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Universal Model of a Biomass Gasifier
for Different Syngas Compositions

Andrej Pirc — Mihael Sekavcnik — Mitja Mori
University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

This paper presents the theoretical and technical characteristics of biomass gasifiers. The modelling of a gasifier requires a linear system
of equations that represents the mass and energy balances of the gasifier. Three variations with regard to a different syngas composition or
the technology used are discussed. To analyse the energy system in full detail, all the peripheral units had to be modelled: the mill, the drying
house, the oxygen production facility and the gas engine. The IPSEpro commercial code was used for gasifier and energy system modelling. A
mathematical model of the complex energy system was used for the parametrical analysis of the biomass moisture, the biomass composition,
the outlet syngas temperature and the operating regime’s influence on the exergetic system efficiency. The results are shown in appropriate
diagrams and are compared to the operating experience.
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0 INTRODUCTION

The widespread use of fossil fuels has led to higher
prices of energy and pollution of the environment. It
is therefore a good idea to use the primary sources of
energy more efficiently and to increase the share of
renewable (e.g. hydro, solar, wind), geothermal and
sustainable energy sources (e.g. wood). Slovenia is
a country where the amount of wood clearing is less
than the extent of forest growth [1]. The primary
sources of energy should be used mainly for the
production of electricity and heat should be extracted
from the process if required [2]. Large energy savings
can be introduced by utilising the waste heat from
this process. The majority of the residual biomass
should not be used just for heating, but also to obtain
electrical energy or even to produce synthetic fuels
such as syngas or biofuel [3] to [5]. These fuels also
allow for the use of more effective technologies,
such as gas turbines, combined cycles, internal
combustion engines or even fuel cell systems. One
advantage of an energy system with a biomass gasifier
is the possibility of having full compatibility with a
decentralised energy network [7] and [8].

Fig. 1 is a schematic representation of the mass
flows for a numerical model of a universal gasifier to
produce syngas of different chemical compositions.
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Fig. 1. Model of a universal gasifier
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Syngas contains a mixture of methane, hydrogen

and carbon monoxide in different proportions. A
gasifier can also operate with different oxidants, like
pure oxygen or air. The use of different oxidants leads
to different syngas compositions [9] and consequently
also impacts on the system’s energy efficiency. This
article is focused on the numerical modelling of
syngas production using biomass. The following
targets were set:

*  the development of a system of equations based
on:

» the stoichiometric relations of gasification,
» the heat and mass balances of the gasification
model, including the submodels;

+ the integration of a developed universal model
of a gasifier into a broader energy system model
with an internal combustion engine and the
simulation of various gasification parameters.

1 THEORETICAL BACKGROUND

The production of syngas is determined by the sub-
stoichiometric combustion of solid fuel and the
thermochemical decomposition of water. A certain
portion of burned (fully oxidised) biomass is necessary
to obtain sufficient heat to run the endothermic process
of gasification. The products of complete combustion
[10] contain nitrogen, water, carbon dioxide, ash and
an excess amount of oxygen, whereas the products of
gasification [11] contain methane, hydrogen, carbon
monoxide, carbon dioxide and a small amount of ash
and tar; in the present paper, all combustible contents
(tar, char etc.) are assumed to be gasified as well.

Gasification operates with four main processes:
wood  drying,  pyrolysis, sub-stoichiometric
combustion and water reduction [9].
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Firstly, wood biomass enters the drying process,
with moisture decrease being important as some
organic acids are discharged during the process
of drying, which might shorten the lifetime of the
gasifier [11].

Pyrolysis is the thermal decomposition of
biomass occurring in the absence of oxygen [8]. It
is a fundamental chemical reaction, which is the
precursor of both the combustion and gasification
processes. The products of biomass pyrolysis include
biochar, bio-oil and gases, including methane,
hydrogen, carbon monoxide and carbon dioxide.
Depending on the thermal environment and the final
temperature, pyrolysis will yield mainly biochar
at low temperatures, i.e. less than 450 °C, when the
heating rate is quite slow, and mainly gases at high
temperatures above 800 °C, with rapid heating rates.
At an intermediate temperature and under relatively
high heating rates, the main product is bio-oil.

