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A B S T R A C T

The advanced dual fluidised bed steam gasification process can provide a versatile product gas from biomass 
residues and waste materials, applicable for different downstream syntheses processes. In Austria, current 
research utilises a demonstration scale plant to investigate fuel flexibility and optimise key performance pa
rameters in an industrial environment. However, the dual reactor principle is a system with many potential 
interactions between its operating parameters which are difficult to distinctly evaluate. The design of experi
ments method as a statistical approach to experimental investigation can help to identify and quantify these 
interactions, as shown in multiple fields and industries. With the use of this method, a two-week experimental 
campaign (111 h) with the demonstration plant was planned and executed. In total, 19 individual operating 
points were investigated, and the resulting data was analysed to evaluate suitable settings for the generation of a 
product gas suited for downstream Fischer-Tropsch synthesis, with the aim of increasing conversion efficiency 
and product gas quality. Furthermore, results should provide plant operates with easy-to-understand instructions 
for plant operation with respect to specific in- and outputs. The data evaluation led to a first rudimentary system 
mapping of the reactor system, over a wide range of four main operating parameters. This first ever application of 
statistical methods in this process’ scale shows that the approach is suited for this technology. The presented 
results provide a base for further system analysis and help future experimental campaigns and the ongoing 
technology optimisation process.

1. Introduction

As the global demand for energy steadily grows, the development of 
renewable energy technology is pivotal for the mitigation of the con
sequences and adaptation to rapidly accelerating climate change [1,2]. 
Advanced dual fluidised bed (aDFB) steam gasification allows for the 
conversion of biomass waste and residues into a product gas, which can 
be applied to downstream synthesis processes such as Fischer-Tropsch 
synthesis [3], methantation [4,5] and generation of high-purity 
hydrogen [6,7]. This versatility offers covering energy and material 
demands in different areas and circumstances, be it transportation fuels, 
high temperature heat for industry, or provision of base chemicals. In 
March of 2022, a 1 MWth aDFB gasification plant, situated at the Syngas 
Platform Vienna, operated by BEST (Bioenergy and Sustainable 

Technologies GmbH), was commissioned [8]. It marks the next step in 
aDFB technology development, following the 100 kWth pilot plant at TU 
Wien, which has been in operation since 2014 [9]. The reactor design of 
the demonstration plant adheres to the design principle laid out in pilot 
scale. Detailed descriptions and experimental results of the process can 
be found in [10,11] for pilot scale and [8,12] for demonstration scale. 
Where the pilot plant helped to investigate the feasibility of conversion 
of different fuels, the demonstration plant offers the opportunity to test 
promising biomass residues and waste materials in long-term operation, 
integrated into an industrial environment. Now, the optimisation of 
plant operation, for the generation of a product gas, suited for down
stream Fischer-Tropsch synthesis, is the priority. However, no estab
lished operation maps for the demonstration plant exist yet. Therefore, 
an optimisation process was initiated to evaluate optimal process con
ditions for the task.
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Since the test runs with the demonstration plant are conducted 
within experimental campaigns of one to two months operation, it is 
important to efficiently conduct experiments that generate significant 
amounts of meaningful data. This therefore calls for a further develop
ment of investigation methods, as the concerns for efficiency and quality 
become ever more prevalent with growing scale and rising costs. An 
approach that offers opportunities for both system characterisation as 
well as indication of optimisation potential is the design of experiments 
(DoE) method. This methodology was developed in the 1930s by stat
istician R.A. Fisher [13] and has been established in many fields (e.g. 
pharmacology, production, chemistry) as a standard procedure for the 
planning, execution and analysis of experiments over the last decades up 
to now [14–16].

As the DoE method has not yet been implemented for aDFB gasifi
cation there is a significant lack of data regarding multi-parameter 
process optimisation, which this study aims to explore. It examines 
how the DoE approach can describe the effect of the main operating 
parameters on several aDFB reactor system key performance indicators 
(KPIs). It is further discussed whether this method is suited for the 
simplification of plant operation via rudimentary system mappings and 
potential first steps regarding process optimisation. Specifically, finding 
a distinct operating point for the generation of a product gas, suited for 
FT-synthesis is the goal of this process.

2. Materials & methods

The aDFB system represents a dual reactor system of interconnected 
fluidised beds. As illustrated in Fig. 1, a gasification reactor and a 
combustion reactor (CR) exchange heat and unconverted carbon (char) 
to provide for the gasification process and combustion process respec
tively via a circulating bed material. In the gasification reactor (GR), the 
biomass fuel is converted into a product gas using steam as a gasification 
agent and fluidisation medium. As opposed to conventional air gasifi
cation, this provides a near nitrogen free product gas. In the advanced 
reactor design, the upper part of the gasification reactor is designed as a 
series of constrictions, the so-called counter current column. The con
strictions cause the upwards flowing stream of product gas to change the 
fluidisation regime to a turbulent fluidisation. Consequently, the prod
uct gas, as well as the downpouring bed material also experience an 
increase in residence time due to the chambers between the constric
tions, thus providing beneficial conditions for chemical reactions such as 
the water–gas shift reaction or the reforming of hydrocarbons. Thus, the 
quality of the product gas and overall conversion efficiency of the fuel is 
improved, as demonstrated by investigations in pilot scale [17]. A 
comparison of plant operation from pilot and demonstration scale is 
listed in Table 1 and an in-depth description of the reactor system and 
the downstream units is provided in [8]. Softwood pellets and wood 
chips were used as the two plants respective reference fuels with lower 

heating values around 16–18 MJ/kg. Fuel oil EL (DIN 51603) is used as 
an auxiliary fuel for precise temperature control, since no product gas 
recycling was implemented in pilot scale. This investigation also utilises 
fuel oil EL to eliminate possible fluctuations in product gas lower heating 
value and thus inconsistencies in the recycled power to the combustion 
reactor, to ensure better comparability between operating points. For 
previous investigations in pilot scale, detailed plant descriptions, in
vestigations on process conditions, gasification agents and fuels, infor
mation can be found in the works of Schmid, Benedikt, Mauerhofer and 
Fuchs [9,10,18–20].

