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This paper presents the experimental results on the pollutant emission of a 2 MW thermal

pilot furnace with the injection of hydrogen enriched gas (HRG) into the primary jet (coal

dust and primary air). An experimental method to study the effects of this procedure on

the thermal pilot furnace, which was specially designed to burn pulverized solid fuel, was

conducted. The hydrogen enriched gas used in the study is dried and was produced by an

electrolytic system still under patent by the authors. The primary conclusions from the

results are focused on the quick diffusion of hydrogen, unlike oxygen, within the coal

particles and that the hydrogen forms stable compounds with the sulfur and other ele-

ments the sterile content. A primary chemical analysis of the ash/sludge components is

also presented within the paper.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

The fossil fuel resources on earth will not provide sufficient

energy for the growing global energy demand. As is well

known, the production of energy from burning fossil fuels

generates large amounts of carbon dioxide, which in time

leads to global warming and climate change, which is likely

irreversible [1].

Therefore, hydrogen and biomass are very promising as

alternative fuels because the mixture of hydrogen with other

fossil fuels increases the calorific power, therefore reducing
.
o (I. Pisa), glazaroiu@yah
19
y Publications, LLC. Publ
the greenhouse gas emissions. Hydrogen has a high calorific

value and the biomass absorbs carbon dioxide.

Even though hydrogen is ubiquitous in space, current

technologies for obtaining hydrogen use fossil fuels, typically

natural gas, as a rawmaterial. On the other hand, water can be

dissociated into hydrogen and oxygen through thermolysis,

electrolysis or photolysis processes [2e4].

After the first oil crisis, society started to seek alternative

energy sources to fossil fuels. Moreover, as the level of pollu-

tion has reached alarming levels, in part due to carbon dioxide

produced by burning fossil, scientists have begun to use

hydrogen as a fuel source, prompting the emergence of the
oo.com (G. Lazaroiu).
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Nomenclature

C the concentration, kg/m3

Di the diffusion coefficient, m2/s

q the hydrogen flux, kg/(m3$s)

x the pore depth, m

l the pore length, m

V the volume of particle, m3

Si the internal pore surface, m/m

t the time, s

ε the Fourier criteria
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hydrogen economy (HE) [5e7]. Further research on a more

sustainable energy economy (sources, carriers and storage) is

one of the most important tasks in the scientific world [8].

From a technical point of view, the production of hydrogen

from water is a feasible and logical process. However, the

crucial problem that arises is the cost of hydrogen production

and the energy used in the production process. If the energy

used in the production of hydrogen comes from classical

sources based on fossil fuel combustion, then surely these

technologies are not sustainable and will not lead to green-

house gases reduction (mainly carbon dioxide).

Considering the fact that hydrogen fuel does not produce

greenhouse gases and has high calorific power, it is consid-

ered an important energy vector and of high importance. The

development of technologies for production, storage, trans-

port and use has high scientific and technical impact. Because

biomass is a renewable fuel and represents a natural source of

carbon dioxide storage, hydrogen production from biomass is

one of the most promising methods.

The favorable characteristics of hydrogen, which include

the fact that it is virtually inexhaustible, has no harmful

emissions and possesses various methods for its production,

make it a promising option as an energy source [9]. The utili-

zation of hydrogen (pure or mixed) to solid fuel combustion

[10] has the ability to improve the combustion conditions,

increase the reaction rate and influence the concentrations of

CO, SO2 and NOx in the reaction products.

This paper presents the authors' results on the flame

behavior of pulverized coal inside a furnace after having been

treated with a hydrogen enriched gas (HRG). Pulverized hard

coal has been passed through a stream of an HRG before being

injected into the burner. The immediate effect upon the coal

flame was a significant decrease in the sulfur oxides and a

small increase in the nitrogen oxides. As a consequence, some

further research has been conducted concerning both the ef-

fect of the reduction in the SO2 concentration in the coal flame

after treatment of the pulverized coal with HRG and the un-

known reaction mechanism that occurs within the flame.

Because pure hydrogen production is still expensive, and

because its burning is not economical and its combustion

characteristics are not very high, it is preferable to use HRG in

the combustion of pulverized coal. The combustion of HRG

with coal powder significantly contributes to reduced nitrogen

oxides emissions in the combustion byproducts.

