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ABSTRACT
The paper deals with mathematical model and experimental tests of hydrogen (pure or mixed) diffusion
in the porous system of biomass. A mathematical model has been developed for gas diffusion in a
porous system and based on it a numerical simulation for hydrogen absorption gas been carried out.
The results are presented graphically and they point out that the concentration variation inside the pore
decreases with the increases of pore length and increases with the increase of hydrogen flux. Also, the
absorbed hydrogen quantity decreases with the increase of the pore length and for a given pore length
the absorbed hydrogen quantity increases with the increases of hydrogen flux and internal pore surface.
Research regarding hydrogen diffusion in the porous system of biomass is part of wider research
focusing on using hydrogen as an active medium for solid biomass combustion. In parallel with
hydrogen diffusion in solid biomass, tests regarding biomass combustion previously subjected to a
hydrogen flux will be carried out.
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Symbols:
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, m2/m3;
τ – the time, s;
ε – the Fourier criteria
qch – heat loss with unburned carbon, %.

Introduction

Research and development of a more sustainable energy econ-
omy (sources, carriers and storage) is one of the most impor-
tant tasks in the scientific world (Tanksale, Beltramini, and Lu
2010). The hydrogen economy is considered by many to be a
possible approach to satisfy the future energy needs. The
characteristics of hydrogen (virtually inexhaustible, no harm-
ful emissions and various methods for its production) make it
a promising option (Mirza et al. 2009). The utilization of
hydrogen (pure or mixed) to the biomass combustion
(Birtas, Voicu, and Chiriac 2009; Prisecaru et al. 2011), has
the role to improve the combustion conditions and to
increases the reaction rate. Furthermore, this fact influences
the CO, SO2, and NOx concentrations. The biomass studied in
the paper, especially, is a porous wood biomass: chopped
wood, sawdust, and energy willow. Also, was testing the pel-
lets but the quantity of the absorbed hydrogen was very small.

Mathematical Modeling

A mathematical model has been developed for gas diffusion in
a porous system and based on it a numerical simulation for
hydrogen absorption gas been carried out.

Theoretical Basis

The equation which describes hydrogen diffusion in the pores
of a renewable fuel is (Polihrononiade, 1967):

Di:
d2C
dx2

þ q ¼ 0 (1)

Equation (1) can be written as follows:

d2C
dx2

¼ � q
Di

(2)

Integration of equation (2) leads to:

dC
dx

¼ � q
Di

:xþ C1 (3)

The solution of equation (3) is:

C ¼ � q
2 � Di

:x2 þ C1:xþ C2 (4)

The boundary conditions needed in order to determine the
constants C1 and C2 are:

x ¼ 0; C ¼ Cs ! C2 ¼ Cs; (5)

Where,Cs is hydrogen concentration on the particle surface.
For x ¼ 1 ! dC

dx ¼ 0 and thus from equation (3) it results:
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0 ¼ � q
Di

:lþ C1 ) C1 ¼ � q
Di

:l (6)

Finally, the equation which describes the variation of hydro-
gen concentration inside the pores can be written as:

C ¼ � q
2 � Di

� x2 � q
Di

� l � xþ Cs

¼ Cs � q
Di

� l � x� q
2:Di

� x2 (7)

The value for the concentration on the particle surface in time
and depending on the hydrogen flux q can be computed as:

Cs ¼ q � τ (8)

where, τ is the time measured in seconds.
Based on equation (7), the hydrogen concentration at a

certain pore length l can be calculated as follows:

Cl ¼ Cs � q
Di

� l2 � q
2:Di

� l2 (9)

Further, equation (9) can be written:

Cl ¼ q � τ� 3
2
� q
Di

� l2 ¼ q: τ� 3
2
� l

2

Di

� �
(10)

Time needed for the absorption process can be calculated
with:

τ � 3
2
� l

2

Di
(11)

The concentration variation inside the pore can be computed
as follows:

Cm ¼

ð l
0
Cs � q

Di
� l � x� q

2:Di
:x2

� �
dx

l

¼
Cs:x� q

Di
� l�x22 � q

2:Di � x
3

3

� �
jl0

l
(12)

Cm ¼ Cs � q
2:Di

� l2 � q
2:Di

� l
2

3
¼ Cs � 2

3
� q
Di

� l2 (13)

Using equation (13), the quantity of absorbed hydrogen can
be calculated with:

Q ¼ V � Cm � Si � ε; kg (14)

where, Cm is the average concentration.

