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Introduction

Global warming is a major problem that is set to increase in the coming years. In the face of

this growing concern it is important to focus on reducing emissions of carbon dioxide, which is

one of the main causes of global warming. For this, a solution is to use clean energies such as

solar or wind energies, or other carbon-neutral energies: lignocellulosic biomass is a source of

energy that fits into this second category. 68% of gross inland consumption of renewable energy

in Europe was biomass and renewable waste in 2011. Biomass, mainly used for heating, repre-

sents 95.5% of the final heat consumption from renewable energies. Wood remains the largest

biomass energy source today [1]. Wood chips are an example of secondary residual material

produced during forestry processes. Wood that is not directly exploitable for the industry is

shredded, and can be burned in boilers in order to produce energy. The levels of carbon diox-

ide released into the atmosphere during such a process are comparable to the levels released by

natural decomposition of the wood chips. It would then be wasteful not to utilize that wood

energy [2]. Moreover, since growing plants capture an amount of carbon dioxide equivalent to

that released to the atmosphere by burning biomass, the net carbon dioxide footprint is zero

over a period of time of around 20 years. Wood chips are then a sustainable energy source

[3]. Figure 1 shows this biofuel. Wood chips largest dimension can vary from 3 cm to 12 cm.

Their large surface area to volume ratio is ideal for efficient combustion or gasification since

fire spread behavior is correlated to the surface area to volume ratio of the fuel. Higher values

mean shorter fuel ignition times, and hence faster fire spread rates [4]. Wood chips are more

energy efficient than logs because they can form an uniform fuel that can flow or be fed to a

boiler. Continuous and uniform fuel feed is indeed key for the performance of the combustion

chamber [5].

The calorific value indicates the energy released as heat when a compound undergoes complete

combustion with oxygen, usually given in gigajoule per tonne or kilowatt hour per kilogram

[6]. The oven-dry calorific value NCV0 is the calorific value of anhydrous wood and varies

slightly between 18.5 to 19 MJ/kg. It is higher in softwood species (evergreen, coniferous) than

in hardwoods (deciduous, broadleaved trees) due to the higher content of resin, wax, lignin

and oil [7]. Because of the very little variation of NCV0, calorific value is directly proportional

1



2 INTRODUCTION

Figure 1: Pile of wood chips.

to the mass of fuel and, mostly independent of the kind of wood. However, the main difference

between species, if comparing hardwood and softwood species, is the moisture content at the

time of felling, and the rate at which this moisture is lost [8]. Indeed hardwoods tend to be

denser and softwoods tend to content more resins. It is not hard to see how moisture content

affects the calorific value of a given fuel. When dealing with wet fuel, extra energy is spent on

heating and evaporating the water present before combustion can take place. Moreover, more

water results in less wood for a given fuel mass, thus still less available energy. It is demon-

strated that moisture content of wood has a significant impact on the calorific or energy value of

the fuel. The variation of the calorific value between different species when tested at the same

moisture content is negligible. Therefore, at the moment of the purchase, the measurement of

moisture content determines the calorific value and thus the price in terms of energy content

[7, 9]. The Graphic 2 shows the relation between calorific value and moisture content of net

wood. The literature gives different definitions of moisture content depending if calculated as

the percent of total mass or of wood mass. In this thesis, the moisture content (MC) is calculated

on the basis of the total mass of the wet sample as

MC(%) = 100 ×
mwet − mdry

mwet
, (1)

where mwet corresponds to the actual mass (wood and water) and mdry corresponds to the mass

of the wood as if the fuel were anhydrous. The advantage of this definition is that moisture

content gets values between 0 and 100%, 0% indicating anhydrous wood and 100% indicating

no wood, only water.
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Figure 2: Calorific value of wood versus moisture content [9].

Whole trees, branches or logging residues are mechanically shredded by a shredder machine

in order to create wood chips. These wood sources may come from forest thinning, pruning,

process fallen or dead trees or even byproducts of sawmills. Due to this variety of sources, the

moisture range value can be wide. A pile of dry wood would be around 25% or 30% MC, and

a pile of green wood, recently extracted, could reach up to 60% MC. According to the UNECE1,

which represents 20% of the world population, including some of the world’s richest countries

like Europe, but also Canada, United States, Central Asia (Kazakhstan, Kyrgyzstan, Tajikistan,

Turkmenistan and Uzbekistan) and Western Asia (Israel), wood biomass energy consumption

has increased 4% every year between 2007 and 2011 in the UNECE region [10]. This tendency

is expected to continue due to many European government strategies promoting this kind of

energy in order to get the EU target of 20% of energy consumption from renewable sources

by 2020 [11]. These strategies expect to not only reduce climate change, but also increase en-

ergy security by encouraging alternatives to imported and increasingly high-priced fossil fuels.

Over 40% of the wood raw material in the Nordic forest industries ends up indirectly as fuel.

In Finland or Sweden, for example, wood energy consumption is much higher than in other

European countries. In France, wood energy consumption is not yet that developed, however,

being the second largest of the forest countries in Europe, its wooded territory represents 30%

of the metropolitan area. So that, future French wood biomass production is compatible with

its stipulated European target, which is to get 23% of energy consumption from renewable en-

ergies by 2020 instead of 11% consumed in 2011. To reach this goal it is necessary to improve

existing wood chip industries and to optimize quality and price of such energy source. Meth-

1United Nations Economic Commission for Europe.



4 INTRODUCTION

ods and tools for quantitative and qualitative monitoring of the production of wood chips are

currently under research.

MOQAPRO project is a scientific project funded by the French National Research Agency whose

main target is a large scale integrated approach, from forest land to power plant, of quantity

and quality monitoring of the wood chip production chain. Quality monitoring is mainly de-

pendent on moisture content measurement at every step of the production chain. Quantity

monitoring is on volume and mass. Monitoring through the production chain implies a con-

stant measurement of wood chip mass and moisture content, which presents complexity due to

the large scale circumstances and to the random nature, size and arrangement of wood chips.

Although a large amount of moisture sensor technologies exist, the former OMICAGE project

showed that none of them can be directly applied to moisture content measurements of wood

chips [12]. Therefore, and until now, wood chip moisture content is determined via sampling,

each sample being weighted before and after drying. Such a procedure gives only sparse mea-

surements and is very long to implement. Measurements are therefore made by the client who

subjectively chooses the samples and indirectly imposes the price of the wood chips. Conse-

quently, bias may be involved and the trade can be unbalanced. The goal of MOQAPRO project

is to adapt technologies to complex storage site conditions, as well as to provide automated and

economical frequent moisture content measurements for big scale volumes. Give innovative

solutions for these monitoring aspects is highly important, especially on moisture content, to

promote a high industrial level of woody biomass energy production in profitable situation.

Investigations are being led in several European countries to identify production strategies and

monitoring tools that could be applied to French industry forest conditions. Results of this

project are highly expected by many agents in the wood chip production chain [13].

This thesis is focused on the moisture content measurement in static conditions as one of the

most important quality parameters of wood chips. The price of wood chips today depends

on the moisture content and both powerplant and supplier are interested in a method for de-

termining payment that is both representative and rapid. As it has been mentioned before, the

current reference method called Oven Dry Method (EN 14774-1:2009) is applied [14]. Few small

samples are taken from the top of the container and weighed before and after a drying proce-

dure, which it is neither fast nor representative since the moisture can vary greatly in different

parts of the container. One way to control the moisture content for payment is measuring it

in arriving fuel containers, for which the instrument shall be able to measure an average value

within seconds. The objective of this thesis is to estimate the moisture content of large samples

of wood chips normally in a truck, as the Figure 3 shows, before delivery to the client.

To accomplish this vision, a technique capable of measuring the moisture content of large quan-

tities of wood chips instantly is necessary. To meet the requirements of a fast measurement
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Figure 3: Truck full of wood chips.

method that provides an average value of the moisture content of a larger volume of wood

chips, radiofrequency technology (RF) is applied. In the range of the moisture content involved

in this system, the effect of temperature or wood fiber direction on the dielectric properties of

the wood is rather small when compared to the influence of the water content [15]. Accord-

ing to the literature near infrared radiation is a promising measuring method to be used in a

continuous flow, and radiofrequency is today the best-suited method for measuring moisture

content in fuel bulks for the ability of measuring large samples [16, 17].

The manuscript consists of 4 chapters and is organized as it follows:

1. Wood energy sector (Chapter 1): The first chapter presents the worldwide energy consump-

tion nowadays and the need of a green trend. It follows with a brief description of the

production chain of the wood biomass industry market, with general background of op-

erational and quality standards, focused on Europe and France;

2. Background (Chapter 2): In the second chapter, a review of several technologies to deter-

mine the moisture content in a pile of wood chips are presented, some of which have been

already turned into commercialized products;

3. Contactless electromagnetic technologies (Chapter 3): The third chapter concentrates on the

experimental study of moisture content measurement systems from the outside, that is to

say without contact with the fuel, in combination with the theoretical background of far

field telecommunication basis;
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4. In contact technologies (Chapter 4 ): In the fourth chapter, several moisture content mea-

surement technologies from the inside, that is to say in contact with the fuel, are studied,

realized and tested, based on different electromagnetic phenomena;

Finally major conclusions and propositions for further experimental investigations are pro-

vided.
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8 CHAPTER 1. WOOD ENERGY SECTOR

This chapter presents the concept of wood energy heating as a possibility to contribute de-

creasing carbon dioxide CO2 emissions and therefore global warming. Advantages and disad-

vantages regarding other renewable energies are presented. A brief description of the steps of

the fuel through the production chain in the wood industry is given. Finally, the basis of the

necessity of common quality standards are discussed.

1.1 Critical condition of current energy consumption

Nowadays the energy consumption has highly increased due to the industrialization of the

countries and the increase of population in the world. This trend is expected to continue. There

are three kinds of energy production: nuclear sources, fossil fuels and renewable sources. Nu-

clear energy may cause problems to environment and health in case of nuclear accidents such

as Tchernobyl in Ukraine or Fukushima in Japan. However it remains the cleanest high power

source with zero CO2 emission and a real waste control. Fossil fuels are the main world energy

resource and are causing global warming by CO2 emissions, whose levels have increased 31%

in the past 200 years. The increase of global temperature means sea level average rate of 1-2

mm every year over the last century. CO2 emissions caused by the combustion of fossil fuels

is the major contribution to the greenhouse effect. On the contrary, renewable energy sources

as solar, wind, biomass, geothermal, hydropower and marine can be used to produce energy

again and again. They have the capacity of providing energy with zero or almost zero emissions

and represent today 14% of total energy consumption. Its use is expected to increase greatly

in the coming years from 30% to 80% by 2100. Table 1.1 shows the trend of renewable energy

consumption expected until 2040 [18]. Its use is supposed to rise from 16.6% in 2010 to 47.7%

in 2040. The main renewable energy nowadays by far is biomass, it represents 75.22% of all the

renewable energy consumed in 2010, and it is also expected to follow this trend.

