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Abstract 

Among the different renewable energies, there has been in recent years a great 
spreading of the use of wood biomass. In particular the short wood energy chain 
with the implementation of micro-generation plants supplied by near woods is 
considered a particularly sustainable solution for the production of heat. This 
solution, because of the limited economic resources and small size, has often 
management issues as regards the implementation of the best available solutions 
regarding the environmental sustainability and the Occupational Safety and 
Health. The aim of this work is the identification of a methodology to analyze the 
different design solutions that is exhaustive regarding the considered points of 
view but it is also easily applicable to small work activities and processes. This 
methodology is aimed both at business managers, which require an expeditious 
and comprehensive method of analysis, and at the local authorities, who need to 
be able to determine whether a territorial implementation of these solutions can be 
environmentally sustainable. Given the identified end user, moreover the method 
need to be usable and applicable also by people which do not have an in-depth 
knowledge in the field. 

The draft version of the method have been defined by analyzing the different 
activities and processes composing the forest energy chain. The developed 
methodology of analysis was implemented by applying it to several real cases 
different for type, work environment, processes and work activities. The resulting 
methodology allows a parallel assessment of the research subject both from the 
points of view of Occupational Safety and Health and environmental 
sustainability. 

The method has been applied also to a prototype plant in order to observe if it 
is suitable to the application in the design phase. 

To validate the method, codified and recognized methodologies for the analysis 
of the Occupational Safety and Health and of the environmental sustainability 
have been applied to the same prototype plant. 

The method highlighted the need of a further assessment of the cumulative 
impacts which can be caused by the presence of different source of emissions in 
the same territory. Regarding them, the results obtained with the first draft of the 



 

method have not been considered sufficient. Therefore the method has been 
integrated with a further analysis. Considering atmospheric pollutant emissions, 
one of the factors that can cause greater alteration of the territory for the 
considered design hypotheses, along with the consumption of forest resources, a 
model for the dispersion of pollutants was applied to determine the modifications 
caused on the air quality. This phase of the analysis is essential in a feasibility 
assessment done by the local authorities. 

The final identified method of analysis allows an exhaustive evaluation of the 
whole forest energy chain and the identification for each phase of the process of 
the best technological alternatives from the points of view of Occupational Safety 
and Health and environmental sustainability. It can be the basis of analysis to 
obtain quality certifications and the necessary documentation of compliance for 
the activities and processes carried out. According to the obtained results is 
possible to determine the technical interventions and the procedures to be put in 
place to minimize the risk for the workers and the responses to be implemented to 
reduce the impacts on the territory. 

To meet the targeted goals of direct use by operators of the forest energy chain, 
a document tool has been excerpted from the developed method. It can be 
provided directly to private managers, as well as to local government decision-
makers. 
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The classification of biofuels can be made following different criteria. In this 
discussion, the reference classification is defined by the Food and Agriculture 
Organization of the United Nations (FAO)4. It was chosen because it takes into 
account the different points of view that can differentiate the biofuels such as: 
origins, types and distinctive parameters (Table 1.1). 

Table 1.1 - Biofuel classification4 

 
 
The biomass is the raw material with vegetable origin that starting from the 

reaction between the present in the air carbon dioxide, water and sunlight, through 
the process of photosynthesis, produces the carbohydrates that compose the 
biomass. The process of photosynthesis converts less than 1% of the sunlight 
available in stored chemical energy. If the biomass is converted efficiently, 
extracting the energy which is stored in the chemical bonds, the only products of 
the process are CO2 and water. For this reason, the biomass energy conversion 
processes are considered CO2 neutral, because during these processes only the 
molecules of CO2 that were fixed during the growth process of the trees are 
released. This assertion is not entirely true, because the emissions due to the 

Production side, supply Common 
groups Users side, demand examples

Direct woodfuels
Solid: Fuelwood (wood in the rough,
chips, sawdust, pellets), Charcoal

Indirect woodfuels
Liquid: Black liquor, Methanol, Pyrolic
oil

Recovered woodfuels
Wood-derived fuels

Fuel crops
Solid: Straw, Stalks, Husks, Bagasse,
Charcoal from the above biofuels

Agricultural by-products

Animal by-products

Agro-industrial by-products Gases: Biogas, Producer gas, Pyrolisis
gases from agrofuels
Solid: Municipal solid wastes (MSW)
Liquid: Sewage sludge, Pyrolitic oil
from MSW
Gases: Landfill gas, Sludge gas

Woodfuels

Agrofuels

Municipal by-products Municipal by-
products

Liquid: Ethanol, Raw vegetable oil, Oil
diester, Methanol, Pyrolitic oil from
solid agrofuels

Gases: Products from gasification and
pyrolysis, gases of above fuels
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production, especially with regard to energy crops, and to the fuel transport phases 
should be considered5. 

The research subjects are the solid lignocellulosic biomass. In Table 1.1 they 
are highlighted with bold characters. 

Figure 1.1 shows how wood biomass is the most widespread form of renewable 
energy in Europe and the growth in the last decade, compatible with a general 
growth of all the renewable energies also due at the subsidies from the EU. 

 

 
Figure 1.1 - 2004 and 2013 European inland consumption of renewable energy6 

This spread is also due to the high availability of wood in Europe (Table 1.2), 
especially in the Northern states. The table shows also how the percentage of 
usable timber for energy purposes is very significant. The biomass resulting from 
conventional forestry should ensure both the demands arising from the 
manufacture of wood and those intended for energy purposes7. 
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Section 1: Theory 

 





 

 
 

Chapter 2 

2 Literature review 

2.1 Wood biomass 

2.1.1 Chemical-physical characteristics 

The lignocellulosic biomass includes all plant, herbaceous and wood species, 
whose structure is made up of lignin, cellulose, hemicellulose, extractives and 
minerals30. 

Cellulose is a natural polysaccharide whose general formula is (C6H10O5)n. It is 
the main structural component of wood (50% of the wood dry weight), it has a 
support function and it grants mechanical resistance to the plant structure. 
Hemicellulose is a polysaccharide complex that is placed coupled with the 
cellulose in the cell walls. It has the function of lignified plant parts cementing 
substance. Hemicellulose constitutes between 10% and 30% of the wood. Lignin 
is a complex natural molecule made up of several units of phenylpropane. It 
guarantees the structural integrity of the plants. It facilitates the combustion 
process because it possesses a high calorific value. It is present inside the wood in 
percentages ranging from 20% to 30%. Extractives includes simple sugars, fats, 
waxes, rubbers, pectins, terpenes, resins, mono-unsaturated. They have an high 
calorific value. They are so defined because they can be extracted through 
chemical or physical processes31. The minerals are inorganic elements such as 
nitrogen, sulfur, chlorine and heavy metals (magnesium, sodium, potassium). 
These minerals are found almost unchanged after the combustion in the ashes. 

These components are present in different amounts in the different species of 
wood. Table 2.1 shows their quantities for deciduous and coniferous trees, 
together with the corresponding energy content values. 
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therefore it represents the maximum amount of energy which is potentially 
recoverable from a given biomass source35. 

- Lower heating value (LHV) is the energy released during the combustion 
taking into account that the water content is already considered in a steam 
state. 

The calorific value of the biomass is significantly lower than that of fossil 
fuels. If referred to the unit of weight, the wood calorific value scarcely varies in 
different species, with the same water content. The anhydride wood average 
calorific value amounts to 18.5 MJ/kg. There are slight calorific value differences 
between diverse species. They are due to the different composition of the wood36. 

Bulk density and apparent density 
The apparent density is the ratio between the mass and the volume of a material. 
Given the wood biomass high presence of voids, which can vary greatly in the 
different commercial types, this value is critical, especially as regards the 
assessment of the most suitable transport mode. 

Energy density 
The energy density of a fuel is measured as the ratio of its lower calorific value 
and the apparent density. This parameter affects both the logistical of the biomass 
transport and storage, as well as the supply management to the energy conversion 
systems. 

Size 
The size of the biomass influences the energy conversion process, but also the 
choice of the most suitable storage, power supply and pretreatment systems. It is 
strictly relates to the commercial type. 