At this time, there are no experiments in the literature

regarding the use of a hydrogen enriched gas injected within a

stream of pulverized coal. The lack of previous studies on the
effect of HRG on coal combustion could be due to the small

number of industrial applications of HRG and to the serious

danger of injecting pure hydrogen gas into a furnace. Directly

injecting only HRG into a furnace would not provide many

significant advantages, despite the fact that it is less

dangerous than pure hydrogen due to its very small density

and the fact that it does not significantly increase the flame

temperature. However, by injecting HRG into the pulverized

solid fuel stream, some distinctive effects can occur. Burning

HRG together with the solid fuel provides an advantage over

burning each of these fuels separately and reduces the green-

house gas emissions (CO2, NOx and SO2) in the reaction

products. The present paper addresses these synergistic as-

pects of treatment of coal with HRG prior to combustion.

Because the results of this study could be used in small

town power plants, pure hydrogen products have to be avoi-

ded for security reasons. Moreover, pure local hydrogen pro-

duction is more expensive and dangerous than HRG

production, which is only a quasi-stoichiometric mixture of

hydrogen and oxygen resulting from electrolysis. Another

advantage of using HRG is the simplicity of the electrolytic

system used for its production.
Theoretical basis

The hydrogen enriched gas (HRG) used in this study is pro-

duced from water by an electrolytic system. The electrolytic

system is dynamic, keeping the fluid in a permanent flow and

producing a quasi-stoichiometric gaseous mixture of

hydrogen and oxygen molecules, which closely follows the

stoichiometric water ratio. HRG is a gas with a high degree of

reactivity which, by adsorption, diffuses into the coal dust

particles. The electricity consumed to produce 1000 l of HRG is

between 3.5 and 4 kWh [10], which corresponds to approxi-

mately 0.4 Euro/1000 l. This cost will be influenced by the price

of electricity and the gas production capacity. In the future, a

slight decrease in the price of HRG (approximately 0.35 Euro/

1000 l) can be expected. The cost estimate of hydrogen pro-

duction is approximately $2.87/kg hydrogen, as reported in

Ref. [11].

The future of the development of hydrogen depends on its

availability at low costs and with minimal environmental

impact during its production. It is necessary to highlight that

the current method of hydrogen production from fossil fuels

(coal or natural gas) is not sustainable and is being exhausted

as a resource and furthermore produces greenhouse gases

(CO2). For these reasons, the focus should be toward the pro-

duction of hydrogen from renewable sources [12].

The ignition and combustion rate are improved and the

pollutant emissions are reduced when the coal is treated

with HRG prior to combustion. The experimental data ob-

tained in the process of burning natural gas with hydrogen

injection reveal that the flame propagation velocity is

reduced in the early stage of combustion but rapidly in-

creases in the advanced stage. In addition, a linear relation-

ship between flame radius and time is observed, even at high

hydrogen to natural gas fractions. When burning hydrogen-

rich gas (HRG) with natural gas, a linear dependence of the

flame radius on time is found not only when combustion
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occurs with excess air but also when combustion occurs with

stoichiometric air [13].

HRG is a colorless gas that has a density of 0.503 kg/m3, a

molecular weight of 12.3 kg/kmol, an auto-ignition tempera-

ture of 591e605 �C and a flammability limit concentration

between 7.3 and 100% [4].

The use of hydrogen in a mixture with other fuels requires

special caution due to the high danger of explosion and to the

effect of its inhalation in the lungs. The flammability limit,

which is typically used to assess the risk of explosion, con-

tains two limits: the lower flammability limit (LFL) and the

upper flammability limit (UFL), which is specific for fuel rich

combustion mixtures/air for an autonomous flame [14e16].

