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The dynamic operation of thermal power plants becomes more and more important due to more diverse and volatile

power sources. Load changes of biomass, bituminous coal and methane were conducted during six experimental runs in a

chemical looping combustion pilot plant which combines power generation and CO2 capture. The resulting step responses

of the hydrodynamics and gas concentrations were compared to each other to understand the transient behavior of the

interconnected fluidized bed system. The influence of the fuel rate and solid circulation on the response time and intensity

was assessed.
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1 Introduction

The introduction of renewable energy towards the electric
power system is a challenge due to the volatility of the
power output of solar and wind power. This led to consider-
able price differences of electricity on the European energy
market in the last decade. To help stabilize the power grid
and be able to monetarize on the price fluctuations, a dy-
namic analysis of conventional power plants fired with coal,
waste or biomass is indicated. Even the transmission system
operators demand that conventional power plants have the
capability to release reserve power on different time scales
into the grid on request [1]. Therefore, several industrial
stakeholders and researchers in academia investigated the
flexibilization of coal fired power plants and the involved
upstream and downstream equipment. For novel power
generation technologies with carbon capture this system
demands will still be valid. From our point of view, it will
also be from utmost importance how such systems behave
with regards on CO2 quality for sequestration, like concen-
tration of CO2 and other gases in the exhaust, during load
changes as well as shutdown and start-up. Wellner et al. [2]
found out with a combined simulation of a coal fired plant
and a subsequent post combustion capture that the capture
unit reaches peak capacity after more than 30 min and that
results from dynamic simulations can lower the steam
demand of the capture technology. Hentschel et al. [3] con-
ducted a dynamic simulation of a 550 MWel coal fired
power plant and validated it against plant data at part load
and full load. Additionally, load changes were investigated
which showed that the model can capture several operation
parameters accurately. With the help of the model, the sys-

tem control should be improved to allow for higher load
changes. This is not solely a European problem, what can
be seen by the work in the U.S., for example by Sarda et al.
[4], who developed a dynamic model of a supercritical pulv-
erized coal power plant in Aspen Plus Dynamics and Aspen
Custom Modeler. This was again done to improve the
plants control system towards load-changes. Looking into
the Asian energy market, one can also find plenty of
research going into the flexibilization of coal fired power
plants. Wang et al. [5] for example, conducted a thermo-
dynamic study of a 660 MW unit to improve the coal feed
rate during the start-up and shutdown.

At Hamburg University of Technology (TUHH), the
chemical looping combustion (CLC) process is investigated
both with modeling work and also with the help of a 25 kWth

pilot plant for solid and gaseous fuels. The process consists of
at least two reactors, an air reactor, where the oxidizing air is
introduced and a fuel reactor, where the fuel is inserted. Be-
tween both reactors, a solid oxygen carrier (OC) is circulated,
which is oxidized in the air reactor by the oxygen and re-
duced in fuel reactor by the gaseous or gasified fuel [6]. This
can lead to a highly efficient CO2 sequestration process, as
the energy intensive pre- or post-combustion gas treatment
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is avoided. A CLC system usually is made up from a circulat-
ing fluidized bed (CFB) riser as air reactor and a bubbling or
circulating fluidized bed as fuel reactor. Dynamic investiga-
tions on the process are rare. One can find Bayham et al. [7],
which looked at the gas concentration development during
the start-up and shutdown of a CLC plant.

The dynamic behavior of circulating fluidized beds itself
was investigated by Hartge et al. [8], who developed a
dynamic population balance-based model of the hold-up
bed mass in a system and they were able to describe long-
term effects of attrition in such systems seen in a pilot scale
combustor. Peters et al. [9] looked experimentally into the
coal combustion inside a 1 MWth large pilot scale unit dur-
ing load changes. Their 1.5-dimensional model of the circu-
lating fluidized bed was able to capture the hydrodynamics
and temperature distribution and, with it, give insight into
the systems behavior during the load changes.