1.1.1 Ecological footprint and source depletion

Ecological footprint metric is widely used in ecosystem accounting. It is a measure of mankind

demand on the earth’s ecosystem. In other words, it measures how fast we consume resources

and generate waste compared to how fast nature can absorb our waste and generate new re-

sources. World population has reached 7.2 billion in 2014 and it has doubled in the last 45

years. For several years population has been growing much faster than many vital non renew-

able sources. Developed countries are consuming water, minerals and forest faster than they
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2001 2010 2020 2030 2040
Total consumption (million

tonnes of oil equivalent)
10038 10549 11425 12352 13310

Biomass 1080 1313 1791 2483 3271
Large hydro 22.7 266 309 341 358
Geothermal 43.2 86 186 333 493
Small hydro 9.5 19 49 106 189

Wind 4.7 44 266 542 688
Solar thermal 4.1 15 66 244 480
Photovoltaic 0.1 2 24 221 784

Solar thermal electricity 0.1 0.4 3 16 68
Marine (tidal, wave, ocean) 0.05 0.1 0.4 3 20

Total RES 1365.5 1745.5 2964.4 4289 6351
Renewable energy source

contribution (%)
13.6 16.6 23.6 34.7 47.7

Table 1.1: Tendency of renewable sources [18].

can regenerate. Animal and plant species are extincting everyday. Two billion people nowa-

days live in poverty, more than the world population one hundred years ago. This turns into

a scale problem [19]. Not just overpopulation is the only issue but the high levels of energy

consumption multiplied by the number of consumers, especially in developed countries. For

example, the United States represent 4.5% of the world population and consume 20% of its

energy.

Mankind’s energy consumption is the main contributor to release greenhouse gases, in partic-

ular CO2 emissions to the atmosphere. Fossil fuels represent 80% of the world energy primary

consumption and they are required for global energy needs nowadays [20]. King Hubbert pre-

dicted peak oil in the 60s, oil would peak in about 1970 and decline thereafter [21]. The lack

of fossil fuels must be replaced to keep current levels of consumption. Depletion of fossil fu-

els represents a future challenge, World Coal Institute has determined for coal, oil and gas to

last 155, 41 and 65 years respectively at 2006 levels of energy consumption. However, differ-

ent studies of economic models to predict reserves of fossil fuels differ and nobody can predict

exactly when supplies will be exhausted. This ambiguity in results show a clear controversial

theme. Even so, fossil fuels are limited sources, the time left is imponderable [22].

1.1.2 Green tendency

As climate change is one of the major problems of the 21st century, the use of renewable energy

sources are being highly promoted. Government policies have been applied in most coun-

tries in Europe, Canada and USA to rise the use of renewable energies. These policies involve
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funding to develop infrastructure and scientific research, with the aim of optimizing the use

of natural resources. Biomass has represented 56% of total research on renewable energies,

followed by solar 26% and wind 11% between 1979 and 2009. This is because biomass is a

very promising energy. Besides the fact that its price is stable and economical as it comes from

waste products, the affordable cost of converting biomass into energy in comparison with other

RES1 makes biomass even more interesting [23]. It also has the advantage of being stored and

continuously used regardless of the climate, while other energies as wind and solar are weather

dependent, they can only be produced when the natural resource is available [24]. Biomass con-

version efficiencies have been continuously improving in the past years. Gasification and direct

combustion are the main conversion techniques to generate electricity and heat using biomass.

Direct combustion technique is more widely applied, it represents 90% of all biomass plants

in the world. This is because it usually requires less cost investments than gasification tech-

nologies. Nowadays forestry and agriculture residues are the principal sources of biomass for

electricity and heat generation. In 2010 bioenergy has produced 1313 Mtoe2, wood biomass rep-

resents 87%, 9% comes from agricultural crops and 4% from municipal and industrial residues.

The total bioenergy consumption is expected to rise to 3271 Mtoe in 2040. Wood is an abundant

source present in almost every country. Among the renewable energy sources, wood biomass

is a very convenient alternative for heating and electricity production because of the simple

conversion technologies [25].

1.2 Wood biomass energy for heating

1.2.1 Interest of the industry

At present, within biomass energy based on power and heat CHP3 generation, wood chips and

pellets combustion are the most economically and environmentally convenient options [26].

Biomass co-firing is regarded as one of the most short-term attractive options for power gen-

eration. It is based on the combustion of biomass and pulverized coal or gas. Most biomass

co-firing systems use existing coal combustion plants so a very low cost investment is required.

Replacing old existing coal plants with biomass co-firing has proved to be reducing to almost

zero the emissions of CO2 in North America. But the leading trend is the transition to a com-

plete carbon-free power generation, which is dedicated biomass combustion, based on pellets

or wood chip boilers. These firing systems are commercially available to produce hot water or

steam. Their main applications are domestic and district heating systems [27].

1Renewable Energy Sources.
2A toe is a tonne of oil equivalent.
3Combined heat and power.
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The generation of heat by burning wood has important advantages. Since the energy source

used is renewable there is no dearth while logging is done in a sustainable manner. The prices

are less variable comparing to the fossil fuels. Wood has a neutral balance in terms of CO2

emissions: that is to say a history of zero carbon footprint. In fact, the amount of CO2 absorbed

during the growth of the tree through the process of 20 years photosynthesis is approximately

the same as that released by the combustion of wood [3]. Besides, dead wood that is left in the

forest without using for combustion also releases CO2 by its decomposition [2].

Figure 1.1: Carbon balanced emissions, taken from [28].

It is known that fossil fuels offer higher energy content per mass unit than wood biomass,

however they more than double the carbon content, this concludes in higher CO2 emissions.

As a practical example, 20 MWh4 per year are required to heat a typical domestic house. Using

a system based on coal would emit 414 kg/MWh of CO2, 314 kg/MWh using oil, 227 kg/MWh

with natural gas and only 18 kg/MWh in the case of wood chips at 25% MC [29]. Besides, the

price of wood chips is much lower, oil for domestic heating doubles the price of biomass for

the same amount of energy. On the other hand, wood biofuel would require a larger stockage

space and an initial investment on a wood biomass boiler system.

If the electric power used in thermal energy were replaced by energy from wood biomass, the

amount of CO2 released to the atmosphere would be significantly reduced. The direct con-

sequences on the implementation of timber as a heating source offers positive economic and

environmental balance. Wood fuel is much cheaper than fossil fuels and CO2 emissions would

prevent global warming.

Since many years, the use of biomass is basically wood. Its demand is growing fast and this

market is expected to reach a value of 70 millions of euros by 2035 in the European Union [30].

The majority of the trade of wood biomass nowadays is between USA, Canada and Europe,

4Megawatt-hour represents the product of the power in megawatts and the time in hours.



12 CHAPTER 1. WOOD ENERGY SECTOR

but Latin America and sub-Saharan African are expected to be large exporters so international

trade will be helping the development of biomass sector [27]. It is clear that a sustainable

wood to energy industry assisted by a stable source of biofuel, effective fuel transportation and

plant performances would bring many advantages, such as the reduction of CO2 emissions, a

proper management of forests reducing the risk of fire, a better environmental preservation,

new markets for industries and job opportunities [25, 26].

1.2.2 Wood biomass

For many years, wood has been the main source of energy used mostly as heating. Nowadays

wood represents an optimistic way to fight the climate change. It can be collected from several

sources as timber forests, sawmills or landscaping residues as brash or arboricultural arisings.

Wood fuel is presented as logs, sawdust, chips, pellets or briquettes. The efficiency of the fuel

depends primarily on the amount of carbon, hydrogen, ash and moisture content. Tables 1.2

and 1.3 show the analysis of several fuels as a percentage of dry fuel weight and their calorific

value respectively. We can see the difference between hardwood, softwood, agricultural grain,

natural gas and fuel oil to compare [31]. Hardwood species are denser than softwood species

because the latter content more resins, but the energy content is considered as equal in both

kinds. The only main difference is the time taken during natural drying process of wood. The

calorific value of anhydrous wood varies between 18.5 to 19 MJ/kg and it is inversely propor-

tional to the amount of water within the wood, as shown in Figure 1.2.

Logs are not the best option for handling or feeding automatic systems because of their di-

mension. Moreover, its small surface area to volume ratio is not convenient to combustion

efficiency. Sawdust is suitable to be processed into pellets or briquettes. Wood pellets and

briquettes are made via drying and compressing sawdust, they are manufactured products,

meaning dry and size uniform fuel, so their creation process requires a relatively important

amount of energy. Their price is higher making them less interesting for large scale systems.

By comparing wood logs to wood chips, it is obvious that chips are advantageous in terms of

automation. Chips work as an uniform fuel that flows and can be fed into a boiler as a flow,

therefore they could be used in automatic systems. With a higher surface area to volume ratio

they can also be burned very efficiently [5]. Wood chips normally come from forest thinning,

arboricultural trimming, energy cropping or even residues from activities such as furniture cre-

ation, they do not need an extra stage process as pellets or briquettes do, and consequently,

their price is considerably lower. They are interesting because of its low price and the fact that

they normally can be produced directly in the forest and transported to the client. This process

requires little energy. It has been proved that the energy consumption to generate renewable
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energy from wood chips combustion represents 2% of the total energy recovered. This means

that the contribution of fossil fuels during the chain process of the wood to energy industry

could be negligible, resulting in a full renewable carbon neutral source. The powerplants that

are dedicated to combustion of biomass mostly use wood chips as biofuel [32].

Maple Spruce Corn No.2 Oil Natural Gas
Carbon 48.94 51.97 47.63 86.40 71.60

Hydrogen 5.60 5.59 6.66 12.70 23.20
Nitrogen 0.22 0.43 1.46 0 4.30

Sulfur 0.16 0.10 0.11 0.70 0
Oxygen 43.67 41.24 42.69 0.20 0.90

Ash 1.41 0.67 1.45 trace 0

Table 1.2: Comparison of compounds as a percentage of dry fuel weight [31].

Maple Spruce Corn Fuel Oil Natural Gas
Calorific Value (Btu/dry pound) 8.350 8.720 8.120 19.590 22.080

Table 1.3: Comparison of calorific value [31].
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Figure 1.2: Calorific value versus moisture content of the wood [9].

1.2.3 Boilers

Nowadays, biomass contribution to primary energy consumption is below to the available pos-

sibilities. It mainly consists of burning wood in fireplaces and stoves, often little effective.

However, technologies for the use of woody biomass in heating systems have experienced high

development in recent years. Modern biomass heating systems basically consist of a biomass
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boiler, a space to stock the fuel, a chimney, hydronic systems to distribute the hot water and

discharge heating and an outdoor temperature sensor. They have reached levels of efficiency

and reliability similar to those of gas or oil boilers, they are fully automatic using low cost fuels

that provide ultra low emissions. There are basically three kinds of boilers for wood biomass

combustion according to the three main wood fuel categories: wooden blocks, chips and com-

pressed powdered wood (pellets). Combustion of firewood is the most extended way of using

biomass in domestic heating. Because of the requirement of a manual feeding, wooden log

boilers power is limited to some tens of kilowatt, and they are more suitable for single houses.

Pellet and chip boilers are automatic fed systems as fuel behaves as a fluid, their efficiency is

comparable to those boilers using gas or petrol. They are normally delivered by large lorries.

The fuel stock room must be beside the boiler and preferably underground to ease the loading,

it must be protected from water leaks in order not to spoil the biofuel. The fuel is automatically

taken from the stock to the boiler where the combustion takes place. Pellets boilers are normally

smaller and more simple than chip boilers since the fuel is manufactured, so homogeneous and

more expensive. Wood chip boilers use grinded wood of few centimeters size, loaded automat-

ically through feeding systems. These wood chip systems are not limited in size and can reach

a heating power of several megawatts. Chipped systems are particularly suitable for heating in

buildings of medium or large size, they are normally used in public buildings such as hotels,

schools or hospitals. It is very important to ensure that wood chip boilers are supplied with the

appropriate type of fuel. This will vary between boiler types and sizes. The two most important

variables are the chip size and the average moisture content of the biofuel [33, 34].