2.1.2 Origin and commercial types 

The available sources for lignocellulosic biomasses include forests, short rotation 
coppice (SRC), short rotation forestry (SRF), young stands of conifers, deciduous 
hardwood forests, road windbreak, urban parks-originated trees, residues 
originated from agricultural activities related to wood crops, solid wood industry, 
other (than sawmill) wood industries, municipal solid wood wastes, construction 
and demolition wood wastes32. 

The technical standard37 distinguishes the wood biomasses according to their 
origin: 

- forest, plantation, and other virgin wood (whole tree with and without 
roots, stem wood, logging residues, bark from forestry operations, 
segregated wood from gardens, parks, roadside maintenance, vineyards, 
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fruit orchards, driftwood from fresh water). They may only be subjected to 
size reduction, debarking, drying or wetting. 

- by-products and residues from wood processing industry (chemically 
untreated or treated wood by-products, residues, wood constituents). They 
cannot contain heavy metals or halogenated organic compounds. 

- used wood (chemically untreated or treated used wood). It shall not 
contain heavy metals more than in virgin wood or halogenated organic 
compounds as a result of treatment with wood preservatives or coating. 

- blends and mixtures. 
The main biomass sizes which can arrive at the user are:  
- Firewood: Cut and split oven-ready fuelwood used in household wood 

burning appliances like stoves, fireplaces and central heating systems38. 
The technical standard defines with this term only the firewood deriving 
from the following raw materials: whole trees without roots, wood 
residues not chemically treated, logs and prunings. Its size depends strictly 
by the power or heating installation in which it will be used. The 
woodcutting and splitting can occur at the forest, in specific process 
squares or at the final destination (the energy conversion itself). The wood 
logs represent the traditional form of use for energy purposes in 
applications ranging from traditional stoves to modern boilers. 

- Chips: Chipped wood biomass consists of pieces with a defined particle 
size produced by mechanical treatment with sharp tools such as knives. 
Wood chips have a subrectangular shape with a typical length of 5 mm to 
50 mm and a low thickness compared to other dimensions39. The technical 
standard only applies to wood chips obtained from the following raw 
materials: wood, plantation or other virgin wood, products and residues of 
wood processing, from recycled wood not treated chemically. The chips 
can be green (when there are also the leaves), brown (if branches and logs 
with bark are chipped) and white (if the timber has been previously 
debarked). Chips size depends from typology of the used chipper and the 
setting of the cutting devices. Chips homogeneity is the most important 
feature for this kind of wood fuel. The presence of inhomogeneous chips 
can cause blockages in the supply systems of the plants. There is a 
difference between wood chips and flakes. Wood flakes are composed by 
different size and shape pieces. Compared to chips they may contain 
higher proportions of fine fractions and size classes which averagely 
contain greater length flakes. 
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- Pellets: Densified biofuel from woody biomass with or without additives 
usually with a cylindrical form, random length (typically 5 to 40 mm) and 
diameter up to 25 mm and brokend ends40. The standard only applies to 
wood pellets made from the following raw materials: wood, plantation or 
other virgin wood, products and residues from the wood processing, from 
recycled wood. The standard does not include the wood resulting from 
demolition of buildings or installations of civil engineering, nor that from 
heating treatment through torrefaction system, consisting of a mild 
pretreatment of biomass at a temperature comprised between 200 °C and 
300 °C. This fuel is characterized by low moisture, high density and 
material regularity. Pellets used for energetic purposes are classified for 
their origin, raw material source and their chemical-physical 
characteristics or rather the content of additives. The last should be added 
in small amounts so as not to increase the ash content. 

- Briquettes: Densified biofuel made with or without additives in form of 
cubiform, prismatic or cylindrical unit with diameter of more than 25 mm 
produced by compressing milled biomass41. The standard refers to the 
wooden briquettes made from the following raw materials: wood, 
plantation or other virgin wood, products and residues from the wood 
processing, from recycled wood not chemically treated. The standard does 
not include the wood resulting from demolition of buildings or 
installations of civil engineering, nor that from heating treatment by means 
of torrefaction system, consisting of a mild pretreatment of biomass at a 
temperature comprised between 200 °C and 300 °C. 

All the different described commercial types can have advantages and 
disadvantages for the end-user (Table 2.3). 
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Table 2.3 - Advantages and disadvantages of the main commercial types of wood fuels 

 
 
Along the supply chain, the solid biofuels shall be characterized by the 

following parameters: origin and source, size, moisture, mechanical durability, 
presence of wood dust in the package, ashes, presence of binding agents, lower 
calorific value, bulk density , presence of particular chemical elements (nitrogen, 
sulfur, chlorine, arsenic, cadmium, chromium, copper, lead, mercury, nickel and 
zinc). 

The available wood biomass commercial assortments for the production of heat 
and energy are numerous. Wood chipping is the option with higher diffusion in 
recent years. Indeed, chips can be obtained easily and they do not require 
additional treatments, such as densification process or additional energy for 
drying. This results in lower energy consumption and environmental impacts. In 
addition, the chips have a lower ash content and they provide better combustion 
conditions than the firewood, thanks to the larger contact area. Regarding the 
comparison with pellets, they usually arrive from Eastern Europe countries with 
high emissions deriving from the transport phase. Moreover, the higher number of 
intermediate production processes for the pellets compared to wood chips 
determines a greater environmental impact also from the point of view of Life 
Cycle Analysis (LCA). However, pellets are still ranked first in the wood biomass 
market42. 

Commercial 
types

Advantages Disadvantages

Easy to find on the market Difficulty in automation of the boiler loading
Lower costs compared to densified
fuel wood 

Poor efficiency of energy equipment using this
type of fuel

Easy outside stacking Need for a suitable storage place
High need for cleaning and removal of
produced during combustion ash 

Completely automatic boiler loading High purchasing cost of the silo supply system

Lower purchase price Complex supply chain
Increased need for ash cleaning and disposal
operations 
Fermentation hazard of wet wood chips
Need for a suitable storage place

Easy storage More high prices
High automation and low need for
boilers cleaning and maintenance

Difficulty to have guarantees on the products
origins and contents

Combustion reliability thanks to
high product homogeneity

High energy consumption of the processing
operations

Easy to supply for the consumer

Firewood

Chips

Pellet 
/briquettes

Economic and environmental
benefits due to the use of wood
normally not managed
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- cutting or sawing, the stem is divided into different size assortments 
according to the future use; 

- debarking, it is the total or partial bark removal.  
Generally, a difference is made according to whether the felling is done 

manually, with a chain saw, or with harvester machines. 

2.2.2 In-forest handling and transport 

The phase of transport within the forest yards are generally divided into 
concentration and extraction. 

The term concentration indicates the timber handling phases which move the 
plant from the felling point to the extraction point. The techniques for timber 
concentration are: dragging with animals, tractors with winch or for gravity. 

The extraction operations are performed along specially equipped paths, the 
paths or ways of extraction, through which the material gathered in loads is 
brought to the landing, the loading point of the vehicles for the transport. The 
extraction way can be permanent (dragging way or gravity path) or temporary 
(through cable crane or metal or polyethylene logway). The distance of extraction 
are usually around one hundred meters. 

The main extraction techniques are by gravity, with pack animals, dragging 
with tractors, with tractor and trailer, with carrier tractor, with cable crane or with 
helicopter. The choice of the most suitable technique to extract the timber depends 
on several factors which will be addressed in more detail hereinafter. 

The work phases which cannot be done at the stump for their high 
mechanization take place at the landing.  

The main activities which are done at the landing are: 
- Chipping. This work phase can be done both at the landing and at the fuel 

wood terminal. It will be therefore better described hereinafter. Chipping 
can be performed in industrial facilities, but since handling and transport 
of material of small dimensions are very expensive, in some case can be 
more convenient the chipping at the landing. Certain types of chipper are 
able to chip whole stems. In this case the stages of timber limbing and 
cutting are eliminated, allowing to reduce the processing time and relative 
costs. 

- Debarking with machines. The most sustainable solution is barking on the 
stump, because in this way most of the useful for the soil minerals are left 
in the forest. However this solution involves too high costs given the 
difficulties of mechanizing this operation. The generally implemented 
alternative is, therefore, barking at the landing or in the primary processing 
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usually chipped at the fuel wood terminal by stationary chippers. Special trucks 
are needed for their transport and to be cost-effective the distances have to be 
short60. 

The timber may be handled in the various commercial forms previously 
described. 