Due to the endothermic process of gasification,
a particular volume of pyrolysis products must be
burned. The combustion reactions are:

C+1/20, - CO—-111 MJ/kmol,
CO+1/20, — CO, —283 MJ/kmol, (1)
H, +1/20, — H,0-242 MJ /kmol.

The combustion air consists of oxygen and
unreactive nitrogen that causes ballistic heat losses.

During the reduction process, there are three main
reactions: the water-gas reaction, the CO-shift reaction
and the steam-methane reforming reaction [9]:

C+H,0 < CO+H, +131 MJ/kmol,
CO+H,0 <> CO, +H, —41 MI/kmol,  (2)
CH, +H,0 < CO+3H, +206 MJ/kmol.

The Eq. (2) describes reversible reactions.
In general, the thermodynamic equilibrium of the
reaction is achieved when the product formation rate
is equal to the decomposition rate of the products into
reactants [13]. Molar concentrations are described by
the temperature-dependent equilibrium constant K:

A+Bo C+D,
_ [product _C]-[product _ D]

K= .
[reactant _ A]-[reactant _B] ®)

The total gas yield of biomass gasification is
seriously affected by the constraints of many other
operating variables [14] and [6]. An increase in the
reaction temperature can lead to increases in gas

production and decreases in the solid fraction. A
better cracking reaction is achieved with a longer
residence time of the volatile phase in the reactor. In
addition, the decomposition of the tarry components
is improved. Physical pretreatment is predominant for
the production of the gas. When the particle size of
the biomass feed is smaller, the gas yield increases. In
contrast, moisture removal results in a slight decrease,
while ash removal yields the same result. The heat
transfer improvement exerts a positive effect on the
decomposition of the tarry components, while the mass
transfer improvement favours the char gasification
reaction due to the increased contact between the char
and steam surfaces. The gas yield is very sensitive to
the temperature in the gasification reactor and also
appears to be sensitive to the configuration of the
reactor.

2 NUMERICAL MODELLING

The universal numerical model of the gasifier is
represented by a system of linear equations. This
numerical model was made to analyze the same
system operation, depending on the most influential
parameters. A universal numerical model can operate
with different types of biofuel, different oxidants
and consequently, produces a syngas with different
chemical compositions. The transformation of wood to
syngas is divided into four connected processes: wood
drying, pyrolysis, incomplete combustion and water
reduction. The proportion of an individual product
is determined by the temperature, the pressure and
the time duration of the process according to the Le

Chatelier principle [13] and [19]. The oxidant supply

is needed for sub-stoichiometric combustion, whereas

the steam supply is needed for the whole reduction
process. The model of the gasifier is designed to
operate in three different modes and produces syngas

with different chemical structures [16]:

1. Syngas consisting of carbon monoxide, methane,
hydrogen and carbon dioxide.

2. Syngas consisting of hydrogen and carbon
dioxide.

3. A third operating mode is to produce a mix of
hydrogen and carbon monoxide in a ratio of
one to seven. This specific mix can be used for
methanol synthesis.

The model of the universal gasifier also makes
possible calculations with different oxidants (oxygen
or air). The factors associated with the oxidants used
are shown in Table 1. These factors represent the basic
values for defining the mass and heat flows of the
process.
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Table 1. Factors for the oxidants used

Oxidant Oxygen Air
a 1 1/0.24
g 0 0.76

The factors for the operating mode show the basic
values needed to determine the different operating
modes and the chemical structure of the syngas in one
common linear system of equations (Table 2).

Table 2. Factors for the operating mode

Gas GO, CHy, H, H, CO/H, =7
b 0 1 1
Kroq 0 1 0.31
c 1 0 1
d 0 0 1
e 1 0 0

These factors are set for different syngas
compositions in such a way that the appropriate terms
in the Egs. (6) to (11) are included and weighted.