The general development of DFB steam gasification was accompa
nied by extensive research in pilot [10,11,21] and commercial scale 
[4,22] across multiple sites. At the pilot plant of TU Wien, intensive 
research was conducted to investigate the novel aDFB design with 
respect to fuel flexibility and improved product gas quality [17,23–25]. 
Wilk and Hofbauer [26], as well as Karl and Pröll [27] did extensive 
research and review on optimisation potential in commercial scale 
regarding the efficiency in light of an optimal economic operation. 
Parametric studies were conducted in demonstration and commercial 
scale by Kuba et al. [28] and Larsson et al. [29], with specific focus on 
variation of gasification temperature and steam-to-fuel ratio and their 
effect on the product gas composition and tar load. These have however 
only examined the variation of a single parameter at a time, disregarding 
potential parameter interactions. As such, the methodology in terms of 
experimental planning and data evaluation did not evolve as drastically 
as the technology itself. At first, this approach also known as OVAT (one 
variable at a time) seems intuitive when trying to optimise certain as
pects of plant operation. However, it may lead to false conclusions about 
the entire process due to disregarding the interaction of parameters 
[30]. Only a few researchers conducted studies using the integration of 
new research approaches in rather specialised aspects like cold-flow 
model investigations [31]. In the general field of gasification, a study 
by Karadeniz et. al. stands out due to employing extensive screening, 
optimisation and modelling approaches for gasification of sugar beet 
pulp, finding promising results regarding the process optimisation with 
respect to the hydrogen yield [32]. It must be noted though, that the 
investigated scale was much smaller than the demonstration plant 
described in this present study. In their case, experiments ran for 5–15 
min with no specification of biomass input power. In literature there 
have been no explicit comparison of OVAT and DoE for aDFB gasifica
tion, as such this study aims to close the knowledge gap for this 
particular technology.

To illustrate this, Fig. 2 depicts a system response as a contour plot, 
with blue representing the area farthest from the optimum and the red 
are representing the range of optimal operation using two parameters X1 
and X2. Fig. 2 a) shows a process that is investigated with the OVAT 
approach, which leads to a false optimum. Not only does it fail to find 
the real optimum, but it is also evident, that a different order of 

Nomenclature

CR Combustion reactor
aDFB Advanced dual fluidised bed
GR Gasification reactor
CR Combustion reactor
DoE Design of experiments
OVAT One variable at a time
MLR Multi linear regression
PLS Partial least square
R2 Coefficient of determination
Q2 Future prediction precision
V̇PG,clean Volume of clean product gas [Nm3

dry/h]
LHVPG,clean Lower heating value of clean product gas [MJ/Nm3

dry]

ṁGR,fuel Mass flow of raw fuel into gasification reactor [kg/h]
LHVGR,fuel Lower heating value of raw biomass fuel [MJ/kg]
ṁCR,fuel mass flow of combustion reactor fuel [kg/h]
LHVCR,fuel Lower heating value of combustion reactor fuel [MJ/kg]
Q̇loss,GR+CR Cumulative heat losses of gasification and combustion 

reactor [kW]
ηOCG Over cold gas efficiency [%]
ΦSF Steam to fuel ratio
ṁH2O,GR,fuel Mass flow of water from fuel entering the gasification 

reactor [kg/h]
ṁGR,fuel,daf Mass flow of dry and ash free fuel entering the gasification 

reactor [kg/h]
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parameter variation would have led to a different false optimum. As 
aDFB gasification is a process with many interacting parameters, char
acterising it with the OVAT approach seems ill suited going forward. 
Naturally, experimental campaigns with the demonstration plant are not 
only labour intensive, but also expensive in operation. Due to the limited 
time of operation, experiments require highly efficient planning. The 
design of experiments (DoE) approach offers an alternative, which 
potentially yields more significant results and does so in fewer total 
experiments. As shown in Fig. 2 b), the DoE method of “Factor 
Screening” investigates a so-called design space, represented by the 
square overlay. Contrary to the OVAT approach, this method attempts to 
characterise a system by combining the “corners” of the design space 

(light blue dots) as well as a repeated centre point (green dots). In the 
example shown in Fig. 2 b), the parameters X1 and X2 are operated at 
two levels, while the centre points represent a combination of the 
parameter mean values. This reveals information about the effects of 
each parameter and the potential interactions between them. The 
repeated operation of a centre point then also allows assessing the sta
bility of the process and indicating possible quadratic effects by intro
ducing a third point in between the “corners”. The third step, illustrated 
by c) is the “Response Surface Optimisation”, which extends the design 
by conducting further experiments. In two dimensions, these deviate one 
factor outside of the design space, whilst the other one factor is held in 
the centre, and the other is placed outside of the previous design space 

Fig. 1. The reactor system of the demonstration plant and the plant during commissioning, edited from [8].
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(red star). This enables further investigation of the quadratic effects of 
the factors. By fitting the data with e.g. MLR (multiple linear regression) 
or PLS (partial least square) [33], a mathematical function is created 
which describes the system in regards to its parameters and responses. 
Thus, the prediction of responses becomes possible. There are numerous 
statistical ways to describe the quality of a regression model. The coef
ficient of determination R2 is used regularly, it describes the proportion 
of the total variance described by the model, the goodness of fit. Another 
useful parameter is the future prediction precision Q2, which evaluates 
the predictive ability of the model [34,35]. After screening the system, 
further steps can be taken to improve the model and optimise system 
responses. This is illustrated in Fig. 2 c), where a new and smaller design 
space is selected, approaching the response optimum and adding 
external points, represented as stars, to accurately model quadratic in
teractions in all “directions”. Through this, optimisation is possible and 
detailed statistical models can be created.

