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Abstract. The utilization of combustible waste, such as sewage sludge, can be combined with energy 

production for small-scale consumers. One of the ways of such utilization can be gasification, which makes 

it possible to obtain a combustible gas suitable for thermal and electric energy production. The aim of this 

study is to estimate the efficiency of sewage sludge co-conversion with woody biomass using mathematical 

model that allows to investigate process characteristics under different process conditions (air stoichiometric 

ratio, fuel mixture composition, initial moisture of sewage sludge). Dependencies of gasification process 

characteristics are evaluated and compared with published experimental data. Fixed-bed downdraft process 

is investigated related to using of wood and sewage sludge mixtures. New results are obtained considering 

process efficiency dependence on input fuel composition, method is proposed to estimate acceptable fuel 

mixtures based on agglomeration and efficiency requirements. 

1 Introduction 

Sewage sludge is one of the municipal waste types. 

According to various assessments, several kilograms of 

the sludge are produced per person annually [1]. 

Therefore, the issue of its elimination becomes essential 

for many countries. The main problems of sewage 

sludge processing are: high moisture, unstable 

composition and mechanical properties, specific features 

of thermal behavior including tar formation, sintering of 

organic mass and ash. The low calorific value of sludge 

is usually compensated by its combustion in a mixture of 

quality fuels, such as hydrocarbons, biomass and coal 

[2]. 

Combustion is a predominant sludge thermal 

utilization technology [3]. The rotary kilns, pushing 

screw conveyors [4, 5], and combustion in fluidized bed 

[6] are often used to prevent sintering in sludge 

combustion. Combustion generates volatile pollutants 

that require complex cleaning systems. Gasification is a 

method of solid fuel conversion producing combustible 

gas that is usually higher quality fuel than parent 

material. Biochar may be also a product of gasification, 

but it is generally considered as unburnt losses. Sewage 

sludge is known as a material that may agglomerate, so 

co-gasified fuel is needed for its stable conversion in a 

fixed bed.  

According to thermogravimetric  analysis, there are  

several decomposition stages during combustion of 

sewage sludge [7-9]. Volatiles yield and charcoal 

burnout have usually less distinct boundaries compared 

to other fuels (coal and biomass).  In [10], the authors 

studied a shift of TG-curves because of changes in the 

oxygen concentration in the air and variation in the 

СО/СО2 ratio in the oxidation products. 

Co-conversion of sludge and coal under laboratory 

conditions was investigated in [11], where the authors 

showed additivity of oxidation of the mixture 

components. Similar results were obtained in [12]. In 

[13], the authors found some deviations from additivity. 

These data however are obtained normally under slow 

heating rates when the decomposition stages of 

individual components do not overlap. 

The experiments on combustion of single particles of 

granular sludge were carried out in [14, 15]. The authors 

obtained a set of experimental data on combustion 

kinetics for a wide range of conditions, including those 

at co-oxidation with coal. The results of the studies were 

collected in the form of statistical models that allow 

forecasting the process response within a range of 

specified values of particle sizes as well as air 

temperature and flow rate. Oxidation of sewage sludge 

char particles in drop tube furnace was investigated in 

[16] with a view to fractional ash composition.  In [17], 

the authors made measurements in the sludge dust-air 

jet. The relations between the characteristics of jet 

combustion and individual particles sizes, oxygen 

concentration and conditions of fuel preparation were 

obtained. 

Gasification of granular sludge with a moisture 

content of 12% and ash content of 23% in the downdraft 

gasifier was performed in [18]. The authors managed to 

achieve a steady state with a temperature of 1000-

1100°С in the combustion core.  The tar and dust content 

in the raw gas however reached 6-8 g/nm3. 
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Co-pyrolysis of sewage sludge with wood using TGA 

was studied in [19], non-additivity of pyrolysis kinetics 

and evolved gas composition was found.  In [20], the 

authors carried out experiments on gasification of wood 

pellets packing and sewage sludge in batch reactor.  

Briquettes made of sludge burn with a higher 

temperature than wood pellets but with lower specific 

rate. Steady state is achieved at higher values of air 

stoichiometric ratio (approximately 0.6-0.8). 

The co-gasification of sludge with other fuels makes 

it possible to increase moisture of the processed sludge. 