Pyrolysis starts after wood biomass pre-warming.
Due to their high reactivity, the products of pyrolysis
combust first. The quantity of burned methane
and hydrogen also depends on the total quantity of
oxygen provided by the oxidant (burning air) and the
chemical composition of the wood (wood containing
oxygen). This has a direct influence on the chemical
composition of the syngas and the heat flow needed
for water reduction.

The heat flow of the burned pyrolysis products is
therefore:

Qhum = thZ ! W(HZ )burn 'Hi (H2)+
+itcy - w(CHy), -H;(CH, )+ (4)
+ic-w(C), -H,;(C).

The index burn means burned, H; is the lower
heating value and w is the mass fraction for each
component.

The required oxidant mass flow equals:

. M(O
Mcua W(CH4 )burn zﬁ

| M(0y) M(0,)

My = | + Mgy - M, ) + e -W(C)bum . M(0) —|-a. (5)
- w(0;)

M is the molecular mass for each component, a
is the factor for the oxidant used and the index fuel
means biomass fuel.

The water reduction heat flow is determined as
follows:

Oyea =i '(1 - W(C)bum ) Orea (C) +
gy (1= w(CHy )., ) Qe (CH, ) - b=
rie '<1_W(C)burn)'%c(§;)+ 6)
M(co) |

+n.”CH4 : (1 - W(CH4 )burn ) ' M(CH4)

.kred : .red (CO)’

where b stands for the factor of the operating mode
and the index red means the process of reduction.

The steam mass flow for the water reduction is
calculated from the mass balance:

Moo =M .(I_W(C)burn).%é?)_
: M (H,0)
—titcyy - w(CHy ), 2 M (CH,)
. M(H,0)
+mCH4-(1—W(CH4)bm)-%Iﬂ-b+ )
e '(1_W(C)burn)'%+ma{4 '
(1-w(C), ) s
M(H,0)
ke m

The hydrogen mass flow produced by the water
reduction is:

gy =t .(1 - W(C)bum)' Aj/\l/[((}éz)) i
+,,'1CH4.(l—w(CH4)burn)'3.%‘b+
M(CO)
K (=) S0 ®
ey -(1-w(CHy ), ) A]/\[/[((Ccfz))
M(H,)
red M(CO)
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The carbon monoxide mass flow equals:
. M(CO
e 5L
M(co) | @
M(CH,)

Mco =

- -(1 ~w(CH,), )

‘(1_kred)'d’

where ¢ and d stand for the factors of the operating
mode.
The carbon dioxide mass flow is:

M(CO,)
burn M(CH,) +
M(CO,)
burn 'W+
O ) e
M(CO)

+Hicyy '(1—W(CH4 )bm)'m'kred

Meoy = Moy 'W(CH4)
+1i ~w(C)
(10)

mc-(l—
N

M(CO,)
~ M(CO) >

The final methane mass flow is:

MeHg, fin = MCH4 '(1_W(CH4 )bum)'e» (11

where the index fin means final and e is a factor to
determine the operating mode.

The nitrogen mass flow is described in the next
equation:

mNZ =mok9'g’ (12)

where the index oks means the oxidant and g is the
factor of the used oxidant.

With regard to all the inlet and outlet energy flows
[15], the following energy balance can be postulated:

g b+ h(p,T)+ g0 -h(p.T)+ 03
+Qburn ‘(l_nloss)_Qred —Ywarm = msg h(prT))

where / is the enthalpy. The remaining indices have
the following meanings: /oss is the process of heat
loss, warm is the preheating and sg is the syngas.

