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This paper is a review of the state-of-the-art of biomass gasification and the future 
of using biomass in Serbia and it presents researches within the project “The De-
velopment of a CHP Plant with Biomass Gasification”.
The concept of downdraft demonstration unit coupled with gas engine is adopt-
ed. Downdraft fixed-bed gasification is generally favored for CHP, owing to the 
simple and reliable gasifiers and low content of tar and dust in produced gas. The 
composition and quantity of gas and the amount of air are defined by modeling 
biomass residues gasification process. The gas (290-400 m3/h for 0.5–0.7 MW 
biomass input) obtained by gasification at 800 °C with air at atmospheric pressure 
contains 14% H2, 27% CO, 9% CO2, 2% CH4, and 48% N2, and its net heating 
value is 4.8-6 MJ/Nm3. The expected gasifier efficiency is up to 80%. The review 
of the work on biomass gasification has shown that the development of technology 
has reached the mature stage. There are CHP plants with biomass gasification 
operating as demonstration plants and several gasification demonstration units 
are successfully oriented to biofuel production. No attempt has been made here to 
address the economic feasibility of the system. Economics will be the part of a later 
work as firmer data are acquired.
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Introduction

Generally, biomass is considered to be an important potential fuel and renewable 
energy source in the future.

In the EU countries, the use of biomass for power generation has increased over the 
recent years mainly due to the implementation of a favorable European and national politi-
cal framework. In the EU-25, electricity generation from biomass (solid biomass, biogas and 
biodegradable fraction of municipal solid waste) grew by 19% in 2004 and 23% in 2005, [1]. 
Depending on the growth of the power sector in EU countries, renewable energy sources (RES) 
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will contribute between 33% and 40% to total electricity production and with 25% in total heat 
production in 2020 [1]. 

Considering environmental protection issues, biomass is favorable fuel due to the 
closed circle of carbon-dioxide (carbon-dioxide, produced in combustion processes, is used for 
oxygen production in photosynthesis) [2].

Political, economic and environmental drivers in Serbia have pushed energy to the 
forefront of international politics in recent years. The Republic of Serbia has initiated an ambi-
tious program aiming at the reform and stabilization of all sectors also including the energy 
sector. Within this framework, in 2004, the country adopted the Energy Law, while in 2005, 
Serbian Parliament adopted, the Strategy of the Long-Term Energy Development of the Re-
public of Serbia by 2015 outlining the country’s major energy challenges over the next years 
and possible ways of meeting them. In 2007, Serbia ratified the Kyoto Protocol taking over the 
responsibility to increase the amount of energy produced from RES. The natural potential of 
Serbia is undoubtedly large, with estimation of up to 20% until 2012 [3]. Moreover, in line with 
the Energy Law and the Strategy, the Ministry of Mining and Energy has prepared the Energy 
Strategy Implementation Program – ESIP 2007-2012, which defines conditions, methods and 
time schedule for the implementation of the Strategy in all major parts of the energy sector [4]. 
The international obligation of the Republic of Serbia according to the EU Directive 2009/28/
EC is to introduce 20% of RES energy and 10% of RES energy in the final consumption of 
transport. In November 2009, as one of the first steps to implement the above mentioned Di-
rective, the Republic of Serbia introduced feed-in tariffs for the production of electricity from 
renewable energy sources with two main documents:  The Decree on Conditions for Acquir-
ing the Status of Privileged Producers and the Criteria for Granting the Status and the Decree 
on Feed-In Tariffs for RES Energy Generation. In spite of that, the production of energy from 
renewable sources is just a significant potential for Serbia at this moment.

At present, the Serbian energy scene is dominated by concerns for the security of en-
ergy supply, development and poverty mitigation. The major energy demand is provided from 
fossil fuels. Currently, the Republic of Serbia is not able to settle energy needs with available 
domestic primary energy sources and therefore 30-40% of annual energy needs are imported. 
According to data in the Energy Balance for 2011, the Republic of Serbia has high dependence 
on imports (5.31 Mtoe in 2010) of primary energy sources (oil and natural gas) [5]. On the other 
hand, the total renewable energy potential in Serbia is more than 4.3 Mtoe per year [6]. The 
most important source of biomass in Serbia is in agriculture and forestry (2.7 Mtoe) [6].

It is easy to conclude that renewable energy sources can have a strategic role in keep-
ing the balance between energy supply and demand in Serbia. Unfortunately, the production 
of energy from renewable sources in Serbia is still present only in some small project attempts 
and pilot facilities.

Biomass is not currently used for electricity generation. However, new facilities are 
installed in food and processing industry. Belgrade Municipal Heating Company is developing 
a new plant in Krnjaca with two boilers each of 5 MW installed power on biomass (soy and 
wheat straw). There have also been some initiatives to develop biomass-fuelled district heating 
project in Eastern Serbia (Negotin) but the feasibility study concluded that the project was not 
economically justifiable [7].