What is still missing is an experimental validation scenario
for the dynamic simulations taking into consideration the hy-
drodynamic effects in the fluidized bed system and the influ-
ence of solid circulation on the gas conversion of the involved
reactive solids. In this work, we present an experimental anal-
ysis of a CLC system based on measurements of the hydrody-
namics and gas concentration measurements with a special
focus on the dynamics and the timescales of the respective
phenomena investigated. In this work six experimental runs
are compared to their response behavior of fuel load changes.
Three runs with biomass, two with bituminous coal and one
with methane. The experiments were conducted on the
25 kWth pilot plant at TUHH. The progressions of the gas
concentrations in the air reactor are presented as a step
response of a first order system. This way the systems’
responses are made comparable and differences of the con-
version behavior of the different fuels can be derived.

2 Materials and Methods

2.1 Experimental Facility

A 25 kWth CLC pilot plant is operated at TUHH. Fig. 1 shows
the schematics of the pilot plant with a two-stage bubbling
bed FR system. The facility consists of an air reactor (AR),
fuel reactor (FR), the upper loop seal (S1), the lower loop seal
(S2), standpipes (SP1–SP3) and a cyclone. As a special
design, the TUHH CLC plant was designed with a two-stage
FR system, the lower FR stage 1 and the upper FR stage 2.
The two stages are connected via the standpipe SP2. For pro-
cess control, online measurements of pressure drop, temper-
ature are conducted all over the system.

Gas measurements ports are at the exit of the AR separa-
tion cyclone and the FR2 exit. The FR2 outlet measurement
can be temporarily switched to take gas out of the first stage
FR1. The plants dimensions are shown in Tab. 1. The entire
CLC reactor is jacketed and fitted with electric heating,
which can heat the system up to 1000 �C. The lower loop

seal LS2 is connected to the lower FR stage via the lower
standpipe SP3 preventing the back flow of gases from AR to
FR. At the lower loop seal LS2 there is the possibility to
extract solid samples, which can be used to determine the
oxidation state of the circulated oxygen carrier. The upper
loop seal LS1 is connected to the cyclone via the upper
standpipe SP1. It prevents the back flow of gases from FR
upper stage to the cyclone exit.

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 1–8

Figure 1. Schematics of the 25 kWth CLC pilot-plant at Hamburg
University of Technology (AR: air reactor, FR: fuel reactor, LS1
and LS2: loop seals, SP1-3: standpipes).

Table 1. Inner dimensions of the CLC facility.

height [m] diameter [m]

riser air reactor 8 0.1

fuel reactor height
per stage

2 0.25

bed height stage 1 0.6 –

bed height stage 2 0.3 –

standpipe SP1 1 0.07

standpipe SP2 2.5 0.07

standpipe SP3a 1.5 0.07

standpipe SP3b 1 0.11

loop seal 1 width 0.16 length 0.13

loop seal 2 width 0.2 length 0.25

cyclone 0.34 0.21 (barrel); 0.067 (cone tip)
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2.1.1 Online Measurement Systems

With an online gas measurement system, gas concentra-
tions are measured in fuel reactor stage 1 or stage 2 and in
the air reactor. A description of the whole gas measurement
system can be found in a previous publication [10]. The
focus in this work are the gas concentrations at the air reac-
tor exit. The sampling port is at the exit of the cyclone.
Oxygen concentrations are measured with an electro-
chemical analyzer (Oxynos 100, Leybol-Heraeus) between
0–25 vol %. Carbon dioxide is measured via non-dispersive
infrared diffraction (NDIR) (Gas Card, Edinburgh Instru-
ments, Ltd.) between 0–30 vol %.