1.2.4 Towards a new energy strategy for Europe 2011-2020

Strong dependence on fossil fuels and inefficient use of raw sources contribute to global warm-

ing, turn into high energy prices and threats the economic security. The expansion of the world

population and the increase of energy consumption will intensify the damage. Therefore the

fight against climate change requires drastic plans. Europe is facing a moment of transfor-

mation, the crisis has caused recession and nowadays changes are required. There are very

optimistic perspectives for this decade and several goals to achieve. Regarding to energy is-

sues, 2020 promotes more efficient energy resources, more renewable contribution and more

economical competitiveness [11]. The "20-20-20" objectives set in the Climate and Energy Pack-

age by the European Commission in 2008, represent three key goals that have to be reached by

2020:

• A 20% reduction in emissions of greenhouse gases in the EU, compared to 1990 levels.

Trying to reduce them to 30% if conditions are good;



1.2. WOOD BIOMASS ENERGY FOR HEATING 15

• A 20% increase in participation in the EU energy produced from renewable resources;

• A 20% improvement in energy efficiency in the EU.

Based on these objectives, each country has a national policy to support the energy efficiency

and to prevent the climate change. The details for each country are specified in the national

action plans for energy efficiency and renewable energy and are defined according to their con-

sumption and resources. Figure 1.3 shows the ratio of renewable energy consumption of each

country in 2013, and the ratio that must be reached by 2020. Some of the Northern countries

have already developed a competitive structure of renewable sources making easier to reach

the goal set by the European Union. Others like France, United Kingdom or Netherlands must

double or even triple their renewable consumption in relation to 2011 [35].

Figure 1.3: Renewable energy consumption goals by 2020, taken from [35].

The strategy "20-20-20" represents helping the environment, contributing to fight the climate

change and create new business and employment opportunities. If EU leads the market of
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green technologies, the industrial competitiveness and economical security would be greatly

reinforced. Meeting these energy goals could result in creating over 1 million of new jobs and

€60 billion investment less in oil and gas imports by 2020, which is key for energy security

[36]. They are the first step to a long term goals leading to an environmentally-friendly energy

consumption. The European energy security strategy presents long term measures to ensure

Europe’s security of supply. Reports for EU energy trends to 2030 and 2050 are planned. Higher

investment in renewable energies, low carbon technologies and energy efficient are expected.

These trends lead to reduce greenhouse gas emissions by 80% to 95% compared to 1990 levels

by 2050, as well as to reach 75% consumption from renewable energies. A situation based on

sustainable energy consumption is pursued [37].

The forests in Europe represents around 40% of the territory, and continues to grow by 0.4%

annually in last decades. Currently, it is used only 60-70% of the annual increment of Euro-

pean forests, so stocks are enlarging. Today, 58% of all wood harvested in Europe is used in

carpentry, furniture, paper and pulp. The remaining 42% is used for energy. Currently forest

biomass is the most important renewable energy source, representing 50% of total consumption

of renewable energy in the EU. So it has an important role to achieve the target of 20% increase

in the consumption of renewable energy in the EU. Wood is a natural material and if it comes

from sustainable forests it will minimize the effects on the climate. Therefore, Europe needs a

well managed and balanced way to run forest industry, covering the demand for wood while

protecting biodiversity. There is no common EU forest policy and that is why a new EU strat-

egy for the forestry sector is proposed. This proposal leads to set the forest sector as the main

path towards a green economy. So to make the most of sustainable forest ensures a balanced

production and consumption of wood, and thus minimizes the impact on the environment [38].

1.2.5 French energy policy

France is in the top ten list of countries with higher energy consumption in the world with

253 Mtoe in 2013, 18.4 Mtoe of which are coming from renewable energy sources. The French

target is to reach 23% of renewable energy consumption by 2020. Therefore, the annual renew-

able energy production rate should double from 18.4 Mtoe to 37 Mtoe. Wood for renewable

energy and forest policies were not a priority until 2007 when Grenelle environmental forum

changed the forest policy, it was turned into a harvesting policy, and higher priority was given

to the collection and the use of wood as biomass. There is no target for the production of en-

ergy from wood biomass but its demand is expected to highly increase by 2020, therefore most

European policies encourage the use of forest biomass for electricity. The last French annual

finance law project (2013) has set as main goal the increase of the wood market. Reducing the

climate change is the central interest of this forest policy [39].
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1.3 Industrial process

Wood chips are the most inexpensive form of woody biomass nowadays, and they are used for

heating in chip boilers with precise fuel specifications of size and moisture content (MC). They

are normally purchased in sawmills using the MAP5 unity. One net cubic meter of solid wood

represents 2.5 MAP, in other words 2.5 m3 of chipped wood and air. MAP is the french volume

terminology and it is translated in english as bulk cubic meter. The large volume of this fuel is a

parameter to take into account because it requires a large enough storage site and a monitoring

technology suitable for rough conditions.

1.3.1 Production chain

Fgure 1.4 briefly explains the industrial process, from collection, manufacture and maintenance

of wood chips until delivery to the customer.

Figure 1.4: Production chain of wood chips, taken from [40].

After the felling process, the logs recollected can be directly chipped in the forest or transported

to a warehouse. Generally in warehouses, logs are left to dry naturally, either inside or outside,

sometimes covered by a special tarpaulin. The drying natural process of logs takes in between

4 and 12 months before the chipping, depending on the nature of wood, hardwood is denser

so it implies a slower drying. It must be settled in a good open air space location during dry

weather season. It must be properly protected during the rainy season. Stacking wood chips

in large piles can cause mold, overall in the case of wet chips. This makes the temperature in

the middle of the pile to rise, the pile could get on fire when is is very big, that is why piles of

5MAP unity means un metre cube apparent de plaquettes in french which represents 1 m3 of wood chips and air.
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chips in warehouses are normally limited to 8-10 meters high [41]. The drying natural process

can reduce the MC to 25%-30%. In the case of chipping green wood chips directly in the forest,

they would have a moisture content of 50%-60%, so that they must be used earlier because they

take the risk of being decomposed. However, nowadays some techniques of artificial or forced

drying are being considered. Unheated drying air as fans or heated drying air based on solar

energy can be used to reduce MC of the fuel, when heat cheap energy is available. The idea is

to reduce MC using low energy investment. A lower MC allows a long term storage of chips

with little microbial activity, resulting in less losses and more fuel available. It also increases

the efficiency of the fuel and reduces its emissions [42, 43]. This technique is not standardized

and it is hardly applied.

To produce wood chips, green parts must be left over in the forest. The Figure 1.5 shows a

chipping unit, some of them have crane-tip mounted scales that check the quantity of wood

that is being harvested. Once the wood is chipped and specified by size and MC, it is kept in

warehouses until the moment of the purchase. Then they are priced according to the calorific

value offered, and delivered to the client typically in trucks. The particle size distribution of

wood chips depends on the type of the chipper. The CEN6 standard classifies chips in classes:

particle classes P16, P45, P63 and P100 have a minimum size of 3.15 mm, and a maximum size

respectively of 16 mm, 45 mm, 63 mm and 100 mm. In terms of quality, the commercial classes

P16, P45 and P63 describe high grade chips, suitable for the feeding of small domestic boilers.

The CEN standard classifies chip moisture content in classes: M20, M30, M40, M55 and M65,

indicating the maximum value of moisture content that the fuel has. A fuel delivered under the

label M40 means that it represents a moisture content between 30% and 40%. Storage of wood

chips is not advisable over M40 due to risk of decomposition. When produced from freshly

felled trees, MC can be very high, up to 70%. Larger boilers can burn wet wood chips. Smaller

boilers need chips of a moisture content of 30% or less. The CEN standard also classifies wood

chips ash content in classes: A0.7, A1.5, A3.0, A6.0 and A10 that indicates the maximum percent

of ash content per weight [44].

Forests, handling and storage techniques (see Figure 1.6) through the full industrial chain must

meet some minimum quality requirements in order to obtain a final high quality fuel. Different

stages as the method to harvest and care of handling the fuel determine the presence of impu-

rities in wood fuel like stones, soil or other materials left over in the forest that can damage a

boiler system. A clean fuel and storage room ensures the efficient performance of the system.

A well managed industrial process makes easier to get good quality final product, so the pro-

cess of harvesting must be a controlled standardized process to avoid impurities at all handling

stages, from the felling stage until the delivery to the client.

6European Committee for Standardization.
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Figure 1.5: Chipping unit machine taken from [45].

1.3.2 Importance of standards

In the late nineties the European Commission gave CEN the mandate to develop standards

for solid biofuels to support the energy policy of Europe. With this policy the European Com-

mission set targets to be reached by 2020 to reduce greenhouse gas emission and to become

less dependent on oil and gas. The mandate of the European Commission to CEN was to de-

velop quality standards for solid biofuels. The import of biomass in Europe was increasing

so the development not only of European standards but also global standards became more

and more important. The development of standards for sampling and testing solid biofuels as

well as fuel quality assurance is a key element to unblock fuel markets and trans European fuel

trade. This contributes to reach the environmental, social and economic goals of the European

Commission. The standards are made in response to private or public institutions needs. In

this particular case of biofuels, the standards provide an accurate description of the product

for both sellers and buyers. Thus, the functioning of the biomass industry gets harmonized

and promotes transparency in the market and in the price of biofuel. This provides a better

customer-seller relationship. There is a broad spectrum of biomass that can be used for heat

energy. The differences are mainly due to different parameters such as moisture content, ash

content or kind of chipper size [49]. As a rule, biomass equipment as boilers and fuel chip

conveyed systems are designed to operate effectively with a specific fuel [50]. Low quality

fuel means inhomogeneous particle size, ash content and MC. A boiler using wood chips with

different specifications than those that are required, will reduce efficiency, increase emissions

and even get ruined. Some boilers can use a range of fuels, but they may need to be manu-

ally re-calibrated to inform the control system about the changes in the fuel properties. Fuel

Standards provide then an accurate description of the wood chip fuel physical parameters and

performance characteristics. The physical description covers the maximum size and maximum

moisture content, origin or ash content, ensuring that the correct wood fuel can be matched to
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Figure 1.6: Handling wood chips in the warehouse taken from [46, 47, 48].

the biomass boiler. For example a tonne of chips would be characterized by a label P40-M30-

A1.5. These fuel standards describe accurately the product and they are key to give reliability in

the purchase. This reassures the user that the biomass fuel is efficient, and that their equipment

will operate correctly. Clear biomass standards avoid possible buyer-client misunderstandings,

protects both sides and give mutual confidence, making life easier for everyone involved. A

large scale standardized approach of quantity and quality monitoring of the wood chip pro-

duction chain aims to ensure cost-efficient production of wood, high-value fuel and satisfied

costumers [51]. In the following paragraphs a more detailed explanation of European stan-

dards for biofuel is presented.