The main reasons for inefficient use of RES are the following: the lack of appropriate 
technologies for the use of biomass as fuel at the market, low energy prices and the lack of the 
support for R&D are the reasons for no commercial application and interest. 

There is a wide range of thermal processes under development from experimental to 
demonstration stages for secondary fuels (gas, liquid), or heat production [2]. Priority in Eu-
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rope is given to gasification combined with heat and electricity production. Two concepts are 
in consideration: centralized district combined power plants, or small scale gasifiers coupled 
with boiler or diesel engines for local use of heat and/or electricity [2]. According to the present 
situation in Serbia (investment limitations, ways of collecting, storage and transportations of 
biomass), the good estimations of the research team of the Department of Process Engineering 
are that the small-scale local usage is more realistic for near future than large centralized com-
bined heat and power plants. 

The paper presents researches within the project “The Development of a CHP Plant with 
Biomass Gasification” TR 33049, supported by the Ministry of Education and Science of the 
Republic of Serbia. This Project presents one of possible methods for using corncobs in the 
process of biomass gasification and combined heat and power generation. 

As a result of the project “The Development of a CHP Plant with Biomass Gasification”, 
the fixed bed downdraft gasifier of 0.5 – 0.6 MW is developed. Within this project, modeling 
of the gasification process with maize residues (corncobs) as fuel and modeling of coupling of 
gasification process to gas engines are realized. Downdraft gasification is generally favored for 
heat and electricity generation because of the low content of tar and dust in syngas.

Potential of biomass sources 

With the territory of 88,361 km2 and 7.4 million inhabitants (including the territory of 
Kosovo and Metohia) Serbia belongs to the group of middle size European countries. Gener-
ally, the northern part of the territory of Serbia is plain agricultural area, while the southern part 
is a mountainous region rich in forests. Agriculture is the basic occupation of the large part of 
Serbian population. Somewhat below half of the total population (44%) lives in rural areas, and 
most of them are engaged in agriculture and associated activities. Agriculture represents a very 
important factor in the country’s economy, (14.842% of GDP in 2011, [8]), as well as foreign 
trade (trade of agricultural products accounts for 12. 8% of the country’s total foreign trade).

Technically useful energy potential of the biomass energy sources in the Republic of 
Serbia is very significant and estimated at over 31.4 TWh per annum – of which 19.8 TWh lies 
in unused agricultural waste and residues from farming. 

Agricultural residues are the main biomass renewable sources. Agriculture land in 
Serbia is occupying the area of 5,100,000 ha out of which, 3,600,000 ha is cultivated [9]. The 
main area for crops production is the northern part of the country (fig.1), with production of 
maize, soy, barley, rye, wheat and other.

The most widely planted agricultural crops in Serbia are maize, wheat, sunflower and 
soybean [10]. The main area of fruit growing, another source of biomass waste, is the southern 
hilly region, mainly producing plums, apples, cherries, peaches, and grapes [10]. 

A great deal of crop farming production, almost 75%, is achieved in small or medium 
size private companies, while only about 25% of crop farming production belongs to agricultural 
companies of relatively larger size [2]. These two groups of agricultural producers have differ-
ent practice of using biomass residues. Presently, in large agricultural farms much less biomass 
residues are used for livestock breeding than at small private farms [9]. But, at small agricul-
tural farms, from their point of view it is useless to collect biomass residues after harvesting. 
The reasons are: no need for using biomass residues for cattle breeding, their existing domestic 
stoves or boilers are not adjusted to burning large pieces of straw or similar raw (unprocessed) 
biomass residues, and there is no market for selling biomass residues [9]. As a result, they often 
burn down straw and other biomass residues at fields. In addition, it is not easy for another entity 
to organize and achieve low cost collecting of biomass residues from many small and scattered 
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fields [9]. The total biomass residues from fruit growing can be estimated at about 475,000 t and 
with its average heating value of 14 MJ/kg, the energy potential of biomass residues from fruit 
trees pruning is about 159,000 toe [9]. The energy potential of vine pruning residues alone is 
about 1.80265 TWh [9]. Kernels of plums, cherries, peaches, and apricots together with peels 
and seeds of apples, pears, and grapes are waste derived from fruit processing. The quantity of 
this waste amounts to about 200,000 t [9]. With a relatively modest heating value of 9 GJ/t, the 
energy potential of fruit processing waste is about 0.53498 TWh [9].

This value is relatively small comparing to the energy potential of other fruit residues 
derived from growing. But an important advantage of this waste is that it is already collected in 
every company dealing with fruit processing. Therefore, this energy potential can be a remark-
able source of energy in these fruit processing companies. A disadvantage of this kind of waste 
is its relatively high water content [9]. That is why for some waste, such as grape peels and 
seeds, a drying process will be necessary before it is used for energy conversion [9].

Biomass residues from different agricultural crops and fruits, which may be usable for 
energy production, are presented in tabs. 1 and 2.