In the process of planning the parameter variation, the approach 
proposed by Montgomery [30] was consulted in order to determine the 
concrete experimental design. First, the goal of the investigation must be 
established in form of selecting response variables. In this case, six KPIs 
were selected, which would offer a first assessment of plant performance 
between multiple operating points. This paper includes the discussion of 
four of these responses, as they represent important aspects of plant 
operation: bubbling bed temperature, pressure drop in the upper GR, 
overall cold gas efficiency and H2/CO-ratio in the product gas. Table 2
lists these four system responses with their effects and expected ranges.

The bubbling bed temperature is a continuously measured value 
from the plants distributed control system, the pressure drop in the 

upper gasification reactor represents the calculated pressure difference.
from the freeboard to the exit of the reactor and the overall cold gas 

efficiency was calculated via process simulation of mass and energy 
balances in IPSEpro. The ratio of H2/CO was calculated from discon
tinuously measured product gas samples, analysed with a gas chro
matograph Perkin Elmer Clarus 500. The share of H2 in the product gas 
was calculated from the sum of the compounds measured in the GC 
subtracted off 100 vol–%dry.

The product gas composition was then validated via process simu
lation. This was done via calculation of mass and energy balances in the 
software IPSEpro V.8.0. Fig. 3 depicts a simplified diagram of the pro
cess flow sheet of the reactor system, which was used for calculation of 
the parameter variations operating points. The software IPSEpro is an 
equation-oriented software, which generates a system of equations 
based on a modular process flow diagram consisting of units repre
senting the plant components of reactors, coolers and separators. The 
connection of these units to form a network which allows for the 
simulation of a system which calculates mass and energy balances [8]. 
Consequently, the calculation of process KPIs provides the basis for 
evaluation of plant performance. These indicators encompass the system 
responses such as the overall cold gas efficiency ηOCG. It compares the 
chemical power of the clean product gas stream as a result of the volume 
flow V̇PG,clean in Nm3

dry/h and its lower heating value LHVPG,clean in MJ/ 
Nm3

dry, to the lower heating value of the biomass fuel LHVGR,fuel,wet in MJ/ 
kg multiplied with its mass flow ṁGR,fuel,wet in kg/h, resulting in the 
gasification fuel power. Then, the mass flow and lower heating value of 
the fuel oil EL, ṁCR,fuel in kg/h and LHVCR,fuel in MJ/kg are considered, as 
well as the reactor heat losses Q̇loss,GR+CR in kW. The heat losses are 
subtracted from the denominator, as an industrial plant would only lose 
2–3 % of its biomass fuel input power via heat radiation. The smaller 
demonstration plant however, with its higher surface-to-volume ratio, 
still has heat losses of about 10–15 %. To more easily compare the ef
ficiency with other plants it is therefore considered as negligible. The 
overall cold gas efficiency ηOCG is thus calculated via Formula 1: 

ηOCG =
V̇PG,clean × LHVPG,clean

ṁGR,fuel,wet × LHVGR,fuel,wet + ṁCR,fuel × LHVCR,fuel(− Q̇loss,GR+CR)

× 100 (1) 

As the main purpose of the product gas for current investigations is to be 
utilised in a downstream Fischer-Tropsch-pilot plant, this volumetric 
ratio of hydrogen and carbon monoxide needs to be properly adjusted. 
For low temperature FT-synthesis, a ratio of roughly above 2:1 is 
preferred [37], so setting this parameter via the plant operating settings 
is vital for product gas utilisation and synthesis product yield.

The next step includes the evaluation of all the possible parameter 

Table 1 
Comparison of the aDFB pilot and demonstration plants (adapted from [8])

Parameter Unit Pilot plant TU Wien Syngas Platform 
Vienna

Fuel type − softwood pellets wood chips
Biomass input power kWth 90–105 1 000
Auxiliary fuel input 

(fuel oil EL)
kWth 20–60 156

Product gas volume 
flow

Nm3
db/h 25–30 244

Product gas yield Nm3
db/ 

kgdb,af

1.1–1.4 1.2

Product gas LHV MJ/ 
Nm3

db

11–12 11.4

H2/CO-ratio − 1.8–2.2 2.0
Downstream 

application
− methanation, high- 

purity hydrogen
Fischer-Tropsch 

synthesis
db…dry basis, af…ash free, LHV…lower heating value

).

Fig. 2. Optimisation of a system with parameters X1 and X2, realised with an OVAT approach (a, past approach) and DoE screening (b, present stage) and future 
potential optimisation (c, potential future approach) [36]. (1st Expt. = first experiment, 2nd Expt. = second experiment).
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influences, the so-called factors, on the process, controllable and un
controllable, to establish a sensible framework for the examined re
sponses. This is necessary to establish the design space in which the 
experiments are conducted. In analogue to Fig. 2, the X(n) factors are 
defined. The experiences from pilot and commercial scale plants helped 
in identifying the crucial parameters which are displayed in Table 3, 
with their expected impact and respective factor ranges. Since much 
research has been conducted for different DFB plants [4,9,22] and fuels 
[20,38], the wealth of experience offers the possibility to meaningfully 
compare this parameter variation with previously recorded data from 
pilot and commercial scale. The four factors represent four essential 
reactor system inputs, which are directly controllable and have been 

identified as the most impactful parameters, following the methodology 
suggested by Montgomery [30]. First, the ratio of steam-to-fuel ϕSF 
represents the mass of water from streams of both steam fluidization 
ṁsteam,GR and water contained in the fuel stream ṁH2O,GR,fuel, to the mass 
stream of dry and ash free biomass fuel into the gasification reactor 
ṁGR,fuel,daf , as described in Formula 2. 