The free diffusion process (Legendre equation) is the basis

for HRG/dust coal combustion technology. A significant

amount of gas is attached to the coal particle surface forming

an adsorbed layer. Generally, this phenomenon is accompa-

nied by adsorption inside the pores of the same particle. The

amount of gas adsorbed at equilibrium depends on the tem-

perature, the gas pressure and the coal particle surface. Coal is

a solid adsorbent which has a significant level of porosity and

provides a large surface area per unit mass of coal. The forces

involved in physical adsorption of HRG are low-intensity

forces, known as Van der Waals forces. Adsorption is ach-

ieved at low temperatures (100 �C) and desorption occurs at

temperatures of 300 �C. Burning dust coal is typically a het-

erogeneous combustion reaction. When the solid fuel is

porous and gas penetrates into the particle pores, the com-

bustion reaction occurs both at the particle surface and inside

the particle (internal reaction). Due to its low molecular

weight, hydrogen has the highest diffusion power of reaction

centers. The beginning of the reaction in the flame occurs at a

much lower temperature. Therefore, a low activation energy is

necessary for the reaction to begin. Before and after the igni-

tion point, an area of active reaction centers is developed,

which initiates a series of chained reactions. Hydrogen reacts

with oxygen at temperatures starting at 180 �C andwith sulfur

at temperatures starting at 250 �C. At higher temperatures

(500e1200 �C) hydrogen can react with other elements within

coal, such as nitrogen or carbon. The hydrogen affinity (elec-

tropositivity) towards strongly electronegative elements, such

as sulfur, determines the reductant activity that hydrogen

exerts on combinations of these elements. The hydrogen

reduction is even greater as oxides are less stable because of a

lower heat of formation.

The sulfur and hydrogen form a series of compounds with

a general formula of H2Sn termed hydrogen poly-sulfates or

sulfides, of which hydrogen sulfide is the most important [17].

Hydrogen sulfide can reduce the amount of sulfur dioxide

from flue gases (up to 50%) according to the following

reactions:

H2Sþ 3=2O2 ¼ H2Oþ SO2;
2H2Sþ SO2 ¼ 2H2Oþ 3S:

(1)

In turn, H2S can be neutralized by bases to form sulfides.

The reaction takes place in two stages.

H2SþNaOH ¼ NaHSþH2O;
NaHSþNaOH ¼ Na2SþH2O:

(2)

HRG injection in dust coal also contributes to reducing the
carbon monoxide concentration, especially the OH radical, in

the flue gas by the reactions.

COþOH/CO2 þH;
HþO2/OHþO;
OþH2O/2OH:

(3)

Moreover, injecting HRG may be a way to reduce nitrogen

oxides which are formed from the nitrogen contained in the

coal. This subject is not discussed further here.

The equation which describes hydrogen diffusion in the

coal particles pores is

Di$
d2C
dx2

þ q ¼ 0 (4)

Equation (4) can be written as

d2C
dx2

¼ � q
Di

(5)

and integration of (5) leads to

dC
dx

¼ � q
Di
$xþ C1 (6)

The solution of Equation (6) is

C ¼ � q
2$Di

$x2 þ C1$xþ C2 (7)

The boundary conditions needed to determine the con-

stants C1 and C2 are

x ¼ 0; C ¼ Cs/C2 ¼ Cs; (8)

where Cs is the hydrogen concentration on the particle

surface.

For x ¼ l, dC/dx ¼ 0, and thus from Equation (6) the results

can be obtained as

0 ¼ � q
Di
$lþ C10C1 ¼ � q

Di
$l (9)

Finally, the equation which describes the variation of

hydrogen concentration inside the pores can be written as

C ¼ � q
2$Di

$x2 � q
Di
$l$xþ Cs ¼¼ Cs � q

Di
$l$x� q

2$Di
$x2 (10)

The value for the hydrogen concentration on the particle

surface as a function of time and hydrogen flux q can be

computed as

Cs ¼ q$t (11)

where, t, is the time measured in seconds.

Based on Equation (10), the hydrogen concentration at a

certain pore length, l, can be calculated as follows

Cl ¼ Cs � q
Di
$l2 � q

2$Di
$l2 (12)

Furthermore, Equation (12) can be written

Cl ¼ q$t� 3
2
$
q
Di
$l2 ¼ q$

�
t� 3

2
$
l2

Di

�
(13)

The time needed for the absorption process can be calcu-

lated with

t � 3
2
$
l2

Di
(14)

http://dx.doi.org/10.1016/j.ijhydene.2014.08.119
http://dx.doi.org/10.1016/j.ijhydene.2014.08.119


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 7 7 0 2e1 7 7 0 9 17705
The concentration variation inside the pore can be

computed as follows

Cm ¼

Z l

0

�
Cs � q

Di
$l$x� q

2$Di
$x2

�
dx

l
¼

�
Cs$x� q

Di
$l$x

2

2 � q
2$Di

$x
3

3

����� l
0

l
(15)

