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ABSTRACT 
Simulation plays a crucial role in the design and optimization of gasifiers by providing a detailed 
understanding of the involved physical processes and complex chemical reactions without the 
need for extensive trial-and-error experiments. It can also serve as a valuable tool for identifying 
potential technical issues in experimental devices that operate below expected performance. This 
study presents a comprehensive simulation of biomass gasification using the open-source soft-
ware DWSIM. The simulated results were compared with experimental data from a pilot-scale 
spouted bed reactor, featuring a square-based design with a 20 kWth capacity, using pruning of 
apple tress as feedstock. Experimental results revealed that the reactor operated effectively at 
temperatures exceeding 850°C, maintaining stable conditions across a wide range of equivalence 
ratios. However, the distribution of products—particularly hydrogen (H2)—did not match expected 
results based on both literature and simulations. A joint analysis of experimental data and expected 
behavior from simulation helped identify the observed inefficiencies and optimize the reactor's 
performance. 
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INTRODUCTION 
Simulation-based activities play a crucial role in as-

sessing reactor performance by providing a deeper un-
derstanding of underlying processes without the need for 
costly and time-consuming experiments. Process simu-
lation tools offer a structured approach to modeling 
chemical reactors, enabling engineers and researchers to 
analyze, optimize, and predict reactor behavior under 
various operating conditions, including gasifiers. Among 
the available simulation platforms, commercial software 
such as Aspen Plus has long been a standard in chemical 
engineering, particularly for thermochemical reactions 
[1], due to its extensive database and robust computa-
tional capabilities. However, its reliance on proprietary li-
censes and limited customization options presents chal-
lenges, especially for academic research and collabora-
tive projects. 

An alternative to commercial software is the use of 

open-source process simulators, such as COCO [2], 
which has been used to simulate the gasification of agri-
cultural residues. Another example is DWSIM, developed 
by Daniel Medeiros [3], which provides a comprehensive 
suite of tools for modeling a wide range of chemical en-
gineering processes, including reactors. DWSIM features 
a freely accessible database with over 1,500 compounds 
and more than 20 property methods [4]. 

In this study, a previously developed and validated 
DWSIM model [4] is used to simulate the gasification of 
pruning of apple tree in a spouted bed reactor. With an 
annual availability of 2.23 Mt in Italy [5], along with its re-
newable nature and favorable properties—such as low to 
moderate moisture content and high cellulose and lignin 
levels—apple tree prunings are an ideal feedstock for 
thermochemical conversion processes.  

A 20 kWth spouted bed reactor (SBR) was used for 
the gasification reactions. An SBR differs from traditional 
fluidized bed reactors by replacing the perforated base 
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with a single central gas inlet. This design creates three 
distinct zones within the reactor: a central spout where 
the fluidizing agent flows, an annular region surrounding 
the spout, and a fountain-like region above the bed sur-
face where solids circulate [6]. Due to this configuration, 
a systematic cyclic circulation of solids is established, 
enhancing mass and heat transfer rates [7]. SBRs have 
been successfully applied to the gasification of coal, bio-
mass, and biomass-plastic mixtures [8]. 

In this study, a previously validated model was used 
to critically evaluate the experimental results from the 
spouted bed pilot plant. Specifically, discrepancies in the 
experimental H₂ content were observed, and comparison 
with the model outputs helped identify the source of the 
experimental error.  

MATERIALS AND METHODS 

Biomass properties 
 Pruning of apple trees (PAT) were gasified in a 

spouted bed reactor [9]. Table 1 summarises their proxi-
mate and ultimate analysis and its initial higher heating 
value (HHV). The moisture content was equal to 8.13 
%wt.  

Table 1: Proximate and ultimate analysis of biomass (% 
w/w on dry basis, besides for moisture) and HHV (MJ/kg) 

Proximate Analysis Ultimate Analysis* 
Ash  C  
Fixed carbon  H  
Volatile matter  O  
HHV  Ash  

* 0.39%wt of N and S 

Spouted bed reactor and testing conditions 
 The experimental unit is a pilot plant located in 

Biella, Italy, designed to operate with a biomass feed rate 
of 200 g/min, providing a thermal output of 20 kWth. The 
main components of the plant include a blower, a 
spouted bed reactor, a biomass feeding system, a gas 
preheater, and equipment for cleaning the gaseous prod-
uct stream (filter, scrubber, and cyclone). To enhance 
mass and energy transfer within the reactor, an inert solid 
bed is used. This bed consists of 2 kg of silica sand, cor-
responding to an initial height of 17 cm. 

