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Abstract

The utilization of wood wastes in clean and green chemistry method like by mean of dark fermentation, is a
highly desired solution of waste management. In the article model for the estimation hydrogen potential of wood
waste is given. The model has been used to calculate the potential theoretical hydrogen mass that can be
produced from wood wastes in Pomerania and Silesia: pine, spruce, fir, beech and oak. In the introduction, there
describes the process and background of the model and the parameters are explained. In model description the
formulas of a model are given with reaction schemes and variables description. In the results and discussion
there are calculations of hydrogen potential mass from wood waste in Pomerania and Silesia. The potential
hydrogen production from wood waste of these two regions fulfil near 8 times the recent demand of Poland.

Key words: dark fermentation, beech, pine, oak, spruce, fir

1. Introduction

Proper management of forests needs to overcome the problem of wood waste utilization - it can be used
directly as a source of heat of some household but it pollutes environment shifting greenhouse effect and some
dioxins. Therefore, there is necessary to project a new way of wood waste management, more friendly to the
environment. On the other hand, the best strategy of utilization of waste is to transfer it for renewable source of
energy or efficient raw material of green chemistry. One of the potential methods of such an utilization considers
to be dark fermentation. Dark fermentation is a microbial anaerobic conversion of simple carbohydrates to
hydrogen, carbon dioxide, butyric acid or acetic acid. The most desired substrate is hydrogen ‘fuel of the future’.
Therefore, in the article there has presented a model of potential hydrogen production from wood waste.
Lignocelluloses wastes like wood waste can be considered as the raw material. Thus the model for hydrogen
production estimation from different lignocelluloses wastes has been developed. In the models two of
biopolymers of lignocelluloses are taken into account: cellulose and hemicellulose. The model gives possibility
to estimate potentiality of the selected kind of wood to be hydrogen source. The presented equation can calculate
potential hydrogen volume production from selected parts of the plant, all plants and group of plants. Let
assumes that the model follows: that plant waste in the range of kind are from the same part of the plant and the
origin of the same growth area. Other assumptions of the model follows Bartacek et al [1] and Pradhan et al [2] -
maximal yield calculations for hexoses is 0.33 and for pentoses 0.32. The model estimations include parameters:
yield of reactions Yy (dark fermentation of hexoses) or Y (dark fermentation of pentoses) mass of waste,
fraction of biopolymer in the plant (f. — of cellulose) and (f, - of hemicelluloses) The hydrolysis of
polysaccharides are considered as perfect. The model was used for calculation theoretical hydrogen volumes of
selected lignocelluloses wastes taken of selected wood waste data from the report 2015[3], Ropinska[4],
Jasiulewicz [5] for pine wood (Pinus sylvestris), spruce (Picea abies), fir (Abies alba), beech (Fagus sylvatica)
and oak (Quercus robur).
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2. Model description

Let’s assume that model follow: plant waste in the range of kind are in the same age and origin from the
same cultivation area. The model estimations include parameters: yield of reactions Yy (dark fermentation of
hexoses) or Y (dark fermentation of pentoses) mass of waste, fraction of biopolymer in the plant (f; of
cellulose) and (fn of hemicelluloses). In the model, perfect hydrolysis of polysaccharides into simple
carbohydrates (glucose, rhamnose fructose xylose, maltose and lactose) are assumed, and dark fermentation
undergoes only in acetic way. The process undergoes in two reactions (1 or 2) with a maximal theoretical yield
of hydrogen 0.32 — 0.33 [1,2]. Dark fermentation of carbohydrates can undergo in 2 reactions:

CeH1206 + 4H,O —2CH3COOH + 2C0O, + 4H, (21)
CsH100s5 + 2.67H,0 —1.67CH3COOH+1.67CO; + 3.33H; (2.2)

Equation 3 has been developed to calculate optimal potential hydrogen production availability My;; (mass of
hydrogen produced) of the same random waste part of age ‘j> of plant ‘i’ of mass m;;:

Yeg fcji mji MGrun2 Yeg fcji mji MGrun2 Yenfheji Mhekt, |, Yepfrsji Mpeny,
My = (M— + Qnji myi ) = ” + p” + ” m;;  (2.3)
GLU GLU hek pen

where:

My;; - theoretical hydrogen mass from random part of age ‘j” of plant ‘i’ [kg];

Yiq - theoretical optimal hydrogen yield from glucose 0.33 according to reaction 1 [1];

m;i - mass of random part of age j* of plant ‘i’;

feii - fraction of cellulose in part ‘j” of plant ‘i’;

Yw - theoretical optimal hydrogen yield from hexoses in hemicelluloses: (glucose, fructose, lactose,) via
reactions (1 and 2) - 0.33 [2];

Yy - theoretical optimal hydrogen yield from pentoses: glucose, fructose, lactose, xylose, rhamnose) via reactions
(1and 2) - 0.32 [2];

Maiurz - molar mass of hydrogen in glucose — 12 g/mol;