3 DESCRIPTION OF THE ENERGY SYSTEM

The modelled units of the gasifier were introduced
to the internal combustion engine (ICE) combined

heat and power plant (CHP) model (Fig. 1). The
power plant model was designed with the Simtech
software Process Simulation Environment (PSE) [17],
whereas particular submodels were made using Model
Development Kit (MDK) [18]. Typical units, such as
heat exchangers, pumps, compressors, the ICE and the
generator, were taken from the program library. The
humid wood is modelled as being first ground by a
special mill, which is powered by an electric motor,
and then dried in a drying house according to [1], see
Fig. 4. The dryer is a direct heat exchanger that mixes
hot, dry air and humid, ground wood. The hot, dry air
is prepared in a heat exchanger downstream from the
internal combustion engine, using the heat of the ICE’s
exhaust gases. At the end of the process, moist and
cooled air leaves the dryer. The dry and ground wood
is taken to the gasifier, where the wood is pre-warmed
to start pyrolysis. A certain proportion of the pyrolysis
products are burned, with the remaining being reacted
in a water-shift reduction. The oxidant is supplied for
incomplete combustion. If the oxidant used is pure
oxygen, the air is separated into nitrogen and oxygen
by an air separation unit using the Linde technique
[19]. The reduction process needs some steam
supply. Both the oxidant and the steam are heated
in regenerative heat exchangers [20]. The cooled
syngas is combusted in the ICE, which is connected
to the generator. The exhaust gases heat the air used
for drying the humid wood. The cooling water of the
internal combustion engine can be additionally used to
prepare hot sanitary water or for other purposes [21].

The net electrical (exergy) efficiency depends
on the particular constants of the sub-models and is
defined using the following equation:

_IG-h

sub
Nnet = m’ (14)
where the index G means the generator of internal
combustion engine, sub means subsidiary and w
means wood. The generator’s electrical power (exergy
flow) is reduced by the power consumption for the
mill, pumps, compressors and air separation unit [2].
The total (energy) efficiency of the CHP power
plant is defined as:
_ B =By +Ocw
Niotal = . B
m, - h

(15)

w

where the index C/ means the engine’s cooling water
and w means wood. It is obvious that terms in the
numerator (Eq. (15)) represent the different kinds of
energy flows. Oy can be used as a useful heating
source in different applications and is therefore
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Fig. 2. Power plant scheme with the corresponding sub-models

treated the same as PG regardless of the fact that their
quality with respect to exergy content is considerably
different.

The simulation shows that the total (energy)
efficiency (sometimes called also CHP efficiency) of
the system is 88%, which is achieved in the following
way: oxygen is the oxidant, wood moisture is 20%
and the syngas contains methane, hydrogen, carbon
monoxide.

4 RESULTS

Following a numerical simulation [17] of the power
plant operation, an analysis of the influential factors
was made. The factors which have the greatest
influence on the net efficiency of the energy system
are: type of wood, the wood moisture, the outlet
temperature of the syngas and the operating mode.

4.1 Type of Wood

This analysis shows how the chemical composition of
the wood influences the heating value of the syngas.

The diagram in Fig. 3 presents the results of the model

for the following data:

*  Wood moisture: 30%.

¢ Oxidant: oxygen.

e Chemical composition of the syngas: methane,
hydrogen, carbon monoxide.

*  Mass fraction of burned methane: 0.595.

e Parameter: type of wood (amount of hydrogen
and carbon).

The chemical composition of the syngas was
calculated according to previously adjusted inputs.
Trees absorb carbon dioxide and change it into
cellulose, hemicellulose and lignin in the process
of photosynthesis. Different trees absorb different
amounts of carbon dioxide over their lifetime;
this is why different trees have different chemical
compositions. Wood is made up primarily of the
following compounds [10] and [22]:

*  Cellulose 40 to 50%.

* Lignin: 16 to 25% in hardwood, 23 to 33% in
softwood.

e Hemicellulose: 20 to 30% in hardwood, 15 to

20% in softwood.
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*  Other compounds (water, resins, etc.) 5 to 30%.
e Minerals 0.1 to 3%.

OWood with less hydrogen (w=0.04)

BWood with more hydrogen (w=0.045)
0.9
0.8 1+
0.7
0.6 1
0.5 1+
0.4 1+
0.3 1
0.2 1+

o Cm -~ [l
CO H2 CHa CO2

Chemical composition [-]

Fig. 3. Chemical composition of the syngas

Portion [-]

A different chemical composition has an influence
on the heating value of the wood and consequently,
on the syngas. This result is confirmed by other
authors [1], [3] and [12]. The syngas produced from
wood with less hydrogen (w = 0.04) has a larger
mass fraction of carbon monoxide and a smaller mass
fraction of methane. The results for the syngas made
from wood with more hydrogen (w = 0.045) are the
opposite, as shown in Fig. 3.