Cm ¼ Cs � q
2$Di

$l2 � q
2$Di

$
l2

3
¼ Cs � 2

3
$
q
Di
$l2 (16)

Using Equation (13), the quantity of absorbed hydrogen can

be calculated by

Q ¼ V$Cm$Si$ε; kg (17)

where, Cm, is the average concentration.
Experimental installation

Combustion tests have been performed on the 2MW (thermal)

pilot furnace belonging to the Politehnica University of

Bucharest, Thermal Research Centre (TRC), as shown in Fig. 1

[18], using HRG injections within the pulverized coal. This

installation is a very complex one and allows the study of

several aspects concerning the combustion process of the

pulverized coal, with a high degree of similarity to industrial
Fig. 1 e Layout of 2 MWt installation pilot used for the experimen

Mill fan; 5-Dust separator; 6-Straight-flow burner; 7- Tubular ai

11-Working fluid; 12-Flue gases fan; 13-Flue gases recirculated

injection; B1, B2, B3 e Flue gas analyzers; P1, P2, P3 … P9-Meas
furnaces. In this study, the ignition period, combustion

duration and post combustion effects (mechanical losses, ash/

sludge composition and pollutant emissions) have been

analyzed with high accuracy.

The crushed coal is injected into the dryer tower, which is

supplied with the hot flue gas from the end point of the

furnace towards the ventilator mill (4). Pulverized coal is then

led to the burner (6), as shown in Fig. 2. Before the burner, the

HRG is injected into the mixture of coal and primary air (A1

and A2). A flame develops inside the furnace until the top of

the furnace. The flying ash is captured by a cyclone (9)

installation and the cleaned flue gas is exhausted by the

ventilator (12) to the stack.

TwocontinuousHORIBAPG250fluegasanalyzershavebeen

installed to take the flue gas samples both from the combustion

chamber (P8) and from the end of the furnace (P3) to measure

the CO2, CO, O2, SO2 and NO concentrations. This type of gas

analyzer is characterized by ±1% precision (from the full scale)

for all of the measured species with the exception of SO2 for

which the precision is ±2%. A HORIBAMEXA 7000 gas analyzer

has beenused to validate theCO2, COandO2 speciesmeasured.

In addition, a JEROME J605 gas analyzer has been used to

determine the H2S content within the flue gas (P9). This type of

analyzerhas aprecisionof±0.3 ppmatevery 5ppm in the range

of 1e10 ppm. The H2 content in the flue gas has not measured.

Additionally, a data acquisition system (NI PXI-1000B 8-slot 3U
ts: 1-Raw fuel bunker; 2-Fuel feeder; 3-Pre-drying tower; 4-

r heater; 8-Air fan; 9-Flying ash separator; 10-Ash bunker;

fan; FP-Flap control; VH-Visit hole; A1, A2 e Points of HRG

urement points (flow, temperature, pressure).

http://dx.doi.org/10.1016/j.ijhydene.2014.08.119
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Fig. 2 e Straight-flow burner.
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PXI Chassiswith 10e32 VDC) has been usedwith an acquisition

program developed on the LabView platform.

The HRG has been injected by a special nozzle situated

inside the primary mixture feeding pipe of the burner.

Because HRG is a very reactive gas, hydrogen must not be

heated significantly before combustion [19] and therefore has

to be injected as close as possible to the burner nozzle.

Otherwise, the hydrogen can pose a danger as it travels from

the mill. Many preliminary tests have been conducted to find

the optimum position. Brown coal has been used as the solid

fuel, which is characterized by the initial elementary analysis

(wet basis) reported in Table 1.

All data that have been determined with a COSTECH ECS

4010 fuel elemental analyzer have been averaged over 100

samples taken from the pilot bunkers and their variation

(taken from the technical specification of the apparatus) is

±0.32% for carbon, ± 0.13% for hydrogen, ± 0.24% for oxygen, ±
0.07% for sulfur, ± 0.06% for nitrogen, ± 0.74% for the total

humidity content, and ±0.34% for the ash value.