1.3.3 Standards

The European Committee for Standardization CEN is an association that gathers the National

Standardization Bodies of 33 European countries. CEN contributes to the development of Eu-

ropean Standards regarding different materials, services and processes [52]. The technical com-

mittee CEN/TC 335 Solid biofuels was founded in 2000 within the scope of solid biofuels,
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including wood chips. Table 1.4 shows its equivalent nomenclatures corresponding to world-

wide, european and national level (France). Regarding to biofuel standards, there were sev-

eral national standards such as the Austrian ÖNORM M7 133 and the German DIN 66 165 in

2004, but there was no common standard in Europe yet. CEN/TC 335 was then established by

the European Commission to develop the relevant European Standards for the market of solid

biofuels. Its objectives were: facilitate international trade, supply boiler heating systems and

improve the development of agricultural and forest biomass [53]. These specifications have

been translated into French experimental standards by l’Association Française de Normalisation

(AFNOR). CEN/TS for solid biofuels have been upgraded to Euro-Norms as ÖNORM or DIN,

and also used as the basis for new ISO standards (ISO/TC 238). Many standards for solid

biomass were published or are under construction with the goal of reaching a Standardized

fuel quality certificate in Europe. The standards that belong to the committee CEN/TC 335 are

mainly focused on three major groups:

• The group of descriptions and definitions where fuel specifications and classes are de-

scribed;

• The group that determines the different parameters that characterizes the fuel, such as

MC, chip size, calorific value or ash content;

• The third group is mostly focused on monitoring through the supply chain [54].

Figure 1.7: Samples of wood chips drying in an oven.

There is no requirement to give a more detailed description of existing standards. However, a

brief explanation about the specifications of the standard method to determine the MC in wood

chips is presented, giving a general idea of the advantages and disadvantages of it. The stan-

dard total moisture reference method belonging to the committee CEN/TC 335 Solid biofuels

was last published in 2010 and is implemented since 2004 [14]. This standard method is divided
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in three rapports (see Table 1.5) and is applicable to all solid biofuels. The way of determining

the MC is taking samples of 300 g of biofuel and drying them in an oven at a temperature of

105° in air atmosphere until the mass remains constant. This process is shown in Figure 1.7.

Then the MC is calculated by

MC(%) =
mwet − mdry

mwet
× 100, (1.1)

where mwet corresponds to the actual mass (wood and water) and mdry corresponds to the mass

of the wood as if the fuel were anhydrous. This method does not demand a complex labora-

tory equipment, it is considered precise and independent from parameters like fuel density or

ambient temperature. However, it is neither fast nor representative as it usually takes 24 hours

and the MC of the taken sample can vary largely depending on the part of the fuel bulk. The

term MC when drying biomass materials can be not entirely truthful because untreated biomass

contains amounts of volatile compounds that can be evaporated during the drying process [55].

On worldwide level: International
Standardization Organization

(ISO)

ISO/TC 238 ’Solid Biofuels’
Developing International

standards
On european level: European

Committee for Standardization
(CEN)

CEN/TC 335 ’Solid Biofuels’
Developing European standards

On national level: L’Association

française de normalisation (AFNOR)

La Commission de normalisation

X34B est le miroir du CEN/TC 335
’Solid Biofuels’

Table 1.4: Standards for solid biofuels.

European standards (EN) International standards (ISO)
Physical and mechanical properties Physical and mechanical properties

EN 14774-1:2009
Part 1: Total moisture,

Reference method
ISO 18134-1

Part 1: Total moisture,
Reference method

EN 14774-2:2009
Part 2: Total moisture,

Simplified method
ISO 18134-2

Part 2: Total moisture,
Simplified method

EN 14774-3:2009
Part 3: Moisture in

general analysis
sample

ISO 18134-3
Part 3: Moisture in

general analysis
sample

Table 1.5: Standard correspondence for solid biofuels, determination of moisture content, oven
dry method.
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Combustion of biomass for heat and energy production is expanding due to the trend of re-

newable alternatives to fossil fuels. The wood chips, shredded wood of some centimeters, have

many advantages for the production of thermal energy. They come from wood that would not

be valued otherwise, their production represents 2% of the energy recovered and it is a natural

abundant source available that can provide a significant amount of energy supplies of many

countries like France. It has been justified that the main goal of European Standards is to har-

monize the trade market, improve the quality of the final product as well as the producer-client

relationship. Solid biofuels are by nature heterogeneous, they are composed by a mix of differ-

ent moisture contents (MC), densities and sizes of chips. Since wood chips come mainly from

forest thinning and residues from logging operations, their MC varies largely, from around 10%

to 60%. Today the commercial value of wood chips depends on the MC. Since it is the most im-

portant parameter to determine for optimizing the performance of a power plant. Variation in

MC of the fuel affects the combustion process since the water does not take part in the reac-

tion, it just absorbs heat energy as it evaporates. This represents a problem specially for smaller

plants whose technical or economical resources are more limited than large ones [56, 57].

The current method, called Oven Dry Method (EN 14774-1:2009) is nowadays the official method

to determine MC in wood chips. Some differences in the results of this method have been no-

ticed (<1%), when using several temperatures in the drying process. This happens because

of the possible presence of volatile compounds in the fuel, that evaporate when determining

the MC in the oven [58]. This method is viable since it does not require complex equipment,

and it is accurate and independent of parameters such as room temperature or fuel density.

The fact remains that it is not rapid and does not offer a representative value of MC of a large

amount of heterogeneous fuel, since just several small samples are taken to be dried [59, 55].

Owing to these issues, a continual research on new technologies more suitable to the industrial

requirements is carried out.

In this chapter several technologies to determine the MC of wood chips are presented, some of

which have been already turned into commercialized products, and others have not been tested

owing to complex performance requirements or no reasonable cost limits. Technologies for fuel

characterization reported in the literature can basically be separated in two major groups: Di-

rect measurement methods that refer to measuring exactly the fuel itself and indirect measure-

ment methods that are based on determining MC from other parameters. Thermogravimetric

and analytical methods are direct methods while electrical, optical, radiometric, hygrometric

and acoustical are indirect methods [56].
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2.1 Thermogravimetric methods

The thermogravimetric methods are based on the weight loss determination after a drying pro-

cess. The sample must be weighed before and after the drying process finishes. The quantity

of water is established between the initial weight of the material and its weight after it has

been dried. The end of the drying process is achieved when weight losses do no longer vary.

These methods are based on oven drying, freeze drying, infrared drying and microwaves dry-

ing. They are reliable but relatively slow, from 10 minutes (microwaves drying) to several days

(freeze drying). The lower the temperature the longer the time required, however the evapora-

tion of volatile compounds is reduced. All thermogravimetric methods operate destructively.

2.1.1 Freeze drying

This technique is mostly used in alimentary industry, the absence of liquid water and the low

temperatures required results in less deterioration of the product so it gives a final product of

better quality when compare with oven drying method. Despite of these advantages, freeze-

drying is seen as the most expensive process of drying [60]. It consists on freezing the sample

at -20 °C which then is dried into a vacuum chamber at ambient air temperature during several

days. When applying freeze and oven drying on wood chips, the resulting MC is slightly lower

if using freeze drying due to the absence of volatile non-water compounds [58]. Figure 2.1

presents a commercialized model of freeze dryer (Christ ALpha 1-2 LD Freeze dryer) whose ice

condenser capacity is 2.5 kg and operating temperature down to −55°C. This process lasts 24

hours for drying a 2-kg sample. There is a wide range of size capacity available [61].

Figure 2.1: Christ ALpha 1-2 LD Freeze dryer, taken from [61].
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2.1.2 Oven drying

This standard method, EN 14774-1:2009 or ISO/CD 18134-1, is applicable to all solid biofuels.

The way of determining the MC is taking a sample of biofuel of about 300 g and drying it in

an oven at a temperature of 105°C in air atmosphere until the mass remains constant. This

process usually takes 24 hours. Figure 2.2 shows a typical oven applied to the standard method

EN 14774-1:2009 or ISO/CD 18134-1. Its use is common in industry and science since provides

a precise drying performance. This specific model (Universal Oven UN55plus) works for a

temperature range from 5°C above ambient up to 300°C, it holds a 53-L volume and 80-kg

maximum loading. Temperature, air flap position and time can be programmed [62].

Figure 2.2: Universal Oven UN55plus, taken from [62].

2.1.3 Infrared drying

Infrared driers are designed for industrial and professional sectors. They are scale driers that

determine the weight while drying. Humidity can be quickly and accurately detected in many

different materials such as: powder materials, food, pallets or wood chips. The samples are

small, less than 60 g and the time required for wood chips drying is between 7 to 48 minutes

[56]. Figure 2.3 presents a moisture analyzer balance based on infrared drying, this model

(Infrared Moisture Analyzer MA35M-000115V1) is a simple model that measures samples up

to 35 g with 1 mg resolution [63].

2.1.4 Microwave Drying

They are scale driers, like the infrared driers. Unlike conventional oven drying, microwave

drying yields accurate results in less than 20 minutes, making it ideal for process control [56].

Figure 2.4 gives a moisture content measurement device based on microwave radiation. Its

range of moisture is from 0% to 100% with a 0.2 % bias [64].
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Figure 2.3: Infrared Moisture Analyzer MA35M-000115V1 taken from [63].

Figure 2.4: Moisture Analyser PCE-MWM 300 taken from [64].

2.2 Analytical methods

Contrary to thermogravimetric methods, analytical methods take the possible volatile com-

pounds lost into account. Avoiding the combustion of treated or impregnated material, analyt-

ical methods are chemical methods based on the mixture of the fuel with a chemical element.

Azeotropic distillation with water immiscible solvents like toluene or xylene are used to de-

termine MC in lignocellulosic biomass. Water distills with the solvent and after condensation,

these get separated so the quantity of water can be determined [65]. Xylene distillation ex-

periments were performed in reference [58] and compared to results obtained by the standard

oven method. The deviation in the results are explained by the amounts of volatile compounds

released in the drying method. Karl Fisher method is also used in the determination of MC

in wood, dry methanol displaces the water in the sample. Afterward, the water is titrated

via the Karl Fisher method. This method is neither affected by possible volatile compounds.

Automated Karl fisher titrators are commercially available and they offer excellent measuring

accuracy. Figure 2.5 introduces this technology. It can either be used as stand-alone titrator or

integrated into an overarching network. The Karl Fisher Titrando family of titrators includes



28 CHAPTER 2. BACKGROUND

a variety of coulometric, volumetric, and combined titrators, enabling to analyze any water

content from 0.001 to 100% [66].

Figure 2.5: KF Titrator: Metrohm’s instrument, taken from [66].

2.3 Rapid or indirect methods

The increasing use of wood chips as fuel implies more bulk MC measurements, which are

nowadays based on the time-consuming standard methods. Deliveries and contractor num-

bers are growing rapidly, expecting accurate delivery control for the bulk fuel. In order to be

able to apply feed forward control, moisture content for chips bulk or flow should be measured

automatically and online. The importance of saving time and obtaining information on the MC

prior to incineration is the main motivation for using rapid test methods for moisture determi-

nation. Rapid measurements of the MC are based on using electrical, optical, radiometric or

hygrometric methods.

2.3.1 Radiofrequency methods

The dielectric properties of the material depend on its physical properties, especially MC. This

fact is utilized in microwave and RF measurements [67]. The term radiofrequency RF theoret-

ically represents electromagnetic waves of frequencies between 3 Hz and 300 GHz. However

the term microwaves is commonly used for frequencies between 1 GHz and 300 GHz. So ra-

diofrequency refers here to frequencies lower than around 1 GHz.
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RF and microwave methods can use the attenuation, phase shift, or resonance sensors for mois-

ture metering. The most common way is to use absorption, that is, energy attenuation. Mea-

surement results depend on the sample temperature, which can be easily compensated for. It is

also necessary to know the sample density or to measure a certain fixed dimensions of a sam-

ple. If the material changes, a new calibration will be applied respectively. An electrical system

for MC determination is basically a personal computer, a network analyzer and two anten-

nas. An electromagnetic field is transmitted and its phase shift and attenuation are calculated.