2.2 Material

The CLC facility is operated with CuO/Al2O3 oxygen car-
rier with 9 wt % CuO, which was fabricated by impregnating
g-alumina (Puralox� NWa-155 by Sasol) with a solution of
copper nitrate. A method introduced by de Diego et al. [11]
was used. Tab. 2 summarizes the main properties of the oxy-
gen carrier. The properties of the solid fuels are summarized
in Tab. 3. Detailed descriptions of the used fuels are found
in the previous works for softwood [12], hardwood [13],
methane [14], bituminous coal [10].

2.3 Experimental Procedure

The CLC system was operated with the following fuel types
on six measurement days: Two with identical softwood, one
with hardwood, two with identical bituminous coal and one
with methane. At a temperature of 850 �C fuel load changes
were applied during those runs. The second run with
bituminous coal was conducted at 900 �C. The fuel loads

were changed between 0 kg h–1 up to 5.5 kg h–1 ramping up
the system’s thermal input from 0 kWth up to 28 kWth

depending on the used fuel. The applied load changes are
shown in Tab. 3. It is assumed that the fuel load change
happens instantaneously as the used system of screw con-
veyor is filled with fuel during start of the load change. Dur-
ing the operation, online gas measurements were conducted
as well as pressure measurements.

Additionally, after one load change with methane and
one with lignite as fuel, solid samples were taken before the
fuel load change and then after 2, 4, 6, 8, 10 and 12 min of
operation to see a change of the oxygen carrier conversion.
The results with lignite as fuel could not be evaluated for
this work due to issues with the gas measurement system
during this experimental run.

The solid oxygen carrier has a certain ability to carry oxy-
gen, called oxygen carrying capacity or R0. Based on the prin-
ciple of the R0 determination of the oxygen carrier, the sam-
ples from the dynamic operation are analyzed similarly to
Thon [15]. The various material samples are weighed and
selectively reduced or oxidized using a thermogravimetric
analysis (TGA) at a target temperature of 850 �C. First a sepa-
rate solid sample is completely oxidized by oxygen and com-
pletely reduced by hydrogen in the TGA to create a reference,
which gives also the oxygen carrying capacity R0. Later, the
samples from the dynamic pilot operation can be compared
to the reference data of the same used carrier. This way also
the oxygen carrier conversion is determined.

3 Data Evaluation

3.1 Control Theory

To better describe the dynamic behavior of the combustion
system and to compare different experimental runs, it was
decided to use ideas from control theory. For that, the signal
theory from system control textbooks by Döring [16] and
Unbehauen [17] is used and applied to the combustion sys-
tem. The response to a step function is well suited to deter-
mine the time response of the pressure drops and gas con-
centrations since both signals reach a new steady state
without any significant overshoot. A PT1 system is charac-
terized by a proportional time delayed response, where the
delay is of first order. The response signal v(t) can be
described by the following:

v tð Þ ¼ K 1� e
�

t
t63

0
B@

1
CADu (1)

In the function t63 is the time at which the response func-
tion reaches 63 % of its final value and t is the actual time.
The gain factor K is defined as the ratio of the change of the
output function Dy to the input function Du as shown in
Eq. (2):

Chem. Ing. Tech. 2023, 95, No. 1–2, 1–8 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 2. Characterization of the oxygen carrier CuO/Al2O3 in
the CLC facility.

Parameter Value

rs [kg m–3] 4094

rbulk [kg m–3] 1027

dsauter [mm] 286

umf [m s–1] 0.042

Table 3. Solid fuel properties.

softwood hardwood bituminous
coal

dsauter [mm] 0.73 1.082 0.233

bulk density [kg m–3] 245 354 1400

lower heating value
[MJ kg–1]

18.53 18.7 26.7
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K ¼ Dy
Du

(2)

This model is a simplification since no overshoot height
of the response signal are described. In this work, Eq. (1)
describes the course of the gas concentrations in the air re-
actor as a PT1 system with the fuel inlet rate as the input
function. The first order response was fitted as close as pos-
sible to the experimental data by adjusting the gain factor K
and process time constant t63. By determining K and t63 for
all experimental data an effective comparison of the step
responses could be conducted. For a better understanding
of the transient response behavior from a process engineer-
ing perspective, the transition times from one steady state
to another tsteady state were also determined for all process
changes.