Table 1. Agricultural residues available for  
energy use [9] 

Agricultural  
cultures

Residues for energy use 
[1000 t]

Wheat 1365
Barley 180

Rye 4.4
Corn 1140

Sunflower 240
Soybean 130
Rapeseed 1.6
TOTAL 3060

Table 2. Fruit residues available for  
energy use [9] 

Fruit cultures Residues for energy use [1000 t]
Plum 393.5
Apple 36.2

Cherries 55
Pear 14

Peach 35.1
Apricot 15.5
Walnuts 55
Grapes 515
TOTAL 1119.3

In addition to agricultural area, Serbia belongs to countries relatively rich in forests. 
The area of 1.98 Mha is covered with forests which account for around 25.6% of the total area 
of the Republic of Serbia. The forest area lies mainly on the south of Serbia but also at the east 
and west from the central part of Serbia (fig. 2).

About two thirds of forests are the property of state owned public companies; the rest 
is privately owned [9]. The main species of forest trees are: broadleaves, beech, poplar and oak, 
and conifers, which include black pine and spruce [9].

According to the statistical data about 1.2 Mm3 or about 50% of forest production 
represents fuel wood [9]. The remaining assortments are wood pulp for pulp and paper industry, 
saw logs for cutting and wood for different technical purposes. Annual energy value of fuel 
wood presently used is 4.46 TWh. Residues of wood processing in saw mills resulting from 
the production of veneer, boards, and furniture, and residues in pulp and paper and chemical 
industry consist of small and large pieces: shavings, chips, cutting edge and bark [11]. 

Estimated annual yield of these wood residues is about 0.35 Mm3 with the energy 
value of 0.77 TWh. In a well-organized company, practically all quantity of wood waste is 
used in either board production or as fuel for heat and power production. However, some wood 
processing companies in Serbia have available wood biomass but they are not making a good 
use of it. Instead, they either spread the waste around their property, or simply dispose it into 
closest rivers, discarding a potentially valuable energy producing resource [11].
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Figure 1. The geographic distribution of biomass 
energy potential

Figure 2. The geographic distribution of forest 
energy potential [9]

Corncob as a potential fuel

The most widely planted agricultural crop in Serbia is corn. It is estimated, that almost 
60% of agricultural field are planted with corn (area of approximately 2,160,000 ha).

Corn residues, as stalks and leaves represented 47% and cobs represented 16% of the 
aboveground biomass. It is estimate that from 100 ha of agricultural areas planted with corn is 
possible to obtain about 130 t of corncob (which is equivalent to 10.8 TWh). This means that 
approximately 2.81 million tons per year of corncob are produced in Serbia. Only a small part 
of it is used for heat production, mainly in traditional stoves in villages.

Corncobs have sufficient volumetric energy density and therefore they are suitable as 
an energy feedstock [12]. The higher the energy density, the less volume of biomass needed to 
produce a given amount of energy. While corncobs are not as energy dense as fossil fuels, they 
have similar energy density to other biomass feedstock and less energy density than coals, both 
of which are successfully utilized as energy feedstock around the world [12]. For comparison, 
the volumetric and mass energy densities of several types of feedstock are given here on dry 
basis (tab. 3).

The proximate and ultimate analysis is shown in the tab. 4.

Table 3. The volumetric and mass energy densities of several types of feedstock1

Fuel/energy 
content Corncobs Corn stover Switch grass Wood pellets Bituminous 

coal Fuel oil

[MJkg–1] 18.25-19.18 17 18 19 25.5 43.5
[MJm–3] 4,960-5,210 2,550 2,500 12,400 17,200-23,300 38,600

1 Sources: Clark, T.T. and Lathrop, E.C.; Foley, K.M.; Powder and Bulk; Mclaughlin, S.B., et al.; EIA-DOE 
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Biomass gasification – an overview 

In order to benefit from chemical energy contained in biomass this energy has to be 
transformed into more convenient energy forms like heat or electricity. Gasification is a ther-
mochemical conversion of solid carbonaceous feedstock (biomass, coal, or waste) into gaseous 
fuel (syngas), which contains carbon monoxide, hydrogen, carbon dioxide, methane, traces of 
higher hydrocarbons, water, nitrogen (if air is used as gasifying agent) and various amounts 
of tar and solid particles (ash, char) [2]. Syngas can be easily used for combined heat and 
power generation. Air gasification gives poor quality gas (HHV< 7 MJ/m3), which is used lo-
cally in boilers, gas turbines, or IC engines. Oxygen gasification produces better quality gas  
(10-18 MJ/m3), but because of high oxygen costs, it is preferred only in case of desulphuriza-
tion of syngas prior to combustion in coal gasification processes [2]. Gasification with air is a 
widely used technology for waste and biomass conversion [13]. Gasification occurs at tempera-
tures from 700 °C to 1200 °C when de-volatilized char chemically reacts with oxygen and/or 
hydrogen introduced by gasifying agent (air, oxygen, steam, hydrogen, carbon dioxide or mix-
ture of some of these gases).