Calibrations are needed because density, temperature and mass affect the signals.

A RF method based on reflection technology to determine MC in large samples of biofuels

is based on the attenuation shift in frequency and time domain. This technique is studied

in reference [68]. The proposed method is a small scale version of an application for large

volumes of biofuel in a container. The idea is to measure the reflection energy from the material

under test with a RF antenna placed above the container that holds the sample. Two 57-cm

diameter and 85-cm height barrels made of steel were joint, simulating a waveguide with a

short circuit at the end. The upper barrel holds the RF antenna and absorbent material, and the

bottom barrel contents the sample, sawdust in this case. Results show that attenuation is higher

for higher MC in the frequency domain until 800 MHz. The time delay of the pulse between

310 MHz and 1300 MHz does not change with MC but the amplitude does, the reflection from

the surface of the material and from the bottom of the barrel are clearly differentiated. In fact,

it is demonstrated that the higher the MC, the stronger the reflection from the surface and

the weaker the reflection from the bottom. Calibration is necessary in this method to avoid

interferences. The adaptation of this technology to a real application would turn into a giant

waveguide, that might be not quite practical for the wood industry requirements.

2.3.2 Microwaves methods

The basis for microwave measurements is similar to RF. But microwaves are more suited for

flow measurements due to their lower penetration depth. Methods based on microwaves trans-

mission technology are reported in literature [69, 70]. The attenuation and shift phase of an elec-

tromagnetic signal are studied to determine the moisture content of a solid sample of timber.

A transmitter and receiver placed at each side of the sample, are used to study the transmit-

ted signal. The density of the material under test is a very important parameter when using

microwaves techniques because it influences the measurement of the MC. It has been demon-

strated that a moisture measurement of timber independent of the density can be achieved by

measuring two microwave parameters. Methods based on this idea are reported in literature

[71]. They are based on measuring attenuation and phase shifts of a transmitted signal at a
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single frequency, on measuring changes of attenuation and phase shifts versus frequency or on

measuring two phase shifts at two different frequencies. The latter method is reported as the

more accurate because attenuation can be a complex parameter to study due to the multiple

reflection, however this phenomena influence less the phase measurement.

In reference [72] a method for MC determination of bulk wheat grain is based on a rectangular

waveguide at 1.5 GHz. Firstly, a sample of 40 g of the material is compressed into a semi solid

block. The scattering parameters are measured in the waveguide and the complex permittivity

is determined. Results show that real and imaginary part of the permittivity are strongly de-

pendent on MC and independent on the compression forced applied. MC between 5% and 18%

were tested. This method can be a basis for a robust MC technique of larger samples for gran-

ular materials. Reference [73] proposes a method for simultaneous measurements of density

and MC by measuring dielectric properties in static samples of wheat. The method assures to

be also valid for other particular materials and the possibility to be applied in real time on-line

measurements applications.

It is also possible to perform measurements in time domain. Electrical time domain is a tech-

nique based on dielectric property behavior in time-varying electric field. These variations are

used to determine permittivity or electrical conductivity. The main application is the determi-

nation of MC in porous materials. This technique was first applied in wood in 1996. It measures

the MC of a sample via measuring the time needed for an electromagnetic pulse to travel forth

and back through the sample [74].

The basis of MC determination using microwave technology is the relaxation of the molecules

of water present at high frequency. The higher the frequency, more changes in the investigated

parameters. The properties of dielectric materials are determined by its permittivity. Trans-

mission or reflection sensors investigate these parameters. However the highest sensitivity is

achieved by resonator sensors. Using this technique, the sensor is in contact with the mate-

rial under test, therefore the field penetrates the material up to certain depth. Since the global

permittivity is a function of water content, dry matter and air, the resonance frequency and

quality factor of the sensor change according to the dielectric constant and the loss factor, re-

spectively. Coaxial and planar resonators at microwave frequencies are used to study MC in

soil or granular materials such sand in [75, 76, 77].

2.3.3 Electrostatic methods

One of the earliest applications was to correlate electrical resistance or conductance of the ma-

terial under test and its MC. For dielectric devices it has been seen that the density of the fuel
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affects the measurement so, calibrations for several types of fuel should be considered [59]. A

capacitive sensing method is studied in [78]. A robust vessel made of printed circuit board

(PCB) material and open at the top is filled by wood pellets. There are several electrodes in

a vessel (20 cm × 15 cm); either three pairs of electrodes located on one wall of the vessel, or

one pair of electrodes located in both parallel walls of the vessel. A temperature calibration

is needed. Results show that larger gap between receiver and transmitter (parallel electrodes)

is better than small gaps for heterogeneous material such as pellets. Measurements are less

sensitive to grain direction and bulk density in this case, therefore capacitive measurements

show higher reproducibility for the parallel geometry. Methods based on studying conduc-

tance or capacitance are very extended in lumber industry but they often require a superficial

measurement. FMG 3000 is a commercial device based on capacitive technology, it is presented

in Figure 2.6, its weight is 12 kg, it measures a range between 0% and 55% MC samples of 60-L

volume [79].

Figure 2.6: FMG 3000 - Moisture meter taken from [79].

There are many probes based on static measurements [80]. Wood moisture meter PCE-HMM

is a device to determine moisture and temperature of chips. It is presented in Figure 2.7 (left)

and it is available in four different lengths of measuring probe: 25 cm, 50 cm, 100 cm or 270 cm.

The measuring range of the moisture meter covers from 9% to 50% and a temperature range of

−10°C to +100°C. Another device called Meter GMH 3830 and based on resistive technology

is shown in Figure 2.7 (right). There is always few centimeters penetration in these devices.

2.3.4 Optical methods

Infrared-reflectometric method is based on electromagnetic energy being absorbed by the sam-

ple when this one is reached by light. This light consists of two kinds of waves that are applied

through the fuel. One of them at a frequency able to get the maximum absorption by free water,

and a second one at a frequency hardly absorbed by water or by any other component of the
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Figure 2.7: Moisture meter PCE-HMM (left) and moisture meter GMH 3830 (right), both taken
from [80].

sample. The relation between the intensity of both kind of reflected waves determine the MC of

the fuel. The Near-infrared radiation (NIR) method (Mesa MM710) was tested and it is advis-

able to apply individual calibration function for different bulk densities [59]. NIR, penetrates

further into the sample than IR (a few millimeters) and is therefore more suitable for biofuel.

Both IR and NIR are surface measurement methods and can only be used on biofuel conveyed

on a belt in a full scale application. These methods only study the surface, so the density of

the sample is therefore not relevant. NIR is seen as the most promising method to be used in a

continuous flow of wood chips. Compensation for frozen water and surrounding light can be

applied using multivariate calibration and especially Partial Least Squares (PLS) [57]. Products

based on Infrared-reflectometric method are commercially available [81, 82]. NIR spectrometer

(Series KJT70) for moisture determination in process applications and the humidity analyzer

(GRECON IR 5000) are both devices designed for belt applications based on infrared radiation,

see Figure 2.8 and 2.9.

Figure 2.8: Optical Spectrometer Series KJT70, taken from [81].
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Figure 2.9: Grecon IR 5000, taken from [82].

2.3.5 Hygrometrical methods

In the field of moisture measuring, there are two kinds of moisture. The absolute moisture of

the material, in this case wood, that indicates the percentage of water content referred to the

dry mass. And the relative equilibrium moisture content that indicates the relative moisture of

the ambient air counterbalancing the material, in this latter case, the material does not absorb

or release any moisture. Air humidity balance method is based on the property of wood of

absorbing or releasing water from or to the atmosphere (hygroscopic properties) [83]. When

the atmosphere and the material present the same water vapor pressure inside a container, this

means that the sample is under constant conditions. As the equilibrium air humidity is a func-

tion of the MC of the sample and the temperature, MC can be determined via studying these

two parameters. In spite of the accuracy of the humidity balance method, it is not applicable

for wood chips because it reaches precision up to 14% MC (wet base) [56]. Sven Hermansson

presents the option of determining the MC of wood chips via measuring the oxygen and mois-

ture content of the flue gases inside a furnace. The furnace must be equipped with flue-gas

condenser. Relative humidity sensors can be used in gases up to 200°C, qualifying the method

for this application. Results indicate that the method can predict changes in MC. By knowing

the fluctuations in fuel on-line, parameters of the furnace can be regulated to ensure good per-

formance, but it has been found that the accuracy of the sensor deteriorates with the presence

of water. Condensation phenomena influences the relative humidity measurement so that this

method just allows measurements of wood chips with very low MC [84].

Measurements of wood chips based on flue-gas in Sweden consist of determining efficiency

via several measurements (inlet air, water steam to the air and combustion, flue-gas) after the

combustion chamber and outdoors [57]. Commercialized products based on this technology

are available [85]. Figure 2.10 presents an example of humimeter for 12-L sample volume. It

covers a range from 5% to 70% water content and its resolution is up to 0.1% water content.
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Figure 2.10: Humimeter BMA, taken from [85].

2.3.6 Radiometric methods

A technique that uses dual X-ray radiation on wood chips was performed in Sweden, using

frozen and non frozen spruce and pine that are the main species in the region. The method

consists on X-raying a sample inside a 3-L vessel at two different photon energies. Both energies

are attenuated through the sample. A detector registers this attenuation at two frequencies

that are correlated with the effective atomic number of the material under test, the latter is

dependent on the quantity of water within the sample. Results show that there is no difference

between frozen or unfrozen water, and that better results are obtained when using calibration

models developed for a single specie rather than for both [86].

Nuclear magnetic resonant method senses the quantity of hydrogen in the material under test.

Hydrogen atoms align themselves in a magnetic field and can be excited with the application of

a certain electromagnetic wave. This excitation is registered with NMR spectroscopy. Lawrence

Berkeley National Laboratory developed a MC measurement that consists of a permanent mag-

net, this include an enclosure where the material under test is measured. A solenoidal coil was

wrapped around the sample tube, neither the sample tube nor the RF coil influence the NMR

signal. Temperature changes affect the field, so this studies are performed into a temperature-

controlled box. The magnet dimensions are 32 cm×28 cm×19 cm, its mass is about 68 kg and

the magnetic field applied is 0.47 T. Tests performed in several samples of wood chips show

that this method is as accurate as the standard method. It takes just a few seconds and it differ-

entiates between liquid water and frozen water, which can be very exploitable for the forestry

industry. The questionable issue is if this technology is cost effective [87].

Neutron activation analysis (NAA) is a nuclear process, the sample is radiated with a source of

neutrons, resulting in gamma-ray emissions from the material under test. This chemical sepa-

ration of elements allows the determination of the composition of the material. This technique

is normally used to analyze elements in small concentrations. Neutron moisture measures are
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also used to determine moisture dependent factors in several industrial processes [88]. The

basis is that the neutron parameters vary according to the quantity of hydrogen concentration

in the material under test, that is to say, the water content volume. The probe presented is

assumed to be located in an homogeneous and constant density material and is formed by an

internal neutron source and a line detector for thermal neutrons. Calibration for bulk density is

applied. Results show that the probe is sensitive to the water, overall when the source is closer

to the detector.

