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Abstract

Production of solid fuels from wooden biomass is defined with appropriate energy chain of sup-
ply. Production procedure of solid fuels from wooden biomass, starting with technology for
gathering wood residues and residues from logging up by the system of fuel production (system
for milling, crushing, chopping, drying and pressing of wood residues), represents the energy
chain of supply of solid fuel from biomass. Every single energy chain of supply and production
of certain form of solid fuel from wooden biomass can be uniquely defined with three general
criteria. These criteria are: energy efficiency of production, economy of production and environ-
mental criteria. Efficiency of production is the relation of overall energy consumption per 1 kWh
of heating value of produced fuel. When we talk about the economical aspect of production of
solid fuels we take into account all production costs per 1 kWh of heating value of biofuel pro-
duced. Forest biomass is scattered and the need for its collection and transport require certain
consumption of fossil fuel. Consumption of fossil fuel is needed to run mechanization to collect,
transport and prepare biomass. Consumption of fossil fuels causes the emission of GHG. Eco-
logical criteria for the estimation of production process of bio energy can be defined as emission
of GHG per 1 kWh of heating value of produced fuel. Besides general criteria to estimate the
quality of production of energy from biomass, there are specific criteria. Specific criteria regard-
ing several characteristics are tightly related to applied technologies, potentials and barriers
during the use of biomass. This paper analyzes only specific investment in selected chain of en-
ergy supply. The paper mathematically describes four characteristic cases of solid biofuel produic-
tion from wooden biomass. These cases are: production of wooden chips from forest biomass with
mobile chipper, production of wooden chips from wooden residues transported from sawmill to
processing terminal, production of wooden briquette from mill residues transported into briquette
factory, production of wooden pellet from mill residues transported into pellet factory. For over-
all ranking of energy chain of wooden biomass supply and selection of optimum variant, multi-
criteria optimization and VIKOR method is used.

Keywords: forest biomass, chips, briquette, pellet, energy chain, multi-criteria optimization,
VIKOR method

1. Introduction

Biomass represents a solar energy stored in the photosynthesis process in the form of chemical compounds
that form the structure of plants. During the time of biomass combustion, the oxygen from the atmosphere joins
with the carbon in the biomass, and CO, and water are obtained again as the combustion products. This is the
main reason why the energy obtained in this way is considered as CO, neutral. The use of biomass as a fuel pro-
vides significant opportunities for the decrease of harmful influences of GHG to the environment (WEA 2004, Karp
and Shield 2008, Demirbas 2009). With the increase of crude oil price, various countries and institutions do the
research trying to find the best ways of energy production from renewable sources (Inyang 2005). However, certain
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amounts of CO, emissions occur directly from fossil fuels used at cutting, collecting, processing and transportation
of biomass. The energy production from biomass has been defined by adequate energy chain. The notion of en-
ergy chain is little known in the available literature. However, the notion of supply chain has been more defined
in some other research areas, which are not of technical nature. Nowadays, in the scientific and professional lit-
erature of numerous papers, mixed opinions can be found on defining, management, basic elements, coverage
and characteristics of a supply chain (Cooper et al. 1997).

The energy chain concept has been defined as the trajectory of energy transformations from the fuel source to the
end users (Hamamatsu et al. 2004). An energy chain is the way in which the energy is used from an adequate fuel,
starting from the fuel collection technology to the system for energy or fuel production (systems for transformation
of energy from one form to the other). The production of solid fuels from wood biomass is defined for sure with an
adequate energy chain. In different conditions in which the fuels are produced from wood biomass, different produc-
tion costs of these fuels also occur. However, it is not enough to talk only about the production cost of particular
fuels from wood biomass. It is also necessary to perceive some other aspects of fuel production process such as: en-
ergy efficiency of the process, consumption of fossil fuels, CO, emission and investment cost in energy chain.

The research in the field of the structures of energy chains for production of fuels and energy from biomass is of
a relatively recent date. Generally, the increased interest for such a research has occurred with global problems such
as: global warming process, increase of fuel prices due to the decrease in reserves of fossil fuels, tendency to decrease
the dependence on fossil fuels supply with the use of local biomass resources, environmental pollution, etc.

2. Overview of research of supply chains based on biomass

In the developing countries, about 22% of the used energy is obtained from biomass, however that is a tradi-
tional way of use with a very low energy efficiency and increased emission of pollutants. Many scenarios predict a
significant increase of share of the energy from biomass in the future (IEA 2010). For that reason, it is necessary to
work constantly on the process of introducing the new technologies for energy production from biomass with an
improved energy efficiency.

The research dealing with the composition of energy chains of supply and general use of biomass as a fuel is
relatively new. The optimization of supply chains by biomass is mostly performed in accordance with the trans-
portation distances and moisture of the biomass to be transported. The description of modelling a regional supply
structure of wood biomass as a fuel, depending on the transportation costs, was given by Gronalt and Rauch (2007).