 
Figure 1. Spouted bed reactor 

 PAT were evaluated under different equivalence 
ratios (ER). The ER represents the ratio of the actual ox-
ygen supplied to the system to the oxygen needed for full 
stoichiometric combustion. The air inflow was maintained 
constant (17 Nm3/h) and the biomass feed was varied to 
match the ER (Table 2). 

Table 2: Experimental conditions 

ER Biomass feed 
(g/min) 

Temperature of the bed 
(°C) 

   

   

 
Details on the reactor design, operating procedure, 

and reaction steps—including preheating, stabilization, 
and product analysis—are available elsewhere [9]. 
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Simulation set-up using DWSIM 
DWSIM (V8.6.5) was used to simulate the gasifica-

tion of PAT. A detailed description of the model and its 
validation using literature data can be found in [4]. In 
summary, steady-state simulations were performed un-
der isothermal conditions using the Peng-Robinson prop-
erty method at atmospheric pressure, with no pressure 
drops considered. The modeled gaseous components in-
cluded H₂, H₂O, CO, CO₂, CH₄, and N₂, while char was 
represented by its main constituents (C(s), O, N, and H) 
based on experimental data [9]. 

 

 

Figure 2. DWSIM flowsheet of the gasification plant. 

Table 3: Kinetic reactions  
 Rate  

(mol/m·s) 
k  

(sec-) 
Ea 

(KJ/mol) 
C(s) + O  
CO + CO 

r = k·T·e(-Ea/RT)·[O] ·  

CH + O   
CO + H 

r = k·e(-Ea/RT)· 

[O][CH] 
·  

CO + O  
CO 

r = k·e(-Ea/RT)· 

[O][CO][HO] 
·  

H + O  HO r = k·e(-Ea/RT)·[O] [H] ·  

C + HO   
CO + H 

r = k·T·e(-Ea/RT)·[HO] [C]   

CO + HO  
CO + H 

r = k·e(-Ea/RT)·[CO] [HO]   

CH + HO  
CO + H 

r = k·e(-Ea/RT)· [HO] [CH] ·-  

C + CO     
CO 

r = k·e(-Ea/RT)·[C] ·  

CO + H   
CO + HO 

r = k·e(-Ea/RT)·[CO] [H]   

 
The flowsheet is shown in Figure 2. The volatiliza-

tion stage was modeled using an Excel file (embedded in 
the program) to calculate the mass balances (Gas and Bi-
ochar inlet streams), as described by Pio et al. [10]. The 
mass balance calculations (yields of pyrolysis products 
and composition of biochar) were specified, the temper-
ature of decomposition was imported from the input data 
and the resulting compositions were exported to the cor-
responding input streams. Successively, the two inlet 
streams were mixed with the quantity of air (Air) ensuring 
autothermal conditions, as experimentally specified. Two 
Plug Flow Reactors (PFRs), with the geometries of the ex-
perimental device [9], were used to carry out the oxida-
tion and reduction reactions. Both reactors were consid-
ered as isothermal at 880°C and their dimensions were 
set as 0.3 m of height for the oxidation reactor (corre-
sponding to the bed of particles), 2 m for the reduction 
reactor (corresponding to the freeboard section) and 

0.25 m of internal diameter in both cases. Kinetic reac-
tions (Table 3) and parameters (Table 4) were set ac-
cording to [11-13] to provide a more accurate represen-
tation of the reactor performance for reliable process 
predictions [14]. Lastly, the cleaning section, corre-
sponding to the removal of moisture and tar before en-
tering the analysing system, was simulated through a 
compound separator to obtain the final dry syngas 
stream. 

RESULTS AND DISCUSSION 
Table 4 presents the experimental and simulated re-

sults of the gasification of PAT under the described op-
erational conditions. The balance term in the analyzer ac-
counts for all products not measured, ensuring the total 
sums to 100%. In the simulations, this balance term cor-
responds to the N₂ concentration. 