4 Results and Discussion

4.1 Response Time of the Systems Hydrodynamics

Exemplarily, Fig. 2 shows the outlet gas concentrations of
CO2 and O2 in the air reactor as well as the pressure drop
of the whole riser air reactor after starting a fuel injection
into the system during the combustion of softwood.
Increasing the fuel rate leads to a lower oxygen concentra-
tion in the air reactor since more oxygen carrier needs to be
reoxidized. Higher carbon dioxide concentrations are mea-
sured due to a carbon slip from fuel reactor to air reactor.
The higher the fuel rate, the more char is transported into
the air reactor with oxygen carrier particles. The dotted
lines show the courses of measured data, represented as first
order step responses.

Adding fuel to the system leads to an increase of gas ve-
locities in the fuel reactor due to the generation of gases. In
the air reactor, the gas velocity decreases due to the conver-

sion of oxygen. This leads to a balancing of the pressures in
the entire system, which explains the shorter dead time of
the pressure drop compared to the gas concentrations. The
pressure drops of the first and second fuel reactor adapt
even faster since the fuel is directly fed into the bed of the
first fuel reactor stage. The dead time, gain factor K, process
time constant t63 and tsteady state for this set of data are
shown in Tab. 4. The dead times of the gas concentrations
were the same, while the process time constant and the time
to reach a new steady state time were longer for oxygen.
The latter effect is explained in more detail in the next sec-
tion.

4.2 Step Responses

Tab. 5 shows the transition times from one steady state to
another tsteady state, the process time constants t63 and gain
factors K for O2 and CO2 concentrations in the air reactor
for different fuel load changes. The experimental data was
obtained on six measurement days: Two with identical soft-
wood, one with hardwood, two with identical bituminous
coal and one with methane.

Exemplarily, data sets of the step responses of the gas
concentrations in the air reactor for softwood 1, bituminous
coal 1 and methane are presented in Fig. 3. For the methane
conversion, no CO2 is detected in the air reactor because
the carbon slip only occurs for solid fuels with a significant
amount of fixed carbon.

4.3 Step Response Interpretation

For all used solid fuels, the gain factor K increases for higher
fuel rates, which means that, e.g., by equally increasing the
fuel rate two times, the second increase would lead to a
higher relative conversion of O2 or generation of CO2 in the
air reactor. Exemplary increases of the fuel rate of softwood
2 from 0 to 0.9 kg h–1 and 0.9 to 1.8 kg h–1 lead to a KO2 of
1.56 and 2.4. This effect occurs because for higher fuel rates
unconverted char is transported into the air reactor with
the oxygen carrier. There it is converted by oxygen, which
further decreases the oxygen concentration in the air reac-
tor. Generally, this effect is much smaller for lower fuel inlet
rates [10], for smaller fuel sizes and for fuels with lower
amounts of fixed carbon (e.g., biomass) [12].

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 1–8

Figure 2. Experimental values and representation of step re-
sponse as first order system (PT1) of the pressure drop and gas
concentrations in the air reactor before and after adding
3.5 kgbiomassh

–1 fuel to the system (Td,Dp = dead time, t63Dp = pro-
cess time constant of the pressure drop).

Table 4. Dead times Td, process time constants t63, tsteady state

and gain factors K for the pressure drop and gas concentrations
in the air reactor for a fuel load change of softwood of 0 fi
3.5 kg h–1.