The model of linear biomass supply chain, which includes the transportation, storage and preparation of bio-
mass, was discussed in Silke Van Dyken et al. (2009). The main focus of the paper is finding the linear dependence
between the moisture content in biomass and energy content of biomass and economic indicators. The case of
passive drying of biomass in the storage process was specifically discussed.

The planning and logistics in the use of wood biomass for energy production were discussed by Frombo et al.
(2009). The decision making variables in this approach are the plant capacity and collected biomass from the ad-
equate area, while the target function is minimization of total costs in the process of wood biomass utilization.

The productivity and cost of mechanized cutting and collecting of wood for energy purposes were discussed by
Roser et al. (2011). The paper presents an analysis and overview of costs that occur at different production combina-
tions of wood chips production (in plants, near the road, at the terminal), according to transportation distance.

In the analysis of transportation costs of energy wood supply chains at greater distances in Finland, the ways
of transportation by means of trucks for wood chips, transportation of baled cutting residues by means of a truck
or train, transportation of scattered residues, etc. were analysed (Tahvanainen and Anttila 2011).

Also, there are several studies about wooden residues as follow: Feasibility study for commercial use of wood
residues in central Bosnia as a project for regional economic development 2006, Wood Energy Technologies, Part-
nership Programmes —- TCDC/TCC -TCP/YUG/3201 (D), Belgrade, March 2011, etc.

3. Problem definition and approach to solution

Utilization of wood biomass for the production of fuels depends on many factors. Primarily, biomass is scat-
tered and must be collected and processed to become a fuel. For cutting, collecting and transportation of biomass
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to the processing plant, it is necessary to engage the following mechanization: chainsaws, tractors, forwarders,
trucks, technology for milling and crushing, draying, densification, etc. It, logically, results in corresponding en-
ergy consumption. Each operation of collecting, processing and transportation of biomass requires some energy
consumption at related costs. The consumed fuel in the biomass supply process is usually of fossil origin. That
consequently carries the harmful CO, emissions, which occur in collecting and processing of biomass. Every ma-
chine for cutting, chopping and transportation requires certain investment costs, as well as a biofuel production
plant. For that reason, to be able to select an optimum variant of a fuel production energy chain, it is necessary to
apply a multi-criteria optimization method. In this paper, VIKOR optimization method is applied. Before selecting
the optimum variant of fuel production from wood biomass, it is necessary to define the optimization criteria. The
following criteria have been defined:

= consumed energy per 1 kWh of the lower heating value of produced biofuel, kWh/kWh (K,);

= energy chain production cost per 1 kWh of the lower heating value of produced biofuel, EUR/kWh (K,);

= CO, emission in the total chain due to the fossil fuels consumption for 1 kWh of the lower heating value of

produced biofuel, kg/kWh (K;);
= specific investment cost per totally installed power of all machines and plants in the energy chain, EUR/kW
(K-

As we know, lower calorific value of a fuel portion is defined as the amount of heat evolved when a unit of
weight (or volume in the case of gaseous fuels) of the fuel is completely burnt and water vapor leaves with the
combustion products without being condensed. This is the main reason why the above three criteria were defined
with lower heat value of biofuels. It is the useful heat energy obtained by combustion from chemical energy stored
in biomass.

We can say that the first three criteria are of general character, while the fourth criterion is specific, and they
are all together used to evaluate the acceptability of biomass based energy supply chains. The above mentioned
criteria are different for differently defined initial conditions of a problem. The solution of the problem of selecting
the optimum variant of fuel production from wood biomass comes down to the development of:

= a mathematical model for the calculation of optimization criteria;

= a mathematical method for the selection of optimum variant of fuel production from wood biomass with
the application of VIKOR method.

The significance of energy chain analysis from the aspect of invested energy is very important. In the literature,
we can find the so-called EROEI factor (Energy Returned on Energy Invested), which presents the quotient of utiliz-
able energy from a certain fuel (or from a way of energy
production) and the energy consumed to convert the fuel
or energy to a useful form (Hall 2011). The diagram (Fig. Hydro
1) shows that among the discussed fuels and ways ofen- " © Coal

. . . production
ergy production, there is no biomass. The answer to the Oil imports 1990
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in the diagram is very simple. The energy production i produ\%!og
from biomass depends on many variable parameters and Oil imports 20'85
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Fig. 1 EROEI — USA, Ratio of Energy Returned on Energy Invested

for different kinds of renewable energy (Murphy and Hall 2010)
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all the energy conversions that occur in machines and plants in an energy chain are defined by corresponding
efficiency factors. One of the main indicators of energy contents within a biomass fuel is the heating value. The
heating value of biomass depends on its chemical composition, as well as on the moisture content.

4. Specific characteristics of wood biomass as a fuel

The most important characteristic of biomass related to combustion and its other thermochemical processes is the
moisture content, with the increase of which the heating value of biomass decreases. The value of the lower heating
value of wet wood can be calculated by the following equation (Hartmann et al. 2000):

_ehuy x(100 —w) —(2.44 x w) D
v 100
Where:

ehv

ehv,, lower heating value of wood in relation to moisture content, MJ/kg;
ehv, heating value of dry wood, MJ/kg;

244 energy needed for water evaporation at 25°C, MJ/kg;

w moisture content in total mass expressed in percentage.