The particle-size distribution curve shows that

R1.00 ¼ 1.03%, R0.30 ¼ 6.57%, R0.125 ¼ 29.24% and R0.09 ¼ 45.33%,

where R represents the mass refuse of the coal powder over

the 1.00 mm sieve, 0.30 mm sieve, etc.
Results description

Certain experiments have been conducted only for the classic

burning procedure at a thermal load of 1 MW. Following these
Table 1 e Coal elementary analysis (wet basis).

Ci

%
Hi

%
Oi

%
Si
c

%
Ni

%
Wi

t

%
Ai

%
LHV
MJ/kg

42.3 3.1 7.9 0.9 0.8 25.3 19.7 16.13
experiments, many experiments have been performed using

the HRG injections (as shown in Fig. 1) at a constant flow rate.

The primary jet temperature was approximately 70 �C. The
first injection (A2) was located at 0.95 m from the burner

nozzle, and the distance between A2 and the second injection

(A1) was 1.50 m. These distances have been determined based

on the time needed for the absorption process. Thus, ac-

cording to relationship (14) for l ¼ 0.5$10�7 m and

Di ¼ 1.5$10�14 m2/s, the time for the absorption process should

be greater than 0.25 s. All experiments regarding the HRG in-

jections have been performed during several sessions each

lasting 1 h. The first hour session occurs without HRG injec-

tion. This is followed by 1 h with HRG injection, after which

the system operates for at least 1 h without HRG injection

while waiting for the electrolytic system to be cooled. This

process is repeated for 24 h, which is the limit of the operation

of the pilot bunkers. The measurement results are reported in

Table 2 and illustrated in Figs. 3 and 4. The sulfur dioxide

concentration within the flue gas is decreased when HRG is

injected in the primary mixture fuel stream. This decreased is

between 35 and 40%. The first consequence of this decrease in

sulfur dioxide is a reduction in the amount of limestone

required for the desulfurization. When the results of the

experiment are extrapolated to a unit with a power of 330 MW

power, the following figures are obtained:

� Fuel consumption (lignite with %): 2775 t/year;

� Reduction in the amount of limestone (with 40% reduc-

tion): 26,500 t/year;

� HRG quantity (with 40 l/kg ratio): 110.88$106 l/year;

� Savings on limestone (at a price of 15 Euro per ton):

405,000 Euro/year;

� HRG production costs: 44,352 Euro/year

It should be noted that the values for the component of

carbon oxideswithin the flue gas and the oxygen participation

are averaged over 1 h of operation. Moreover, the coal used

has a significant variation of quality during the 24 h of oper-

ation. For this reason, to reproduce the conditions in a coal

fired power plant, the concentration of oxygen at the end of

the furnace (points P5 and P6 in Fig. 1) has been kept constant.

As a result, a small decreasing in the carbon dioxide concen-

tration within the flue gas could occur (not more than 8.25%

for carbon dioxide) in comparison with the significant

decrease of SO2 content within the flue gas. The carbon

monoxide concentration is too small to produce a noticeable

change. The validation of the carbon dioxide, carbon mon-

oxide and the oxygen content in the flue gas has been per-

formed with a supplementary HORIBA MEXA 7000 gas

analyzer. An absolute variation of ±0.84% has been observed

for carbon dioxide, ±0.68% for the oxygen and ±43.24% for

carbon monoxide.

To investigate the presence of the hydrogen sulfide within

the combustion chamber, the sample probe has been situated

immediately after the burner's nozzle (P8), which takes into

account that this gas is produced at temperatures greater than

300 �C. Because outside of this region, the flame should

transform hydrogen sulfphide into sulfur dioxide, no other

placeswere considered for sampling. Results from the JEROME

gas analyzer on the concentration of the sulfur dioxide are

http://dx.doi.org/10.1016/j.ijhydene.2014.08.119
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Table 2 e Results on the influence of the HRG injection within the brown coal primary mixture (SO2 and NOx values are
averaged between points P8 and P3).