Td [min] t63 [min] tsteady state [min] K [vol % (kg/h)–1]

O2 1.6 1.7 7.83 –2.06

CO2 1.6 1.1 4.52 0.28

Dp AR 0.7 0.3 0.6 1.77
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By comparing all measurements, it can be concluded, that
the fuel input rate does not have a clear effect on the process
time constant t63 as no obvious trend between those two
can be observed. The same goes for the time to reach a new
steady state tsteady state. This is on the first look counter intui-
tive since one can assume that a higher fuel inlet rate would
lead to a longer response time of the system, due to slower
solid fuel reaction rates and more unfavorable gas composi-
tions in the system. An explanation is that a higher fuel in-

put leads to higher gas flows and with it, a higher expansion
of the fluidized beds, which leads to an increased solid cir-
culation, as shown in a previous work [18]. A higher circu-
lation rate transports the particles faster from fuel to air
reactor. Therefore, a higher solid circulation rate could fur-
ther decrease the transition times.

In average, the process time constant t63 is reached 2.15
times faster and tsteady state is reached 2.26 times faster for
CO2 compared to O2. This can be explained with the fact

Chem. Ing. Tech. 2023, 95, No. 1–2, 1–8 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 5. Transition times from one steady state to another tsteady state, process time constants t63, and gain factors K for O2 and CO2 in
the air reactor of different fuel types for different fuel load changes (n.a. = not available due to temporal issues in gas measurement sys-
tem, e.g., purging and removal of condensate water).

Fuel fuel load change tsteady state

[min]
t63.O2

[min]
KO2

[vol % (kg/h)–1]
tsteady state

[min]
t63,CO2

[min]
KCO2

[vol % (kg/h)–1]
[kg h–1] [kWth]