2.4 Synthesis

It is obvious why time-consuming thermogravimetric methods are not suitable for the wood-

to-energy industry requirements. They are very slow when an automatic measure is essential.

Moreover they take small samples to give a MC value. The analytical methods are less time-

consuming but also suffer from the same limitation. Unlike these direct methods, the indirect

or rapid determination methods operate non-destructively, and the results are available within

seconds or minutes. Several of the methods presented are not technically or economically suit-

able, or they are simply not commercially available for rapid testing.

The infrared-reflectometric can be independent of the density of the material since it is basically

affected by the surface. However, the capacitive, microwave and time-domain reflectometry

(TDR) sensors are influenced by this parameter up to 5% to the total variation [56]. Both in-

frared (IR) and near infrared (NIR) are surface measurement methods and can only be used on

biofuel conveyed on a belt in a full scale application. Microwaves have a penetration depth of

approximately 15 cm and are more suitable also for small samples or a conveyor belt applica-

tion. Radiofrequency (RF) has a larger penetration depth than microwaves and is suitable for

measurements of large sample volumes. More research in this area is expected in the future

[57]. Multicalibration is required because the density, mass and temperature of the material

affect the signals. Hygrometric method is rather slow for the expectations of real applications,

it takes more than 15 minutes. There is no evidence about nuclear magnetic resonance (NMR)

being good as a research field for MC determination [57]. Although NMR can measure MC and

locates where the water is in the sample, it is a high cost technology. It is not a suitable method,

either because the measurement time is too long for use in on line applications or because the

dimensions of the device would be extremely big for the sample size under test [87]. Neutron

activation analysis (NAA) could be adapted to a real applications but it presents disadvantages

regarding security of users.

A lot of research in this field has been going on in recent years because of the importance of the

biomass in the production of heating. Many patents have been filled in to protect convenient
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technological instruments for this industry in the last decades. Instruments to determine hu-

midity on a stream of wood chips based on RF and NIR have been patented [89, 90], as well

as devices for humidity determination in bulk small samples, based on waveguides [91, 92],

transmission technologies [93], dual X-ray and gamma radiation [94, 95] or freezing drying

[96].

According to the literature NIR is a promising measuring method to be used in a continuous

flow, and RF is the most promising method for the measurement of the MC of bulks of biofuel,

due to its ability to measure large samples [59, 57].

Now that moisture is known as the first parameter of the quality of wood chips, its determina-

tion currently becomes difficult for the wood energy industry because the technologies avail-

able on the market are not accurate or too restrictive. A rapid and accurate evaluation of the

MC is required by a cost effective technology. None of the methods applied nowadays is con-

venient for the requirements of the wood-to-energy industry. The project MOQAPRO presents

as a goal to track the quality and quantity of wood chips during the production chain. This

tracking involves measurements of the mass, volume and MC of the fuel at every stage of the

production chain, which implies adapting technology to rough site conditions. This thesis is

specifically focused on providing automatic and economical frequent MC bulk measurements,

for big volumes. In view of this literature, the most promising technologies involve capacitive,

resistive, and radiofrequency methods. All are tough technologies and penetrate in the mate-

rial, being less dependable on the changeable conditions that affect the surface, such as climate,

natural evaporation or condensation. They must be applied on line and provide a good sen-

sitivity on site. They do not require either too large or too expensive devices. Therefore, an

electromagnetic technology is supposed to be studied to determine the moisture content of big

volumes of wood chips (several cubic meter). On the basis of the above, this thesis is focused

on RF measurements.
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In this chapter a remote technique to determine the moisture content (MC) of large samples

of wood chips is presented. The electromagnetic theoretical basis are explained. The descrip-

tion, design and experimental setup of a laboratory-scale prototype are exposed as well as its

possible application to the industry.

3.1 Preliminary physical background

3.1.1 Wood chip dielectric properties

Wood is a polar dielectric. Its relative permittivity strongly changes in the presence of water.

Molecules of water generally present a random orientation. However, when an electric field

is applied, the molecules orient themselves according to the direction of the field [97]. The

dielectric properties of a material result from its response under the influence of an electric

field and can be expressed by its permittivity ǫ = ǫ0 × ǫr, where the permittivity of the vacuum

ǫ0, is a constant and only depends on the units used. In the general case ǫr is a complex number

which depends on the angular frequency ω as it follows

ǫr(ω) = ǫ′r(ω)− ıǫ′′r (ω), (3.1)

where the real part ǫ′r, known as the dielectric constant, expresses the ability of the material to

store energy and the imaginary part ǫ′′r , known as the dielectric loss factor, is a measure of the

energy absorbed from the applied field. The symbol ı referred to as the square root of −1. Simi-

lar expressions exist for the magnetic properties of the material. However, the relative magnetic

permeability µr is usually equal to 1 for most materials except for ferromagnetic materials such

as iron, cobalt and nickel. The relative permeability µr is therefore equal to 1 in the context of

MC estimation. The dielectric properties of a media are dependent on its density, temperature

and the frequency of the electric field.

Wood chips are a material formed by wood, air and water, the wood relative permittivity ǫwood

varies between 1.6 and 2.6 and the one of air is approximately 1. This dielectric constant changes

hardly with frequency or temperature as seen in Figure 3.1a. Water has a high dielectric con-

stant compared to other materials and the MC of a material therefore influences its dielectric

properties to an appreciable degree. Water dielectric constant ǫ′r is around 80 at frequencies

between 500 MHz and 2 GHz, for temperatures ranging from 1.5°C to 45°C, as illustrated in

Figure 3.1b. Therefore, the global permittivity of a material composed by air, wood and water

strongly varies with the presence of water. Whole trees, branch wood or logging residues are

mechanically grinded by a grinder machine in order to create wood chips. Due to this variety
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of sources, the MC range value can be wide. A pile of dry wood would be around 25%, and a

pile of wood recently extracted could reach up to 60% MC. In the range of MC involved in this

system, the effect of temperature or grain direction on the dielectric properties of the wood is

rather small when compared to the influence of the water content [98].

(a) (b)

Figure 3.1: (a) Dependence of the dielectric constant of oven-dry wood on the temperature. (b)
Dependence of the dielectric properties of free water on frequency, both taken from [98].

The MC of wood chips is defined in this thesis by

MC(%) =
mwater

mwet
× 100 =

mwater

mwater + mdry
× 100 =

mwet − mdry

mwet
× 100. (3.2)

It varies largely from around 20% to 50%, where mwet represents the mass of the wet sample,

mdry the mass of dry wood and mwater the mass of water within the sample. The electric prop-

erties of wood can be defined by polarization process. Polarization is caused by the change

in the arrangement of electrically charged particles of wood in space, under the influence of

an electromagnetic field. The influence of the magnetic field is negligible but the electric field

strongly affects the material. The polarization ~P effect is characterized by

~P = χǫ0~E =
(

ǫ
′
r − 1

)

ǫ0~E, (3.3)

where χ is the susceptibility of the material, in other words, the ability of a material to po-

larize in an electric field. The polarization effect is composed by the contribution of several

polarization phenomena: electronic polarization, ionic (atomic) polarization, dipole (orienta-

tion) polarization, interfacial (structural) polarization and electrolytic polarization. Depending

on the electric field frequency, dipole (orientation) polarization and interfacial (structural) po-

larization are the most noticeable for frequencies between 105 Hz and 1010 Hz.



40 CHAPTER 3. CONTACTLESS ELECTROMAGNETIC TECHNOLOGIES

3.1.2 Electromagnetic propagation

Microwaves correspond in the electromagnetic spectrum, illustrated in Figure 3.2, to frequen-

cies between 1 GHz to 300 GHz. Microwave radiation itself is non-ionizing radiation, distinctly

different from ionizing radiation such as X rays and gamma rays. Some similarities with vis-

ible light are that they may be reflected or absorbed by a material, they may be transmitted

through materials, and they experience a direction change when traveling from one material to

another. The penetration depth can be small, so the refraction of the wave at the interfaces and

the heat dissipation in the vicinity are phenomena to take into account. Although plane wave

is an abstract concept, it is very useful because any radiated electric field can be considered as

a superposition of plane waves [99]. In a loss media the propagation constant γ is

γ = ıω
√

ǫµ whith ǫ = ǫ
′
+ ıǫ

′′
thus γ = ±ıω

√

(

ǫ
′ + ıǫ

′′)
µ = α + ıβ, (3.4)

where α is its real part and is called the attenuation constant, β is its imaginary part and is

called the phase constant. The propagation of an electromagnetic wave results in a field which

amplitude is

E = E0eıωt−γx = E0e−αxeı(ωt−βx). (3.5)

It represents an exponentially attenuated pseudo-periodic wave. The factor e−αx represents a

damping in the direction of the propagation of the wave, this results in a damped plane wave

which velocity is v = dx/dt = ω/β = 1/
√

ǫµ [100].

Figure 3.2: Electromagnetic spectrum, taken from [101].



3.2. TRANSMISSION-REFLECTION SYSTEM 41

Figure 3.3: Snell-Descartes Principle.

When an electromagnetic wave is incident on the surface of a medium with dielectric properties

different from those of the medium in which the wave originates, part of the incident energy

is reflected and part is transmitted with an attenuation and phase shift. Figure 3.3 presents the

Snell-Descartes principle. In the case of wood chips, the material under test is heterogeneous

formed by wood, water and air. Electromagnetic propagation through wood chips involves

therefore many complicated physical phenomena. The process includes multiple reflections

and refractions, absorption of the electromagnetic energy, transport of the generated heat, di-

mension changes of the wood, phase changes in the water or transport of the water through the

wood material. In order to control this process one needs to understand the various phenomena

involved. This understanding is achieved by experimental measurements.

3.2 Transmission-Reflection system

The experimental part consists of a system with two modules, a transmitter (TX) and a receiver

(RX), both above the sample, as sketched in Figure 3.4. A combination of different measure-

ment techniques is applied in order to determine several parameters: the relief of the chips and

content of water. An optical imaging module is used to determine the relief of the surface of

chips, which is very relevant because this can play an important role in the waves reflections.

An electromagnetic module is used to determine the content of water in the wood that is con-

sidered as an homogeneous material, the power reflected by the wood is analyzed in order to

get the attenuation and phase, which are strongly related with the relative permittivity of the

dielectric. This system should work at microwaves frequencies and must be independent of the

thickness of the sample. In this research, the study of the reflected power by the material under

test is analyzed on frequency and time domains.
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Figure 3.4: Principle of the transmission-reflection system.

3.2.1 Experimental prototype

The idea is to simulate a real scale gantry that holds a measurement system composed by an

optical module and an electromagnetic module. It would be located over the weighbridge of a

powerplant. In general, when a truck arrives to the powerplant, it is weighted in a weighbridge

to check the coming stock, as shown in Figure 3.5. A mobile gantry holding the measurement

system can probe and record all along the surface of the container. This allows the study of

the relief of surface and the study of the reflected electromagnetic energy by the material. This

information can therefore provide a MC value of a large volume of biofuel. This method is fast

and easily conceivable for real application.

Figure 3.5: Weighbridge in a powerplant.

The experimental part is based on a small-scale system for bulk measurements of wood chips,

presented in Figure 3.6. The contribution of the thesis is a small scale version of what could
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be applied in arriving fuel containers to powerplants, to optimize the industrial process. The

structure is composed of two different parts, a fixed inferior section and the crossbar that holds

the measurement system. The inferior part is a fixed shell with an electronic weighbridge that

supports the container and calculates its weight. Its two superior transversal bars hold the

crossbar that supports the measurement system. The crossbar can be moved horizontally and

vertically if necessary. The woods chips are stored in the container that simulates the truck. This

laboratory-scale system is used for instrumentation purpose, keeping in mind the restrictions

of the industrial application.