4.2 Wood Moisture

Wood consists of carbon, hydrogen, oxygen and also

some water, which lowers the net efficiency of the

whole energy system. The diagrams in Figs. 4 and 5

show the results of calculations for the following data:

*  Type of wood: hydrogen content (w = 0.045).

*  Oxidant: oxygen.

e Chemical composition of the syngas: methane,
hydrogen, carbon monoxide.

*  Mass fraction of burned methane: 0.595.

*  Parameter: wood moisture.

The mass fraction of water in fresh wood can be
greater than 50%. Using totally fresh wood would
mean using a lot of energy to dry the wood before
processing it in a gasifier. It is therefore advisable to
allow fresh wood to lie for a certain period of time
in an outdoor store [1]. In addition, due to its better
reactivity, the wood should be first ground up, which
leads to more efficient drying and a more stable and
uniform gasification process [1].
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Fig. 4. Correlation between grinding energy, heating value of the
wood and wood moisture
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Fig. 5. Correlation between net efficiency, mass fraction of burned
methane and wood moisture

Increasing the wood moisture reduces the net
efficiency, a result obtained in the following research
[1], [2] and [9]. The specific grinding energy decreases
with the increased moisture of the wood [1], whereas
the drying energy is significantly greater. The net
efficiency of the system also decreased with a wood
moisture increase because of the lower heating value
of the fresh wood. In the case of wood that contains
50% moisture, all the mass flows into the gasifier are
50% lower with regard to the dry wood mass, which
means less energy for oxidant and steam heating,
pyrolysis and water reduction. Due to reduced energy
consumption, the amount of burned methane is also
smaller (Fig. 5).
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4.3 Outlet Temperature of the Syngas

The diagram in Fig. 6 shows the results of the model

for the following data:

*  Type of wood: hydrogen content (w = 0.045).

*  Wood moisture: 30%.

e Chemical composition of the syngas: methane,
hydrogen, carbon monoxide.

*  Oxidant: oxygen.

*  Parameter: mass fraction of burned methane.

Temperature
= = = Efficiency

800 0.38
o 750 / 0.37
‘; 700 // 036 —
,g 650 =< 7 0.35 5
3 600 7 < 0.34 2
5 550 033 &
5 500 ,/ 032
8 450 0.31

400 e : 0.3

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

Mass fraction of burned methane [-]

Fig. 6. Correlation between the net efficiency, the outlet
temperature of the syngas and the mass fraction of burned
methane

Hydrogen and methane are the gaseous products
of pyrolysis. In the presence of an oxidant, hydrogen
burns immediately. The mass fraction of burned
methane depends on the remaining amount of oxidant.
The oxidant mass flow regulates the heat flow needed
for endothermic reactions and the outlet temperature
of the syngas. The mass fraction of burned methane
should not be below 0.595 because a syngas with a
low temperature cannot heat the oxidant and steam
to process at a sufficient temperature. If the mass
fraction of burned methane is larger than required, the
temperature of the syngas increases. There is also a
smaller amount of methane that can be burned in the
internal combustion engine. This leads to a lower net
efficiency.

4.4 Operating Mode

The chemical composition of the syngas also depends
on the quantities of oxidant and steam supplied.
The diagrams show the results of the model for the
following data:

*  Type of wood: hydrogen content (w = 0.045).

Universal Model of a Biomass Gasifier for Different Syngas Compositions

¢ Wood moisture: 30%.

*  Mass fraction of burned methane: 0.595.

*  Parameter: oxidant (oxygen, air) and chemical
composition of wood.