ϕSF =
ṁsteam,GR + ṁH2O,fuel

ṁGR,fuel,daf
(2) 

On the one hand, ϕSF dictates the reaction conditions in terms of the 
mass stream and subsequent partial pressure of the gasification agent 
and on the other hand determines the fluidisation regime in the GR. The 
overall input volume stream of combustion air serves a similar purpose, 
but for the CR. A surplus of combustion air leads to increased heat losses 
through the flue gas stream but also increases reactor fluidisation ve
locity and the global circulation of bed material as a consequence. To 
simulate a constant recirculation of product gas into the CR, fuel oil EL is 
used as an auxiliary fuel. Lastly, the combustion air 2 flap position, as 
illustrated in Fig. 1, should help dictate the global bed material circu
lation rate, to control residence time of bed material and solid-particle 
hold up in the counter current column of the upper GR. This is ach
ieved by shifting the air input from the lower part of the reactor to a 
higher stage, thus transporting less bed material to the secondary flu
idisation in the CR. It is expected that an increase of the shift upwards 
would result in a lower circulation of bed material over the whole 
reactor system. An increase in flap position results in more air being 
guided to the higher input position. The factor ranges were determined 
in accordance with the plant operators’ experiences from previous 
campaigns and represent values typical for gasification operation.

As the goal was a first rudimentary characterisation or system 
mapping of the aDFB demonstration plants reactor system, a full facto
rial design with three centre points was selected. This design consists of 
2n runs, where n is the number of factors, complimented by three 
identical operating points, which represent a combination of the arith
metic mean of the factor ranges. The design is analogous to the two- 
dimensional design from Fig. 2 b, expanded by two additional factors. 
This enables the investigation of a large design space of realistic oper
ating parameters, investigates the process stability and provides indi
cation about curvature by repeating the centre point. The matrix of 
experiments in Table 4 displays the sequence of experiments with 

Table 2 
Adfb reactor system responses, effect and expected ranges.

Response Identifier Effect Expected 
range

Source

bubbling bed 
temperature

TBB main determinant of PG 
composition and in-bed tar 
reduction, higher 
temperatures more 
effectively reduce total 
amount of tar and increase 
hydrogen yield

750 – 
850 ◦C

[9,27]

pressure drop 
in upper GR

Δp indicator for bed material 
hold up in the counter 
current column, a higher 
pressure drop facilitates 
reforming reactions and 
subsequently increases 
product gas yield and total 
tar amount reduction 
capabilities

5–––20 
mbar

overall cold 
gas 
efficiency

ηOCGE summary term for the 
overall process efficiency 
of the reactor system, when 
accounting for auxiliary 
fuel, heat losses and 
biomass conversion 
efficiency

60–––75 
%

[9,27]

H2/CO-ratio H2/CO ratio of volumetric 
hydrogen to carbon 
monoxide content in the 
product gas, important for 
downstream application

1.8 – 2.2 [3]

Fig. 3. Schematic depiction of mass & energy flows in and out of the reactor system, as well as system responses evaluated in the statistical analysis marked in red 
(the dashed line marks the system boundary for calculation of the overall cold gas efficiency). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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maximum, minimum and mean values being depicted as +, − and 
0 respectively.

The experiments were conducted in a randomised order, within a 
timeframe of two weeks, with varying duration for each distinct 
experiment. This stemmed from the fact that plant operation time was 
limited to the duration of the experimental campaign. Each operating 
point was investigated for six hours on average, depending on how long 
it took to reach steady state operation. Steady state operation was 
defined as constant temperature levels in the reactor system for 2–3 h. 
For the campaign, wood pellets (ISO 17225–2) with 5 wt-% water and 
0.4 wt-% ash content were used as fuel. The fuel was selected as the 
concerns about ash accumulation and inconsistent water input into the 
reactor could be neglected. For all operating points, a constant fuel load 
of 960 kW, representing close to full load operation, was set. Down
stream units of the demonstration plant are not considered in the 
parameter variation, as solely the reactor system is investigated. The 
software MODDE® (v. 13) by Sartorius AG, was used to analyse the plant 
operation data and process simulation results.

3. Results and discussion

As the application of the DoE method in the context of aDFB gasifi
cation was not yet tested, the comparison to former conventional in
vestigations and experiments is necessary, to assess the significance of 
the created models. For example, many investigations in pilot scale at 
the TU Wien aDFB pilot plant and other DFB principles [40,41] focused 