The volumetric mass or density of wood p, is defined as the relation between the dry mass of wood (kg)
and the volume it occupies. The value varies widely, depending on the type of wood but is mostly in the range
between 320 and 720 kg/m’. The heating value per a volume unit can be calculated by taking into account the
lower heating value ehv  and density of wood:

ehvo  =ehv xp, 2)

For the moisture content per dry wood basis higher than 30%, the density of wet wood is:

(1+uj .

Ly 100) 10 ,

P =Fo (1+ avj " (100-w)x(100+e, ) )
100

For the moisture content per dry wood basis lower than 30%, the density of wet wood is:

u
1+—
o ( 100] o 3000
Pl o u )] 27 3000-30w+a, xw
+ Vo v (4')
100 100
Where:
ehvo,, heating value per volume unit, MJ/m’;
u moisture content per dry basis u = 100>z , %o; (5)

-w

P,  density of dry wood, kg/m?

p,.  density of wood with moisture content, kg/m?;

a,  percentage of swelling, % (Hellrigl 2006).

The volume occupied by wood fuels depends on the shape, size and organization of particular pieces of wood.

Fulfilment factor of the volume also depends on that. It should be mentioned that a significant factor in biofuel sup-
ply and at the selection of their transportation is the shape in which biofuels are transported. For that reason, the SVF
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Table 1 Criteria K, K, K; K, for all four variants of fuel production from wood biomass

S. Vaskovic et al.

OPTIMIZATION CRITERIA: K, K, K, K, (kWh/kWh, EUR/KWh, kg/kWh, EUR/KW)

J=1 j=12 j=3 j=4
CHAIN CH, CHAIN CH, CHAIN CH, CHAIN CH,
mobile chipper plant for production of wood chips plant for briquetting plant for pelleting

E.,, Cyy, Gy, Py chainsaw

E., Cy Gy Py, chainsaw

E.s, Cis, Gyg, Py Chainsaw

E.., Cy. Gy, Py, chainsaw

E;, Cy, Gy, Py, tractor provided with

Eyy, Cyy, Gy, Py, tractor provided with

Eys, Cys, Gy, Py tractor provided with

Eyu, Cyou, Gy, Py, tractor provided with

=2
winch for forest operations winch for forest operations winch for forest operations winch for forest operations
3 e Co Go P forwarder E,,, Cyy, Gy, Py, lifter for loading of Eys, Cys, Gy, Py lifter for loading of E,y, Cyy, Gy, Py lifter for loading of
= , Lap, Oy, . . .
s s timber timber timber
s Ey. Cyy. Gy, Py medium power Eyy, Cuy, Gy, Py truck for transporta- | £y, Cus, Gug, Py truck for transporta- | £y, Cag, Gag, Py truck for transportation
I =
chipper tion of timber tion of timber of timber
5 Es,, Cs,., Gy, P, truck for transporta- | Eg,, Csy, Gy, Ps, crane for unloading of | Esy, C;, Gss, Ps; crane for unloading of | £y, Cs,, Gs,, Ps, Crane for unloading of
| =
tion of wood chips to the end user timber timber timber
i=6 0 Egy, Cy Gy, Pey sSawmill Egs, Ces, Ges, Pez sawmill Egy, Cosr Gy Peg Sawmll
; 0 E,,, Cy,, G5y, Py, crane for loading of E;s, Cys, Gy, Py crane for loading of E,4, Cy4, Gy, P54 crane for loading of
I =
wood residues on truck waood residues on truck wood residues on truck
Egy, Cy, Gy, Pey truck for transporta- | Egs, Cys, Ggs, Py truck for transporta- | Egy, Caa, Gea, Pya truck for transportation
=8 0 tion of wood residues to the chips tion of wood residues to the of wood residues to the pellets
production plant briquettes production plant production plant
9 0 Eqy, Cy, Gy, Py crane for unloading of | Eg;, Cog, Gos, P crane for unloading of | £, Cy, Gay, P, Crane for unloading of
| =
wood residues wood residues wood residues
=10 0 Eq2 Ciopr Gigpr Prg Chips production | Eqgs, Cios. Gigs, Pros Plant for rough and | £y, Cioar Gioa, Proq plant for rough and
plant fine chipping fine chipping
Eq1z Ci1p. Giyg, Py loading of wood ) .
=1 0 e C;:izps ‘ Eii3. Ciia, Giya, Pz drying plant Evia, Ciia, Grya, Pryq drying plant
Eqppr Ciop. G Py truck for
=12 0 transportation of wood chips to the | £,53, C1p5. Giys, Pz plant for briquetting | £,54, Ciz4 Gia, Pryq plant for pelleting
end user
1 0 0 Ei33. Ci53, Gigs, Py3; l0ading of Ei34, Cias. Gy, Py3q loading of pellet on
| =
briquettes on trucks trucks
Ei43, Crag, Giag, Prgs truck for
B 143 ‘143 Mﬁl 143 E144, CMA, 6144, P“M trUCk fOr
i=14 0 0 transportation of briquettes to the end i
transportation of pellet to the end user
user
n n n n
fll :ZEil f12 :ZEiZ f13 =ZEi3 f14 =ZEi4
i=1 i=1 i=1 i=1
n n n n
fzszu f22 :zciz fzszzcis f24 :ZCM
i=1 i=1 i=1 i=1
F
n n n n
f31 =ZGi1 fsz =ZG12 f33=ZGi3 fa =ZG14
=t i=1 i=1 i=1
n n n n
fa B, fo P, fo=2.P; fu P,
i=1 i=1 i=1 i=1
n=14 n=14 n=14 n=14
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—solid volume content has been defined. The SVF represents the relation between the solid volume the wood would
occupy without air holes at its current density and the total volume which it occupies in the form of various types of
complex wood assortments and fuels. The factor is lower than one (Pottie M.A. and Guimier D.Y., 1986).