For example, in [21, 22] the authors consider gasification 

of woody biomass and sewage sludge with a moisture of 

20%. In [21], the authors demonstrate that with a switch 

from sludge to the mixture with a wood pellet content of 

30%, chemical efficiency increases from 20-30% to 30-

50%. However, the high fraction of sewage sludge in the 

mixture apart from the deterioration in gas 

characteristics and fuel conversion can lead to sintering 

and reduction in the bed permeability [4, 5]. The 

obtained gas contains more condensate, and therefore 

requires additional cleaning. 

High moisture, however, can be a favorable 

circumstance for sludge auto-gasification. With external 

heating, moisture turns into a gasification agent [23, 24]. 

This method of gasification was experimentally studied 

in [25]. The fuel (a mixture of sludge with woodchips) 

was heated in a screw reactor at a wall temperature of 

700-900°С. The measurements made by the authors 

indicate that the increase in the fraction of sludge 

worsens the burning gas characteristics, however it 

facilitates a more complete conversion of the fuel 

mixture. Sludge pyrogasification in rotating reactor (for 

elimination of sintering problems) was performed in [5], 

where authors report on the 67% cold gas efficiency, 

which is achieved owing to the external heat supply, 

though. In  [26], the authors propose an effective method 

of sludge gasification in water under supercritical 

conditions. 

The experiments on co-gasification of biomass and 

sewage sludge at the plant with a capacity of nearly 250 

kW demonstrate that heating of the gasification agent 

enables stable operation of the “gasifier  gas engine” 

system with an electric efficiency of about 20-23% [27]. 

The authors also present a technical-economic analysis 

of a co-fired thermal power plant that demonstrates the 

possibility of co-processing in the case where penalties 

are imposed on emissions although at long-term payback 

periods. 

 Single-stage sludge gasification in a fluidized-bed 

gasifier was studied in [28]. The authors proposed a 

simplified kinetic model of sludge decomposition and 

applied it to describe the observed effects. In [29], the 

authors propose a method for gasification of dry (2-8% 

moisture content) sludge in a two-stage fluidized-bed 

reactor. The tar products produced in the first stage are 

absorbed and decomposed in the second stage in the bed 

of active component (activated carbon, dolomite), which 

makes it possible to obtain a sufficiently clean gas. In 

another research [30], the authors managed to reach an 

additional reduction in tar content in gas, owing to fuel 

preheating (torrefaction) in a screw feeder. Oxygen 

concentration (up to 50%) impact on characteristics of 

co-gasification process of sewage sludge with straw in 

bubbling fluidized bed was studied in [31], gas with 

heating value 4-6 MJ/nm3 was obtained at cold gas 

efficiency about 50%. 

 Mathematical models of sludge gasification 

processes were developed and used in many papers. 

Equilibrium thermodynamic models are used most often 

to estimate transformations of organics [28, 32] and 

mineral part [33]. In [22, 34], the authors proposed non-

stationary zonal and spatially one-dimensional models 

and used them to study process conditions in fixed-bed 

gasifiers. One-dimensional model of rotary kiln oxy-

pyrolysis reactor was used in [35] to study effects of 

staged air supply. CFD-models of fluidized bed gasifiers 

were developed in [36, 37]. In [38], the authors used 

several different mathematical models: a thermodynamic 

model (with constraints on tar production and degree of 

equilibrium for some reactions) and a three-dimensional 

CFD-model of physical-chemical processes in a porous 

medium.  Comparison of the research results 

demonstrates that the degree of model detail slightly 

affects the integral characteristics of the process, 

although allows a deeper analysis of the flow and 

distribution of temperatures in the bed. 

The object of the paper is downdraft gasification 

process of sewage sludge and wood, and the aim is to 

develop appropriate mathematical model to estimate 

carbon conversion, gas composition and cold gas 

efficiency. Proposed model allows obtaining 1D-profiles 

of temperature and chemical composition in reaction 

zone. The research also emphasizes the use of this model 

to determine optimal conditions for the process. 

2 Mathematical model of one-
dimensional steady-state reactor 

Consideration is given to a radially homogeneous bed of 

fuel particles. The process is considered to be steady. 

