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Abstract. Syngas for the battery of solid oxide fuel cells is produced in a
gas generator with a fluidized layer consisting of a mixture of
electrocorundum and semi-coke of the Borodino coal at the temperature of
850 °C, fluidizable by steam in a retort heated from the outside. The
concentration of semi-coke is 627 kg per 1m? of mixture of electrocorundum
and semi-coke. The heat of combustion of the obtained syngas is 13359
kJ/kg. Syngas is purified in a cyclone — dust collector and gas purification
from SO2 and H20.

1 Introduction

Modern energy technologies based on the Renkin cycle do not allow one to obtain the process
efficiency above 42 — 45% [1]. Progress in the efficient use of fuel can be achieved with the
technology of direct conversion of the oxidation energy of fuels into electricity through fuel
cells or their combination with gas turbine (GTU) or steam turbine installation (STI) [2 — 5].
Thus, their combination allows one to provide the reforming process necessary for
transformation of methane into synthesis gas [6]. Solid oxide fuel cells (SOFC) are the most
convenient elements, as they are used as fuel for synthesis gas [7 — 9], which is most
frequently obtained by steam or air conversion of natural gas [10 — 15].

However, the reserves of organic fuels stored in the lithosphere of the Earth for 90%
consist of coal [16 — 18]. Therefore, the methods of production of synthesis gas from coal
[19] are developed, including in the fluidized layer [20], in which the perfect mixing of the
solid phase provides a high coefficient of heat dissipation and uniform temperature
distribution in the volume of the layer. The interconnection of coal gasification technology
with SOFC allows one to produce electricity with efficiency of more than 60%, to capture
more than 90% of carbon dioxide and it is a promising solution for the development of coal
power plants in the future [21]. Thus, emissions of pollutants will be significantly reduced in
a cogeneration plant based on gas generator and fuel cell, providing much smaller emissions
of NO, CO, SO2 and solid particles, which are typical for ordinary plants on SOFC [22]. In
the majority of the system analyses conducted to the present date, only mass and energy
balances are used, which do not solve such an important limitation of the SOFC operation as
internal temperature [23].
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To analyze the efficiency of the scheme elements, it is necessary to determine the
temperature in the reactionary volume of the gas generator and its chemical efficiency.

2 Gas generator experiments

To determine the characteristics of the syngas, experiments were performed at a separate
laboratory model for steam gasification of semi-coke in a fluidized layer.

For steam gasification the semi-coke of the Borodino brown coal with the following
characteristics were used.

Table 1. Composition of the Borodino coal, % by mass:

cr HP NP or Wwr AP d
75.19 1.5 0.8 5.59 2.51 14.41 10.46

The heat of combustion of semi-cokeQy = 26 362 kJ/kg.

The semi-coke was obtained at a pilot industrial installation of thermocontact coking at a
temperature of 600°C c at the CHP-1 in Yekaterinburg [26]. Fractional composition of semi-
coke used in experiments, % by weight is the following:

Fraction, um/% by mass:

0-135/0.76; 315-400/1.25; 400-800/2.03/; 800-1000/2.8; 1000-1200/15.5; 1200-
1500/8.74; 1500-3000/11.35; 3000-3200/5; 3200-3400/8; 3400-3600/12; 3600-3800/17.57;
3800-4000/15.

During the experiments on the gas generator its retort was heated by electric heaters. The
concentration of carbon in the fluidized layer was 627 kg/m® and the rest was an inert filler
(electrocorundum). The concentration of combustible substances in the ash is 15%.

Consumption of semi-coke in the gas generator is 4 kg/h, for the water steam overheated
to 550 °C it is 6.4 kg/h. Molar ratioH,0:C = 1.4: 1.Temperature in the layer was maintained
at the level of 850 °C by a temperature regulator. The output of moist synthesis gas is 9.5

kg/h.
Table 2. Composition of the obtained moist syngas,% by volume
Co, Cco H, CH, H,0
1.4 39.9 39.7 0.8 18.2

Heat of combustion of moist synthesis gas is q,; =13 359 kl/kg.
Data on composition of synthesis gas and heat of combustion obtained in the experiment
are used for the further simulation of the unit.