Fuel consumption
[kg/h]

HRG flow,
[1000 � L/h]

Flue gas temp.
in P8 [�C]

SO2 conc.
[ppma]

NOx conc.
[ppma]

H2S conc.
in P9, [ppma]

100 A) HRGA1 ¼ 0

HRGA2 ¼ 0

1033 794 191 1.06

B) HRGA1 ¼ 0

HRGA2 ¼ 1

1050 703 199 2.45

C) HRGA1 ¼ 3

HRGA2 ¼ 0

1078 611 204 4.02

D) HRGA1 ¼ 3

HRGA2 ¼ 1

1097 476 223 6.21

150 A) HRGA1 ¼ 0

HRGA2 ¼ 0

1052 841 202 0.98

B) HRGA1 ¼ 0

HRGA2 ¼ 1

1064 725 212 2.38

C) HRGA1 ¼ 3

HRGA2 ¼ 0

1081 629 225 6.43

D) HRGA1¼3
HRGA2 ¼ 1

1103 533 237 7.33

200 A) HRGA1 ¼ 0

HRGA2 ¼ 0

1073 881 228 1.21

B) HRGA1 ¼ 0

HRGA2 ¼ 1

1081 738 237 3.14

C) HRGA1 ¼ 3

HRGA2 ¼ 0

1118 647 249 6.98

D) HRGA1 ¼ 3

HRGA2 ¼ 1

1136 552 258 8.53

a Corrected values at 6% oxygen within the flue gas.
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reported in Table 2. It is unlikely that all necessary conditions

for the creation of sulfur dioxide could be achieved because

the flammability temperature of hydrogen (at 50e66.6% con-

centration in oxygen) is less than 300 �C [20]. Therefore, the

results in Table 2 suggest that hydrogen sulfide is not signifi-

cantly affecting the balance of the sulfur content of the fuel, as

its concentration is less than 10 ppm.

The increase in the NO concentration is expected because

the maximum temperature of the flame has been increased.

Taking into account that not all of the HRG participated in the

reaction with the sulfur due to the non-perfect mixture of the

coal and that some of this gas has been burned as a
Fig. 3 e Variation of SO2 concentration as a function of HRG

flow injection.
supplementary fuel, the concentration of thermal NO (which

is very characteristic for mixed hard coal combustion) has

been increased. The NO concentration can be decreased by

applying the primary methods studied in Refs. [18,21]. Sludge

composition has been analyzed by electron scanning micro-

scopy (SEM) [22] for two types of sessions: without HRG in-

jection and with HRG injection. The average results are also

reported in Table 3.

One explanation of the reaction mechanism within the

pulverized coal flame considers that some part of the sulfur

content is already bounded together with carbon, sodium,

potassium, iron and nitrogen as a complex inorganic solid
Fig. 4 e Variation of NOx concentration as a function of HRG

flow injection.

http://dx.doi.org/10.1016/j.ijhydene.2014.08.119
http://dx.doi.org/10.1016/j.ijhydene.2014.08.119


Table 3 e Average sludge chemical composition.

Fuel consumption
[kg/h]

HRG flow
[1000 � L/h]

SiO2

%
Al2O3

%
Fe2O3

%
FeO
%

CaO
%

MgO
%

SO3

%
Na2O þ K2O

%

100 A) HRGA1 ¼ 0

HRGA2 ¼ 0

49.88 28.77 9.03 0.89 3.36 1.87 2.89 3.31

D) HRGA1 ¼ 3

HRGA2 ¼ 1

48.21 27.33 8.32 0.92 4.43 2.79 5.77 2.23

150 A) HRGA1 ¼ 0

HRGA2 ¼ 0

48.75 28.3 7.86 0.71 4.23 2.88 2.29 4.98

D) HRGA1 ¼ 3

HRGA2 ¼ 1

47.98 29.17 7.75 0.79 4.18 2.64 5.23 2.26

200 A) HRGA1 ¼ 0

HRGA2 ¼ 0

49.2 29.38 8.15 0.64 4.05 2.12 1.92 4.54

D) HRGA1 ¼ 3

HRGA2 ¼ 1

49.52 30.04 5.58 0.74 4.81 2.03 4.93 2.35
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component in the initial state of the solid fuel. That means

that sections of thiocyanate radicals can be found within the

initial solid fuel. However, not all of the sulfur content of the

fuel is bounded in thiocyanate radicals, which sets the upper

limit of the desulphurization effect upon the solid fuel. During

the HRG injection process, the hydrogen produces a change in

the absorbance of the thiocyanate ion (SCN�). This absorption
creates isothiocyanic acid (SCNH) and other salts of this acid

due to the presence of higher flame temperatures during HRG

injection [23]. Numerical simulation of this chemical mecha-

nism, performed by Fluent, showed that a significant part of

the sulfur content can be found in the furnace funnel. The

kinetic mechanism of this process has been constructed on

the CHEMKIN recommendations.