Gasification of biomass is generally observed to follow the reaction [14]:

 Biomass + O2 (or H2O → CO, CO2, H2O, H2, CH4 + other CnHm + tar + char + ash (1)

Assuming a gasification process using biomass as a feedstock, the first step of the 
process is a thermochemical decomposition of the cellulose, hemicelluloses and lignin com-
pounds with production of char and volatiles [15]. Further, the gasification of char and some 
other equilibrium reactions occurs.

Char gasification is a rate-limiting step in the production of gaseous fuels from bio-
mass. The overall reaction rate is fairly constant throughout and declines only when the char 
is nearly depleted [14]. This suggests that the reaction rate depends on such factors as total 
available active surface area or interfacial area between char and catalyst particles [14]. These 
parameters remain relatively constant during the gasification process. Softwood and hardwood 
chars exhibited similar gasification behavior. Results indicate that mineral (ash) content and 
composition of original biomass material, and pyrolysis conditions under which char is formed 
significantly influence the char gasification reactivity [14].

One of the major problems in biomass gasification is how to deal with tar formed 
during the process. Tar is a complex mixture of condensable hydrocarbons which includes sin-
gle ring to 5-ring aromatic compounds along with other oxygen containing hydrocarbons and 
complex polycyclic aromatic hydrocarbons (PAH) [16]. Tar is undesirable because of various 
problems associated with condensation, formation of tar aerosols and polymerization to form 
more complex structures which cause problems in process equipment, as well as in engines 

Table 4. Proximate analysis and ultimate analysis  
of corncob

Proximate analysis 
[wt.%, db]

Ultimate analysis 
[wt.%, db]

VM 81.1 C 47.5
Fix-C 17.4 H 6.3
Ash 1.4 O 43.9

Low heating value, 
LHV [MJkg–1] 13.8

N 0.5
S 0.1

As already mentioned, corncobs are 
dense, structurally uniform, and they 
have  high heat value, and low nitro-
gen and sulfur contents. As a direct heat 
source, corncobs have low heat value 
of about 13.8 MJ/kg. The chemical 
properties and physical characteristics 
of corncobs make them  a feedstock 
suitable for several methods of energy 
generation.
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and turbines using the produced gas [14]. However, minimum allowable limit for tar is highly 
dependent on the process type and end use application [14]. The preferable tar and dust loads in 
gases for engines must be lower than10 mg/m3 [17].

According to literature ([18, 19]), tar and particle maximum concentrations in syngas 
for the use in gas engine are <100 mg/m3and <50 mg/m3, respectively. 

Control technologies of tar production can broadly be divided into two approaches 
[20]: treatments inside the gasifier (primary methods) and hot gas cleaning after the gasifier 
(secondary methods). Although secondary methods are proven to be effective, treatments in-
side the gasifier are gaining much attention due to economic benefits. In primary methods, 
operating parameters, such as temperature, gasifying agent, equivalence ratio, residence time 
and catalytic additives, play important roles in the formation and decomposition of tar. Primary 
methods are not yet fully understood and have not to been implemented commercially [20].

Two types of gasifiers are commonly used for small-scale gasification: fixed bed gas-
ifiers and fluidized bed gasifiers.

In fixed bed reactors, there is fuel bulk filling (bed) in the reaction chamber. Fresh 
biomass is fed from the top of the reactor, introduced through an opening or sluice on the reac-
tor head and sunk slowly downwards by gravity as conversion of fuel proceeds [21].

Depending on a relative direction of a gas stream and fuel bed movement, fixed bed 
reactors can be classified as: updraft or downdraft. 

Downdraft fixed-bed gasification is generally favoured for small-scale heat and/or 
electricity generation, owing to the simple and reliable construction of gasifiers and to the low 
content of tar and dust in produced syn-gas. It is limited to relatively dry fuels (up to 30% wt. 
of moisture) in shape of blocks, chips, or pellets. As the ash fusion and clinker formation on 
grate is possible, fuels with non-slagging ash are preferred. The limitations of diameter and 
particle size mean that there is a practical upper limit to the capacity of standard configuration 
of 500 kg/h or 500 kWe [13]. Even with special design, its maximum size is probably limited to 
about 1 MWe. Experience in wide number of development programs has shown that the clas-
sical downdraft gasifier cannot be scaled. The latest trend in downdraft gasification research is 
development of small-scale, fully automatic units, dedicated to a single well defined fuel [12].

In updraft gasifiers, gasification medium and produced syngas flow through the gas-
ification reactor in the opposite direction to the fuel bed. Thus, if the reactor is fed from above, 
the gasification media (air, oxygen, steam) enters the reactor in the area of the grate. The sensi-
tive heat of the produced raw gas is used to dry the fuel and to start pyrolysis. As the output 
from the updraft gasifier, the raw gas is cooled on its way through the bulk filling, and the tar 
content in the raw gas can reach values over 100 g/m3 during gasification of the biomass [12].