Generally, if possible, the better choice is to carry the entire round wood, 
because of its higher density, compared to the wood chips. The transportable load 
depends on numerous factors, among which the main one is the load capacity of 
the vehicle, which normally varies between 3 and 30 t. In case of wood chips, the 
volumetric capacity of the vehicle must also be considered, particularly important 
when the material to be moved is lightweight. 

The type of material to be transported, in particular its steric density, 
determines the ability to use the maximum capacity of the vehicle. The stacked 
density is the ratio between the overall dimensions and the weight of the product. 
It increases with the size of individual pieces and their regularity. Another 
important parameter in the choice of the most suitable mean of transport is the 
critical density. It is an ideal load density which allows the simultaneous use of 
the entire payload and the entire volumetric capacity of the vehicle. The bulk 
density of the transported material depends on the wood species, specific density, 
particle size distribution, particle shapes and orientation, moisture content and the 
applied pressure when loaded56. 

The usable means of transport are: 
- Agricultural tractor and trailer (3-8 t). Generally it is used for the handling 

of the biomass on short journeys. The loading bed mounted on the trailer is 
usually soft-top or equipped with devices to download the transported 
material. It is suitable for the transport of all the main wood biomass 
commercial types. 

- Truck (10-13 t). 
- Container truck (9-12 t). This solution is generally used for the transport of 

the wood chips with the use of multiple containers to reduce the time 
between two loads. 

- Tractor trailer (20-26 t). 
- Car (100-200 kg). It is used to transport small amount of wood. 
The different wood commercial forms can be transported: 
- Unpackaged on trucks or tractors trailer (not suitable for briquettes). 
- In individual bag on cars or trucks (briquettes and pellets). 
- In bag on pallet with trucks (briquettes and pellets). 
- On pallet with trucks or tractors trailers (briquettes and firewood). 
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2.2.4 Loading and unloading from transportation 

At the landing the extracted timber is loaded on the means of transport to reach 
the end-user or the primary processing industries. This phase takes place at the 
forest yard and at the end-user, but also in the possible halfway process phases. 
The loading and unloading can be done in different ways according to the wood 
biomass typologies: 

- Various size wood. The displacement can take place via forestry pliers 
mounted on the means of transport themself, by gravity, through soft-tops 
unloading systems. 

- Wood logs. They can be downloaded from the means of transport 
manually, with mechanical lifting equipment mounted on the vehicle of 
transport itself, by gravity, through soft-tops unloading systems. 

- Briquettes. Usually they are packed in bags sold individually or in bags on 
pallets. They can be downloaded from the means of transport manually, 
with mechanical lifting equipment mounted on the vehicle of transport 
itself, by gravity, through soft-tops unloading systems. 

- Pellets. Usually they are conferred in bags, in big bags, in bags on pallets 
or unpackaged. If the material is conferred packaged on pallets using 
articulated lorries with opening sides, the downloading takes place through 
forklift. For unpackaged pellets trucks with folding platform, articulated 
lorries with sliding loading bed, road tankers with pneumatic conveying 
systems and trucks with screws are generally used. 

- Chips. They are transported with trucks with folding platform, articulated 
lorries with sliding loading bed, road tankers with pneumatic conveying 
systems and trucks with screws are generally used. 

2.2.5 Processing 

The step of processing in the different trade assortments can take place either at 
the landing or at the fuel wood terminal. 

The process phase at the fuel wood terminal includes all available intermediate 
stages from the timber delivery to the energetic conversion. Figure 2.1 
differentiates between essential (always carried out) and optional processes. 
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Figure 2.1 - Processes at the fuel wood terminal 61 

The main function of the fuel wood terminal is to offset seasonal fluctuations 
in supply and demand of timber62,63. The seasonal nature of both and the 
subsequent maximum quantity of stored in a certain period of the year timber 
determines the optimum capacity of the collecting square62. The storage, correctly 
performed, also offers the advantage of increasing the calorific value through the 
natural drying although with losses due to the deterioration of dry material. 

Storage 
The wood biomass systems require a fuel storage to ensure continuous operation, 
due to the absence of a direct network of fuel supply50. The biomass is stored in 
deposits from which it must be extracted with a manual intervention, or, if 
unpackaged, in silos from where it is automatically transported to the supply line 
of the heating generator or the gasifier. 

The deposit is a structure for the containment of both packaged and 
unpackaged biomass. It is not equipped with mechanized handling systems. The 
fuel is transferred to the deposit with various means of transport, and from there it 
is moved, manually or by handling systems (wheel loader, pneumatic system, 
etc.), to the silo or directly to the heat generator or the gasifier. The deposit can be 
covered (usually constructed of masonry or wood, as a shed or a barn and usually 
it is on the ground floor) or outside (usually as pile or heap, left outdoors and 
possibly protected by a breathable fabric). 

The silo is a structure for the containment of unpackaged wood biomass and it 
is equipped with automatic extraction systems. Depending on its size and location 
different types of materials can be used in its construction: stone, wood, steel, 
plastic, fabric. It can have extremely variable dimensions and be placed at ground 
level, buried or lifted. For the automatic extraction of unpackaged biomass from 
the silo, there are: pneumatic systems (for pellets), flexible and rigid screw 
conveyors (for pellets and wood chips), flexible and rotating leaf springs (for 
chips with homogeneous characteristics) and hydraulic rakes. 

Drying 
The drying process can be natural or artificial. The natural drying process is 
regulated by solar and convective drying and it occurs mainly during the storage 
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period. For this reason, the storage and drying place have to be located in sunny 
and airy areas. The process is regulated by air and soil moisture and temperature, 
solar radiation and ventilation62. These parameters are closely related to seasonal 
and climatic conditions and therefore they are difficult to predict and program. 

Chipping 
In designing the operations of chipping at the fuel wood terminal, the proximity of 
residential areas should be considered regarding the noise and dust produced 
during the activities. Usually the chipping at the fuel wood terminal is more 
economically convenient64. The productivity of the different chippers can vary 
from a few m3 to 200 m3 per hour. 

Sieving 
The sieving process is conducted mainly for gasification plants and it has 
substantially two different aims: 

- separate from the supply flow rate foreign materials of coarse size (stones, 
rocks, pieces of metal, etc.); 

- eliminate the finest fraction (<1mm) of the input material, often also 
comprising inorganic particles (sand, soil, etc.). 

Particularly with regard to the second aspect, this operation is important for the 
proper management of gasification plants, in particular in the case of fixed-bed 
gasifiers. A maximum percentage of fine (<1 mm) in the starting fuel between 2% 
and 5% is indicated to provide at the most reliable configurations. 

The major operational difficulties arising from supply biomass with high 
percentages of fine mainly concern the correct functioning of the fuel supply 
systems and the ash discharge systems. 

Sifters and rotating drums are used to sieve the biomass. 

Pelletizing 
The moisture content of the raw material which can become pellets should be in 
the range of 12-17% wet basis65. The raw material coming from the storage area, 
where it is subject to a partial reduction of the moisture content by the action of 
the surrounding air, is first purified by heavy contaminant (rock metal and other 
foreign material), chipped, dried (when required) up to a final mixture content 
lower than 10% and finally ground by a hammer mill66. The particles are then fed 
by a conveyor to a mill where the pellets are made by the action exerted by a 
number of rollers on a perforated matrix. As a consequence of this extrusion 
process, the pellets are very hot (90-100°C) and, in order to avoid fire, they are 
immediately air quenched down to 25°C. In order to obtain the commercial 
product, the residual fines have to be separated and re-circulated back to the 
pelleting process. Dust free pellets are addressed to the storage silos or to the 
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automatic packaging and storage area. Usually, the energy required by the dryer is 
produced by using part of the same raw material used to feed the phase of 
pelletizing of the process in order to improve both economic and energetic 
balances and to operate coherently with the sustainable development principles. 

2.3  Energy conversion systems 

The primary processes of energetic biomass conversion can be divided into 
three main categories: thermo-chemical, biological and physical-chemical. The 
selection process is made according to: properties of the biomass, forms of final 
energy, amount of biomass, economic conditions, environmental standards and 
other design-specific factors67. 

The main properties that influence the energy conversion process are: moisture, 
calorific value, fixed carbon/volatile matter ratio, carbon residue/ashes ratio, the 
alkali metal content and cellulose/lignin35. 