Results of Mathematical Model

The conditions in which the mathematical modeling has been
developed are presented in Table 1. The results obtained
based on the mathematical model and the program developed
in MathCAD (Parametric Technology Corporation, 2010)
have been presented graphically in Figures 1, 2, and 3.

Figure 1, shows the concentration variation inside the
pore (Cm) in function of pore length (l) for different
hydrogen fluxes. As it can be seen Cm decreases with the
increase of l and for a given l value, Cm increases with the
increase of q.

Figure 2 shows the variation of absorbed hydrogen quan-
tity (Q) in function of pore length (l) for hydrogen flux
q = 0.0000015 kg/(m2·s), an internal pore surface Si = 100
(m2/m3) and different values for the particle volume. The
absorbed hydrogen quantity decreases with the increase of
the pore length. For a given value of the pore length, Q
increases with the increase of q. At the same time a bigger
particle volume leads to a higher Q value.

Figure 3 presents the concentration variation inside the
pore (Cm) in function of pore length (l) for hydrogen flux
q = 0.000002 kg/(m2·s), an internal pore surface Si = 150
(m2/m3) and different values for the particle volume.

in function of pore length for different volume values
The increase of the pore length leads to the decrease of the

absorbed hydrogen quantity. For a given value of the pore
length, Q increases with the increase of q. Also, bigger particle
volume involves higher Q values. If the internal pore surface
Si increases in condition of imposed pore length, than the
absorbed hydrogen quantity also increases. The most impor-
tant result involve: the concentration inside the pore decreases
with the increase of the pore length and for a given pore
length it increases with the increase of hydrogen flux; the
absorbed hydrogen quantity decreases with the increase of
the pore length and for a given pore length the absorbed
hydrogen quantity increases with the increase of hydrogen
flux, internal pore surface, and particle volume.

Table 1. Conditions for mathematical model.

No. Parameter Value

1 Hydrogen flux q [kg/(m3·s)] (1;1.5;2)·10–6

2 The pore length l [m] (1;2;3;4;5;6;7;8;9;10)·10–7

3 The particle volume V [m3] (1;2;5;10;20)·10–3

4 The internal pore surface Si [m
2/m3] 100;150

5 Relative pore depth during reaction ε[m] 0.497

Figure 1. Concentration variation inside the pore.
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Experimental Work

Experimental researches were down in two phases:
(A) In the first phase, the samples tested (chopped wood,

sawdust, and energy willow, Figure 4) were passed through a
stream of hydrogen. Samples were maintained long enough
(time was calculated in Chapter 2.1) until they reached satura-
tion. Time was between 0.5 and 25 sec, depending on particle
size. Hydrogen feeding was made from a tank and the samples
were placed in a tube (Figure 5). More tests were made to

obtain sufficient quantities of chopped wood, sawdust, or
energy willow.

The samples were weighed before and after hydrogen dif-
fusion. Generally, it was found a mass loss of 4–5 %. The
explanation may be removing and replacing oxygen from the
particle pores by hydrogen which has lower density.

