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ABSTRACT

Recently, many countries have paid substantial attention to power generation from
biomass gasification, particularly through small-scale plants. A number of power
plant models have been suggested and analyzed; however, certainly, desirable
configurations have not been identified yet. Moreover, their performances are
ordinarily difficult to compare, especially owing to the fact that working
hypotheses are often inconsistent. The objective of this research is to provide an
overview on small-scale technologies regarding woody biomass syngas utilization
for power production, with the purpose of introducing the most promising solutions
from both thermodynamic and economic viewpoints. Existing technologies or those
possibly anticipated to be available on the market in the near future have been
taken into consideration. Three plant scales have been investigated including 100
kWe, 1 MWe and 5 MWe. As small-scale power plants, internal combustion engines
and internal (micro) gas turbines have been taken into account, while gasification
has been focused for biomass. Simulations demonstrate that internal combustion
engine integrated with an ambient pressure gasifier and regenerative gas turbine
integrated with a pressurized gasifier are the most favorable technologies at all the
three sizes from a thermodynamic point of view. However, among these two
solutions, the former configuration is the most promising one at all the scales from
an economic point of view as well.
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Thermoeconomic analysis.

1. Introduction

son of the interesting types and the reason lies in the
fact that besides the principal benefit of renewable

Global warming due to human activities is a recent
crucial issue; thus, the decrease in greenhouse gas
emissions becomes a vital target in many countries.
As a result, some international agreements such as the
Kyoto protocol and the EU 20-20-20 plan have been
considered to restrain the undesirable outcomes of
industrial development.

The utilization of renewable energy sources for
power generation can have a great contribution
towards the progress of this trend. Amongst these
alternative energy sources, biomass is considered a

*Corresponding author:

School of Mechanical Engineering, College of Engineering, University
of Tehran, Tehran, Iran

E-mail address: fkowsari@ut.ac.ir, (Farshad Kowsary)

energies (CO2-neutrality), it has the capability of
being gathered and exploited through a combustion
process, coupling its conversion with more
conventional technologies, hence it allows combined
heat and power (CHP) production as well. Moreover,
an enormous potential of this resource can be
available almost worldwide. Of course, woody
biomass in particular is the most considerable type
and is furthermore an appropriate fuel to produce
power due to its versatility.

Although the exploitation of biomass to generate
power is more common for large plants, its utilization
may still be indeed more compelling on small scales.
This is because of the higher potential for the
application of a co-generative unused heat recovery,
the difficulty in providing large amount of raw
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material to feed plants as well as the very little effect
of the installations on the environment. Additionally,
small-scale plants benefit from higher economic
incentives than larger ones in many countries.

Gasification as the biomass conversion process is
taken into account. Biomass has specific chemical
properties (compared to other materials like coal) and
makes it particularly appropriate for gasification
technologies. Moreover, exploitation of biomass
syngas (the main product of gasification process that is
a gaseous fuel) has been recently investigated widely,
although the most desirable small-scale biomass
gasification power plant configurations have not been
established yet. Furthermore, owing to different
operating conditions, a proper comparison of the
performances of the configurations is often too
troublesome to investigate. On the basis of these
considerations, the main goal of the present work is to
carry out an assessment of small-scale biomass syngas
fired power generation technologies, focusing on
woody biomass, allowing a comprehensive
comparison and recognizing the most favorable
solutions from both thermodynamic and economic
points of view.

Existing power plant configurations or those which
are anticipated to be possibly available on the market
in the future have been taken into account. Three
power plant scales have been considered: 100 kWel, 1
MWeland 5 MWel. In fact, the two first-mentioned
capacities have been more focused, because the last
one can practically be taken into consideration as a
medium-scalefor biomass power plant. However, it
has been considered in order to have a better
comparison values.

Internal combustion engines (ICE) and (micro)
internal gas turbines (mGT/GT) have been considered
as the power plants. The commercial Thermoflex™
software has been used in order to simulate the overall
thermodynamic performances. Maximization of power
generation by providing potential regeneration has
been taken into consideration through setting different

plant configurations. Subsequently, the most efficient
configuration have been subject to an economic
analysis, performed on the basis of available European
legislations, which provide substantial economic
incentives to generate power from renewable energy
sources.

2. Woody biomass gasification technologies

Gasification is a thermochemical process converting
solid or dense liquid fuels such as biomass, coal, tars
and so on into gaseous energy fuel, which is called
syngas, by partial oxidation at high temperature (800 —
1000°C) with a specific substoichiometric quantity of
an oxidizer like air, oxygen, steam or a mixture of
them.