Biomass gasification is the latest generation of biomass energy conversion processes, 
and it is used to improve efficiency and to reduce investment costs in bioelectricity generation 
through the use gas turbine technology or IC gas engines. Biomass gasifier gas turbines are 
projected to have bioelectricity efficiencies of 40-45%, or more than double those of Rankine-
cycle systems. The gasification of biomass in fixed bed reactors provides the possibility of 
combined heat and power production in the power range of 100 kWe up to 5 MWe. A system 
for power production by means of fixed bed gasification of biomass consists of the main unit 
gasifier, gas cleaning system and gas turbine or IC gas engine [14]. 

The experience has shown that modified gas IC engines can run without problems on 
syngas with net heat value of 5-6 MJ/m3.

The capital cost of power plants with biomass gasification in the United States is 
about $2000–$3000/kW and generation cost is in the order of $90/MWh. Such plants may be 
cost effective in CHP mode if connected to district heating schemes. The cost of biomass com-
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bustion steam cycle and CHP plants can be lower with $1000/kW as the cost target. In Europe, 
the investment cost of biomass plants varies considerably from $1000 to $5000/kW depending 
on plant technology, level of maturity and plant size [14].

In order to get quality gas after gasification which can be used in gas engines for CHP 
production, the present paper discusses the strategies for tar removal. The reactor design is very 
crucial for gasification in terms of efficiency, heating value of product gas and also for tar forma-
tion. Downdraft gasification coupled with tar removal combustion chamber is presented here. 
Application of downdraft gasifier significantly lowers the content of tars and dust in produced 
syngas (tar concentrations around 1 g/Nm3, [22]. In addition, after gasification, syngas is intro-
duced into combustion chamber, where gas should be kept at least for 3 seconds at temperature of 
800 °C for efficient tar decomposition. For that reason, the chamber is filled with porous structure 
of Al2O3 pebbles which slows down the gas and significantly reduces the chamber dimensions.

Overview of activities carried out  
within the project TR33049

Biomass utilization in its various forms has gained reputation as one of the most prom-
ising methods to tackle the CO2 issue which has risen and to slow down the rate of new fossil 
fuel units’ construction. The first attempts to produce biodiesel started at the middle of 1990s 
during the sanctions and because of the lack of diesel fuels in Serbia. During this period, several 
chemical facilities were constructed or reconstructed to produce biodiesel. Although the plan was 
to produce 50,000 t of biodiesel, due to the undefined role of the state and the support system, 
this quantity was not achieved. In 2008, Serbia got a new factory for biodiesel production when 
the factory “Victoria Oil” in Sid, which fulfilled the requirements of the standard EN 14214, 
was constructed. In the same year, they started with the production of first quantities of biodiesel 
– around 25,000 t of biodiesel. The installed annual capacity of this factory is 100,000 t of biodie-
sel [9]. At this moment, it is hard to estimate at what time the factory will reach the full capacity 
since there is no stable market for biodiesel in Serbia. At the Department for Process Engineering 
of the Faculty of Mechanical Engineering, University of Belgrade, several experimental labora-
tory gasifiers have been designed and tested with different kinds of gasification processes using 

Figure 3. Downdraft gasifier 
design

biomass and waste material. According to results of biomass and 
waste gasification experiments carried out several years ago at 
laboratory scale reactors at the Department, but also according 
to results of many projects recently presented in literature, the 
concept of downdraft demonstration unit has been developed [2] 
and the downdraft gasification unit of thermal power 0.5-07 MW 
designed. Corncobs as  widely available and also very suitable 
agricultural residue for gasification are chosen as biomass row 
material. The principle of gasifier design is shown in fig. 3 and 
the principal scheme of downdraft gasifier in demonstration plant 
for CHP is shown on fig. 4.

Thermal power input of downdraft gasifier is 0.5-0.7 
MW. Fuel feeding has to be carried out via gas-tight transfer in-
let that prevents gas leakage and aspiration of excessive amounts 
of leakage air [22]. Corncobs are added from the top through a 
closed tube section. In the higher zone, some drying and heating 
(from radiation) is taking place. The air, needed for gasification 
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process, is introduced lower down in order to produce heat for gasification [23]. The oxygen 
introduction is optionally possible. The air is supplied trough nozzles into the combustion area 
at the temperature of approximately 350 °C. The drying/pyrolysis zone lies above the oxidation 
zone and is supplied with the necessary process heat primarily through thermal conduction in 
bulk filling [23]. In the oxidation zone, primarily vaporous pyrolysis products react with the 
input gasification medium. The gases (CO2 and H2O) from the oxidation zone are reduced to 
CO and H2 by the char at the high temperature of the lower lying reduction zone [23]. Through 
these reactions, endothermic Bouduard and water gas reactions, the part of sensitive heat of 
gases is converted again into chemical energy of produced gas [23].