Figure 3.6: Laboratory-scale system.

3.2.2 Optical module

There are several ways for measuring the shape of a surface [102, 103]. Since wood chips can

be considered as a textured material that is to say a non-uniform material, stereo matching is a

good and economical compromise.

3.2.2.1 Stereo vision method

Computer stereo vision is the creation of a 3D image from at least two digital 2D images, such as

obtained by a CCD1 camera. By comparing images of an object from two vantage points, a 3D

1Charge-Coupled Device.
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rendering can be formulated by determining the relative positions of the object from two angles.

By comparing these two images, the relative depth information can be obtained [104, 105]. A

stereo vision system is used in order to analyze the shape of the pile of chips. Figure 3.7a

details a stereo vision system in which the stereo cameras have left and right image planes,

they have the same focal length f and their optical axes are parallel and perpendicular to the

image planes. The distance between the cameras ∆x. An object in a 3D space is projected onto

the image planes. The object is located at the distance D from the image planes and is projected

at the position xL on the left image and at xR on the right. The difference between xL and xR

refers to an offset between the two images, this offset referred to as disparity is measured in

pixels. The relative depth information can be obtained by

D + f

a
=

f

xR
and

D + f

b
=

f

xL
thus a =

D + f

f
xR and b =

D + f

f
xL,

and since ∆x = a + b =
D + f

f
(xR + xL) one has D + f =

∆x × f

xR + xL
,

therefore D =

(

∆x

xR + xL
− 1

)

× f . (3.6)

Figure 3.7 shows the CAMHED3DCAM stereo webcam (Heden brand) that has been used for

testing the measurement concept. The distance between the lenses is 3.948 cm. The images

taken by this stereo camera are gif animated image format, so Matlab
r

Image Acquisition Tool-

box was installed in order to extract a single image of 480×640 pixels from a prerecorded video

stream.

(a) (b)

Figure 3.7: (a) Stereo vision system with parallel axes. (b) Stereo vision system with no-parallel
axes. The photography shows the stereo vision camera used (taken from [106]).
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As a proof of concept, a small quantity of chips are taken in order to perform the first measure-

ments and results. Both cameras, parallel and placed horizontally to one another are used to

obtain two different views of the sample, in a similar manner to human binocular vision, as

illustrated in Figures 3.8 and 3.9. A disparity is observed between the two images. The relation

between the disparity of two images is reported as a function of the distance between the object

and the camera. This is the stereo vision principle.

Figure 3.8: Photography of the experiment.
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Figure 3.9: Left and right image taken by the camera.

Theoretically both cameras should present the same image when the distance between camera

and object tends to infinite. Experimentally however, the cameras used are not perfectly lined

up, that is to say that they are not parallel. The offset of the two images therefore is not zero at

the infinite but at a certain distance from the camera. The distance at which camera axes inter-

sect is obtained as 286 mm, which means there is a 7.9° deviation between the axes. Therefore,

it is necessary to modify the stereo vision distance estimation presented in (Equation 3.6) and

to correct the parameters of the camera in order to simulate the ideal situation. In other words,

in order to simulate the cameras parallel and therefore to achieve the correct height at every
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target point. For that purpose (Equation 3.6) becomes:

D =
∆x(cos2β(xL xR − f 2) + f (xR + xL)sin2β − xLxR − f 2)

2sin(2β)(xL xR − f 2)− 2 f cos(2β)(xR + xL)

+
2 f 2cos(β)(xR + xL)− 4 f sin(β)xL xR

2sin(2β)(xL xR − f 2)− 2 f cos(2β)(xR + xL)
, (3.7)

where the deviation of each axis is an angle β, as illustrated in Figure 3.7b.

3.2.2.2 Stereo matching process

The Stereo matching process consists of identifying specified target points of an object on a

pair of left and right images. Their disparity value between each image is used to obtain a

3D coordinate calculation. The correlation of digital images is a method for measuring the

disparity between the two images. The correlation (also referred to as matching) between two

images imL and imR is called cross-correlation and is defined as

imL(x, y) ∗ imR(x, y) =

¨

imL(x
′
, y

′
)imR(x

′
+ x, y

′
+ y)dx

′
dy

′
. (3.8)

It is a standard approach to feature detection and it is used as a measure for the degree of

similarity calculation between two images. In the case of discrete function one has

imL(m, n) ∗ imR(m, n) = ∑
p

∑
q

imL(p, q)imR(p + m, q + n). (3.9)

The correlation algorithms use images as gray-scale matrices as input. Since the disparity de-

pends on the position of the image, one of the images is decomposed in a series of small images.

Having the small images in the reference image a correlation is made with the other image in

order to find the best correspondence. The peak of the cross-correlation occurs where the right

and left images are best correlated and it is called the match, or target point. Because all the

correlations would take a long time and since disparity does not change a lot between images,

a rough correlation is made first with an area corresponding to half the image in order to find a

rough disparity (∆x, ∆y). Then the correlation is made between the reference image at position

(x, y) and a few shifts (Sx , Sy) in the other image at the position (x +∆x+ Sx , y+∆y+ Sy). This

speeds up the calculation. The size of the chips is also considered in this program to optimize

the size of the small reference images. Figure 3.10 presents the left and right images that take

part in the cross-correlation.
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Figure 3.10: Correlation between the two images.

3.2.2.3 3D reconstruction

Once the object is targeted and the stereo matching operation is completed, the object depth

can be estimated for 3D coordinate calculation by the (Equation 3.7). Figure 3.11 shows the

trigonometric explanation for 3D reconstruction using an tilted Stereo Vision cameras, each

with an angle β, and having a half field of view (FOV) θ. The distance between the cameras

∆x, distances xR and xL have however to be estimated from the disparity expressed in pixel.

Only the disparity in the x-axis is taken into account. The actual axis of the cameras seems to be

relatively well aligned compared to the angle. The object is seen by the left camera at the angle

ϕL from the camera axis and it is seen by the right camera at an angle ϕR from the camera axis.

If 2Pix represent the width of the image and nL and nR the position of the object in the left and

right images respectively, the

nL

Pix
=

tan ϕL

tan θ
and

nR

Pix
=

tan ϕR

tan θ
(3.10)

In addition, it can be seen from Figure 3.11 that

D tan(ϕL + β) + D tan(ϕR + β) = ∆x, (3.11)

thus

D =
∆x

tan(ϕL + β) + tan(ϕR + β)
. (3.12)

Both tangents can be estimated with the (Equation 3.7)

tan(ϕL + β) =
nL tan θ + Pix tan β

Pix − nL tan β tan θ
and tan(ϕR + β) =

nR tan θ + Pix tan β

Pix − nR tan β tan θ
. (3.13)
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Figure 3.11: Theoretical 3D reconstruction.

3.2.2.4 Experimental results and discussion

Figure 3.12 shows the experimental setup. The distance between the camera plane and the base

of the box containing the wood chips is 22 cm. The pile of chips is around 7 cm high at the peak.

The images are acquired via a Heden Stereo Vision camera. The images have been taken as to

include both detailed and non-detailed regions, as illustrated in Figure 3.13.

Figure 3.12: Experiment.
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Figure 3.13: Images taken by the stereo vision camera in this experiment.

Figure 3.14a shows the matrix that contains the calculated distance between every target points

of the object and the camera plane. The lowest distance between the camera and wood chips

in this experiment is to around 15 cm. It can be noticed that this distance is well estimated.

Figure 3.14b is analogous to Figure 3.14a but it shows the distance from the bottom of the pile

of chips. Most of the chips are located in the left part of the image. In the part of the image that

shows a lack of chips the calculated distance has not been taken into account because there is

no sufficient correlation to estimate a disparity. In order to detect such situation automatically,

the curvature of the correlation peak have been taken into account. The higher the peak, the

higher the curvature and thus the better the matching confidence.
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Figure 3.14: (a) Distance D from the pile to the camera. (b) Height of the pile of chips.

The values of the peak of the correlation functions differ a lot depending which target areas

are being correlated. The right parts of the images show a lack of chips, so the curvature value

is very low, an average value around 1. This means that the correlation function is basically

flat because there are several target areas that share the same similarity. This implies a high

probability of error when time comes to choose the peak of the correlation function. The av-

erage value of the peaks in the regions full of wood chips is in the order of 102. Depending
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on the values of the curvature, a minimum curvature value must be determined from which

the system can be considered as reliable. Below that value the data would be omitted. That

is why no correlation is presented in Figures 3.14a and 3.14b in that region. Also, an error of

the algorithm in the right part of the region is observed caused by a flat correlation function.

Notice that either the error or the absence of correlation is equivalent to no wood chips since

the particularity of wood chips is that it gives high contrast image, and thus good correlation

peaks.

3.2.3 Electromagnetic module

3.2.3.1 Material

To determine the water content, an electromagnetic module is applied. The power reflected by

the wood is analyzed in order to get the attenuation and phase, which are strongly related with

the relative permittivity of the wood chips. The antenna chosen as the transmitter is a Double

Ridged Waveguide MODEL 3115 operating from 1 GHz to 16 GHz. The antenna chosen for the

reception is a Log periodic antenna EM-6952, operating in the frequency range from 1 GHz to

18 GHz. Figure 3.15 shows both antennas respectively.

Figure 3.15: Transmission and reflection antennas.

The reflection coefficient Γ between the antennas after the reflection on the wood chips is mea-

sured using a 8722ES Vector Network Analyzer (VNA) calibrated with the 85033E Mechanical

Calibration Kit, 3.5 mm, from Agilent Technologies. The frequency range of the VNA is from

500 MHz to 40 GHz, and the kit is specified from DC to 9 GHz. The VNA is used via a GPIB2

port in order to control the experiment and data acquisition from a Matlab
r

program . For that

2General Purpose Interface Bus.
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purpose , the compact National Instruments GPIB-USB-B able to control up to 14 programmable

GPIB instruments has been used.

Plastic containers with dimensions 120 cm×80 cm×70 cm are used to hold the samples. Oak

chips whose size is P100 are humidified manually to reach different moisture content values.

The weights of the dry samples are approximately 60 kg. Different quantities of water are

added to each container, the samples are stirred regularly in order to absorb the water and

get an homogeneous wet material. Table 3.1 shows the resulting samples, referring just to the

weight of chips. Using the electronic weight T3200P model from PMC-MILLIOT the weight of

an empty container and wheels is 67.5 kg.

Container 1 Container 2 Container 3
Wet sample (kg) 81.5 99.5 108.5
Dry sample (kg) 59.5 66.5 64

MC (%) 27 33 41

Table 3.1: Information of the samples.

3.2.3.2 Procedure

A bistatic configuration using two antennas is preferred than a monostatic configuration to get

rid of the non perfect matching of the antenna in the measuring range. The reflection from the

wood chips is indeed small and could be not visible in the reflection from the antenna. It has

also been verified that measurements at frequencies above 2 GHz are strongly influenced by the

position of the wood chips, giving no reproducible results. In order to avoid interferences, the

frequency must be chosen according to farfield or footprint limitations, as well as wood chips

and structure scale dimensions. Therefore, two antennas, a transmitter and a receiver have been

used to emit a sweep of frequencies below 2 GHz. An absorbent material is located between

both antennas in order to avoid the direct cross talk. In order to estimate the penetration of

electromagnetic waves in wood chips, a metallic plate has been buried at different depths in

the container, from 0 cm to 51 cm. Wood chips are 21% MC and the reflection coefficient signal

Γ corresponding to the reflection on the wood chips has been measured from 500 MHz to 2 GHz.