In order to calculate the amount of energy (heating value) of wood fuel in a volume in which it is, for example,

transported, we will use the previously mentioned equations (1, 2, 3, 4, 5), but also the values of density p, and
the SVF, so as to get the following relations for the moisture content higher than 30% and lower than 30%;

ehv, (100 — w) — (2.44w) 10*

<D X xV xSVF
100 Po (100—w)><(100+av)
Hw230 = 3 6 (6)
ehv,(100-w) -2 44w) 10° <V x SVF
100 " (100-w)x(100+a, )
Hw<30 = 3 6 (7)
Where:

V' volume occupied by a material, for example the volume of a truck during transportation;

H H

moisture percentage w for the moisture content higher or lower than 30%.

[kWh] total energy value of a fuel in a given shape and the volume it occupies as a function of

w3077 "w<30”

5. Mathematical model for the calculation of criteria for energy chains optimization

The energy chains modelling should be based on modularity. It practically means that it is necessary to do a
mathematical modelling of every energy chain element as an independent entity, which will for itself present a
mathematical model as an elementary part of the energy chain. In this paper, the mathematical modelling is per-
formed for: machines for cutting and collecting of biomass, means of transportation, plants for chopping and
preparation of biomass, plants for drying, plants for pressing and pelleting of biomass. The approach to the mod-
elling of all the elements is based on the analysis from the aspect of consumed energy in every element of the chain.
The calculation of other criteria comes down to the calculation of production costs, CO, emission and investment
cost per the installed power of all energy consumers in the chain. Table 1 gives an overview of all the elements of
an energy chain for biofuel production defined by the criteria (K;, K, K;, K,). The calculation of all the criteria func-
tions of the matrix F is obtained by summation of all the elements in a table column for each of the chain variants
(CH,, CH,, CH,, CH,).

Where:
E; ratio of invested energy per an obtained kWh of heating value of the processed wood for the i element of
chain and j" energy chain of production, kWh/kWh;

C; production cost for obtaining a kWh of heating value of processed wood for the i element of chain and j"
energy chain of production, kWh/kWh, EUR/kWHh;

G; CO, emission per a produced kWh of heating value of processed wood for the i" element of chain and ;"
energy chain of production, kg/kWh;

P, investment cost per installed power for the i" element of chain and j" energy chain of production, EUR/KW.

Mathematical formulations of the functions E., C;, G,

iy iy Miy

P; are given in the Enclosure 7.

6. Mathematical model for the selection of optimum variant of energy chain
for the production of solid fuels from wood biomass
The VIKOR method (Multi-criteria compromise ranking) has been developed for the determination of a multi-

criteria optimal solution. The VIKOR method has been developed on such a methodological basis that a decision
maker is suggested the alternative (or solution), which (Opricovi¢ 1998) presents a compromise between:
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= wishes and opportunities;
= different interests of the decision-making participants.

The VIKOR method has been developed for a multi-criteria optimization of complex systems. It is focused on
ranking and selection of the best solution from the given set of alternatives, with conflicting criteria. The VIKOR
method requires the values of all the criteria functions for all the alternatives in the form of a matrix to be familiar.
Because of that, at the beginning of the optimization process, we set a general form of the problem (evaluation
matrix) for our case. The matrix of criterion functions for all four variants of the production of solid fuels from
wood biomass is of 4 x 4 dimensions, (4 alternatives of biofuel production from wood biomass and 4 criteria),
obtained from Table 1.

a, a4, a, a,
flfu fo fu fu
F:fz fo fo fu fa (8)

f3 f3l f32 f33 f34
f4 f4l f42 f43 f44

Where:

{ay, a5, a3 a,} is a finite set of possible alternatives to which the four energy chains of production correspond
(CH,, CH,,CH,, CH,), m=4;

fu fo fs fa}  is a finite set of criterion functions for four adopted criteria on the basis of which the chains of
fuel production from wood biomass are analysed (K,, K,, K5, K,), n=4;