Figure 4. Principle scheme of biomass gasification plant for chP production

The gasification takes place in the conical part of the reactor and in a char layer over 
a rotating grid. If gas temperatures drop to a level at which no further reaction of the char with 
produced gas takes place [23], there will be a portion of unreacted char above ash grid that will 
be discharged with ash [23]. The speed of grid rotation determines the retention time of mate-
rial in the reaction zone. Fine tuning of process parameters, especially temperature in the throat 
of the reactor and the speed of grid rotation, should keep the percentage of unreacted carbon in 
ash at low level. The ash is removed from the system using a cone grate system, also having the 
role of a stirrer for formed char. As the ash fusion and melted ash formation on grate is possible, 
operation parameters to prevent ash melting need to be studied carefully in demonstration ex-
periments. The syngas is removed from the reactor close to the ash grid and it leaves the gasifier 
at approximately 700 °C.

In the scope of the project “The Development of a CHP Plant with Biomass Gasifica-
tion” it is suggested that gas clean-up problems can be largely avoided if biomass gasifier is 
coupled to the combustion chamber and tar cracking columns. As a small portion of oxygen 
will be introduced into the combustion chamber, a portion of gas will be combusted in order to 
reach gas temperature of 800 °C. The combustion chamber is coupled with the regenerative heat 
exchanger – two columns filled with Al2O3 pebbles where thermal decomposition of tar takes 
place. Tar free gas exits the combustion chamber at the temperature of approximately 700 °C.

After tar cleaning, the syngas is carried through gas to water and gas to air heat ex-
changers for cooling. The purpose of gas cooling is to lower gas temperature which should meet 



Jankes G. G. et al.: Biomass Gasification with CHP Production ... 
S124 THERMAL SCIENCE, Year 2012, Vol. 16, Suppl. 1, pp. S115-S130

the requirements of gas treatment equipment and provide optimal operation conditions. In this 
case, the gas is cooled down from 700 °C to approx. 450 °C in the gas to water heat exchanger. 
Hot water from the exchanger is used in the plant heating circuit. In the second heat exchanger 
(gas to air), ambient air used in gasification process is heated up to approx. 350 °C while the 
syngas is cooled down to approx. 90 °C, which is the temperature required for dry particle fil-
tration in ceramic bag or fabric bag filters.

Cleaned gas is burned in a gas engine coupled with an electric generator. Based on 
the recommendations of the manufacturer (Jenbacher AG of Austria), the temperature range 
of below 90 °C is required. Therefore, additional heat exchanger is introduced in front of the 
gas engine. In order to maintain stationary input parameters (to keep constant gas pressure for 
engines and also to avoid gas fluctuations during start up and shut down of engines), mixing 
of syngas with natural gas can be enabled. The expected electrical output is 130-180 kWe. The 
thermal energy from the CHP plant (exhaust gas, internal cooling processes, etc.) can be used 
for energy supply of the nearby industrial site. In addition to the recovery of heat energy from 
engine exhaust gas, heat energy is available from engine block cooling; this, together with the 
recovered exhaust gas heat, as well as process heat from syngas cooling, can be fed into a heat 
distribution system of an industrial site (as it is proposed in the previous Project “Technologies 
for Using Biomass for Combined Heat and Power Generation”, TR18026A).

Biomass gasification modeling

Corncobs have proven to be an ideal row material for gas production with the HHV 
of 18.6 MJ/kg (1.4% wt. ash).

The syngas composition, the amount of syngas and the amount of air are defined by 
modeling corncob gasification process.

The thermodynamic equilibrium model is used for downdraft gasifier in order to cal-
culate the composition of syngas. The equilibrium models have been used by many research-
ers for the analysis of gasification process. Equilibrium models are valuable because they can 
predict thermodynamic limits as a guide to process design, evaluation and improvement. The 
advantage of equilibrium models is that they are independent of gasifier design and characteris-
tics. Those models are based on the minimization of Gibbs free energy [24-26].

The main goal of these models is to enable studying a thermochemical processes 
during biomass gasification, evaluating the influence of main input variables, such as moisture 
content and air/fuel ratio, the syngas composition and its heating value.

For the model developed in this project, the following assumptions are made [27-30]:
(1) biomass is represented by general formula CHxOyNzSr,
(2) residence time of reactants is high enough to reach chemical equilibrium,
(3) reactions are at thermodynamic equilibrium,
(4) reactions proceed adiabatically,
(5) reaction temperature and residence time for reactants are sufficiently high to reach chemi-

cal equilibrium,
(6) there is no tar in the gasification zone,
(7) ash is inert and it is not involved in any reactions, and
(8) gasification products contain CO2, CO, H2, CH4, N2, and H2O (there is no oxygen in syngas 

– during the process of gasification only 20-40% of stoichiometric air is used);
With reference to all these assumptions, the most important one is that the residence 

time of reactants is high enough to reach chemical equilibrium; this hypothesis is confirmed by 
other authors [24, 28, 31].
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In the present model, the CHxOyNzSr formula is considered because it is suitable for 
different types of biomass utilization. Starting from ultimate analysis of biomass and mass frac-
tions of carbon, hydrogen, oxygen, and nitrogen, substitution fuel formula CHxOyNzSr, based 
on single atom of carbon, can be calculated:

 

C C C C

H N S
2

HM OM NM SM
x = , y = , z = , r =

CM CM CM CMH O
 (2)

where C, H, O, N, S and MC, MH, MO, MN, MS are mass fractions and molecular weights of 
carbon, hydrogen, oxygen, nitrogen and sulphur, respectively. The algorithm that estimates 
the composition of syngas is based on chemical equilibrium between different species, and the 
global reaction can be written as [32]:

 

2 2

4 2 2

x y z r 2 2 2 CO CO 2 H 2

CH 4 H O 2 2 SO 2

CH O N S + H O + (O + 3.76 N ) CO + CO + H

+ CH + H O + + 3.76 N + SO
2

w m n n n

zn n m n

→

 
 
 

 (3)

where w is the molar quantity of water per mole of biomass, and m corresponds to the molar 
quantity of air used during the gasification process.

Model equations contain energy and mass balance (C, O, H, and N) equations, equi-
librium equations.

Model equations

Considering the global gasification reaction, the first four equations are formulated by balanc-
ing each chemical element (mass balance):

Carbon:  2 4CO CO CH1 – – – = 0n n n  (4)

Oxygen:  2 2 2CO CO H O SO2 2 0y m w n n n n+ + − − − − =  (5)

Hydrogen:  2 4 2H CH H O2 2 4 2 0x w n n n+ − − − =  (6)

Sulphur:  2SO 0r n− =  (7)

The chemical equilibrium is usually explained either by minimization of Gibbs free 
energy or by using equilibrium constant. The temperature of gasification zone needs to be cal-
culated in order to obtain equilibrium constants K1 and K2. For this reason, energy balance is 
performed for the gasification process.

Three equilibrium relations:

Bouduard reaction  
2

2
CO

1
CO

nK
n

=  (8)

Water gas reaction  2

2

CO H
2

H O

n n
K

n
=  (9)
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Gas shift reaction  2

2 2

CO H O
3

CO H

n n
K

n n
=  (10)

Equilibrium constants are given by:

 
ln

0
TGK

RT
∆

= −  (11)

 
0 0

, ,T i f T ii
G v g∆ = ∆∑  (12)

where ∆G0
T is standard Gibbs function of reaction, T – the temperature in K and R – the univer-

sal gas constant in consistent units; Δg0
f,T,i, represents standard Gibbs function of formation at 

given temperature T of gas species i which can be expressed by empirical equation [33]:

 

0 0 2 3 4
, , – ' ln( ) – ' – – ' '

2 3 2f T i f
c d dg h a T T b T T T f g T

T
     ∆ = + + +     
     

 (13)

The values of coefficients a`-g` and the enthalpy of formation of gases are presented 
in tab. 5.

Table 5. The value h0
f [kJmol–1] and coefficients of empirical equation for Δg0

f,T,i [kJmol–1] [33]

h a’∙103 b’∙106 c’∙109 d’∙1012 e’ f ’ g’
CO 110.5 5.619 –11.90 6.383 –1.846 –489.1 0.8684 –0.06131
CO2 –393.5 –19.49 31.22 –24.48 6.946 –489.1 5.27 –0.1207
H2O –241.8 –8.950 –3.672 5.209 –1.478 0 2.868 –0.01722
CH4 –74.8 -46.20 11.30 13.19 –6.647 –489.1 14.11 –0.2234

The energy balance can be considered as follows [32]:

 prod react in outH (T)= H +Q +Q  (14)

 
d

iTo
react i f i pireact react 298

H = n h + n C T∑ ∑ ∫  (15)

 
d

iTo
prod ipg f pg pipgpprod prod 298

H (T)= n h + n C T∑ ∑ ∫  (16)

where h0
f  

[kJ kmol–1] is the enthalpy of formation and its value is zero for all chemical elements 
at reference state (298 K, 1.013 bar) [32].

According to the first thermodynamic principle, the enthalpy of products at reaction 
temperature (T) is equal to the enthalpy of biomass, moisture and  air incremented with heat 
inputs (preheating, Qin > 0) and heat outputs (heat loss, Qout < 0).

Valuation

To solve the values of nCO, nH2, nCO2, nH2O, and nCH4, initial temperature is assumed 
and substituted into eqs. (10) and (12) to initially calculate K1 and K2. Then, both equilibrium 
constants are substituted into eqs. (8) and (9), respectively. Finally, all results are substituted 
into eqs. (4), (5), (6), and (7). For calculating the new value of temperature, eq. (13) is used. 
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Table 6. Gas composition after downdraft gasifi-
cation of corncobs

Gas composition [vol.%, db]
CO 26.7
CO2 9.5
H2 13.5

CH4 2
N2 48.3

Low heating value, LHV [MJkg–1] 5.5

The outlined procedure is repeated until tem-
perature value is converged. EES software is 
used for modeling gasification process. For 
biomass input of 140-190 kg/h, the amount of 
air needed for gasification is estimated to be 
150-210 m3/h.