In the second part (of first phase) of researches, the samples
were burned in a small thermal boiler (20–40 kWt) (Pisa and
Mihaescu 2011). Themain components of this boiler are presented
in Figure 6 and the main performances of these boilers type are:

● Net efficiency . . .. . .. . .. . .. . .. . .. . .. . ... . ..83–87%;
● Heat release rate/unit area. . ... . .. . .. . ..450–600 kW/m2;
● Allowable heat release rate. . .. . .. . .. . .300–400 kW/m3;
● Lower heating value. . .. . .. . .. . .. . .. . ..14,000–18,000 kJ/kg;
● Excess air ratio (end of furnace). . .. . .. . .1.3–1.5;

Figure 2. Absorbed hydrogen quantity.

Figure 3. Variation of hydrogen absorbed quantity.

Figure 4. Samples used in experimental tests.

Figure 5. Experimental stand for hydrogen diffusion.
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● Flame temperature. . .. . .. . .. . .. . ... . .. . ...680–850°C;
● Heat loss with unburned carbon. . ... . . ..0.5–1.5%;
● Automation level. . .. . .. . .. . .. . .. . .. . .. . .. . .95–100%.

Due to small quantities of sample obtained the feeding of
the boiler was made directly by

main-screw supplier 10. The combustion of biomass was
recorded by an infrared camera (CEPID SILVER 420) and flue
gas analysis was done with an analyzer type MAXYLIZER
(Figure 7).

1- furnace; 2- heat exchanger; 3- double vault of refrac-
tory cement; 4- wool glass insulation; 5- door for grate

cleaning; 6- door for vault cleaning; 7- door for heat
exchanger cleaning; 8- mobile grate; 9- flue gasses exhaust;
10- worm-screw supplier; 11- first motor-gear transmission;
12- second motor-gear transmission; 13- worm-screw sup-
plier from the storage; 14- reducing extractor; 15- pan
extractor; 16-primary air; 17- secondary air; 18- flue gasses
cleaning cyclone; 19- flue gasses fan; 20- chimney.

These tests were performed: burning chopped wood with
and without infusion of hydrogen, burning sawdust with and
without infusion of hydrogen, and burning energy willow
with and without infusion of hydrogen. Flame appearance
and temperature evolution were monitored by infrared cam-
era (Figure 8). Measurement results are shown in Table 2.
Higher flame temperature and lower CO concentration to
chopped wood combustion are due to higher moisture con-
tent of sawdust. Analyzing the values in Table 2 can be seen
that for biomass infusion with hydrogen the flame tempera-
ture is higher by about 10%, the CO concentration is lower by
about 20%–25% and the SO2 and NOx concentrations remain

Figure 6. Main components of the biomass boiler (20 kW).

Figure 7. Experimental boiler for biomass combustion. Figure 8. Flame evolution monitored by infrared camera.

INTERNATIONAL JOURNAL OF GREEN ENERGY 777



almost the same. By decreasing the concentration of CO is
reduced by 15%–30% heat loss with unburned carbon, qch.

This fact means that the utilization of hydrogen to the biomass
combustion improves the combustion conditions and increases
the reaction rate. Attempts were made also for pellets, but their
porosity being small the hydrogen absorption is insignificant.

(B) In the second phase of researches the gas is injected
directly into the boiler system, in primary air. Combustion

tests have been realized on the 1 MW (thermal) pilot furnaces
belonging to the Politehnica University of Bucharest
(Figure 9). In this case we used a mixture of hydrogen,
named hydrogen-enriched gas (HRG) for making the transi-
tion to real conditions and lower costs (Pisa, Lazaroiu 2012).
The HRG is produced by an electrolytic system (Figure 10).
This electrolytic system is a dynamic one, keeping the fluid in
a permanent flow and it is producing a quasi-stoechiometric
gaseous mixture of hydrogen and oxygen. In fact this gas
consists of a mixture of hydrogen and oxygen molecules,
almost respecting the stoechiometric water ratio. HRG is a
gas with a high degree of reactivity which, by adsorption,
diffuses into the biomass (Nenitescu 1963; DIN 51649–1).
Thus, the ignition and combustion rate are improved and
the pollutant emissions are reduced. HRG is a colorless gas
which has a density of 0.503 kg/m3, molecular weight 12.3 kg/
kmol, auto-ignition temperature 591–605°C, and flammability
limit concentration between 7.3%–100% (Poling, Prausnitz,
and O’Connell 2004). The free diffusion process (equation
Legendre) is the basis for HRG/porous biomass combustion
technology. Maximum capacity of producing HRG is 1500 L/
h. Electricity consumed to produce 1000 L of HRG is between
3 and 3.5 kWh. This means approximately 0.4 Euro/1000 L.