Ol )eeofi(Dreoosfaad

is the set of all the criterion functions values.
An ideal solution is determined on the basis of the criterion function values from the equation:

f, :eajctfi]., i=1,2, .., n 9)

The operator ext denotes a maximum if the function £, describes a benefit or profit, and a minimum if f, describes
damages or costs. This is the best way to define an ideal solution. The criterion functions within the matrix F are
commonly not expressed in the same units of measurement (i.e. the belonging criterion space is heterogeneous).
For that reason, in order to perform the multi-criteria optimization, it is necessary to convert all the criterion func-
tions to dimensionless functions whose values will be in the interval [0, 1]. Firstly, the best values of criterion
functions are determined. In our case, these are the minimum values of all the criterion functions (minimization
of: invested energy per the obtained one, production cost, CO, emission and investment cost per an installed
kilowatt in the production chain):

min f,(f;) = f, , minf,(£,) = f,, minf,(£;) = f,, minf,(£,) = f, (10)
In the same way, the worst values of the criterion functions can be determined, which are obtained by maxi-
mization of the criterion functions, i.e.

maxfl(fll.):fl’, maxfz(fzj):fz’, maxf3(f3j):f3’, maxf4(f4j):f4’ (11)

Then all the elements of the matrix f are converted in the value domain [0, 1]. Thit is achieved by the following
equation:

f _fij , and a matrix is formed, in the form D = (_1)'[’%} = [dij], fori=1,..nandj=1,..m (12)

ny=-——=
fi—f
Considering that there is a negative difference f, — f,” in the expression for n; it is necessary to multiply all the
elements of n; with — 1 to satisfy the condition that the values of elements of the matrix D are in the interval [0, 1].
The negative difference occurs due to the nature of the problem in which a lower value of criterion functions is
obtained by maximization, while a higher value is obtained by minimization.
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The criterion weights for our problem, for the named four criteria are mutually equal. The reason for that is
very simple, because we strive for the minimal: energy consumption, production cost, CO, emissions and invest-
ment cost per totally installed power in the energy chain. Consequently, the criterion weights are:

l:w2:w =W, =W. =— (13)

After that, the values of the elements of matrices §;i R; are calculated. Considering the equality of the criterion
weights, they are obtained as:

4 1 4 1 4 1 4 1 4 1 4
Sj:l...4 =w; X dij :ZX;dq’ :|:ZX;di1 ZX d, ZX;dﬁ ZX dﬂi'

i=1 i=1 i=1

d,max d,max d,max d, max} (14

Rjzlm4 = W, x max [di]} = { 1 1 1 1

In this way, the problem is reduced from a multi-criteria space to a two-criterion problem. The values of mini-
mal and maximal element are determined from the matrices S;and R;.

S = minSj, S = maxS]., R =mjr1R}., R = maij (15)
j j j j

The decision strategy weight will be taken as v =0,5. This is valid for the criterion number m <4 (Opricovi¢
1998). On the basis of that, it is possible to calculate the value of the matrix Q; pursuant to the equation:

—(Sj _S*)+(1—U)LR*

[=v- ; : 16
9 5-S R -R (16)
A certain value of Q; corresponds to every chain, as shown in the following matrix:
CH, CH, CH, CH,
(17)

Qi = [QI Qz Qa Q4]

The optimum variant of production is defined by the minimal value Q" = min Q, - The ranking of alternatives
is formed from the lowest value of Q, to the highest value of Q, that is from thé best to the worst variant. In our
case, the alternatives are the mentioned chains of solid fuel production from wood biomass.

7. Enclosure of mathematical
functions E;, C;, G;;, P;; from the energy chain elements

For the production of biofuel from wood biomass, it is necessary to engage: different types of mechanization,
plants for converting biomass to useful fuel, human and other resources. Due to the fact that the energy chains for
biofuel production are analysed from the energy aspect in this paper, in the text that follows mathematical descrip-
tions will be given for particular elements of an energy chain pursuant to the previously adopted concept for the
calculation of functions (E;, C;, Gy, Py).

7.1 Biomass collection machines in a supply chain

Biomass collection machines are the first element in a chin from which the entire biomass supply process starts.
Different operations in wood biomass collection require different machines, whose selection for use practically
depends on the application conditions. In the structure of the analysed energy chains discussed in this paper, the
following machines are used: chainsaw, tractor, truck, hydraulic crane, mobile chipper and forwarder. For all the
production machines whose fuel consumption is expressed in litres per hour (I/h), and the labour productivity in
the volume unit per hour (m’°/h), the following relations apply:
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n xFc. x t
- = (18)
3 chvy, (100 ~wy) -2 4dwy) 10° xPr_xt, x(SVF)
2. 100 Oijq (100 —w. )>< (100 +a,. ) s ijq
ijq viq
; Fcijq x tiiq % Ciiq
c- = (19)
j i ehvoqq(loo wy, )~ (244w, ) < x 10* Pr xi (SVF)
g1 100 . (100 ~ Wiq ) % (100 T iy ) n ;