The height of reaction zone is 0.25 m, internal diameter 

of reactor is 0.2 m (values are given corresponding to 

work [22]). Fuel flow rate is 10 kg/h,  gasification agent 

flow rate (air heated to 30°С) is approximately 3-4 

nm3/h. Fuel represents a mixture of woody particles 

(with an average size of 2.5 cm) and sewage sludge 

(with the same size of particles). Wood is supposed to be 

main bed material to provide bed stability, and sewage 

sludge in a form of dried granules is mixed with wood 

chips. The composition and properties are presented in 

Table 1. The equations defining steady-state heat 

exchange in the fuel bed can be written as follows: 
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Here T – temperature, К; Cp – heat capacity, J/kg/K, 

 – effective thermal conductivity, W/m/K;  – heat 

transfer coefficient, W/m2/K; J – mass flow, kg/s; S1 – 

area of heat exchange between gas and fuel, m2; S2 –  

area of heat exchange between gas and wall, m2; Q – 

heat source, W; z – spatial coordinate (bed height), m; 
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indices f, g and w correspond to fuel, gas and wall. 

   
Table 1 Wood and Sewage Sludge Properties 

Property Woody biomass Sewage sludge 

Wr, % 8.3 10-40 

Ad, % 6.2 28.4 

Vdaf, % 80 76 

Cdaf, % 47.0 47.3 

Hdaf, % 5.9 6.5 

Odaf, % 45.2 36.9 

Ndaf, % 1.0 7.0 

Sdaf, % 0.8 2.3 

Particle size,  cm 2.5 2.5 

These equations together with respective boundary 

conditions (constants of gas and fuel flow rates at the 

bed inlet) determine temperature distribution in reactor. 

Solving these equations also requires the knowledge of 

functions of the heat sources Q(z). Normally, these 

functions are determined by kinetics of chemical 

reactions. This research involves a simplified kinetic-

thermodynamic approach to their calculation [39, 40]. 

The model combines kinetic and equilibrium relations 

and allows using robust computational methods of 

thermodynamics in non-uniform systems with stationary 

flows of mass and energy [41-43]. 

To numerically solve the problem, reactor is axially 

divided into several elements of a small volume. 

Knowing gas residence time in each of these elements, 

we can write the heat source function for the chosen i-th 

element as follows: 

( )

in outr

j j j ji

i

i i

h n h nH
Q z


 

 

 

 
Here Hr – change in the enthalpy of components, 

caused by chemical reactions, J;  hj – mole enthalpy of 

the  j-th component, J/mole; nj – quantity of the j-th 

component, mole;  – contact time, s; index in refers to 

incoming flow, index out –  to outgoing flow. 

Thus, to determine the function of heat source (or 

sink), we need to know the change in the component 

composition of system in a small volume. The change in 

the chemical composition is calculated in two stages. 

First, we consider heterogeneous processes: drying, 

pyrolysis and reactions between charcoal and   О2, СО2 

and Н2О. 
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Here  Vg – void volume, m3;  – mass transfer 

coefficient, m/s; Ceq – equilibrium concentration of water 

steam, mole/m3; kpyr – pyrolysis rate constant, s-1; nV – 

quantity of volatiles in fuel, mole; 
С

n – fuel carbon 

amount, mole; 
2

O
n , 

2
CO

n , 
2
OH

n , – mole quantities of 

corresponding substances in void volume, mole; S1 – 

area of fuel reaction surface, m2; keff – effective rate 

constant of heterogeneous reaction, m/s (lower index 

refers to gasification agent). The effective rate constant 

of heterogeneous reaction keff  is determined from the 

quasi-stationary expression:  
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Here k0 – pre-exponential factor, m/s; E – energy of 

activation, J/mole; R – universal gas constant, 8.314 

J/mole/K. Kinetic coefficients of heterogeneous 

reactions are presented in Table 2. 

 
Table 2 Kinetic coefficients of woody biomass and sewage 

sludge reactions 

Reaction 

Woody biomass Sewage sludge 

k0 
Ea, 

kJ/mol 
k0 

Ea, 

kJ/mol 

Pyrolysis 5.4104, s-1 96 2.7106, s-1 120 

С + О2 2.4106, m/s 142 1.6106, m/s 99 

С + СО2 1.32107, m/s 259 2.7106, m/s 218 

С + Н2О 9.3105, m/s 175 2.1106, m/s 158 

Tar 

decomposition 
1106, s-1 150 1104, s-1 90 

Heat and mass transfer coefficients are defined as 

functions of temperature, mean particle size and gas 

velocity related to widely known correlations for fixed 

beds. More detailed description of the model could be 

found in [40, 44, 45]. Whole system of nonlinear 

algebraic equations was iteratively solved using Newton-

type numerical method. 