The composition of syngas after the process 
of gasification is presented in tab. 6. Results 
obtained in this analysis are in the good agree-
ment with results obtained by literature review 
[13, 34-36]. The output of the gasifier is deter-
mined to be approximately 290-400 m3/h (dry 
raw gas at normal conditions), with lower heating value (LHV) of 5.5 MJ.

The material and energy balance of gasification plants shows that the efficiency of 
gasifier up to 80% can be expected.

Not a single biomass gasification system for commercial use has yet been built in 
Serbia, but the process and system have been developed to the point that they can be safely 
offered to potential customers.

The presented concept of biomass gasification plant is in the construction phase in one 
industrial site near Belgrade. The plant is located in an agricultural region where corn is grown. 

It is estimated that 1700 t per year of corncobs are available for energy production. 
The available energy of this amount of corncobs is estimated at around 755toe (9 GWh). The 
utilization of corncobs will provide sufficient energy which can be used for electricity and heat 
generation.

The plant is designed to operate 7900 hours annually. At maximal load, the gasifier is 
fuelled with 190 kg of corncobs every hour and it is capable of gasifying 1500 tons of corncobs 
annually. The annual energy production is approximately 2.7 GWh of heat and 1.4 GWh of 
electricity.

The Sankey diagram with proportional energy flows of biomass gasification plant for 
CHP is presented in fig. 5.

After implementation of biomass gasification CHP plant, gas cleaning and heat recu-
peration will be tasted. Necessary testing will be done in order to determine the plant’s pollutant 
emissions and, if necessary, to improve segments of equipment. The possible ways of develop-
ing future commercial plants will also be determine.

Conclusions

Renewable energy sources, especially biomass, play a key strategic role in maintain-
ing the balance between energy supply and demand in Serbia. With its activities to join the EU, 
Serbia is adopting regulations of the EU, and national regulations will have to be harmonized 
with the Directive on the Promotion of the Use of Energy from Renewable Sources (2009/28/
EC) [37]. Serbia is in the phase of determining its own national targets and making an activity 
plan for the fulfillment of designated targets. It is clear that significant attention will have to be 
devoted to this sector in the future. The success of biomass implementation in the energy sector 
of Serbia  is limited  by  a combination of factors, such as inadequate planning policies, pricing 
distortions which have placed renewable energy in  a disadvantaged position, high initial capital 
costs and the lack of incentive funds. The total biomass energy potential in Serbia is approxi-
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mately 2.7 Mt [6]. Out of this amount, about 1.7 Mt refer to remains of agricultural production 
and about 1 Mt refer to wood biomass. It is estimated that almost 60% of agricultural fields are 
planted with corn  (area of approximately 2,160,000 ha). This means that approximately 2.81 
Mt per year of corncobs are produced in Serbia.

The small-scale gasification is a convenient and well-tested technology. The small–
scale gasification plant is suitable for decentralized and independent energy generation in rural 
or isolated areas, companies with a need for heat and electricity energy with the use of cheap 
fuels (local biomass).

The paper presented the development of the downdraft gasifier with input thermal 
power 0.5-0.7 MW. Modeling of corncob gasification process shows that corncobs are a good 
quality fuel (LHV of 13.8 MJ/kg) which can be used to produce fairly high quality gas (LHV 
of 5.5 MJ/m3).

The efficiency of gasifier up to 80% can be achieved.
After demonstration phase, it is expected that the plant will be commercialized and 

used for heat production or combined heat and electricity production in small-scale plants.
From this research, it is concluded that gasification of biomass residues is technically 

feasible and it is likely to have limited environmental impacts. However, more experimental 
data on biomass characteristics and gas engine tests will have to be collected. The sensitivity 
to fluctuations in syngas quality and mass flows, pre-treatment and feeding biomass materials 
should be investigated in practical experiments.
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Figure 5. The energy flow in biomass gasification plant with chP, Senkey’s diagram
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Nomenclature

Cp −  specific heat capacity at constant pressure, 
[kJkg−1K−1]

C − mass fraction of carbon
H − mass fraction of hydrogen
O − mass fraction of oxygen
N − mass fraction of nitrogen
S − mass fraction of sulphur
h0

f − enthalpy of formation, [kJkmol–1]
M − molecular weight, [kgkmol–1]
K − equilibrium constant
m − molar quantity of air, [kmolkmol–1]
n − numbers of mole
Q· − heat flow rate, [kJs–1]
T − temperature, [K]
w −  molar quantity of water per mole of 

biomass, [kmol kmol–1]

ΔGO
T −  standard Gibbs function of reaction at 

temperature T
Δg0

f,T,i  −  standard Gibbs function of formation at 
temperature T

Greek symbols
υ − stoichiometric number

Subscripts
prod − reaction products
react − reaction reactants
in − input to gasifying process
out − output of gasifying process
pg − produced gas
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