(pFuva x JXZFC Xty

G. =
1 2 ey, (100-w, ) - (244w, 10° (20)
Z 100 b " Poijq > x Pry, xty, X(SVF)
= (100-w,, )x(100+a, )
2. T
= q:l
ij n,
2 P (21)
q=1
Where:
g=1..n, the number of machines included in the work;
Fey, specific fuel consumption of the observed working machine, 1/h;
Pr,, productivity of the working machine, m*/h;
tiq working time of machine, h;
Hu, lower heating value of fuel (gasoline or oil, depending on the fuel type the machine uses), MJ/kg;

ijq

w;,> 30% wood moisture, %;

Poiiq wood density, kg/m?;
Ui percentage of wood swelling, %;

(S VF ) fulfilment factor of volume (0,...1);

ijq

Cig price of a litre of fuel (gasoline or oil);

P density of fuel at atmospheric conditions, kg/m?;

€ry coefficient of CO, emission for different fuels in a kilogram of CO, per a gigajoule of the fuel heating
value, kg CO,/GJ;

I Milq cost price of a new working machine, €;

PMijq maximum power of working machine in kilowatts, at which j=1, 2...4.

It must be mentioned that the above equations are valid only for the working machines whose productivity is
expressed in working hours.

Table 1 is related to the table elements which are in the cells marked with grey Colour Thit is, for the first en-
ergy chain: E;, C; P; (i=1...4,j=1). The second energy chain is defined with E;, C; Py (i=1..3,5,7,9,11,

iy i 11’ iy iy 11'
j =2). The third energy chain is the one with: E;, C;, G;, P; (i=1...3,5,7, 9, 13, j = 3). The fourth energy chain: E;, C;,
Gy P;(i=1..3,5,7,9,13, j=4). Also, for the operation of a hydraulic crane for loading into trucks, a minimal aver-

ijr
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age fuel consumption of a truck will be used (work in idle state). A truck, as an element of biomass supply chain
used for transportation of either wood chips or timber, will differ slightly in terms of calculating the values E;, C;,
G;, while for the calculation of P; value a previously defined equation will be used completely. The reason for that
lies in the calculation of the truck fuel consumption per passed kilometres for an average defined load.

i Py x Ftey, lij < Ho.
1000 "

E = ol
i~ o ehv, (100—w,)—(2.44w,_) (22)
z iq iq iq xM . x1 000
£ 100 tia

Iy
ZPtCN x[. xc,
iiq ~ N 7 g

C, = o (23)
j i ehvoijq (100 —wy, ) — (244w, ) “ M. %1000
= 100 1
X Ho x-F xil—"tc xl.xc
Pra 0 108 | 47 7 o
- (24)
j le ehvqu(100 —wy,)— (244w, ) <M. %1000
e 100 4
Where:

Ftc,, specific fuel consumption of trucks, I/km;

lij. transportation distance, km;

M, maximum truck load, t.

It must be emphasized that the load of a truck for wood chips is different from the load of a truck for timber
transportation. If the analysis of a truck, as an element for biomass transportation in an energy chain, is observed
through the maximum volume it can transport, then the equations for the calculation of the heating value which
they transport are given in the expressions (6, 7).

The fuel consumption of machines, which take part in the wood biomass supply chain, is mostly expressed in
litres per hour. Also, the productivity of work of particular machines is given in the volume of biomass processed,
attracted, collected or loaded by the machine in a time interval. To obtain some proper units of fuel consumption
and productivity of different machines for wood biomass collecting, it is necessary to perform different measure-
ments and explorations in the exploitation conditions (Krajnc 2011).

7.2 Primary mechanical wood processing

Mechanical wood processing implies the type of processing at which, in the first place, the shape and dimen-
sions of wood are changed by using mechanical means (saws, knives, etc.). The residues generated in sawmills
present a significant amount of wood biomass for the production of solid biofuels. Besides the main product at
sawmills such as planks, lumber, different forms of semi products, wood residues generated from processing is
less important. The energy in primary wood processing is collectively consumed per the volume unit of a final
product. Thus, the mathematical functions (E;, C;, G;, P;) for a sawmill are as follows:

iy iy + i

1 ol
—x (z Fpijq X ifijq X Eci].qj

C =
Ej=rx Lo Lo (25)
noeho. (100—w., )—(2.44w. 4
i X Z ouq( uq) ( uq) Py X 10 % Fpi- « ti- « (SVF)N
36 | A 100 " (100-w,, )x(100+a,, ) ia
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ny

. XTI, XLKCe., xCe.
Z]: Fpl]q tl]q Ec‘lq Cel]q
=

Cij =rXx . (26)
noeho (100 -w., )—(2.44w. 4
ix z qu( uq) ( uq) X Py X 10 v Fp“ <t x (SVF)N
36 |4 100 " (100-w,, )x(100+ e, ) i
ZFP ijq x tijq x Eciiq
e, x I x&
Fij 3
G, =rx M 10 (27)
o eho,. (100 -w.. )—(2.44w., 4
ix z OIJq( uq) ( uq) X Py X 10 y Fpu “b x (SVF),_
36 & 100 " (100-w,, )x(100+a,, ) ™ i
v
Pij = 1:]1 (28)
ZPMiJ'q
q=1

If we look at Table 1, the above defined functions correspond to the table elements marked with E;, C;, G;, P;
(i=6,j=2,3,4)in the cells.