The model was validated by calculations of the 

conditions of co-gasification of woody biomass and 

sewage sludge from the work [22]. The calculation 

results are compiled in Table 3 and show a reasonable 

agreement between the calculated and experimental 

values. Deviations are observed mainly in oxygen 

concentration at the reactor outlet. The experimental 

oxygen content in gases reaches several percent, which 

may be explained by air inflows or formation of an inert 

zone in a small region near the walls. 

3 Optimization of downdraft gasification 
process of woody biomass and sewage 
sludge mixtures with different moisture 
levels 

The constructed model was applied to variant 

calculations of the process of woody biomass and 

sewage sludge co-gasification. The range of conditions 

is: a sewage sludge fraction in the mixture with woody 

biomass from 0 to 100% mass (with an increment of 

10%); an stoichiometric ratio from 0.1 to 0.8 (with an 

increment of 0.05); an initial sewage sludge moisture 

    
 

, 0 (201Web of Conferences https://doi.org/10.1051/e3sconf/201911409)
201

E3S 114
9

 
Energy Systems Research 

6006 6006

3



  
 

 

content as-received from 10 to 40% (with an increment 

of 10%). The calculation results are given below in the 

form of diagrams which present process characteristics 

versus the specific air flow rate and fuel composition 

(Fig. 1). The chemical efficiency surfaces have extrema: 

with the rising stoichiometric ratio the chemical 

efficiency increases first owing to fuel oxidation with 

formation of combustible gases, then it reaches a 

maximum (that is close to the point of complete 

conversion of fuel carbon), and then decreases because 

of oxidation of combustible gases [46]. 
 

Table 3Comparison of the modeling results with the 

experimental data [22] 

Characteristics of dry gas 

Sewage sludge content in mixture, % 

mass 

0 10 20 33 

CO, % vol. 
17.1 15.9 15.6 12 

16.9 16.1 15.7 15.5 

H2, % vol. 
17.3 17.1 16.8 13.4 

18.2 17.0 16.6 10.6 

CH4, % vol. 
1.7 2 2.1 1.8 

2.1 2.1 2.1 1.8 

CO2, % vol. 
11.9 12.2 12.7 12.5 

14.9 14.9 14.8 13.5 

O2, % vol. 
1.3 1.7 1 3.4 

0.0 0.0 0.0 0.0 

Q, MJ/nm3 
4.7 4.6 4.5 3.6 

4.8 4.6 4.5 3.7 

The upper value is the measured value, the lower value is the 

calculated value. 

Woody biomass without sewage sludge additions is 

gasified rather effectively, with a maximum chemical 

efficiency of approximately 70% (with an stoichiometric 

ratio of about 0.35). Dry sewage sludge (with a moisture 

of 10%) is also converted effectively even without 

woody biomass additions. However, with the increasing 

moisture content the isolines of chemical efficiency 

become more inclined. Sewage sludge with a moisture 

content of 40% rather smolders than burns: the 

maximum efficiency of its conversion is approximately 

30%. 

The minimum value of the stoichiometric ratio, at 

which gasification starts, limits thermal stability of the 

process. As is seen from Fig. 1, this value for woody 

biomass and dry sewage sludge is equal to about 0.15. 

With the increasing moisture, gasification becomes 

possible at higher specific air flow rates: with a sewage 

sludge moisture content of 30-40% the minimum 

stoichiometric ratio is approximately 0.3. Such wet fuel 

is gasified with large heat consumption. Here, the 

maximum chemical efficiency shifts to higher 

stoichiometric ratios, as far as at low temperatures the 

charcoal can be burned with oxidation of a substantial 

portion of combustible gases. 

With a minimum value of the chemical efficiency 

equal to 50-60%, it becomes possible to determine the 

maximum sewage sludge fractions in the mixture for 

different moisture contents (see Table 4). In some cases, 

the results of mathematical modeling reveal feasibility of 

sewage sludge gasification without woody biomass 

additions. 

 

 

Fig. 1. Cold gas efficiency versus the stoichiometric ratio and 

the sewage sludge fraction in the mixture with woody biomass. 