The parameters that most influence the choice of the biomass energy 
conversion processes are the moisture content and the ratio between carbon and 
nitrogen. Wood biomass are generally considered non-fermentable, given their 
low moisture content, and therefore cannot be completely decomposed by 
biological process, so they mostly undergo thermochemical processes68 (Figure 
2.2). 

 

 
Figure 2.2 - Thermochemical biomass processes and their products69 
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from 30-300 MWe. The relatively complex set-up and the difficulty of 
running a plant with a part load causes that this system is less widespread. 

- Pulverised fuel: biomass is grinded to powder and combusted. This 
method achieves high efficiency in combustion and can be applied in large 
scale (up to 600 MWe), but during and grinding, the feedstock requires 
energy. 

The boilers may be distinguished according to the type of grid (fixed, reverse 
flame or mobile) and the type of used fuel (firewood, chips or pellets). 

The common elements that characterize all types of systems are: 
- Feeding system: The manual loading system is generally used for low 

power boilers that use large size wood. It is constituted by a flap which 
allows to position the fuel directly inside the oven. The automatic feeding 
system can use screw conveyor or hydraulic pusher. The screw conveyor is 
constituted by a large rotating screw toward which the wood chips are 
conveyed by a conveyor belt or an automatic rake. The hydraulic pusher 
uses the thrust of a hydraulic cylinder to directly insert the fuel into the 
boiler. 

- Combustion chamber: It is made of refractory material (ceramic, refractory 
brick or steel). It is the zone where there is complete oxidation of volatile 
gasification products (mainly CO and H2), pyrolysis products (light 
hydrocarbons) and organic-based particulate. The combustion chamber 
should ensure good conditions of turbulence and the availability of oxygen 
to ensure the mixing of the gases coming from the combustion bed and the 
secondary air. 

- Post combustion refractory chamber: It has the purpose of ensuring 
controlled combustion conditions to allow the completion of the oxidation 
reactions. 

- Heat exchangers: Bundles of tubes which have the function of increasing 
the exchange surface of heat energy between the fumes coming from the 
combustion chamber and the water present in them that constitutes the heat 
carrier. 

- Primary and secondary air supply: The oxygen required for the combustion 
is supplied inside the oven by input of air beneath the grid (primary air) 
and above the combustion bed (secondary air).  

- Ash extractor: It is a collection tank and it is located below the grid. The 
heavy ashes deriving from the combustion process are deposited inside it. 

Table 2.4 describes the main type of combustion boilers. 
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Table 2.4 - Main combustion reactor types and characteristics70,76 

 
 

Reactors Characteristics
It represents the historic industrial method and it consists of a two-stage combustion
chamber.
The combustion chamber is separated into a lower pile section for primary
combustion and an upper secondary combustion section.
Fuel is fed forming a pile.
Limited to cyclic operation because of the ash removal.
It can handle wet, dirty fuels.
It has low efficiencies, 50 to 60%.
Improved version of the pile burner by moving the grate and thus improving ash
collection and spreading of the fuel.
It can have continuous operation.
Underfire air rate defines the maximum temperature of the grate and thus the
allowable moisture content of the feed.
Fuel has free movement in the combustor while an air or oxygen stream passes
through it and a bed of free-flowing granular materials.
The bed is usually sand or limestone.

The air acts as the fluidizing medium and air is the oxidant for biomass combustion.

To obtain the total desired gas-phase residence time for complete combustion and heat
transfer to the boiler walls the larger cross-sectional area zone is extended.

A cyclone is used to either return fines to the bed or to removes ash-rich fines from
the system.
Advantages are extremely good mixing and high heat transfer, resulting in very
uniform bed conditions.
Same as bubbling fluidized bed with increased fluid velocities thus the fluid entrains
the fuel.
The turbulent bed solids are collected, separated from the gas and returned to the bed,
forming a solid circular loop.

The residence time of the solids is determined by the solid circulation rate, the
attritibility of the solids and the collection efficiency of the solid separations device.

Fuel is burned suspended within the fluid.
The requirements are a feed moisture content of less than 15% and a particle size less
than 0.0015 m.
Higher efficiency, up to 80%.
Integrated wood conversion process including growing, harvesting, transportation and
combustion of whole trees as wood fuel.
Whole trees are burned in a staged combustion system with the use of low temperature
gas to dry the trees.
The advantages are reduced operating cost achieved by elimination of wood chipping
and increased efficiency by almost complete use of waste heat in the condensing heat
exchange system.
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difficult the management of a gasification plant, especially for the need to adopt 
suitable removal systems from the gas stream. 

The inevitable by-product of the process is the solid residue from the 
gasification. It is composed by the inert substances already initially present in the 
biomass and the part of the solid carbon resulting from the non-complete 
transformation of the starting fuel. 

The combustion of the fuel gas is closely influenced by the type of supplied 
gasifying agents. They determine the distinction of the gasification process in the 
following types: 

- Gasification with air is applied to produce energy in small-medium scale 
plants. 

- Gasification with O2. is applied mainly in medium and high power plants.  
- Gasification with water vapor, CO2 or exhaust gases. The reaction gas are 

free of strong oxidizing agents. Therefore, the deriving reactions cannot 
meet the heat requirement necessary for the energetic self-sustenance of 
the system. The thermal energy for the development of the processing 
needs to be supplied from outside. 

- Pyrolysis. This term does not only indicates a certain phase of the 
thermochemical process. It is also used to define an application on its own, 
in which occurs the fuel thermal degradation without the entry of gaseous 
reactants. The products that are obtained in this way are light gases, bio-
oils and char. Their different amounts depend substantially by the 
maximum operating temperature which is reached inside the unit of 
pyrolysis, by the speed of fuel heating and its residence time within the 
reaction zone. There are the following types of pyrolysis: carbonization, 
conventional pyrolysis, slow pyrolysis, flash pyrolysis, fast pyrolysis. 

The main factors that influence the gasification process are temperature, initial 
moisture of the fuel, residence time, speed of fuel heating and its contact with the 
gaseous reactants. 

This process has the advantage of being easily coupled with secondary 
conversion technologies. It also allows to use fuel with a wider range of water 
content compared to the combustion process. 

The gasification can take place in different types of reactors (gasifiers), that 
can be distinguished according to the reagent, the process pressure (atmospheric 
or pressurized), the source of heat (direct or indirect) or the area of fluid-biomass 
contact (Table 2.5). Gasifiers are generally divided in two groups: fixed bed or 
fluidized bed79. Separate category is the entrained flow. 
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Table 2.5 - Main gasifier types and characteristics78,80 

 
  

Reactors Characteristics
Solid moves slowly down a vertical shaft and air is introduced and reacts at a throat that supports
the gasifying biomass
Solid and product gas move downward in co-current mode
The technology is simple, reliable and proven for fuels that are relatively uniform in size and have a
low content of fines (below 5 mm)
A relatively clean gas is produced with low tar and usually with high carbon conversion
There is limited scale-up potential to about 500 kg/h feed rate
There is a maximum feed moisture content of around 35% wet basis
Favorable economics on a small scale
Solid moves down a vertical shaft and contacts a counter-current moving product gas stream
The technology is simple, reliable and proven for fuels that are relatively uniform in size and have a
low content of fines (below 5 mm)

The product gas is very dirty with high levels of tars, although tar crackers have been developed

Scale up limited to around 4 dry t/h feed rate
There is high thermal efficiency and high carbon conversion
The gas exit temperature is low
Good turn-down capability
Favorable economics on a small scale
Good temperature control & high reaction rates
Higher particulates in the product gas and moderate tar levels in product gas

Good scale-up potential to 10-15 dry t/h with high specific capacity and easily started and stopped

Greater tolerance to particle size range
Tar cracking catalyst can be added to bed
Limited turn-down capability
There is some carbon loss with ash
Favorable economics on a medium to large scale
All the features of bubbling beds 

Large minimum size for viability, above around 15 t/h dry feed rate and high cost at low capacity

In-bed catalytic processing not easy
Favorable economics on a medium to large scale
Inherently simple reactor design, but only potentially viable above around 20 dry t/h feed rate and
with good scale-up potential 
Costly feed preparation needed for woody biomass
Carbon loss with ash
Little experience with biomass available
Favorable economics on a medium to large scale
Complex process with two close-coupled reactors with difficult scale-up and high cost

The gasifier is usually a circulating fluid bed, while the char combustor can be either a bubbling bed
or a second circulating fluid bed 
Complexity requires capacities of > 10 t/h for viability
MHV gas production produced with air and without requiring oxygen
Low carbon conversion to gas as carbon in char is lost to reheat sand for recycling
High tar levels in gas
Tar cracking catalyst can be added to bed
Favorable economics on a medium to large scale
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Among the technologies described, the BIGCC is more suited for large 
installations, it comes out therefore from the subject of the present research. The 
main application of these technologies are plants for combined heat and power 
(CHP) or cogeneration. 