HRG injection in porous biomass contributes to reducing
the carbon monoxide concentration (OH radical having lead-
ing role) by reactions:

COþ OH ! CO2 þH; H þ O2

! OH þ O; OþH2O ! 2OH: (15)

Moreover, injection of HRG reduces the concentration of
sulphur dioxide and may by a way to reduces nitrogen oxides
which is formed from nitrogen of biomass. But this topic is
another issue (Pisa 2013; Pisa, 2006).

Table 2. The measurement results (average values) with H2 injections.

Biomass type Parameter Value

Chopped wood with H2 Flame temperature 840°C
Heat loss, qch 0.51%
CO concentrationa 1020 ppm
SO2 concentration

a 3–8 ppm
NOx concentration

a 45–50 ppm
Chopped wood without H2 Flame temperature 780°C

Heat loss, qch 0.72 %
CO concentrationa 1490 ppm
SO2 concentration

a 5–10 ppm
NOx concentration

a 40–45 ppm
Sawdust with H2 Flame temperature 810°C

Heat loss, qch 0.63%
CO concentrationa 1242 ppm
SO2 concentration

a 3–5 ppm
NOx concentration

a ~ 50 ppm
Sawdust without H2 Flame temperature 740°C

Heat loss, qch 0.74 %
CO concentrationa 1450 ppm
SO2 concentration

a 8–10 ppm
NOx concentration

a 50–55 ppm
Energy willow with H2 Flame temperature 823°C

Heat loss, qch 0.57%
CO concentrationa 1174 ppm
SO2 concentration

a 6–8 ppm
NOx concentration

a 40–55 ppm
Energy willow without H2 Flame temperature 775°C

Heat loss, qch 0.72 %
CO concentrationa 1472 ppm
SO2 concentration

a 5–9 ppm
NOx concentration

a 45–50 ppm
aat O2 = 7%

Figure 9. Scheme of the pilot furnace (1 mw).
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The pilot furnace used for experiments works with pulverized
coal. It was adapted by fitting a fixed grill (grate surface is 1.1 m2

and the distance between bars is 4 mm) and a screw feeder. The
wood biomass (chopped wood and energy willow, only) is it
deposited in biomass bunker and introduced into furnace, on
the grill, by screw feeder. The fuel consumption by pilot is much
larger compared to the first experiments (about 60 kg/h) and
thermal power is about 200–300 kW. Combustion air (excess air
ratio,λ=1.6) is introduced under fixed grill through the bars, by the
air fan. HRG is injected into the primary air pipe (Figure 11).

One continuous HORIBA PG 250 flue gas analyzer
(Figure 12) have been installed to take the flue gas samples
from the combustion chamber (Point A, Figure 9) in order to
measure the CO2, CO, O2, SO2, and NO.

The appearance of energy willow (Mihaescu et al. 2013)
flame is shown in Figure 13. Tests were performed for
chopped wood and energy willow in two situations: injections
of 600 L of HRG per hour (10 L/kg biomass) and injections of
1200 L/h (20 L/kg biomass). The results are shown in Table 3.

Analyzing the values in Table 3, it can be seen that for biomass
infusion with HRG the CO concentration is lower by about 50%–
60% for 10 L/kg specific ratio HRG/biomass and 80%–90% for 20
L/kg. The SO2 concentration decreases by 40% and NOx concen-
tration increase by 10%. By decreasing, the concentration of CO is
reduced by 60%–90% heat loss with unburned carbon, depending
on the specific ratio.