on solely altering gasification temperature. While this has shown to be a 
suitable approach, the present parameter variation aimed to display the 
quantitative effect of the directly controllable parameters, implemented 
in the demonstration plants distributed control system. The bubbling 
bed temperature is therefore displayed as a response and not a set value 
in and of itself. With this approach, previously underutilised effects may 
be employed to offer performance and efficiency improvements (e.g., 
adjusting gasification temperature without utilising an auxiliary fuel). 
The full factorial approach in this instance does not yet have the struc
ture of an extensive experimental design necessary for extensive process 
optimisation as depicted in Fig. 2c. It does however indicate in which 
region of the design space optimal points of operation for different 
process aspects might be found. As such, the four responses are discussed 
separately to provide meaningful comparisons based on previous 
studies. As the thermal mass of the reactor system is much larger 
compared to the pilot plant at TU Wien, the settling time for steady state 
operation is also longer, which has an effect on the certainty of factor 
effects. As time constraints demanded the execution of all operating 
points within the projected timeframe of the experimental campaign, 
this may have led to some inconsistencies in the data, as steady state 
operation time frames varied in length. An overview of the plant oper
ation is provided in Fig. 4 which shows the temperature trends of the 
gasification reactor. The start of the campaign incorporates the heating 
phase of the reactor system as indicated by a rise in temperatures from 
the May 30th to June 3rd. After this, a steady state operation is con
ducted, with the parameter variation starting on the 5th of June. The 
change in operating conditions can be seen by the change in temperature 
levels in all trends. The plateaus with constant temperatures signify the 
weekends where no changes in process conditions were enacted. With 
the recorded data, the characterisation of the process was realized by 
creating statistical models of the four output responses by fitting the 
data via PLS. Two characteristics were used in determining the quality of 
the found models: R2, the linear regression, is an indicator for the model 
fit which indicates the consistency of the data. Any value below 0.5 
would indicate a model with low significance [42]. The second indicator 
Q2, shows an estimation of the future prediction precision of the model, 
by using the results from the parameter variation, to “backwards 
calculate” the operated points. A value of 0.1 is necessary for a signifi
cant model, but at least 0.5 is necessary for a model with good prediction 
capabilities [42]. Essentially, each of the found statistical models 
represent a mathematical function, which uses the factors as coefficients 
to calculate a numerical value for the specific response. Therefore, for 
each of the following subsections, a coefficient plot is provided for the 
individual response models. The coefficients signify the effect of a factor 
on the model response, depicting the normalised change of the response, 
when changing the respective factor from minimum to maximum. For a 
practical example: a positive combustion air input coefficient regarding 
the bubbling bed temperature would suggest that changing the input 
from 750 to 850 Nm3/h would lead to an increased temperature. A high 
positive effect indicates a direct proportional effect response, while a 
negative effect points towards an indirect proportional effect on the 
response. It is important to note, that each model has a different number 
of coefficients because not every factor does influence each respective 
response. Some responses might be influenced by more factors and in
teractions than others, while some only require a small set of coefficients 
for a sufficiently good model.

Table 3 
Adfb reactor system factors, expected impact and factor ranges.

Factor Identifier Expected impact Factor 
range

Source

steam-to-fuel 
ratio

steam control of GR 
fluidisation regime, 
higher ratio leads to 
more hydrogen 
yield, but decreases 
the gasifier’s 
efficiency

0.6–––0.9 
kgH2O/ 

kgfuel, daf

[9]

combustion 
air input

air dictates bed material 
circulation, higher 
input leads to over- 
stoichiometric 
combustion and 
higher flue gas heat 
loss

650 – 850 
Nm3/h

[27]

fuel oil EL 
input

oil used to control 
temperature level of 
reactor system, 
higher input 
decreases overall 
process efficiency

7 – 15 l/h [9]

combustion 
air 2 flap 
position

flap secondary parameter 
to control bed 
material circulation 
via flap position, 
more input of 
combustion higher 
up the CR leads to a 
decrease in bed 
material circulation

10 – 15 flap 
position-%

operational 
experience

daf…dry and ash free

Table 4 
Experimental matrix of the 19 operating points.

Run order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

steam þ − þ 0 − þ − 0 − þ − þ þ − þ − þ 0 −

air − þ þ 0 − − þ 0 − − þ þ þ − − þ þ 0 −

oil − − − 0 þ þ þ 0 − − − − þ þ þ þ þ 0 −

flap − − − 0 − − − 0 þ þ þ þ − þ þ þ þ 0 −
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3.1. Bubbling bed temperature

The model for the bubbling bed temperature shows a fit R2 = 0.90 
and a future prediction precision Q2 = 0.72 respectively, indicating a 
valid model suited for predictions. Of the four main factors, three have a 
significant effect on the response, while one only contributes to an 
interaction. Fig. 4 depicts the coefficients of the created model as a bar 
charts. The coefficients represent the change in response variable when 
changing the parameter from 0 to + . Therefore, a bar above the x-axis 
represents a positive effect, whereas a bar below would stand for a 
negative effect. As shown, steam does not have any significant influence 
on the temperature in either direction. This is expected, as the thermal 
mass of the steam is minuscule compared to that of the bed material. 
Combustion air and fuel oil EL are the main factors which influence the 
combustion process and therefore the bed material temperature and 
heat transported to the bubbling bed. Furthermore, the combustion air, 
aside from determining the air excess ratio, also determines the global 
bed material circulation. It is therefore intuitive, that an increased 
combustion air input results in a higher rate of bed material circulation, 
which is supported by the investigations of [39]. This is further 
emphasised by the increase in model quality, through addition of a 
square term of the combustion air input. This improvement is expressed 
by an increase in R2 and Q2. The reason for the impact of the combustion 
air 2 flap position is not clear at the moment.