2.3.3 Cogeneration 

The combined production of electricity and heat from solid biofuels can take place 
through two different cogeneration systems82: 

- The biomass is directly combusted in a boiler with heat production and it 
is transferred to a carrier of energy that feeds the thermodynamic cycle of 
the electricity generation system. In this category there are the 
thermodynamic cycles utilizing the following fluids: water vapor (steam 
turbines), organic fluid (Organic Rankin Cycle), hot air (hot air turbine), 
inert gases such as helium and nitrogen (Stirling engines). 

- Biomass is chemically decomposed into volatile molecules in special 
thermo-chemical reactor (pyrogasifiers) with syngas production. It can be 
directly combusted in alternative internal combustion engines or gas 
turbines after filtration of the unburnt particles. 

CHP is considered one of the main alternatives to traditional systems as regards 
energy conservation and resource management. The main objective in the 
application of cogeneration systems resides in the generation of energy for 
buildings. It is the main application at the small scale of this type of plant. Small-
scale and micro-scale CHP systems are particularly suitable for application in 
commercial buildings, such as hospitals, schools, small industries, office building 
blocks, and single or multifamily dwelling houses83. However for the time being, 
this technology presents technical and economic issues that still need further 
research. The number of commercially available installations are still limited. 
Table 2.7 lists the main currently available CHP energy conversion technologies. 
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Motorized-manual timber cutting-harvesting operations, such as cutting, 
felling, limbing, debranching, debarking, cross-cutting, classification, extraction, 
loading and transporting are among the most difficult and labor-intensive types of 
physical work97. Risks related to forestry are primarily linked to the work 
environment, which often involves unpredictable factors in comparison with other 
work. The main hazard factors found in these jobs are: soil and meteorological 
conditions (high or low temperatures, rain, snow, ice or wind), use of machinery 
and equipment, heavy loads handling, physical agents (noise and vibration), 
presence of wood dust and exhaust gases98. The variables associated with the risk 
of accidents or injuries are a high workload, machine-paced work or no breaks at 
work, lack of worker training, lack of lockout/tagout program and workers 
inexperience99. These factors can increase mental stress, muscle load and 
locomotor apparatus stress causing musculoskeletal diseases97 and accidents. In 
general the major number of accidents occurs during the tree felling and 
processing phases98,100. 

The increase in the level of mechanization contributed to reduce both the 
magnitude and frequency of accidents and the occupational diseases101. However 
the high mechanization cannot always be applied both for technical and 
management reasons (lot size, slope of the ground, etc.). Although in recent years 
machines for the felling also usable in uneven ground102 are spreading, there are 
still limitations to their use, mainly linked to the risks arising from the work 
environment. In such situations the extraction with tractors and cable yarder is 
still preferred. 

Analyzing the European safety legislation103, forestry does not appear 
explicitly in the construction site activities. 

In Italy84, forest activities are considered construction sites exclusively when 
they involves building or civil engineering works. Forestry in the strict sense is 
not included in this definition, even though it is clearly distinct by forest yard 
peculiarities, as the variability and the transformation of the working environment 
in which it is carried out. Despite the considered activities do not formally fall 
within the scope of the legislation for construction site (Title IV of D.lgs. 81/0884), 
minimum rules must be followed. In this sense, the revision of Risk Assessment 
Document (DVR) when there are significant variations of the work environment 
responds to a safety need. This document must be adapted site for site (or at least 
for environment type). It is charged to who uses the forest and takes the employer 
role. 

If the wood owner is not the logger itself, logging activities will be subject to 
contract, in particular in case of public forests where the owner is the municipality 
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or other local government. There is the need, in the public or private contract, to 
achieve cooperation and coordination between the figures involved in the contract 
(i.e. enterprises and self-employed workers) in order to organize the overall work 
and service safety. To handle this, the employer must develop the Interference 
Risk Unique Assessment Document (DUVRI). This document shows the 
operating guidelines that must be performed in order to eliminate or, where that is 
not possible, to minimize the risks. The DUVRI should be adapted according to 
the work, supplies and service evolution and it should be prepared for forest yards 
with the same methodology as the Safety and Coordination Plan (PSC) provided 
for temporary and mobile construction sites. This situation typically occurs when 
a public body is a forest owner and it entrusts forestry activities to one or more 
companies. 

In particularly critical areas or by choice of the client there is the opportunity to 
ask the company the Operational Safety Plan (POS) and write up the PSC 
considered as safety cost. 

There is so, on the whole, a complex situation of normative references as 
regards safety in forest yards. Some Italian regions, through regional preventions 
plans and guidelines104, have begun to define the procedures to be followed to 
minimize and, where possible, to eliminate risks deriving from the forest 
environment. On the contrary, a procedure defined at national or international 
level, for proper and safe management of forestry activities still lacks. Companies 
with PEFC certification, implicitly agree to abide by the national legislation, but, 
also, in this case a clear reference still lacks. 

2.5.2 Heating systems Occupational Safety and Health 

During the phase of storage, wood fuels are subject to chemical and biological 
reactions and decomposition caused by bacteria and fungi. A potential risk for the 
workers during the timber or chips shift and storage phases is due to the presence 
of airborne microspores105 and it should be considered and assessed. 

The simple wood deposits are not regulated by mandatory rules but there must 
be a fire risk assessment. 

Chips and pellets storage has to be vented during pneumatic delivery (with an 
output into a dust sock) to prevent pressurization of the silo but avoid dust blow-
out at the same time.  

Most fuel stores will be a confined space106 and therefore potentially 
hazardous. A confined space is not necessarily a fully enclosed space. Biomass 
fuel storages, large or small, are hazardous because they are effectively confined 
spaces connected to a combustion chamber where CO2 and CO are produced. The 
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design of the storage should seek to minimize the requirement for the worker to 
enter within it under any circumstances. Any requirement for inside maintenance 
or repair should be reduced in the design phase to a minimum. 

As a generalization, lump wood or chips are very difficult to ignite. However, 
fine wood dust can cause a risk of explosion in incorrectly designed equipment. In 
order to comply with the legislation107 that regulates workplaces in which 
explosive atmospheres can be created, it is necessary to assess the hazards and 
design adequate protection and mitigation systems. 

The design and management of the thermal systems must be carried out by 
referring to the international85 and national84 regulations for safety in the 
workplace. 

The plants must be considered as an integrated systems whose components 
must be represented by machines with their own EC label108 and whose plant 
networks (electrical and hydraulic) are designed, installed and tested individually 
by qualified professionals resulting in the declaration of conformity109. 

Boiler hazards exist in the following functional areas110: 
- Wet side (water or steam); 
- Fire side (fire and explosion); 
- Flue ducts and chimney. 
The most important point which distinguishes biomass from oil or gas is that a 

biomass boiler cannot be extinguished immediately. Biomass boilers have large 
thermal inertia caused by fuel burning on the grate and potentially also residual 
heat stored in the refractory. This present a risk of excess temperature or pressure 
if the boiler bust be suddenly shut down. This risk can be reduced by including a 
puffer vessel, an emergency heat dump or cooling loops in the design. The 
problem tends to be greater with wood chips boilers that are physically much 
larger than pellets boilers with similar outputs and hence they have a larger 
thermal inertia. Biomass boilers should never be operated without a suitable 
pressure relief valve and pressure gauge, either on the boiler or on the connected 
pipe work. 