Softwood 1 0 fi 3.5 17.8 7.83 1.7 –2.1 4.52 1.1 0.28

3.5 fi 5.5 28 7.8 2 –3.7 2.9 0.45 0.81

5.5 fi 0 0 6.2 1.3 –2,5 4.9 1 1.0

0 fi 3.5 17.8 7.3 1.5 –1.7 3.92 1.1 0.26

3.5 fi 5.5 28 7.4 1.5 –3.4 3.12 0.8 0.57

Softwood 2 0 fi 0.9 4.6 13.1 4 –1.6 5.1 1.5 0.13

0.9 fi 1.8 9.3 11.7 4.5 –2.4 3.6 2.5 0.22

1.8 fi 3 15.4 9.59 2 –3.7 5.5 1 0.56

3 fi 0 0 8.05 1.5 –2.5 3.75 0.5 0.33

0 fi 1 5.1 11.9 2 –1.9 2.32 0.6 0.15

1 fi 1.5 7.7 6.3 1 –2.2 2.834 0.5 0.20

1.5 fi 3 15.4 12.6 2.5 –2.5 4.067 0.8 0.33

3 fi 3.8 19.6 7.6 1 –3.5 1.15 0.1 1.18

Hardwood 0 fi 2.4 15.3 n.a. n.a. –1.9 n.a. n.a. 0.20

2.4 fi 3.1 19.1 8.6 3.5 –3.9 n.a. n.a. 0.11

3.1 fi 0 0 13.2 2.4 –2.3 4.71 0.75 0.1

0 fi 3.1 15.3 19.2 4.1 –2.3 4.51 1 0.09

3.1 fi 0 19.1 8.68 2.4 –2.3 2.85 0.75 0.1

Bituminous
coal 1

1.4 fi 0 0 14.8 3.2 –3.7 10.6 3 1.47

0 fi 1.4 10.2 19.6 3.9 –3.7 15.21 3 1.43

1.4 fi 2.5 17.8 21.4 6.0 –4.5 15.46 5 1.5

2.5 fi 3.7 26.7 22.9 6.5 –4.4 16.8 6 1.38

3.7 fi 0 0 11.6 3.3 –4.3 9 3.3 1.43

Bituminous
coal 2

2.2 fi 3 22.25 8.25 2.4 –2.2 n.a. n.a. n.a

3 fi 3.8 28.2 9.1 4 –4.2 4.47 2.8 0.71

3.8 fi 0 0 7.3 2 –3.9 5.54 1.5 0.95

Methane 0 fi 1.1 15.3 14.3 4.5 –6.1 – – –

1.1 fi 0 0 12.7 4 –5.9 – – –
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that the CO2 concentration in the air reactor only depends
on the char conversion in the fuel reactor and subsequently
on the carbon slip. The O2 concentration on the other side
depends additionally on the conversion state of the oxygen
carrier coming from the fuel reactor. The oxygen carrier
reacts with the fuel gas by entering the second stage. The
material then needs to pass the first stage and then a loop
seal to enter the air reactor. Solid fuels on the other side are
fed into the bed of the first fuel reactor stage, which means
that they leave the fuel reactor earlier than oxygen carrier
particles which are affected by the conversion. In most
experimental runs, decreasing the fuel rate led to shorter
transition times to a new steady state than increasing the
fuel rate. This was expected since the reoxidation of the
oxygen carrier particles in the air reactor is considerably
faster than the reactions in the fuel reactor [19].

4.4 Oxygen Carrier Conversion

Oxygen carrier samples were collected from the lower loop
seals during load changes of two experimental runs, using
lignite and methane. Those samples were extracted from
the lower loop seal in hot conditions with a cooled, nitrogen
purged container. By taking a sample every two minutes,
the conversion of the oxygen carrier Xs after leaving the fuel
reactor could be assessed over time during the load changes.
Fig. 4 shows the oxygen carrier conversion Xs after starting
and stopping the injection of methane (15.3 kWth) and lig-
nite (18.2 kWth). Above the graph, pictures of the oxygen
carrier samples at each conversion state during the lignite
combustion are seen. Different oxidation states are clearly
observable by the color change from khaki to a dark grey
and back. The oxygen carrier reaches a conversion of 0.27
with methane and 0.32 with lignite. For both fuels a new

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 1–8

Figure 3. Measured course and first order step responses of the
O2 and CO2 concentrations in the air reactor after changing the
fuel load (PT1: representation of step response in first order sys-
tem).

Figure 4. Oxygen carrier conversion Xs after starting and stopping a fuel injection of methane and lignite
coal. Top: Pictures of the oxygen carrier at specific conversion state with lignite.
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steady state is achieved within 12–14 min after adding fuel
and 10 min after stopping the fuel rate. This corresponds to
the findings presented in the previous section.

5 Conclusion

In this work, an assessment of response time after applying
fuel load changes in a 25 kWth chemical looping combus-
tion system for biomass, bituminous coal and methane was
conducted. All courses of the gas concentrations in the air
reactor were presented as step responses of a first order sys-
tem to make an effective comparison between the different
experiments. The systems hydrodynamics adapted within
one minute in both fuel reactor and air reactor after a load
change. The response in the fuel reactor was even shorter.
There was no time dependency of the load change intensity
on the transition time to another steady state in the used
CLC system at given rates. This means that a change from 2
to 3.6 kg h–1 had a similar transition time as a load change
from 0 to 3.6 kg h–1. The system dynamics are mostly
dependent on fluid mechanics, which influence the solid
circulation. The solid circulation is the key driver for trans-
ferring the oxygen carrier in the system and reaching a new
steady state. The CLC system response of the gas concentra-
tions after fuel load decreases were always shorter than for
fuel load increases. In the used CLC facility, the transition
time of the CO2 concentration in the air reactor after a solid
fuel load change is average 2.2 times faster than for the oxy-
gen concentration.

Open access funding enabled and organized by Projekt
DEAL.

Symbols used

dsauter [mm] Sauter mean diameter
K [vol % (kg/h)–1] gain factor
R0 [%] oxygen carrying capacity
Td [min] dead time
tsteady state [min]

transition times from one steady
state to another

Xs [–] oxygen carrier conversion

Greek letters

t63 [min] process time constant
rbulk [kg m–3] bulk density
rs [kg m–3] solid density

Abbreviations

CFB Circulating Fluidized Bed
CLC Chemical Looping Combustion
TGA Thermogravimetric Analysis
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