) ID Induced draft
.

V Volume flow rate (Nm3/h) LHV Lower heating value
w Mass fraction (wt%) n.a. Not analyzed
x Volume fraction (vol%) NDIR Nondispersive infrared sensor
Greek symbols PC Pulverized coal
ηC Combustion efficiency (%) PTFE Polytetrafluoroethylene
ρ Density (kg/m3) RDF Refuse derived fuel

RTD Resistance temperature detectors

Appendix A

Table A1. Boundary conditions of test series.

Share of Fuels (% *) Thermal
Load (kW)

Thermal
Load (% **)

Sand Mass
Flow (kg/h)

Duration
(hh:mm)Lignite Straw RDF

L.1 100 0 0 790 100 0 52:00
L.2 100 0 0 513 65 0 00:36
L.3 100 0 0 634 80 0 01:10
L.4 100 0 0 788 100 0 00:40
L.5 100 0 0 655 83 0 00:43
L.6 100 0 0 525 67 0 02:04
L.7 100 0 0 766 97 0 00:57

S.1 93 7 0 659 25 04:00
S.2 86 14 0 699 24 02:45
S.3 78 22 0 694 100 24 05:35
S.4 79 21 0 436 63 15 01:17
S.5 78 22 0 568 82 21 01:38
S.6 77 23 0 691 100 16 02:10
S.7 79 21 0 596 86 18 01:40
S.8 79 21 0 468 67 13 01:43
S.9 78 22 0 718 104 22 01:52
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Table A1. Cont.

Share of Fuels (% *) Thermal
Load (kW)

Thermal
Load (% **)

Sand Mass
Flow (kg/h)

Duration
(hh:mm)Lignite Straw RDF

R.1 82 0 18 659 100 20 28:00
R.2 80 0 20 427 65 13 01:57
R.3 79 0 21 541 82 2 02:37
R.4 81 0 19 684 104 13 02:43
R.5 80 0 20 545 83 5 02:45
R.6 81 0 19 450 68 12 02:36
R.7 84 0 16 703 107 21 01:42
R.8 72 0 28 681 20 02:30

* Percentage based on thermal load (lower heating value). ** Percentage based on thermal load of corresponding
long term test.

Table A2. Temperatures, flue gas flow rate, entrainment, and heat transfer during tests.

Temperatures (◦C) Flue Gas Flow
Rate (Nm3/h)

cE (%)
Heat Transfer (kW)

T (0.25 m) T (8.21 m) Tout Cooling Lances Flue Gas Cooler

L.1 875 748 820 1255 7.7 293 223
L.2 884 623 699 854 7.1 219 117
L.3 876 678 736 1022 8.4 250 150
L.4 863 721 769 1265 10.1 273 184
L.5 876 696 749 1026 8.9 256 149
L.6 876 646 708 855 7.8 225 112
L.7 862 732 787 1270 11.6 269 196

S.1 816 712 711 1102 12.3 273 157
S.2 816 727 720 1100 14.0 288 157
S.3 810 724 713 1088 15.1 291 153
S.4 817 608 651 742 9.6 208 91
S.5 761 651 672 947 13.4 236 119
S.6 779 709 707 1079 16.0 273 152
S.7 778 670 707 951 14.8 252 134
S.8 810 613 664 739 9.5 208 97
S.9 794 718 716 1089 17.9 288 151

R.1 800 717 730 1080 14.4 281 157
R.2 771 613 663 734 10.4 207 100
R.3 768 646 684 883 9.9 224 131
R.4 770 717 713 1087 16.9 284 166
R.5 783 670 701 883 11.2 242 133
R.6 763 626 671 730 10.5 217 103
R.7 757 716 709 1094 18.5 293 167
R.8 753 722 729 994 19.8 300 167
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