The only true interaction found during modelling for this response is 
between the steam fluidisation of the gasification reactor and the com
bustion air fluidisation of the combustion reactor. This interaction may 
stem from the residence time of the bed material within the bubbling 
bed, which is dictated by the gas velocity in the gasification reactor and 
the resulting fluidisation regime. More air input leads to an increased 
bed material transport to the bubbling bed which is held up for longer 
periods of time caused by the increased steam fluidisation. As a result, 
more heat is released in the bubbling bed. The bubbling bed temperature 
has been used as the main operating parameter in DFB and aDFB tech
nology as previously illustrated. However, only controlling it by 
adjusting auxiliary fuel input may have not been beneficial to optimi
sation efforts. The strong effect of the combustion air input shows, that 
even moderate adjustments in combustion reactor fluidisation can 
impact the bubbling bed temperature and subsequent gasification re
actions significantly. Fig. 5 depicts the result of the response analysis in 
the form of a 4-dimensional contour plot. It represents a practical system 
mapping for the bubbling bed temperatures over all the investigated 
factor ranges and can assist in quickly assessing the temperature which 

can be expected at a given operating point. The plot visualises the in
fluence of the primary combustion air input and fuel oil EL input at the x- 
and y-axis respectively. The horizontal rows of graphs illustrate the 
different levels of steam/fuel-rations, going from low, to mid, to high. 
Over the vertical columns, the combustion air flap position is altered. 
With the target temperature set to 800 ◦C, it is evident that this value can 
be reached by different combinations of operating parameters. As the 
target areas appear mostly in the centre of the graphs, the lesser influ
ence of steam/fuel-ratio and air flap position becomes apparent. The 
general shapes of the plots do not change with these two parameters; 
thus, the dominant influence of the former two parameters is visualised. 
The model demonstrates the nuances of setting the bubbling bed tem
perature, which in many previous investigations is presented as a 

Fig. 4. Temperature trends in the gasification reactor over the course of the parameter variation (CCC = counter current column).

Fig. 5. Scaled and centred model coefficients for the bubbling bed temperature 
(n = number of experiments, R2 = goodness of fit, RSD = residual standard 
deviation, DF = degree of freedom, Q2 = goodness of prediction).
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definitive set value. Previous DFB gasification investigations in pilot 
[9,20], demonstration [8] and commercial scale [28,43] show the 
temperature ranges from around 750 to 850 ◦C, which aligns with the 
temperatures achieved by this parameter variation. These presented the 
gasification temperature as a set value, however the statistical analysis 
of the experimental data clearly shows, that it must be considered a 
system response, just as the other process conditions and results like 
pressure values and product gas compositions. Additional 4D-contour 
plots for the following systems responses are provided in the supple
mentary material.

3.2. Pressure drop in the upper gasification reactor

The model for the pressure drop over the counter current column 
shows an R2 = 0.94 and Q2 = 0.87, exhibiting very good validity and 
prediction capabilities. As seen in Fig. 6, two factors are dominant in the 
model, steam fluidisation and combustion air, while the influences of 
fuel oil EL and combustion air 2 flap position are comparatively insig
nificant. A contour plot akin to 3.1 is provided in Fig. 9 in the supple
mentary material. The pressure drops over the column can be seen in 
analogue to the pressure drop of a fluidised bed with a mix of turbulent 
and fast fluidisation regimes. The gas velocity of the upwards flowing 
product gas and steam function as the fluidisation agent, while the 
combustion air input directly correlates to the circulation of bed mate
rial and consequently the mass of the bed in the counter current column. 
Surprisingly, the factor combustion air 2 flap position shows the highest 
uncertainty, as the error indicator exceeds the coefficient bar, when its 
intended purpose is to finetune bed material circulation. This indicates, 
that either the factor range was chosen far too narrow for it to make any 
significant impact, or that it does not work as intended in the current 
position. Considering that otherwise, the fluidisation regimes of the 
reactors align very well with results from pilot scale [8], a false 
parameter adjustment might be more likely. On the contrary, the impact 
of the primary combustion air aligns well with previous cold flow model 
investigations of the counter current column by Schmid et. al. [44] and 
the fundamental fluid dynamics behind the fluidisation regimes as 
stated by Kunii and Levenspiel [45]. Another explanation could be, that 
the amount of bed material inside the reactor system was insufficient or 
the position of air 2 input is generally located too high. This would have 
had the consequence of the CR bed not reaching the height of the 
combustion air 2 flap position, even when accounting for bed expansion. 
The minor influence of fuel oil EL, albeit afflicted with high uncertainty, 
could be attributed to the increase in specific volume of the gas stream 
caused by higher temperatures. It should be noted that this response was 
transformed during statistical modelling, which was done due to posi
tive skewness in the distribution of the experimental results of this 
response. A standard decimal logarithmic transformation, which was 
chosen due to its simplicity, was sufficient to achieve a symmetric dis
tribution with no skewness apparent. Further information on this step 
can be found in [46].

3.3. Overall cold gas efficiency

The overall cold gas efficiency as the indicator of energetic biomass 
utilisation serves as the best comparison between different aDFB and 
conventional DFB plants. With R2 = 0.86 and Q2 = 0.79 the model shows 
a lower quality than those for the other two responses. The coefficients 
in Fig. 7 show similarities with the observations from Wilk and Hofbauer 
[26], as well as Karl and Pröll [27]. While the former investigated a 
commercial DFB plants efficiency optimisation potential with regards to 
temperature, steam-to-fuel ratio and excess air ratio, the latter examined 
a range of dual fluidised bed concepts. Both studies show a significant 
negative impact of high air excess ratios on the overall cold gas effi
ciency, which is strongly reflected in the model. Expectedly, the nega
tive impact of fuel oil EL, which represents recycled product gas, has the 
strongest influence on the overall process efficiency. The trends from 

aDFB steam gasification align with similar reactor technologies like heat 
pipe reformers, further indicating that great optimisation potential still 
lies in the investigation and development of the combustion reactor. A 
four-dimensional contour plot of the system response is provided in 
Fig. 10 in the supplementary material.