The combustion of wood biomass fuel involves gasification and production of 
potentially explosive gas mixtures. Due to the different processes of combustion, 
biomass boilers cannot be fitted with the same levels of interlocks as gas or oil 
plant. Occasionally, un-combusted explosive gas mixtures can build up within a 
biomass boiler combustion chamber and flue, which are subsequently ignited and 
an explosion can occur. Correct operating procedures minimize this hazard but it 
cannot be eliminated. 
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Large chimney systems can present an explosion risk due to the potential build-
up of explosive gas. A solution can be an explosion relief for the flues of all non-
domestic biomass boilers. 

The greatest health and safety risks for the workers which are engaged in the 
management and maintenance activity of the systems are accidental fires and 
prolonged exposure to toxic and corrosive chemicals111. 

2.6 Basic concepts of environmental sustainability 

The aim of environmental sustainability is the protection of the living 
environment and the natural environment. The living environment is the space in 
which the human being lives as a citizen-resident during his whole life. This 
environment consists of the territory in its entirety, on a local or regional scale112, 
and it has within it natural and anthropogenic inhomogeneities. The natural 
environment is the set of environmental compartments in which the factors that 
influence the living beings are governed by the course of nature. It is not confined 
and it is analyzed on large-scale, with regional or global dimensions. 

The environmental compartments are often represented as environmental 
spheres: the atmosphere (the envelope of gas surrounding the Earth), hydrosphere 
(complex of water present on the Earth's surface), lithosphere (rigid outer casing 
of the earth) and the biosphere (set of all living beings). These first four spheres 
constitute the ecosphere. The anthroposphere is the set of human beings and their 
activities and actions. It belongs with the flora and fauna to the biosphere. It must 
be considered as a sphere of its own because within it two of the main 
peculiarities of environmental impact assessments are included: the main sources 
of pollution are anthropogenic and the human beings are the goal of the protection 
activities. 

The analysis of the anthroposphere should not ignore the natural environment, 
as it is always involved in the territorial environmental analysis, covering the role 
of the mean in which the phenomena in question occur. 

When exposed to factors that can influence it, an environmental system may 
respond with a null, reversible or irreversible response. There is a null response 
when the systems are not influenced. There is a reversible response when there are 
changes that, once the exposure is removed, disappear and a situation similar to 
the initial one is again reached. For human beings this response is associated with 
an annoyance condition. There is an irreversible response when there are 
permanent harmful alterations in the environmental conditions. 

The null and reversible responses correspond to two different environmental 
conditions of protection: sustainability and compatibility. The environmental 
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Defined and codified procedures were introduced at European level, to assess 
the impact on the environment and the quality conditions: environmental impact 
assessment (EIA) and strategic environmental assessment (SEA). They are used 
as simulation tools of the interactions between the possible source of emissions 
and the environment, to assess the environmental compatibility of a project. 

EIA is a technical and administrative process for the assessment in the design 
stage of the impacts generated by anthropogenic activities, to ensure high levels of 
protection and environmental quality. Through the comparison of the different 
alternatives, it allows to support the decision process. It is a state and impacts 
assessment procedure and it is performed before the driver exists. It is suitable for 
large activities. 

According to the legislation114, the effects of a project on the environment 
should be assessed in order to take account of concerns to protect the human 
health, to contribute by means of a better environment to the quality of life, to 
ensure maintenance of the diversity of species and to maintain the reproductive 
capacity of the ecosystems as a basic resource for life. The environmental impact 
assessment shall identify, describe and assess in an appropriate manner the direct 
and indirect effects of a project on the following factors: human beings, fauna and 
flora, soil, water, air, climate and the landscape, material assets and the cultural 
heritage, the interaction between the different factors. 

The information to be provided by the developer in accordance shall include at 
least: a description of the project comprising information on the site, design and 
size of the project, a description of the measures envisaged in order to avoid, 
reduce and, if possible, remedy significant adverse effects, the data required to 
identify and evaluate the main affects which the project is likely to have on the 
environment, an outline of the main alternatives studied by the developer and an 
indication of the main reasons for his choice, taking into account the 
environmental effects, a non-technical summary. The legislation lists the projects 
that are mandatory subject to an EIA. 

The Strategic Environmental Assessment is a procedure for assessing the likely 
environmental effects of plans and programs to ensure the sustainability of 
planning and programming choices.  

The objective of the SEA is to provide for a high level of protection of the 
environment and to contribute to the integration of environmental considerations 
into the preparation and adoption of plans and programmes with a view to 
promoting sustainable development, by ensuring that an environmental impact 
assessment is carried out of certain plans and programmes which are likely to 
have significant effects on the environment115. An environmental assessment shall 
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be carried out for all plans and programmes which are prepared for agriculture, 
forestry, fisheries, energy, industry, transport, waste management, water 
management, telecommunications, tourism, town and country planning or land 
use. 

2.7 Environmental sustainability of forest energy chain 

2.7.1 Forestry environmental impact 

Modern forestry must combine two often conflicting objectives: minimizing the 
damages caused to valuable trees left on side (including the advanced natural 
regeneration), while maintaining financial efficiency fort the harvesting 
operations116. Under such circumstances, the interventions in the forests should 
consistently take into account a principle of sustainability and environmental 
protection in forestry. Therefore, it becomes mandatory to use the best suitable 
technology for each case. As a result, the logging solution chosen for a specific 
site must take into account simultaneously the remaining trees in the stand, the 
soil good conditions for natural regenerations, modification or interference of the 
water network. In other words, not only economic efficiency, but also 
environmental sustainability must be considered. 

Forestry always involves an impact on forest ecosystems and on the territory in 
general, at least in the short term. Usually it involves temporary modifications or 
alterations of the state of the sites. They are solvable with simple enforcement 
activities, if carried out at the end of the work. However, they, if carried out 
without suitable working conditions systems, careful planning and staff properly 
trained, can lead to further impacts whose magnitude, severity and duration can be 
highly variable117. 

During the phases of timber handling in the forest, soil degradation processes 
occur, such as compaction, grooving and mixing of the upper layers118. These 
phenomena occur due to the trees dragging and the transition of mechanical 
means119. The factors that may affect the degree of compaction and grooving are 
the number of passages of vehicles, the weight of the machines, the type of 
engine, the slope of the terrain, the soil characteristics and its conditions. The soil 
compaction can lead to change in the physical, chemical and biological properties 
of the soil, while the grooving may increase the risk of erosion due to the 
canalization of rainwater. The damage of the vegetation may also be of a certain 
extent. It can be caused by the machines or by the logs that can damage the 
superficial roots or hit the base of the stems120. The extent of the mechanical 
damage depends on various factors such as the extraction system, the period of 
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work, the intensity of the cut, the planning of the extraction system and the 
workers training. 

Forestry activities can indirectly reduce other functions of forest ecosystems 
such as carbon sequestration, soil protection, water regulation, as well as they can 
result in the removal of wildlife. 

Previous studies have analysed the environmental impact caused by forestry 
operations on the surrounding area, mainly due to the difficulty of reconciling the 
local conditions with the main harvesting methods121. 

The Italian legislation122 determines that the regions should plan the 
management and development of the forestry sector through the drafting of forest 
plans that take into account the multifunctional role of the forest and that meet the 
strategic objectives and the international, EU and national steerings. The actions 
to be taken by the regions through the forest plans should consider the six criteria 
for sustainable forest management123 and the quantitative and qualitative 
indicators related to them124. 

2.7.2 Heating systems environmental impact 

Pollutant emissions 
An environmentally sustainable use of this energy source depends mainly on a 
correct exploitation of the forest resources and on the atmospheric pollutants 
emissions control. Assuming that the timber consumption is suitably regulated by 
the forest management policies125, the environmental impact of these systems is 
almost fully related to pollutant emissions in the atmosphere. These are due to two 
typologies of sources, at the local and regional scale. The former are due to the 
release of combustion products from the heating systems, the latter to the release 
of pollutant from vehicles transporting the wood.  