Chemical identification of these complex inorganic com-

ponents is a very time consuming and difficult task. Up to

now, only circumstantial data can indicate that the above

described process is the true reaction mechanism inside the

flame and was made of sulfur mass balance. The differences

in the quantities of sulfur between the inlet and outlet (in the

combustion gases and sludge) of the furnace are under 5%.
Conclusions

� The sulfur dioxide concentration within the flue gas is

significantly decreased when HRG is injected into the pri-

mary mixture fuel stream as a result of the faster diffusion

of hydrogen, in comparison with the oxygen, within the

coal particles [24]. This decrease is between 35 and 40%, as

seen in Table 2 and Fig. 3. Molecules of oxygen are very

large compared with hydrogen and therefore diffuse more

slowly. Hydrogen is found to interact with the sulfur atoms

inside the coal particles before its oxidation inside the

flame. The most delicate issue in this experiment is

establishing the optimum distance from the burner nozzle

to successfully inject the HRG to prevent explosions. The

hydrogen absorption inside the particles is strongly influ-

enced by temperature. This effect will be studied sepa-

rately on a special laboratory installation because it is very

difficult to obtain a great temperature variation along the

fuel pipe while also preventing explosions.

� When using the HRG injection, the sludge mass fraction

composition is found to vary compared with when HRG
injection is not used. When measuring the flue gas

composition in both positions (P8 and P3), a different

sludge/ash composition has been expected, to balance the

decrease in sulfur dioxide. Here, only the sludge content

has been analyzed, and further research will be performed

regarding the flying ash composition. The difference be-

tween the maximum load of the furnace and the other

regimes may indicate that the HRG flow rate should be

increased in the future.

� The HRG injection system has to be improved in the future,

to produce a uniform mixture at any load of solid fuel. In

Table 2 it can be observed that the HRG injection efficiency

is better at lower loads and when it is injected at both

points (A1 and A2). This is explained by an increase in the

specific ratio of HRG to solid fuel. Thus, for 450 kW loading,

the ratio is 20 l/kg, and for 900 kW loading, the ratio is 40 l/

kg. Another, larger HRG generating system should be built

for different thermal loads, to extend the range of the

specific ratio of HRG to solid fuel beyond of the values of

50e60 l/kg.

� A reduction of 35e40% in the sulfur dioxide concentration

decreases the amount of limestone required for desulfur-

ization. The savings obtained are nine times higher than

the cost of producing HRG (per unit of 330 MWpower). Still,

this reduction is not sufficient to comply with environ-

mental legislation. Moreover, the injection of HRG may be

combined with a secondary method of desulfurization

(e.g., injection of limestone in the furnace). In this way, the

use of a secondary method of desulphurization, which is

prohibitively expensive, is avoided.

� The following analysis of the financial effects was con-

ducted assuming a price of coal of approximately 60 Euro/

tone (0.64 Euro/kg). The cost with HRG injection is between

0.008 Euro/kg (if the ratio of HRG to solid fuel is 20 l/kg 0)

and 0.016 Euro/kg (if the ratio of HRG to solid fuel is 40 l/kg).

This results in an increase in the cost of coal by 10e26%/kg.

These costs should be compared with the costs of imple-

menting a secondary method of desulphurization. The

difference between these costs must be greater than the

costs required to implement a secondary method of

desulphurization.

� Furthermore, an in-depth chemical investigation has to be

conducted to looks for isothiocyanic acid (SCNH) and its

derivatives within the sludge and the solid deposits on the

http://dx.doi.org/10.1016/j.ijhydene.2014.08.119
http://dx.doi.org/10.1016/j.ijhydene.2014.08.119
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inside surface of the furnace. The presence of these very

rare components is indicated by the variation in the effects

of the desulphurization process of the HRG injection upon

different types of lignite and by the significant absence of

the SO2 component in the flue gas when using the HRG

injection procedure.

� Because the NO concentration has been increased (be-

tween 10 and 17%, Table 2, Fig. 4), primary measures to

reduce NO have to be considered for this installation.

During these experiments, no procedure to reduce NO

emission has been considered.
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