Where:

Q =1...n; number of sawmills;

Fp,, productivity (sawmill capacity), m’/h;

Ec,, specific consumption of electricity per a processed cubic metre kWh/m3 (20-30 kWh/m’ soft and hard
wood) (Danon et al. 2003);

tig working time of machine, h;
1C, factor of efficiency of electricity production from a thermal power station (coal as a fuel, assumption);
R factor of wood residues in primary processing, in the interval from 0.25 to 0.35 (soft and hard wood

without bark) (Danon et al. 2003);

w;,> 30% wood moisture, %;

Poiq wood density, kg/m?;

a percentage of wood swelling, %;

vijq

(SVF )ijq =1 fulfilment factor of volume (timber);

Cey, price of a kWh of electricity;

€ry coefficient of CO, emission for coal in kilograms of CO, per a gigajoule of the fuel heating value, kg
COY/GJ;

I Miiq cost price of a machine for wood cutting and primary processing, €;

Prtiq maximum power of cutting machine in kilowatts kW.

It must be emphasized that it has been assumed that the sawmill consumes the electricity produced in a thermal
power station. The factor nc = 0,36 takes into account all the energy losses from the thermal power station to the
motor, which drives the system for wood cutting. The factor of loss includes the losses in boiler, turbine, generator
and electric supply network (Honorio et al. 2003). It must be emphasized that all energy losses are reduced to the
primary form (heating value). In such a way, the opportunity of a simple summation of heating values equivalent to
certain forms of energy consumption is obtained, regardless of whether thermal energy or electricity is in question.
The equation 28 has been previously defined. In this case, the power of motor P, which drives the cutting system

is taken for the sawmill, while the price of a plant for primary processing is taken as the cost price I, -
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7.3 Plant for production of wood chips, drying, briquetting and pelleting

For the wood chips, briquettes or pellets production process, it is first necessary to chop the initial wood residues
to a certain granulation, and then to dry them. If wood chips are produced, then the production line ends at ma-
chines for rough chopping of wood to certain granulation. When producing wood briquettes or pellets, after the
rough chopping, the obtained wood chips are dried in rotary dryers, and then additionally fine-chopped, to be
briquetted or pelleted later.

The mathematical functions (E;, C;, G;, P;) by which the production of wood chips, briquettes an pellets with-
in a plant have been described, are related to electricity consumption due to the mechanical work of wood residue
chopping. In this case, the following relations apply:

1 [
(chijq X tiqu

F = M \ a1 (29)
71 (& ehoy, (100-w, ) - (244w,
36 > 100 x Fpe, xt, <1000
6l 5
; Pciiq X, tiiq x Ceijq
C = =
! o eho,. (100 —w.. )—(2.44w. (30)
=
(S 3.6 N
x| S Pe t
G B T]Cdxloi’)x(; Clqurlt>< qu
1T o ehoy, (100 -w, ) - (244w, ) (31)
36 X . X chijq Xt X 1000
6 5

p =2 (32)

For the elements of Table 1, which are in the cells denoted with E;, C;, G;, P;to which an ordered set of counters
corresponds (i=10,j=2, 3,4), (i=12, j=3, 4), the above mathematical formulations apply. It should be emphasized
again that the electricity for driving a plant has been produced from a thermal power station. Of course, this does
not have to be the case. If, it is assumed, for example, that the drive of a plant has used the electricity obtained
from a hydroelectric power station, then the CO, emission factor is equal to zero for the plant.

In the equations (29, 30, 31, 32), the following values are introduced:
g=1..n, number of sawmills;

Pc,, electrical power of the plant, kW;

7, simultaneity factor of the operation of all electric motors in the plant (0.7-0.95), which depends on
whether the plant has an installed electric power compensation system or not;

tig working time of machine in hours, h;

Fpey, output productivity of the plant, t/h;

Cey, price of 1 kWh of electricity;

nc, =0,36 takes into account all the energy losses from the thermal power station to the electricity user in a
factory;

Cr; coefficient of CO, emission for coal in kilograms of CO, per a gigajoule of the fuel heating value, kg
CO,/GJ.

In the case of wood chip production plants, and pelleting and briquetting plants, the total installed electric

power P, - in the plant is taken into account, while the price of the plant installation is taken as the cost price I .
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The output moisture value of wet wood chips can vary significantly depending on the input moisture of wood
to be chopped, and is usually in the interval from 30 to 50%. Pellets and briquettes have a prescribed moisture value,
between 9 and 12%. It can be concluded that the difference in production plants of wood chips, pellets ad briquettes
is seen only in the installed power of a plant, productivity, and in the electric power compensation factor.