The emissions into the atmosphere from a wood combustion system contain 
mainly CO2, H2O, O2, N2 and a part of pollutants, minimal when there is complete 
combustion. With ideal combustion conditions, the fuel the completely oxidized, 
and the combustion products are mainly CO2, H2O, with slight traces of NOX, 
SO2, and some other compounds, depending on the chemical composition of the 
wood its eventual contamination (by ash, sulfur and nitrogen oxides of sulfur and 
trace elements such as Cu, Pb, Zn and Cd74). The use of wood biomass to replace 
fossil fuels contributes to reduce the total CO2 emissions on a global scale126. In 
case of incomplete combustion, in addition to a greater percentage of carbon there 
are also emissions of particulate matter (PM)127,128 and volatile organic 
compounds (VOCs). Other very harmful for the human health and the 
environment compounds, such as hydrochloric acid, dioxins and furans, may form 
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Table 2.10 - Average concentrations of plant nutrients in usable ash mixtures depending 
on the biofuel used141 

 
 

The presence of heavy metals in the ash can have negative effects because of 
their possible percolation in the underground and the surface waters. Heavy 
metals are mainly present in the fly ash, nevertheless they cannot be excluded in 
bottom ash142. 

Ashes deriving from biomass combustion are classified as "non-hazardous 
waste" within the meaning of the Italian legislation3. The law establishes various 
possibilities for recovery of "ashes from the burning of biomass and the like" with 
simplified procedures. In particular they can be used to produce cement 
conglomerates, in cement or heavy clay industry, to produce compost or fertilizer 
and in environmental recoveries. If these options are not possible the ashes must 
be landfilled. The direct reuse of the ash in agricultural or forest areas is allowed 
in several European countries, but with limitations as regards the presence of 
heavy metals. The Italian legislation does not foresee the direct spreading. In 
order to use in this way the biomass ashes, they must be classified as a by-
product143. 

EU legislation144 allows the use in agriculture of wood ash as fertilizer. Ashes 
have to derives from not chemically treated after felling wood. 

The re-integration of ashes in the land closes the cycle of biomass and it 
maintains practically unchanged the relative content of nutrients. It requires, 
however, a series of measures to not trigger counterproductive phenomena for the 
soil structure and its general chemical-physical balance. The percentage of heavy 
metals in the bottom ash is generally within the limits of acceptability. They 
provide, however, a smaller amount of nutrients. A mixture in appropriate 
proportions of bottom and fly ash can be useful to provide the right amount of 
nutrients respecting the limits for the concentration of heavy metals 145. To 
prevent the accumulation of heavy metals in the soil, the allocation of part of the 
fly ash in landfills or for other uses may be necessary38. 

Several factors contribute to increasing the need to regulate the ash spreading 
on the soils: 

- The increase in the solid biofuels use also in systems of large size and the 
consequent growth of ash production; 

CaO MgO K2O Na2O P2O5

Bark 42.2 6.5 5.1 0.8 1.7

Wood chips 44.7 4.8 6.7 0.6 3.6



















 

 
 

Chapter 3 

3 Method description 

The premise of this study is that the consumption of forest biomass to produce 
thermal energy is an ameliorative use regarding the consummation of resources 
and it is sustainable from the point of view of the emissions. This is because being 
a form of renewable energy determines a positive balance regarding the CO2 
emissions, as has already been described previously. The objective of the analysis 
is to validate the proposed solution with regard to the sustainability of the whole 
supply chain, its compatibility with respect to the territory in which it is 
implemented and the cumulative impacts that might occur with an implementation 
on a larger scale. To achieve this objective, the starting point will be the small 
scale analysis to check the OS&H and environmental impact assessment of the 
individual phases of the industry. It will come following an overall assessment of 
the cumulative impacts of the whole chain on a larger territory. 

The analysis is therefore addressed to two different entities: the individual 
forestry enterprises and plants managers and the local authorities. The firsts need 
a methodology that allows them to determine the best design choices from the 
points of view of OS&H and environmental sustainability. Local authorities 
instead should be able to verify that an effective implementation of the local wood 
biomass supply chain does not result in an overall impact on the environment both 
regarding the depletion of forest available resources and the emissions resulting 
from the biomass combustion. 

The carried-out study has, as previously mentioned, a dual purpose: 
- analyze the forest-wood-energy chain from the points of view of OS&H 

and environmental impact to assess the risks for the workers and the 
environment by identifying the best technologies and the most suitable 
operating procedures; 

- identify a methodology for expeditious analysis, suitable to be applied to 
small business activities and plants. 

The phases of the supply chain have very different characteristics. Some stages 
have a temporary placement as they have no fixed location on the territory (i.e. 
forest yards and transport phase), while others are stationary (i.e. fuel wood 
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terminal and energy conversion system). To facilitate the analysis a simplified 
supply chain was identified, not taking into account for each phase all available 
technological alternatives. As energy conversion systems pellets and chips 
combustion boiler have been privileged, suitable for widespread distribution on 
the territory. 

3.1 Research subject  

In Figure 3.1 there is the simplified schematic chain that has been the research 
subject of the present thesis.  

The starting point of the analysis is the forest. The trees to be felled have to be 
identified and counted. The cut has to be done in order to not damage the 
surrounding trees. Once the tree has been cut down, they are processed. After this 
phase, there is a ramification of the supply chain. The logs are transported to a 
collecting point (i.e. the fuel wood terminal). From there the best quality timber 
goes to the sawmill. However this phase can offer as by-products wood waste that 
can also be used to produce energy and so this phase is included in description of 
the chain though it will not be analysed. The wood by-products are usually 
earmarked to the process of pelletizing.  

The rest of the timber not intended for the woodworking is used for energy 
purposes. The most sustainable solution is wood chipping. Treetops and branches, 
for their high moisture, are usually chipped right after the felling and directly 
transported at the energy conversion systems to avoid their decomposition during 
the storage period. Logs and chips are transported to the fuel wood terminal. The 
logs are usually dried to improve their characteristics thorough a storage period. 
Once dried they are chipped. After, the chips are transported to the heat generator 
and they are stored in a storage room before being burned to produce heat. The 
size of the hypnotized heat generators is assumed to be compatible with an 
implementation for small size (few buildings) district heating systems. 

The methodology described below will be applied in particular to the forest 
yards, to the fuel wood terminal and to the heat generators. 

As regards the transport phase, for which the evaluation of OS&H and 
environmental impact is more established, however, it will be taken into account 
in the further analysis. The transport phase, indeed, cannot be neglected in the 
cumulative impact on the territory assessment, in the hypothesis of widespread 
installation of the described design choices. This is because even assuming the 
maximum reduction of this phase, the displacement of the amounts of timber that 
are needed to ensure the functioning of the systems may not be negligible in the 
overall assessment of the impact on a territory. 
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Figure 3.1 - Forest-wood-energy chain 

3.2 Identification of the hazard factors sources 

In the first stage of the analysis, which was also conducted through the 
observation of real case studies, the need has arisen for a methodology that would 
allow the description in detail of the research subjects. The different stages of the 
supply chain, while taking into account the characteristics that make univocal 
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each case study, are often schematized in some standards work phases that can be 
found in every analyzed case. Starting from this initial schematization, for each 
phases of the forest energy chain, sub-phases and elementary processes have been 
identified. This next schematization is closely linked to the operational choices 
identified for each case. When there is the need to assess the suitability of a 
procedural choice, one virtual scenario to be analyzed, or more, are identified. The 
virtual scenarios and/or the actual plants, if the design is more set, corresponding 
to the carried out activities shall be described in detail. 

Once each task or process of the forest energy chain has been defined in the 
detail, for each of them all the features and components of the activity that could 
cause a risk for the workers or the environment have to be identified. They are 
identified as sources of hazard.  

To simplify the further analysis the sources of hazard have been classified for 
homogeneous groups. For each identified elementary process the main sources of 
hazard have been divided into used machineries, materials, work environment and 
organization. The terms machinery includes all that enter in the definition of 
machine according the legislation108 (machine, plants and equipment). Inside the 
definition materials, everything with which workers can come into contact during 
the individual activity and that should be considered for the purposes of risk 
assessment is included. To ease the identification of the materials, they are in 
divided into raw materials, complementary materials, waste and products. The 
work organization is divided into general organization, in which reference is made 
to the whole working sub-phase, and to the operative condition, in which the 
single elementary process is described. To assess the environmental impact is 
important to divide the work environment into macro, the area involved in the 
whole activity, and micro, the area involved in each individual work phase. Figure 
3.2 describes the classification identified for the analysis. 
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analogy to assess the impacts related to smaller size project. The DPSIR 
framework has already been used in some studies to assess the sustainability of 
forest management practices155,156. 