In financial terms the following analysis is done: the price
of wood biomass is about 60 Euro/tone. Reducing of heat loss
unburned carbon from 2.03% to 0.21% (in the chopped wood

case) lead to increased efficiency by 1.82%. For a thermal
power of 200 kW, the fuel economy is 1.3 kg of biomass.
Thus, the following analyze results (for 1 kg of biomass):

● HRG production costs (specific ratio 20 L/kg). . .. . .. . ..0.008
Euro;

● Benefit from the fuel economy. . .. . .. . .. . .. . .. . .. . .. . .. . .0.078
Euro.

A report nearly 10 times in favor of benefits results. In the
economical analysis reducing SO2 concentration was not consid-
ered. It’s obvious that for each installation will be an optimal
specific ratio between HRG flow and the quantity of biomass.

Conclusions

Following the assessment made in this paper it can concluded:

Figure 10. Electrolytic system for HRG.

Figure 11. Electrolytic system for HRG.

Figure 12. HORIBA PG 250 flue gas analyzer.
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● The concentration inside the pore decreases with the
increase of the pore length, and for a given pore length it
increases with the increase of hydrogen flux; the absorbed
hydrogen quantity decreases with the increase of the pore
length, and for a given pore length the absorbed hydrogen
quantity increases with the increase of hydrogen flux, inter-
nal pore surface, and particle volume.

● Hydrogen (pure) injection in porous biomass leads flame
temperature increases by about 10 % and CO concentra-
tion decreases by about 25%–30%. The heat loss qch
decreases by 15%–30%. This fact means that the utilization
of hydrogen to the biomass combustion improves the
combustion conditions and increases the reaction rate;

● HRG injection in biomass infusion leads CO concen-
tration decreases by about 50%–60% for 10 L/kg

specific ratio HRG/biomass and 80%–90% for 20 L/
kg. The SO2 concentration decreases by 40% and NOx

concentration increase by 10%. By decreasing, the
concentration of CO is reduced by 60–90 % heat
loss with unburned carbon, depending on the specific
ratio;

● Reducing of heat loss unburned carbon from 2.03% to
0.21% (in the chopped wood case) lead to increased effi-
ciency by 1.82%. If the price of wood biomass is about 60
Euro/tone, for a thermal power of 200 kW the fuel econ-
omy is 1.3 kg of biomass. Results a report nearly 10 times
in favor of benefits results. It is obvious that for each
installation that there will be an optimal specific ratio
between HRG flow and the quantity of biomass.
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Figure 13. Aspect of energy willow flame.

Table 3. The measurement results (average values) with HRG injections.

Biomass type Parameter Value

Chopped wood with HRG Heat loss, qch 0.21 %
(20 L/kg) CO concentrationa 331 ppm

SO2 concentration
a 96 ppm

NOx concentration
a 162 ppm

Chopped wood with HRG Heat loss, qch 0.88 %
(10 L/kg) CO concentrationa 1354 ppm

SO2 concentration
a 139 ppm

NOx concentration
a 155 ppm

Chopped wood without HRG Heat loss, qch 2.03 %
CO concentrationa 3242 ppm
SO2 concentration

a 162 ppm
NOx concentration

a 148 ppm
Energy willow with HRG Heat loss, qch 0.19 %
(20 L/kg) CO concentrationa 296 ppm

SO2 concentration
a 102 ppm

NOx concentration
a 171 ppm

Energy willow with HRG Heat loss, qch 0.77 %
(10 L/kg) CO concentrationa 1174 ppm

SO2 concentration
a 131 ppm

NOx concentration
a 160 ppm

Energy willow without HRG Heat loss, qch 2.01 %
CO concentrationa 3092 ppm
SO2 concentration

a 159 ppm
NOx concentration

a 149 ppm
aat O2 = 7%
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