The mathematical functions (E;, C;, G;, Py), which describe the drying of chopped material before briquetting
or pelleting, are as follows:

oW, —W.,
1 z e THa |y Mi].q Xty X L,
3.6xm, xn, | @&\ 100-w,,

5 (oo, (100 2.44 100 (33)
1 z ehvg, (100 —w,, ) - (24dw,,) M. xt. x ~ Wiijq
3.6\ & 100 M 100 -w,,
nw L —w,
1 z U409\ M. xt. xL_ |xCh,
3.6xn,| %\ 100w, i e g
C _ d\ g ijq (34)
i n
1 Z ehvg, (100 —w,, ) - (244w, ) M. b x 100w,
3.6\ 100 B 100-w,,
i 0| Pia ~ Wiia
M. xt. xL
n, xn, x10° [;( 100 —w;, e e
i n, _ _ _ (35)
1 z ehvy, (100 -w, ) — (244w, ) M. xt x 100 —w,,
3.6\ & 100 B 100 - wy,
P, = 1: (36)
ZPMijq
q=1

For the elements in Table 1, which are in the cells denoted with E;, C;, G;, P;;to which an ordered set of counters
corresponds (i=11, j=3, 4), (=12, j =3, 4), the above mathematical formulations for the dryer apply. In pelleting
and briquetting plants, multi pass rotary dryers are used. Due to the complexity of the mathematical model of the
rotary dryer for sawdust drying, this paper presents a simplified approach to the calculation of needed thermal
energy for chopped wood residue drying. It is assumed that for the evaporation of every kilogram of water from
a wet material, it is necessary to invest the amount of heat equal to the latent heat of evaporation increased by the
coefficient of losses in the dryer. Also, the reduction of heat energy consumed for drying to primary energy has
been done via the coefficients of losses in the boiler which supplies the dryer. The following parameters are used
in the equations (33, 34, 35, 36):

Q=1...n, is the number of dryers;

M, input capacity of raw material, m*/h;

tig dryer operation time, h;

Wi moisture of material at the entrance of the dryer (0...1);
Wi moisture of material at the exit of the dryer (0...1);

L, =2.27 latent heat of evaporation for water (Perrot, 1998), MJ/kg;
n, =0.9 boiler efficiency (Honorio et al. 2003);

UM rotary dryer efficiency, usually within the limits from 0.4 to 0.6 (Devki Energy Consultancy, 2006);

Chy, price of 1 kWh of thermal energy, €/kWh;

Cr; coefficient of CO, emission for different fuels in kilograms of CO, per a gigajoule of the fuel heating
value, kg CO,/GJ.
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If wood biomass is used in the boiler for producing drying heat, then the CO, emission is equal to zero. In this
paper, the data from a real pellet production plant »Enterprise for making of wood packaging and production of
eco-briquettes — pellets EU PAL factory Pale« has been used for defining particular mathematical functions and
logistic concept.

8. Conclusion and further research directions

The significance of energy production from biomass has been increasingly expressed in recent times. Basically,
the most significant part in the process of energy production from biomass is the supply chain. If we succeed in
performing the minimization of production costs, significant savings occur, especially in terms of energy. Due to
the fact that there are various opportunities for the composition of energy chains of supply with wood biomass
solid fuels, it is necessary to try to make a unique mathematical approach to this problem. With the mathematical
model, it is possible to unify different types and a great number of parameters. This is exactly the main issue when
dealing with wood biomass supply chain. This paper contains a synthesis of a few approaches to solving the
problem of wood biomass solid fuels supply, such as:

= approach to logical composition of energy chains based on wood biomass,

= approach of multi-criteria optimization for the selection of optimum variant of an energy chain,

= approach of mathematical modelling of energy chain elements based on wood biomass,

= approach of reduction of all the types of consumed energies to the primary value of energy (heating value).

The above mentioned approaches 2 and 4 are especially important. For the selection of the optimum variant
of an energy chain of supply, VIKOR method has been selected, as it was completely adjusted to the given problem.
For the adopted criteria (K;, K,, K;, K},), an equal degree of importance has been taken at the selection of the opti-
mum variant of an energy chain for biomass fuel supply. The approach of reduction to primary energy form has
enabled a mathematical estimation of the total energy consumed for the production of particular types of wood
fuels. With this approach, the consumed thermal energy and electricity could be summed. For model testing and
specific numerical calculations for the selection of the optimum variant of an energy chain of supply, it is necessary
to provide good input data, and based on them to verify the model and check its practical applicability. At the
same time, it presents a new research direction. Also, efforts will be made to develop a significantly greater num-
ber of mathematical functions of energy chain elements, which have not been described in this paper. The devel-
oped mathematical apparatus and model have a very practical application in the selection of the optimal variant
of solid biofuels production from wood biomass for the defined conditions. As this paper contains many equations
and mathematical descriptions, we did not show the numerical calculation and verification model. However, the
next paper in this journal will present all results and discussion with more interesting conclusions.
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