As already mentioned, biomass has special chemical
properties such as carbon reactivity, high volatility
and low percentage of ash and sulphur that turn it to
an appropriate fuel for gasification. The process, in
comparison with coal, is able to be performed at
lower-level temperature, with a less amount of time
and fewer difficulties concerning emissions as well as
the reactor walls corrosions. Nevertheless, biomass
also has significant disadvantages including its high
content of moisture and low density of energy. The
gasification process includes four stages: drying,
devolatilisation, solid char and volatile products of
incomplete oxidation, and reduction reactions among
the emitted gases. The primary reactions occurring in
a biomass gasifier are indicated in Table 1[1].

As mentioned before, syngas is the main product of
the gasification process in gaseous phase which is
composed of partial combustion products (such as CO
and light hydrocarbons like CH4) and of H. and CO..
Nonetheless, several parameters are influential on
determination of its actual composition, such as the
types of biomass and gasifier, working conditions and
so forth. Obviously, the adopted oxidizer is one of the
most significant and causes a great difference as
demonstrated in Table 2[2].

Table 1. The primary reactions in a biomass gasification process

Reactions

Heterogeneous reactions

Combustion
C + 502 — CO (partial oxidation)
C + 02 — CO2 (total oxidation)

Pyrolysis

4 CnHm — m CH4 + (4n -m) C
Gasification
C+ CO2 — 2 CO (Boudouard)
C + H20 — CO + H2 (carbon reforming)
C + 2 H2 — CH4 (hydrogasification)
Homogeneous reactions

Gas-phase reactions
CO + H20 — CO2 + H2 (water gas shift)
CO + 3 H2 — CH4 + H20 (methanation)
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Table 2. Molar percentage composition of syngas based on different oxidizers [db]

Air  Oxygen Steam
cO 15-25 30-37  32-41
CO, 5-15 25-29  17-19
H, 10-20 30-34  24-26
CH, 1-3 46 11-12
C.H, 0-1 1 2-3
N, 4355 2-5 2-3
LHV [MJNm®]  4-6 9-11 12-15

As it is clear, when the air plays the role of oxidant
agent, a noticeable amount of nitrogen is found in the
syngas that results in the lower LHV than the other
two cases. However, it must be noted that all small-
scale power plants only utilize air as oxidizer, since
installation of required systems for steam production
or oxygen separation would not be justified. It is easy
to figure out that gasification is influenced by several
losses, like heat dissipations related to the LHV or the
sensible heat of discharge charcoal or ash. However,
the syngas exits the gasifier owns an applicable part of
the thermal energy output (approximately 20%) due to
its high temperature. But, this energy contribution is
usually lost during the essential cleaning processes or
being recovered by heat exchangers; therefore, the
only useful output of the gasifier, the syngas LHV, is
being considered to calculate the gasifier performance.
The parameter that called cold gas efficiency, takes
into account the syngas LHV against the solid fuel
power input which expresses the quantity of the
gasifier performance. That is,

(1)
It is important to note that, in spite of the process
losses, the gasification process (converting solid fuels
into gaseous ones) has numerous benefits including
easily being transported and accumulated, lower
burning emissions, and beyond everything else, higher
combustion efficiencies and using the gaseous fuel in

high-efficiency gas-fed plants. Regarding this fact, it
must be recalled that despite the several syngas
applications, the only purpose of the work is to focus
on producing power of biomass syngas. The typical
solution to use up syngas on small-scale power plants
is CHP with internal combustion engines and
micro/small gas turbines. Eventually, since syngas
exited the gasifier is full of contaminants which are
required to be eliminated; the gasification unit system
is built by syngas cooling and cleaning systems in
addition to the gasifier. The reason for cooling the
syngas lies in the fact that the cleaning process usually
cannot be performed at high temperature, so the
cooling process of the syngas is essential at earlier
step.

2.1. Types of gasifiers

While gasification is not an entirely verified
technology, there are several solutions available at
commercial level. Gasifiers are distinguished by a
fixed, fluidized or entrained bed from an operating
viewpoint. Fixed-bed gasifiers, on the basis of the
direction of the flow of air and biomass, are
characterized in updraft (counter current), downdraft
(co-current) and crossdraft type, whereas in fluidized-
bed ones, different types are made in bubbling,
circulating and dual gasifier based on the features of
the bed. The main value parameters of these gasifiers
are shown in Table 3[3, 4].

Table 3. Main operating parameters of gasifiers

Input

Reaction Output gas Tar Biomass Maximum flow Power

temperature  temperature [mg/Nm’] size moisture capacity capacity

[C] [C] [cm] [Yow/w] [t/h] [MW.]

Updrafi 1000 250 High 0.5-10 50 10 1-10

Fixed bed Downdraft 1000 800 Low 0.1-10 20 0.5 0.1-1
Crossdraft 900 900 High 1-10 20 1 0.1-2

o Bubbling 850 800 Medium <2 30 10 1-20
Iljh(llldlzed Circulating 850 850 Medium <1 30 20 2-100
¢ Dual 800 700 High <2 30 10 2-50
Entrained bed 1000 1000 Low <02 20 20 5-100
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