3.4. H2/CO-ratio

This ratio serves as the indicator for suitability for downstream 
synthesis of the product gas. The model for the H2/CO-ratio exhibits an 
R2 = 0.82 and a Q2 = 0.56. Comparatively, this model has the worst 
quality among the analysed responses, as also seen by the large degrees 
of uncertainty depicted in the coefficient plot in Fig. 8. In spite of these 
issues, the model very clearly indicates the main influences of the pro
cess factors, with which to adjust the H2/CO-ratio. As observed by many 
researches such as Wilk and Hofbauer [26], the steam-to-fuel ratio is the 
determining factor of hydrogen and carbon monoxide content and as a 
consequence the ratio of the two. Many publications observed the effect 
of the bubbling bed temperature on this response, but as mentioned at 
the beginning, the bubbling bed temperature itself is a response of the 
aDFB system and can therefore not be seen as a true operating set 
parameter. Since the amount of steam introduced into the GR provides 
more hydrogen to the reactions, the increasing amount of hydrogen in 
the product gas via the water–gas shift reaction is plausible. Further
more, the steam provides more reactant to the steam reforming of hy
drocarbons, resulting in an increased carbon monoxide content. The 
influence of the bubbling bed temperature however is reflected by the 
effect of the combustion air input. Although the effect is smaller, than 
that of steam, the large uncertainty of the coefficients suggests, that both 
factors are equally influential. As seen in 3.1, the combustion air input 
has the strongest effect on the bubbling bed temperature. It can there
fore be deduced, that this is directly linked to the higher H2/CO-ratio 
caused by said temperature. Same is valid for the fuel oil EL input, as it 
contributes to the reactor systems overall temperature level. The effects 
of the two remaining coefficients do not immediately correlate to pre
viously recorded data in pilot or demonstration scale. Especially the 
strong positive effect of the combustion air 2 flap position seems coun
terintuitive to the previously observed phenomenon of higher bubbling 
bed temperatures caused by increased circulation rates. It was thought 
that a shift of CR fluidisation from primary to secondary combustion air 
would decrease the circulation rate, thus inhibiting more bed material to 
constantly be transported to the GR, resulting in a larger temperature 
delta between combustion and gasification. The positive interaction of 
steam and fuel oil EL input may be due to a combination of increased bed 
material temperature and prolonged residence time of the bed material 
in the bubbling bed, thus leading to an increase in hydrogen yield. These 
two phenomena however need further examination, as the recorded 
data led to the aforementioned large spans of uncertainty, which afflict 
each coefficient discussed for this response. A four-dimensional contour 
plot of the H2/CO-ratio system response is provided in Fig. 11 in the 
supplementary material.

3.5. Applicability of DoE method

With the 4D-contour plots and the coefficient plots for the respective 
system responses, a first rudimentary system mapping and numerical 
quantification of the operating parameters is provided. With the future 
perspective of process automation, this data could help in programming 
and calibrating an eventual controller. Investigations in pilot scale by 
Stanger et. al. [47] have already shown a satisfactory level for control
ling the output of aDFB steam gasification with a digital controller, 
concerning temperature levels, bed material circulation and product gas 
composition. The DoE method would provide a more efficient approach 
for the “learning process” of the controller, as information is gathered 
systematically, rather than randomly. However, it is certainly warranted 
to argue whether a complex system with many thermodynamic and 
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Fig. 6. Four-dimensional contour plot of the bubbling bed temperature.
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chemic interactions is well suited for representation by a purely 
statistics-based model. For now, even in this rudimentary state, the 
benefits are clearly apparent, as comparisons to findings from other 
plants have shown [26]. The more uncertainties can be eliminated from 

the system, the more precise the statistical prediction will be. Further
more, optimisation via statistical methods will be far more efficient than 
conventional OVAT-approaches, as the application of the DoE method 
has shown in process optimisation in other fields.

3.6. Operating points for downstream Fischer-Tropsch synthesis operation

The initial goals of the parameter variation included the finding of 
optimal operating conditions for the generation of a product gas suited 
for Fischer-Tropsch synthesis. Thus, several operating points were 
calculated with the statistical model that on the one hand fulfil the 
criteria of a 2:1 volumetric ratio of H2 and CO in the product gas. Even 
though other product gas components CO2, CH4 and CxHy are also 
relevant for Fischer-Tropsch synthesis, they are more dependent on the 
biomass fuel and cannot be influenced as easily by the steam to fuel ratio 
and temperature as the H2 and CO concentrations. For practical opera
tion, the focus on the H2:CO-ratio thus suffices. On the other hand, they 
should exhibit a high overall cold gas efficiency, high bubbling bed 
temperature (800 ◦C) for tar reduction and a significant pressure drop in 
the upper GR (10–15 mbar). Two exemplary operating points matching 
these criteria are depicted in Table 5 and Table 6. Both operating points 
depict the variety in which the system can be operated to reach the 
stated goal. In Table 5 the factors are situated around the middle of their 
respective ranges and lead to satisfactory response values: the bubbling 
bed temperature meets the demand, a significant hold up of bed material 
is achieved with a pressure drop of 13 mbar. The overall cold gas effi
ciency also lies in the expected range stated in Table 2.

The settings in Table 6 differ slightly with a lower steam/fuel-ratio 
and fuel oil EL input. The combustion air 2 flap position is higher in 
turn, resulting in a lower pressure drop in the upper GR. Ultimately 
though, the responses are almost identical to Table 5, underlining the 
versatility of the system when it comes to setting a desired operating 
point.