3 Simulation of processes in the gas generator

In reactionary volume a stoichiometric reaction of carbon of semi-coke with water steam
takes place at the molar relation of water and carbon H,0:C = 1.4: 1, during which synthesis
gas is obtained:

C + 1.4H,0=0.0334C0O, + 0.95CO + 0.94H, + 0.0165CH, + 0.436H,0
Endothermic effect of this reaction q,, = 2996 kJ/(kg of syngas). Mass specific isobaric

true heat capacity of syngas at the layer temperature of 850 °C Csg = 2.19 kJ/(K - kg of
syngas) [defined from the equation (1)].



MATEC Web of Conferences 245, 04012 (2018) https://doi.org/10.1051/matecconf/201824504012
EECE-2018

Mass consumption of synthesis gas, required for production of 12 kW of electric power
of ECG, kg/s

Q
8~ qan’ M
where z=0.345 is the efficiency of the SOFC electrochemical generator battery taken in
the first approximation on the basis of [28, 29].
For the production of By, = 2.64 X 1073 kg/s of syngas the following consumption of

semi-coke is required, kg/s:
Bgolt
G.. = L’ 2
5S¢ P (ue+1.40H,0) 2
of water steam, kg/s
Bsg-14-
SG I"HZO’ 3)
Hctl4Uh,0
where p. and pyy, o are molecular weights of carbon and water.

Chemical efficiency of the gas generator is:

n*x _ BsG-qx1 (4)

[Gsc Qu™+(ax2+Csg t) Bsgl’

Guzo =

4 Description of the coal gas generator scheme for solid oxide
fuel cells
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Fig. 1. Scheme of the gas generator with fluidized layer. 1 — Gas generator with fluidized layer of semi-
coke; 2, 7 —igniter; 3 —sluice feeder for semi-coke; 4 — cyclone — ash catcher; 5 — furnace with fluidized
layer of oxidized pyrolysis for removal of tar, acetic acid, turpentine, phenol from coal; 6 — air
distribution grid; 8 - sluice coal feeder; 9 — coal crusher; 10 — candle for afterburning pyrolysis products;
11 — feeding pump; 12 — syngas cooler; 13 — a device for removal of sulfur dioxide from syngas; 14 —
a device for removal of hydrogen sulfide from syngas; 15 — tubular heat exchanger; 16 — steam
distribution grid; 17 — airlock for ash and slag removal.

The Fig. 1 depicts the scheme of coal gas generator, in which the synthesis gas for the
battery of the solid oxide fuel cell is produced in a gas generator with a fluidized layer
consisting of a mixture of electrocorundum and semi-coke.
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Coal is milled by crusher 9 to the particle size of 3-5 mm, then it is entered in the airlock
feeder 8, from which it is put into the furnace with a fluidized layer of weakly oxidative
pyrolysis 5 to remove resin, acetic acid, turpentine and phenolics from coal. The formed
semi-coke enters the gas generator through the sluice feeder 3. The steam-distributing grate
is fed by overheated in the boiler water steam. For ignition of the gas generator air supply is
provided instead of water vapor. The thermal power spent on endothermic reaction, heating
of products of this reaction and heat losses, is brought through the tubular heat exchanger 15,
distributed in the fluidized layer, which is fed simultaneously by products from anode and air
from the cathode channels of fuel cells.

The synthesis-gas obtained in the gas generator is discharged through the cyclone — dust
collector, cooled, gas-cleaned from the remnants of sulfur dioxide and hydrogen sulfide by
known dry technologies [26]. The purified synthesis-gas enters the waste-heat boiler for
heating up to 750 °C and further into the anode channel of the SOFC.