 

Table 4Acceptable sewage sludge fraction in the mixture with 

woody biomass versus its moisture content 

Minimum chemical 

efficiency, % 

Initial sewage 

sludge 

moisture, % 

Maximum sewage sludge 

fraction, % 

60 

10 100 

20 50 

30 40 

40 30 

50 

10 100 

20 100 

30 70 

40 40 

 

With a sewage sludge moisture content of 40% its 

maximum fraction in the mixture with woody biomass is 

between 30% and 40%. These values are higher than the 

known published data on wet sewage sludge conversion. 

However, agglomeration is not taken into consideration 

in the mathematical model. In [22], the authors revealed 

agglomerated particles up to 7-8 cm in size, which can 

block the bed. Formation of agglomerated particles is 

particularly typical of wet fuel. Therefore, the 

boundaries of effective conditions will differ from those 

obtained in this study. If the sewage sludge fraction in 

the mixture is limited at a level of 20-30% (i.е. assuming 

that the formed agglomerated particles do not affect 

gasifier operation at this sewage sludge fraction), the 

maximum chemical efficiency can be estimated for 

sewage sludge with different moisture contents in the 

mixtures with woody biomass. These estimates are 

presented in Table 5. 

The calorific value of the producer gas decreases 

with the increasing sewage sludge fraction (Fig. 2). For 

woody biomass this value is about 4 MJ/nm3, for dry 
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sewage sludge – about 3.5 MJ/nm3, for wet sewage 

sludge – less than 1 MJ/nm3. Change in the 

stoichiometric ratio leads to two extremal values of the 

calorific value for dry sewage sludge: at low 

stoichiometric ratios (production of the pyrolysis gas 

with a high hydrogen content) and close to the point of 

full carbon conversion (generation of the producer gas 

with a high CO content). Pyrolysis of wet sewage sludge 

is thermally sensitive, therefore at moisture content of 

20-40% the only local extremum value of the calorific 

value is observed. 

 
Table 5Chemical efficiency of the gasification process with 

limitation of the sewage sludge mass fraction in the mixture 

Maximum sewage 

sludge fraction, % 

Initial sewage 

sludge moisture, 

% 

Maximum chemical 

efficiency, % 

20 

10 67.1 

20 66.0 

30 64.9 

40 63.8 

30 

10 67.0 

20 64.6 

30 62.8 

40 61.2 

 

 

Fig. 2. Calorific value of dry producer gas (MJ/Nm3) versus 

the stoichiometric ratio and the sewage sludge fraction in the 

mixture with woody biomass. 

 

Findings presented in the paper may help defining 

physically allowable level of fuels mixing according to 

their co-gasification in downdraft gasifier. Regime maps 

could be useful as a tool for analysis in according to 

technical and economic efficiency of gasification plant 

[47]. 

4 Conclusions 

Analysis of the results of numeric modeling of co-

conversion of woody biomass and sewage sludge in a 

downdraft gasifier shows the following: 

1) Provided the bed remains fixed, the sewage sludge 

gasification with moisture content of 10-20% can be 

effective without woody biomass additions. For the 

sewage sludge with a moisture content of 30-40% its 

conversion without woody biomass additions proceeds 

with low chemical efficiency. The sewage sludge 

fraction in the mixture depends on the required chemical 

efficiency and moisture content: for the chemical 

efficiency of 50-60% the maximum sewage sludge 

fraction with a moisture content of 40% in the mixture of 

woody biomass amounts to 30-40%. These values are 

higher than the published experimental data, therefore 

the model calls for refinement. Presumably, the 

acceptable sewage sludge fraction will decrease, if the 

bed blockage is taken into consideration. 

2) The maximum cold gas efficiency of co-

gasification can be evaluated by limiting the sewage 

sludge fraction in the mixture with woody biomass to 

20-30%. The cold gas efficiency is about 60-70% and 

decreases with the growing sewage sludge moisture 

content. The calorific value of wet producer gas in this 

case makes up 3-4 MJ/nm3 (4-4.5 MJ/nm3 for dry gas), 

i.e. approximately the same value as for woody biomass 

without sewage sludge additions. 

3) Regime maps presenting process characteristics as 

functions of input parameters (fuel composition and air-

fuel ratio) are obtained. Operating these regime maps 

one can demarcate areas of efficient conversion 

following different criteria. For example, minimal 

efficiency and agglomeration avoiding requirements are 

considered there. Regime maps also could be used in 

optimization studies of small power plants. 
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