4. Conclusion

The very first parameter variation of an aDFB demonstration plant 
was conducted applying the DoE principle. The statistical evaluation of 
the operating points output parameters showed promising results 
regarding the modelling of four aDFB KPIs. Over the four modelled re
sponses, the model fit and future prediction precision exhibit a satisfying 
quality. The notion is reinforced by the comparison to previous in
vestigations and optimisation efforts. A key finding is presented with a 
rudimentary system mapping as presented in Fig. 5, which is the first of 
its kind regarding aDFB steam gasification and provides a comprehen
sive overview of four major operating parameters and their resulting 
response represented by the bubbling bed temperature. When 
comparing the bubbling bed temperature and H2:CO-ratio in Fig. 6 and 
Fig. 9, quantitative comparison with similar previous investigations in 
pilot [9] and commercial scale [28,43] become possible. In the tem
perature range of 775 to 875 ◦C, the H2:CO-ratio steadily increases with 
rising temperature, up to a maximum of 2.6, whereas the cited studies 
reach ratios of 1.5 to 1.9. This is due to a lower volume share of CO and 
higher share of CO2 in the demonstration plant, leading to H2:CO-ratios 

Fig. 7. Scaled and centred model coefficients for the pressure drop in the 
counter current column (CCC) (N = number of experiments, R2 

= goodness of 
fit, RSD = residual standard deviation, DF = degree of freedom, Q2 = goodness 
of prediction).

Fig. 8. Scaled and centred model coefficients for the overall cold gas efficiency 
(N = number of experiments, R2 = goodness of fit, RSD = residual standard 
deviation, DF = degree of freedom, Q2 = goodness of prediction).

Table 5 
First calculated operating point for the generation of a FT-synthesis suited 
product gas.

Factor Unit Value Response Unit Value

Steam/fuel-ratio − 0.8 Bubbling bed 
temperature

◦C 802

Combustion air Nm3/h 757 Pressure drop 
CCC

mbar 13

Fuel oil EL l/h 11.3 PG H2/CO ratio − 1.9
Combustion air 2 

flap position
flap 

position %
13.0 Overall cold gas 

efficiency
% 66
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of 1.4 to 2.3, as described by Hochstöger et al. [48], lining up well with 
the results from this present investigation. The achieved pressure drops 
over the counter current column do align with previous studies of the 
advanced reactor design. In pilot scale, Mauerhofer et. al. reported 
values around 12 mbar [17], whereas in demonstration scale values 
between 6 and 12 mbar were achieved [8,48]. The results in Fig. 10
show a range of 8 to a 24 mbar, which largely covers the previously 
explored operating ranges. The higher maximum can be attributed to the 
intention of reaching response limited to explore as wide as possible of a 
design space. As the overall cold gas efficiency is an extension of the cold 
gas efficiency, the results show similar trends to the optimisation study 
of Karl and Pröll [27]. The contour plot in Fig. 11 shows significantly 
higher efficiencies around 70 % at lower combustion air inputs, which 
correspond to a more efficient combustion process in the combustion 
reactor due to less excess air. Inversely, the higher the input of fuel oil EL 
leads to a decrease in efficiency from 70 to 62 %. This range lines up well 
with the results from pilot scale, where Schmid et al. reported the 
highest efficiencies at 73 %. It also shows significant improvements 
compared to the first test runs of the demonstration plant which reached 
around 55 % overall cold gas efficiency [8]. The system mappings for the 
other three responses are provided in the supplementary material. With 
them, plant operators are provided guidance regarding the setting of 
operating points for future experimental campaigns. While these results 
line up with previous studies, the prediction capability of the models 
must be investigated in future campaigns. One of the key concerns was 
the high thermal mass of the system and resulting long setting times for 
individual operating points. As DoE is commonly applied in smaller 
scales of early development, it was unclear whether the application in 
large scale would translate well. Furthermore, observations on whether 
these concrete models apply to fuels other than wood pellets, are 
necessary, as fuel composition can drastically influence plant perfor
mance. Despite these concerns, the results suggest that the approach is 
very well suited for the optimisation process of a large scale aDFB steam 
gasification plant, especially when disrupting fluctuating factors such as 
the fuel water content can be eliminated. Optimising operation for a 
single fuel and end product could then be realised with relatively little 
effort and manageable time investment. The calculated operating points 
for generating an FT-synthesis suitable product gas show that the reactor 
system can be operated quite differently to reach the desired outcome. 
With this, the operation can be adapted to meet secondary goals such as 
different temperature levels or bed material hold up in the counter 
current column. At this point, the results presented, especially the sys
tem mapping, will be a helpful tool for plant operators. However, as the 
investigation effort in demonstration scale is still highly time and cost 
intensive, future efforts could once again focus on pilot scale experi
ments. The fundamental interactions can still be investigated in smaller 
scale, while providing further opportunities to validate the DoE 
approach to describe or model aDFB reactor systems.
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Table 6 
Second calculated operating point for the generation of a FT-synthesis suited 
product gas.

Factor Unit Value Response Unit Value

Steam to fuel ratio − 0.7 Bubbling bed 
temperature

◦C 802

Combustion air Nm3/h 770 Pressure drop 
CCC

mbar 10

Fuel oil EL l/h 8.6 PG H2/CO ratio − 1.9
Combustion air 2 

flap position
flap 

position %
14.7 Overall cold gas 

efficiency
% 66

Fig. 9. Scaled and centred model coefficients for the H2/CO-ratio in the 
product gas (N = number of experiments, R2 

= goodness of fit, RSD = residual 
standard deviation, DF = degree of freedom, Q2 = goodness of prediction).
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