The divisions in phases, sub-phases and elementary processes was maintained 
from the previous phase of analysis. The drivers correspond with the previously 
identified hazard sources and the same division is maintained. Indeed each 
sources of hazard previously identified has the same potentiality to determine an 
impact on the territory. The work environment, in this phase of analysis, must be 
assessed not only as a possible source of hazard but also to determine the sphere 
of influence of each individual elementary process but also of the whole work 
activity or process. 

Each identified driver can determine pressures on the external environment 
which could potentially induce a modification or an impact on the territory. The 
pressures are defined maintaining the division in elementary processes previously 
identified. This simplifies the characterization of the pressures, but complicates 
the assessment of the cumulative effects. Indeed it makes difficult an overview of 
the whole issue. For this reason the cumulative impacts given by the interference 
of different sources of pressures will be analyzed more in detail in a specific 
chapter. 

The surrounding environment is examined in two different perspectives. The 
first was as an ex-ante state, i.e. the initial conditions of the environment that must 
be protected and maintained. The second relates to the characteristics of the 
environment that may affect the work activities and the design choices. Some 
features may determine the a priori exclusion of some possible design choices. 
The evolution of some of these parameters should, however, be considered to 
evaluate the alteration of the environmental state. Therefore they fall also in the 
first category. The environmental status must be defined by indicators that allow 
by their observation through time to determine its possible alterations. The 
indicators are divided according to the environmental sphere of influence 
(hydrosphere, biosphere, lithosphere, atmosphere and anthroposphere).  

Environmental indicators must be assessed both during the activities (i.e. forest 
yards, fuel wood terminal or energy conversion) and at their conclusion (in case of 
forest yards when the environment have to be returned to the initial conditions). 
To simplify the analysis an example set of standard indicators has been identified. 
According to the different phases of the forest energy chain and the features of 
each case study, the most suitable indicators should be identified among the 
defined set and when necessary other indicators can be added (Table 3.1).  
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phase the impacts have to be simply qualified, while after the implementation of 
the activity or the plant they have to be quantified. In some case the qualitative 
assessment is sufficient to exclude certain design hypothesis. The quantification of 
the impacts is done by observing the changes that have occurred in the previously 
identified indicators. This assessment is not simple because for certain indicators 
there is a general lack of data and measurements. Therefore for them only an 
qualitative assessment can be done. 

The responses to be put in place to reduce the impact on the territory, according 
to the results, have been defined for individual sources of hazard. The degree of 
impact on the area determines whether the used machines and the materials and the 
identified organization of work can be maintained, possibly implementing 
improvement measures, or if the procedural and technical choices need to be 
completely reviewed. Based on the measures put in place, preventive or protective, 
the responses can take action on the drivers, the pressures or the state and directly 
or indirectly influence the impact. 

3.5  Method validation 

The method has been developed to be applied in expeditious manner but to 
allow at the same time a comprehensive assessment of the research subjects. In 
order to validate the obtained results standard methodologies for separate 
evaluation of specific aspect of OS&H and environmental sustainability will be 
applied to different case studies. In fact, as already previously pointed out, the 
lack of a unified standardized method for the assessment of the different phase of 
the forest energy chain has determined the need to develop a specific method.  

The following methods will therefore be applied in the next chapters in parallel 
to the described above methodology.  

As regards the description and overall assessment of the analyzed system the 
Failure Mode Effects Analysis (FMEA) was chosen as the comparison 
methodology among the several different risk analysis methodologies used in the 
process activities157. It has been chosen because given its ability to take into 
account each individual components of the analyzed system, it should allow to 
determine if the method in its simplification to allow an easy application can be 
equally exhaustive. Moreover it starts from an overall description of the system, 
basic criteria for the choice of the method, and then it goes into the detail of the 
components. Given the approach bottom-up of the FMEA which will be used in 
the analysis, starting from the possible failure modes and arriving at theirs causes, 
the reliability of the results have been considered compatible with an Event Tree 
Analysis (ETA)158 with the advantage of a more expeditious analysis. 
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Regarding the assessment of the occupational safety closely related to the 
activities undertaken by the workers, the Job Safety Analysis (JSA) will be 
applied to validate the results. Considering the features of the work activities that 
are present in the supply chain, it was considered the most appropriate 
methodology for the risk analysis. This because the analyzed activities are usually 
done by a single worker, making the JSA the most suitable technique of Hazard 
Identification. Moreover it has been considered the most suitable to verify if the 
detail achieved through the application of the method is sufficient for an in-depth 
analysis. 

The validation of the environmental impact assessment will be made by 
carrying out the measurements for the hazard factors that will be considered most 
significant. 

The methodologies identified for the validation are described below. 

3.5.1 Failure mode effects analysis 

The FMEA is a technique of Hazard Identification159 mainly applied to the 
process industries. 

The FMEA is a tool that is used to identify potential failures in products and 
processes before the problem occurs, to assess the risks, and to develop strategies 
to eliminate them160. Failure refers to a function, a component or a process that 
does not work as it was designed. 

The analysis is aimed at identifying the relationships between the individual 
failure scenarios and the propagation of the deviations to other involved machines. 
The main types of FMEA are159: 

- System FMEA. It is used to analyze systems and subsystems in the early 
concept and design stage. 

- Design FMEA. It is used to analyze products before they are released to 
manufacturing. 

- Process FMEA. It is used to analyze manufacturing and assembly process. 
- Service FMEA. It is used to analyze services before they reach the 

customer. 
FMEA allows to determine three basic criteria to assess the problem161: 

severity, occurrence and detection. To each of them a value ranging from 1 to 10 
is assigned (Table 3.2). The product of these three parameters, the Risk Priority 
Number (RPN), is used to prioritize the improvement actions. Once this action are 
implemented, the RPN should be recalculated to evaluate the efficiency of the 
undertaken actions. 
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Chapter 4 

4 Materials 

Hereinafter the case studies in which the methodology has been applied will be 
described. The different stages of the supply chain were analyzed in order to show 
the changes that need to be put in place to adapt the methodology to different 
characteristics and work environment. 

4.1 Forest yards 

Forestry consists in the activities that are carried out in the woods before the 
timber is transported to the subsequent processing stages and energy use. 

In this study the analyzed systems have their ideal location in mountain valleys 
or territories. In these areas the timber presents is able to ensure the wood supply 
to the boilers or heating systems. These territories are, however, often 
characterized by a fragmentation of forest lots due to both the lack of regularity of 
forest land, often punctuated by zones turned to pasture, and the diversification of 
forest owners. This means that tasks are entrusted to small businesses. For them, 
to ensure compliance with the safety criteria and the use of best available 
technologies is more difficult. Furthermore, to be harvested parcels are often 
difficult to reach and they have critical morphological characteristics. The not 
optimal features of the surrounding environment influence heavily the safety 
conditions, greatly constraining the available procedures to follow. The work 
environment also presents a great morphological and climate variability, and this 
entails a further difficulty in the proper task management. The work has therefore 
to be carefully planned, in order to identify the most suitable procedures to 
guarantee the environmental sustainability and the OS&H. 

The activities carried out in woodland, regardless of the individual sites 
peculiarities, can be traced back to the following work phases104: analysis of the 
work environment (cognitive inspection), the site preparation, felling, processing 
(limbing and sawing), concentration, extraction, activities at the landing (chipping 
if carried out on site and debarking) and loading on means of transport.  
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These activities are generally defined deforestation. They can be performed 
either as part of measures to promote the conservation and cultural improvement 
of forest stands, both in operations more narrowly targeted to the collection of 
timber at the end of the crop cycle. According to a proper and sustainable forest 
management the harvesting of the trees must be conducted according the 
silvicultural technical specifications and in compliance with numerous regulatory 
requirements, so as to ensure the regeneration of the stands after cutting in a 
natural way or by planting and reforestation. Each work phase has a high number 
of technological alternatives with which they can be carried out. The equipment 
used in each of these phases depends heavily from the work environment in which 
one operates and the characteristics of the plants to be cut176. Also the economic 
factor influences greatly the choice of the suitable technology. The amount of 
timber to be harvested often is the main parameter that determines whether the use 
of a specific equipment is economically feasible or not177. 

In Table 4.1, together with a short description of the working phase, the main 
technological alternatives and the work sub-phases have been listed. 
















































































































































































































































































































































