Mg, - molar mass of glucose — 180 g/mol;

Mhekrz - molar mass of hydrogen in hexose — 12 g/mol;

Magiu - molar mass of hexose — 180 g/mol;

MpenHz - molar mass of hydrogen in pentose — 10 g/mol;

Mpen - molar mass of pentose — 150 g/mol;

Qnji - polymerization and fraction of hemicellulose factor in random age j” of the plant ‘i’ via equation (2.4)

__ Yinfheji Mpekn, Yepfhsji Mpenn2

Qnji = + (2.4)

Mhek Mpen

where:

fieji - fraction of hexoses in fraction of hemicelluloses;

Y - theoretical optimal hydrogen yield from hexoses in hemicelluloses: glucose, fructose, lactose via reaction
(1and 2) - 0.33[2];

Yy - theoretical optimal hydrogen yield from pentoses in hemicelluloses: glucose, fructose, lactose, xylose,
rhamnose via reaction (1 and 2) - 0.32 [2];

fisji - fraction of pentoses in fraction of hemicelluloses.

In case of calculation of theoretical maximal hydrogen production from the bark of different random ‘j” age
of plant ‘i’ (for example, fir wood of different age group) equations (5) and (6) have been designed. Overall mass
Mi of ‘j” parts of the plant ‘i’ equals equation (5):
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where: mjj - mass of ‘j° age of plant ‘i’ (for example age 21-40 and age 41-60 give j=2).
If the plant ‘i’ belongs to spermatophytes group then j° age includes (1-20 years, 21-40 years, 41-60, 61-80

and 81-100, thus j=5). Optimal potential hydrogen production availability of plant ‘i’ from all parts ‘j° was
shown in equation (2.6):

Yig fcij MGluH
My; = X;m; (“JTUuZ + Qnij) (2.6)

For analysis wood of 5 different group age ‘j° of pine are chosen: 1-20 years, 21-40 years, 41-60 years, 61-
80 and 80-100. The parameters for optimal theoretical hydrogen volume are given in Table 1.

Tab 1. Values of parameters of wood waste.

Kind of wood Age years | fc % fh, % fhs, % fhe ref

1-20 47 16.8 44%f,=7.5% 58%f,=18.5%
21-40 48.9 16.8 43%f,=7.2% 57%f,=16.1%

Pine wood 4160 40.8 25.9 40%f,=10.4% 60%f,=14.5% [6-9]
60-81 42 25 38%f1,=9.5% 62%7fh=15.5%
81-100 42,5 24.8 37% 1h=9.3% 63% f,=15.5%

Spruce wood 41-60 40.4 32.3 42%fh=14% 58%fh=18,3% [10]
1-20 40.7 35.2 38%f=13.5% 62%fh=21.7%
21-40 41 35.1 | 38.3%f=13.4% 61.7%f=21.7%

Fir wood 41-60 42.1 34 | 39.2%f,=13.4% 60.8%f,=20.6% [11]
60-81 42.9 33.5 | 39.3%f=13.2% 60.7%f=19.7%
81-100 435 33.1 | 39.7%f=13.1% 60.3%f=20%

Beech wood 41-60 46.4 224 | 47% f,=10.5% 53%fh=21.9% [9]
21-40 39 20 43% fh=9% 57%f=11%

Oak Wood 41-60 39.4 21 40% fn=8% 60% fh=13% [12]
60-81 41.3 23 38%fh=9% 62% fh=14%
81-100 42 22.4 36%f1=8% 64% f,=14.3%

3. Results and discussion

The model presented in the article equations (3-10) is used for estimation of potential hydrogen production
by dark fermentation in Pomerania region and Silesia region. The results are given in tables (Tables 2 and 3).

Table 2. Potential mass of hydrogen produced by dark fermentation from pine, spruce, fir, beech and oak
wood waste at Pomerania Region according to [3,4].

Material Age Annual mass of wastes Estimated h_ydrogt_an mass
at Pomerania Region, 10° tonnes at Pomerania Region,-tonnes

1-20 43,684 577,714
21-40 10,593 144,264
Pine wood 41-60 27,521 365,933
60-81 25,009 337,653
81-100 40,954 555,985
Sum Pine wood 1-100 109,210 1981,549
Spruce wood 41-60 5,379 17,645
1-20 652 7,696
Fir wood 21-40 158 1,878
41-60 411 4,931
60-81 373 4,532
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81-100 611 7,984

Sum fir wood 1-100 1,630 18,826
Beech wood 41-60 15,974 63,914
1-20 1,304 4,638

21-40 316 4,681

Oak wood 41-60 821 12,792
60-81 747 11,661

81-100 1,223 19,339

Sum oak wood 1-100 3,260 33,771
Total waste wood 133,823 2115,526

Table 3. Potential mass of hydrogen produced by dark fermentation from pine, spruce, fir, beech and oak
wood waste at Silesian Region according to [3,4].