O Oxygen
B Air
0.355
0.35 -—_l
= 0345 4 ]
>
g
2 034 1
=
M0335 4—
0.33 4
0.325 , ;
He-CH4-CO H CH;OH

Operating mode [-]
Fig. 7. Correlation between net efficiency and operating mode
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0.2

ol e [ ]

Hz-CHs+-CO Hz CHsOH

Syngas composition [kg/kg of wood]

Operating mode [-]
Fig. 8. Correlation between the syngas composition and the
operating mode, using oxygen as an oxidant

When using oxygen as an oxidant, the system has
to have an air separation unit, which separates the air
into oxygen and nitrogen. The energy consumption of
this unit is 250 kWh per one tonne of oxygen produced
[19]. Due to the energy consumption, a lower net
efficiency is to be expected when operating with
oxygen. But the use of air as an oxidant leads to larger
mass flows connected to higher flow resistances, an
increased heat flow to heat the oxidant, a larger mass
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fraction of burned methane needed, twice as large
an installation with respect to size and material use
[9], and finally a smaller total net efficiency [15] and
[23], as shown in Fig. 7. The gasifier can produce a
hydrogen-rich syngas. Our analysis only covered
operating with an internal combustion engine. It would
be sensible to convert this hydrogen to electricity in a
fuel cell due to its better net efficiency [2].

The type of oxidant has an influence on the
different chemical compositions of the syngas, too
(Figs. 8 and 9). The values describing the syngas
compositions are in the same range as achieved in
practice [9], [23].

OH. O0CO @CO: mCH: mN:

1.4
=
g
g 12
G
15}
él) 1
2
= 038
= _
.2
'z 0.6 +—
g
S 04 4+—
a
g 0.2 +—
2 ool ]
H2-CHs-CO Hz CHs0H

Operating mode [-]
Fig. 9. Correlation between the syngas composition and the
operating mode, using air as an oxidant

5 CONCLUSIONS

This paper presents a model of gasification and the
most influential parameters. The energy and mass
balances, the numerical model of the gasifier and the
complete energy system were designed on the basis of
a stoichiometric analysis of the gasifier. The numerical
modelling and the simulation took place using the
IPSEpro code. Based on the numerical model, the
following results, which match well with previous
research, experiments and practice, were obtained:
¢ The simulation of the operating gasifier shows

that the most influential parameters are:

*  the type of wood,

e the amount of wood moisture,

e the outlet temperature of the syngas,

» the type of oxidant (oxygen or air).

¢ The wood moisture has a major influence on the
net efficiency.

*  The highest net efficiency of 36.5% was achieved
at 20% wood moisture. When working as
combined heat and power production, the CHP
efficiency increases up to 88%.

¢ When the syngas consists of methane, hydrogen
and carbon monoxide, the highest net efficiency
of the system is achieved. Producing syngas for
methanol synthesis is interesting due to its use
in a mobile technique. The lowest net efficiency
of gasification is achieved when producing a
hydrogen-rich syngas; this is because of water
reduction, which is an endothermic reaction. It is
sensible to use a hydrogen-rich syngas in fuel-cell
systems.

+ Using oxygen as an oxidant is efficient in all
cases.

6 ACKNOWLEDGEMENT
The part of presented work has been accomplished
within the Centre of Excellence for Low-Carbon

Technologies (CO NOT), Slovenia.

7 NOMENCLATURE

h enthalpy [klJ/kg]

H heating value [kJ/kg]

k ratio of reduction [-]

K temperature-dependent equilibrium constant
[-]

m mass [kg]

M molecular mass [kg/kmol]

P pressure [bar]

P power [W]

0 heat [J]

T temperature [°K]

w portion [-]

Chemistry symbols and compounds

C carbon

CcO carbon monoxide

CO, carbon dioxide
CH;OH methanol

CH, methane

H, hydrogen

H,O water

N, nitrogen

0O, oxygen

Greek Letters
n efficiency
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Subscripts
burn  burned
CHP  combined heat and power production

cw cooling water
f fuel

fin final

G generator
ICE internal combustion engine
loss loss

net network

oks oxidant

red reduction

sg syngas

sub subsidiary
total  total/complete
w wood

warm  pre-warming
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