5 Thermal balance equation of the gas generator

The amount of thermal power generated from the heated wall of the tubular heat exchanger
15 (see Fig.) a(t,an — t)F and the capacities with dry semi-coke added to the volume of gas
generator gy By, moisture of semi-coke g, By, and water steam q3 B,y — 3 qiBsg, is spent
on endothermic reaction gy, Bsg, heating of products of this reaction ¢yt Bg,, evaporation and
overheating of steam from moisture of semi-coke q4Bgg, thermal loss in the surrounding area
qs, and chemical underburn q3*: (qx2 +cgyt + q4)BSg(1 +q: + q3").
a(tyan — F + Zi qusg = (sz tCt + Q4)Bsg(1 +qs +q37),
Where the coefficient of heat transfer is @ = 0.740 kw/(M?K) is calculated from [27],
q. = WPhg,m /100 is specific heat, spent on overheating of the steam from the moisture of
the semi-coke.
The source data, including in the equation of thermal balance of the gas generator are:
The coefficient of heat output o = 0.74 kw/M?K.
Surface area of the heat exchanger F = 0.12 m?.
Temperature of the wall of the heat exchanger t,,,; = 1000 °C.
Temperature in the gas generator = 850 °C.
Mass consumption of syngas By, = 2.64x 1073 kgfs.
q1, = 17 kJ/kg; q3=0.06 kJ/kg; q3=253 kl/kg; q5 =0 p.u.;
g4 =34 kl/kg; q5 = 0.1 p.u.;qx, = 2996 kl/kg;Cyo, = 2.19 kJ/(kg -K).
Enthalpy of overheated steam hg, = 3250 kJ/kg.
Mass of semi-coke to receive 1 kg of synthesis gas, m = 0.43, kg/kg.
Power consumed by the gas generator, KW:
QGG = [1'1(qx2 + ngt + Q4) - Z? Qi]Bsg (5)
Power provided to the gas generator from the heater wall of the tubular heat exchanger
15 (see Fig.), KW:
Qo = a(tyan — OF. (6)
The results of gas generator parameters calculations are presented in the table 3.

Table 3. Results of calculations for the nominal operation of the electrochemical generator

Parameter For. Expression for calculation Value
mula
Flow rate of syngas, (1) 12 264103
Bg, ke/s 13359 - 0.345
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i- 2.64-1073-12
Flow rate of semi 2) 1132103
cokeGy, kg/s 0.7519 - (12 +1.4-18)
Flow rate of water 264-1073-1.4-18 B
(3) 1.78-1073
steamGy, o, kg/s (12+1.4-18)

Chemical efficiency of
gas generator 1x*, o/e 4)
(%)

Power consumed by the
gas generator Qgg, kKW
Power provided to the
gas generator Qgg, kKW

2.64-107%- 13359
1.132-1073- 26362 + (2996 + 2.19 - 850) - 2.64 - 1073

0.826(82.6%

(5) | [1.1-(2996 +2.19 -850 + 34) — 270] - 2.64 - 103 13.46

(6) 0.74 - (1000 —850) - 0.12 13.46

6 Conclusions

Experiments on the steam gasification of the semi-coke of the Borodino brown coal in the
retort heated from the outside by electric energy showed that the composition of synthesis
gas, % by volume is the following: CO - 39.9; H,- 39.7; CO, - 1.4; CH, - 0.7; H,0 - 18.3.
The temperature of combustion of synthesis gas is 13 359 kJ/m’.

The molar ratio of H,0:C = 1.4:1, the temperature of the fluidized layer is 850 °C. The
chemical efficiency of the gas generator is 82.6%.

The conducted experiments provide the basis for the gas generator development for the
production of syngas used in solid oxide fuel cells for production of 12 kW electric power.
Heat is supplied in the reaction volume layer by a tubular heat exchanger, in which the
oxidation of products coming out of the anode channel is performed by the air from the
cathode channel. Power supplied to the volume of gas generator equals to 13.5 kW. The
oxidation products from the tubular heat exchanger are sent to the waste heat boiler.
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