Materi Age Annual mass of wastes at Silesian | Estimated hydrogen mass at Silesian
aterial Reqi 3 L
egion, 10° tonnes Region -tonnes

1-20 18,200 307, 497
21-40 4,414 76,576
Pine wood 41-60 11,466 182,039
60-81 10,420 167,283
81-100 17,063 225,697
Sum Pine wood 1-100 45,500 733,395
Spruce wood 41-60 11,375 43,317
1-20 728 8,593
21-40 177 2,097
Fir wood 41-60 459 5,506
60-81 417 5,067
81-100 683 8,358
Sum fir wood 1-100 1,820 21,021
Beech wood 41-60 10,010 40,051
1-20 2,912 32,921
21-40 706 10,451
Oak wood 41-60 1,835 25,959
60-81 1,667 42,910
81-100 2,730 43,298
Sum oak wood 1-100 7,280 153,149
Total waste wood 74,165 567,429

The model presented in equations (3-10) assesses profitability of hydrogen production by dark fermentation.
They show an upper limit of hydrogen masses that can be obtained from selected part, kind, and set of different
plant wastes. The model collects parameters and data taken from literature [3,7,12]. Shown potential volumes of
hydrogen are obtained under the assumption of perfect hydrolysis (all parts of the biopolymers are converted into
simple sugars). From the 1 kg of selected wood wastes can be obtained maximally: from: pine wood 1-20 years
16.99 of hydrogen, pine wood 21-40 years 17.4 g of hydrogen, from pine wood 41-60 years 15.9g of hydrogen,
pine wood 61-80 years 16.1g of hydrogen, pine wood 81-100 years 13.2 g of hydrogen; spruce wood 41-60 years
16.6 g of hydrogen; fir wood 1-20 years 11.8g of hydrogen, fir wood 21-40 years 11.9g of hydrogen, fir wood
41-60 years 12 g of hydrogen, fir wood 61-80 years 12.1g of hydrogen, 81-100 years 12.2 g of hydrogen, beech
wood 41-60 years 17.5 g of hydrogen, oak wood 1-20 years 14.7 g of hydrogen, oak wood 21-40 years 14.8g of
hydrogen, oak wood 41-60 years 15.6 g of hydrogen, oak wood 61-80 years 15.7 g of hydrogen, 81-100 years
oak wood 16 g of hydrogen. The amount of hydrogen obtained from wood is smaller than from textile wastes
cotton or linen. From 1 kg of cotton wastes 21g of hydrogen, from 1 kg of linen wastes 19 g of hydrogen[16].
The highest mass of hydrogen can be obtained by dark fermentation of wood wastes from beech wood of 41-60
years, pine wood and spruce wood. Dark fermentation can optimally produce hydrogen from the above
mentioned annual wood waste in masses: 2 115,526 tonnes of hydrogen from Pomerania region and 567,426
tonnes of hydrogen from Silesia region. The Lotos, the greatest consumer of hydrogen in Pomerania Region in
2014 used 45.9-10° tonnes of hydrogen per year [17,18]. Recent consumption of hydrogen in Poland that is
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290.6-10% tonnes. Therefore, potential masses of hydrogen from Pomerania wood waste are 46 times more than
Lotos demand and Silesian 12 times more than Lotos demand. Pomerania potential hydrogen mass is 7 times
more than Poland demand and Silesian potential hydrogen mass is 1.95 of Poland demands of hydrogen.
Therefore, however wood wastes are less efficient raw material for the hydrogen source than textile waste due to
widespread of waste they can fulfill better Polish demand for this element [1,19]. The world recent demand for
hydrogen is 356 -107 tonnes and Pomerania potential hydrogen from wood waste fulfill it in 0.06% and Silesia in
0.02%. Pomerania and Silesia wood waste could fulfill world demand in 0.08%. The difficulty in recent
technique is efficiency up to 15% and low hydrolysis level from softwood [20,21].

4. Conclusions

The article is an analysis of potential of source of hydrogen other than beet or corn waste —~wood waste
[22,23]. The model presented in the article allow to assess availability of hydrogen source without empirical
works. The model allows to design process with high efficiency and is a useful device in scale-up of dark
fermentation from lab scale into industrial wastes. The wood wastes from Pomerania and Silesia are enough to
fulfil Lotos demand for hydrogen and overall recent consumption of Poland for hydrogen. The best sources of
hydrogen from pine wood, spruce wood, fir wood, oak wood and beech wood are beech wood and pine wood.
The potential production of hydrogen from wood waste are lower than production for textile waste, but higher
than from corn waste [24]. However, textile wastes mass is lower 288,593 tonnes are smaller than wood wastes
of 207,988:10° tonnes, therefore wood waste are more widespread material and enough high hydrogen
potentiality[16,25,26]. Assessing hydrogen production from different plant waste is an important step for
efficient selection of proper source for hydrogen production. The data are hints for designing industrial process,
where hydrogen is used, how many renewable sources can be applied for replacing of conventional processes.
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