 
Table 4: Experimental and simulated results (%vol/vol) at 
ER=0.42 and ER=0.62 

ER =  CO CO H CH 
Experimental     
DWSIM      
ER =  CO CO H CH 
Experimental     
DWSIM      

 
As expected, the CO and CO₂ concentrations were 

estimated with high accuracy, while CH₄, and especially 
H₂, were overestimated in the simulations. A consistent 
trend was observed when comparing the equivalence ra-
tio (ER), with CO increasing and CO₂ decreasing as the 
ER decreased. Additionally, methane and hydrogen con-
centrations increased as ERs decreased, a trend that was 
effectively captured by the model. Energy balances were 
also examined in detail. The measured temperature at the 
bed of particles was used as the reaction temperature in 
isothermal conditions to ensure a fixed reaction temper-
ature, as indicated by the experimental setup. According 
to the simulations, the exothermic contribution was insuf-
ficient to sustain the reduction reactions, and it was esti-
mated that around 5 kW would need to be added to the 
system to achieve autothermal conditions. However, the 
experimental device performed well, and the gasification 
reactions occurred in a stable isothermal regime. 

 An evaluation was conducted to identify the po-
tential experimental reasons for the large discrepancies 
observed in H₂ content and reaction temperature. Possi-
ble causes include: 
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 Unaccounted Heat Losses: Heat losses may 
reduce reaction efficiency, impacting syngas 
composition and temperature of reaction. 

 Temperature Variations: If the actual operating 
temperature differs from the model's assumption, 
it can shift equilibrium reactions (such as the 
water-gas shift reaction, CO + H₂O ⇌ CO₂ + H₂), 
which can affect H₂ content. 

 Unaccounted Side Reactions: Tar formation was 
not considered due to the lack of experimental 
data, though its contribution is likely to be 
significant under real operating conditions. 

 Incomplete Mixing or Mass Transfer Limitations: 
mass transfer limitations, or localized temperature 
variations are not accounted for in the model. 

 Calibration Issues: Gas chromatographs or other 
analytical instruments may not be properly 
calibrated, leading to inaccurate measurements. 

To ensure consistency between input data, operat-
ing conditions, and gas composition measurements, the 
calibration of the gas analyzer (MCA100 Syn-P, ETG) was 
first checked. Two gas mixtures—CO₂/H₂ and N₂/H₂—
with known compositions were used to test the instru-
ment calibration. The calibration curve for N₂ (Figure 3a) 
showed perfect alignment between measured and ap-
plied compositions. However, the CO₂/H₂ calibration 
curve (Figure 3b) revealed underestimations of about 
7%vol of H2 (in average) between the measured and ap-
plied compositions, while the contribution from C-based 
compounds was accurately measured.  

 

  
(a) (b) 

Figure 3. Calibration of gas analyser 
 
 In summary, by simulating the experimental condi-
tions and comparing the model's predictions with ob-
served data, the study highlighted discrepancies that 
pointed to specific areas of concern, such as the H2 con-
tent in the product stream, led to the critical review of the 
experimental conditions, as measurement inaccuracies. 
Modeling is proven to be a powerful troubleshooting tool, 
enabling researchers to systematically isolate and ad-
dress these issues, thereby improving the reliability and 

accuracy of the experimental results. This approach not 
only enhances the robustness of the current campaign 
but also provides a framework for optimizing future ex-
perimental designs. 
 

CONCLUSIONS 
 
 This study demonstrated the effectiveness of using 
the open-source software DWSIM to simulate biomass 
gasification in a spouted bed reactor, providing valuable 
insights into the process and identifying potential 
sources of error in the experimental campaign. The sim-
ulation results were compared with experimental data 
from a pilot-scale reactor using pruning of apple tree as 
feedstock, revealing discrepancies in the hydrogen (H₂) 
content and other gas compositions. The model accu-
rately predicted trends in CO and CO₂ concentrations but 
overestimated H₂ and CH₄ compositions. Key potential 
sources of error identified include unaccounted heat 
losses, temperature variations, side reactions such as tar 
formation, mass transfer limitations, and calibration is-
sues with analytical instruments. By leveraging the model 
as a troubleshooting tool, the study successfully pin-
pointed these inefficiencies, enabling a critical review of 
experimental conditions and improving the reliability of 
the results. In successive steps, the other identified 
sources of error will be studied and analysed for their ex-
perimental assessment. This approach not only opti-
mized the current gasification process but also estab-
lished a robust framework for future experimental de-
signs, emphasizing the importance of integrating simula-
tion with experimental validation to enhance the accu-
racy and efficiency of biomass gasification systems. 
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