This is illustrated in Figure 3.16. It can be noticed from the Graph 3.17 that the metallic plate can

be detected when the thickness of the sample is smaller than 35 cm . The curve that represents

the sample of thickness 25 cm of wood chips clearly behaves differently at frequencies under

1.3 GHz, however a similar response is obtained when the depth of the material under test is

up to 35 cm.
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Figure 3.16: Determination of the penetration depth.
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Figure 3.17: Real and imaginary part of the reflection coefficient Γ.

The influence of the MC has been tested with 3 containers filled with wood chips at different

MC values, this makes it possible to test the samples exactly in the same environment and

conditions. In addition, 6 different heights of the antennas in order to evaluate the influence of

that parameter have been tested. The measurement system is shown in Figure 3.18.



3.2. TRANSMISSION-REFLECTION SYSTEM 53

Figure 3.18: Antennas at several heights.

The reflection coefficient Γ is measured for three samples of oak at different MC values, 27%,

33% and 41%. The thickness of the samples are 36 cm to make sure the signal is not affected by

other material than wood chips. Every MC measurement has been performed four times,

modifying the arrangement of the wood chips between measurements.

3.2.3.3 Direct frequency domain analysis

Figure 3.19 shows the module of the reflection coefficient Γ at three different MC values when

the antennas and the surface are separated by two distances, 41 cm and 56 cm. The chosen

range frequency is from 500 MHz to 2 GHz but reproducible measurements are not observed

above 1 GHz. No common patterns have been found for the different heights. It is clear that

the contribution of MC to Γ is not obvious. Although the pattern are totally different for each

distance from wood chips to the antennas, each MC gives very close values of Γ whatever the

wood chips arrangement. Reflection phenomena yields a very complex signal since it depends

not only on MC but also slightly on the relief of the surface and on the entire environment

through the room. Moreover, wood chips is a granular material which implies the diffusion

phenomenon. Therefore, the reflection phenomenon can be observed as a superposition of

many reflected waves on the surface and many retrodiffused waves. The reflection on the

surface increases with MC while the retrodiffused waves from the inner of the wood chip pile

decreases. This combination leads to a very complex reflection phenomenon.
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Figure 3.19: Γ for three different MC at two different heights: 41 cm (top) and 56 cm (bottom).

The current identified phenomena do not allow to draw more conclusions on this analysis ap-

proach.

3.2.3.4 Direct time domain analysis

In order to separate the different contribution in the signal a time domain analysis is carried

out instead of a frequency domain analysis. Before presenting measurements in time domain

using 8722ES Vector Network Analyzer, a brief explanation of this mode is necessary. To study

the transmission and reflection phenomena in time domain, 50 Ω loads and coaxial cables as

transmission lines are used. Propagation velocity in these lines is 2 × 108 m/s. If the line is 2

meters long the time required by the wave generated by the source to travel in the line is 10 ns.

As a simple representation, two coaxial cables are used, one of 1-m long (5 ns) representing the

reflection by the surface of the material, and another of 2-m long corresponding to the reflection

after penetration inside the sample. Figure 3.20 shows an illustration of the experiment and
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results. The Graph shows the coefficient S21 measured by the VNA. The two contributions are

clearly visible in the signal, one at 5 ns and another at 10 ns.
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Figure 3.20: Schema-principle time domain analysis
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Figure 3.21: Comparison of MC time domain at different heights. (a) 30 cm. (b) 40cm.
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The time domain analysis can thus separate the time at which the reflection is generated. In

the case of wood chips, it is interesting to separate the signal of the retrodiffusion from the

signal of the surface. Several samples of different MC are evaluated at different heights of the

antennas, analogous to the frequency domain experiment. Three samples of oak P100 chips at

36%, 51% and 57% MC have been analyzed four times each, changing the arrangement of the

chips between measurements. Preliminary results are encouraging since the amplitude of the

reflection coefficient Γ seems to change according to the MC of the sample. Figure 3.21 shows

the reflection coefficient Γ when the antennas are separated from the sample by 30 cm and

45 cm, this implies a time shift of 1 ns. Therefore both images must be compared taking this time

shift into account. No correlated results can be found. It is clear that the reflection coefficient Γ

behaves differently depending on the distance between the sample and the antennas.

It can be noticed that the same order can be found around 28 ns in Figure 3.21(a) and 26.5 ns in

Figure 3.21(b) respectively, in these regions the reflection coefficient seems to be proportional

to the value of MC. This is however by chance since (a) correspond to antennas closer to the

wood chips than (b). As a consequence the same location would have been earlier instead.

The fact that the response of the system changes in relation to the distance of the antennas

presents several disadvantages. Even if the optical module estimates the relief of the pile and

the distance from it to the antennas, the accuracy may not be enough for assuring a reliable

measurement of MC.

3.2.3.5 Multivariate analysis

There is much mixed information in the measured signals. Multivariate analysis allows to find

relationships in this information. Learning machine methods are promising techniques for the

design of box models. These methods are significantly helpful if measurements are available

and the variable to predict is not supported by a clear physical principle or a knowledge based

model, which is clearly the case. Therefore it is interesting to process the measurements per-

formed in the frequency domain with, for instance, the Support Vector Machine (SVM) tech-

nique [107]. In this particular case the 3 piles of chips at different MC presented in subsec-

tion 3.2.3.3 are used. As a reminder, the following paragraph summarizes the experimental

setup.

For each of these piles, see Table 3.2, 4 measurements of the reflection coefficient Γ with dif-

ferent arrangements of chips are available for 201 different frequencies between 500 MHz and

2 GHz. These experiments are repeated six times at different distances d from the antennas to

the surface of the pile of chips, 31 cm, 36 cm, 41 cm, 46 cm, 51 cm and 56 cm. Therefore there are

24 measurements of the reflection coefficient Γ for each container, that is to say, for each MC.
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Container 1 Container 2 Container 3
Wet sample (kg) 81.5 99.5 108.5
Dry sample (kg) 59.5 66.5 64

MC (%) 27 33 41

Table 3.2: Information of the samples.

There are not enough containers with different values of MC to create a MC prediction model.

Therefore, regression can not be implemented. However, data separation can be implemented

as a 3-class problem using Support Vector Machines. Thus, linear classifiers have been designed

in the laboratory by a postdoc researcher3 with machine learning skills [108]. Input variables are

ranked and selected using the Recursive Feature Elimination (SVM-RFE) technique [109, 107].

Since 3 different values of MC are available, 3 classes are considered. The one-vs-one classifica-

tion approach is preferred. Thus, for a n-class problem, n (n − 1)/2 linear SVM classifiers are

implemented. Each implementation designs a 2-class classifier which compares 2 classes at the

time. In our study three different implementations are made to compare the three MC under

test. The problem takes into account 202 available features, 201 frequencies and the distance d.

The process of 2-class separation by linear SVM tries to find an optimal separation between the

two classes in the input variables space (202 dimensions in this case because it is the number of

available features). The SVM-RFE method proceeds iteratively to rank these features according

to their relevance. A validation procedure is commonly implemented to select the classifier that

achieves the best generalization capabilities [110]. In our study a 2-fold cross validation method

has been implemented. The achieved classifiers require limited computational power therefore

they can be involved in real-time industrial applications.

Table 3.3 shows the recognition rates for the three pairwise comparisons. The results are promis-

ing since for a given sample (container 1, 2 or 3, see Table 3.2), the method predicts the container

which it belongs with 95.83% probability. The global recognition rate is calculated using a de-

cision rule based on the most attributed class by the three classifiers. It is observed that the

relevant features selected by the SVM-RFE method are 12, 6 and 12 for the three implemen-

tations respectively. It is also important to notice that the distance from the antennas to the

surface of the pile d has never been selected as a relevant feature by the SVM-RFE method. This

means that d is redundant in this analysis.

3Hela Daassi-Gnaba.
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Classes (containers)
Linear SVM

Recognition rate Number of relevant features
MC1 versus MC2 91.7% 12/202
MC1 versus MC3 100% 6/202
MC2 versus MC3 100% 12/202

Global recognition rate: 95.83%

Table 3.3: Recognition rates.

3.3 Conclusions

In this chapter a contactless measurement system to determine the moisture content (MC) of

wood chips has been proposed. This method can be automatic and therefore easily applicable

to the industry. It consists of a crossbar holding the measurement equipment that probes all the

upper part of an industrial container. The measurement equipment is based on two modules,

an optical module to study the shape of the pile and an electromagnetic system at microwave

frequencies that study the reflected energy by the material, the latter being related to the permit-

tivity of the material and therefore to its MC. An optical module based on a stereo vision system

has been presented. This module provides the relief of the surface of a pile of wood chips. This

parameter is very significant in order to be able to study more accurately the reflected energy

by the material. Thus, this system proposes a MC prediction based on the knowledge of this

two parameters, relief of the pile and reflected energy by this one. Various analysis have been

studied. Either time domain and frequency domain analysis give not satisfactory results due to

many uncontrolled parameters taken into account in the signal.

A statistical analysis has also been applied reaching a degree of recognition of 95.8% between

three different MC values, 27%, 33% and 41%. Though these results are obtained regardless

the distance from the antennas to the chips, this is far from the expected target, which is to

predict any MC value within a range of 20% and 50% with 1% accuracy. However, our results

have been achieved with a small amount of data. Investigations can be carried out further if

more data is available. In particular, the implementation of regression methods can be also

considered if many different MC values are measured.

The complexity of the reflection phenomena swings the efficiency of the MC prediction mainly

due to the contribution of the reflected signal by the surface which is mixed with the reflected

power that crosses through the material. This drawback has many implications since the sur-

face of the pile may be at random conditions in the real situation. Indeed, the surface of a big

pile of chips in the forestry industry is very changeable. A MC measurement based on it is not

reliable, rough conditions in the forest and warehouse, weather changes and type of delivery

truck can very easily affect the state of the surface. Sometimes delivery trucks are not covered,
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and if they are, a plastic canvas covering the chips contributes to the evaporation phenomena,

which results in extra water content just over the surface of the material. This could give a false

value of the MC. Moreover the penetration depth of the microwave radiation is about 35 cm at

most, when the MC is minimum. This does not provide a representative value of MC of a large

bulk fuel.

In conclusion, results are not promising enough to carry out this line of research towards a real

size experiment and real application.
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Chapter 3 has shown some disadvantages of contactless technologies owing to the surface of the

material under test. In view of these issues, this chapter is focuses on in-contact technologies.

The presented technologies in the following sections aim to avoid the influence of the surface,

to be independent of external parameters such as the weather and truck geometry. For instance,

sensors directly installed in the container could provide a first value of moisture content (MC)

while chipping in the forest or in the warehouse, and also a value at the moment of the delivery

to any client to determine the price of the fuel.

Capacitive system and resonator system are first tested in laboratory experiments, then a full

scale experimentation is presented before conclusion.

4.1 Capacitive system

A MC measurement system based on capacitive technology is presented and analyzed in the

following subsections. The principle is to scale up a commercialized device based on a capac-

itive bucket to the container of a truck [79]. After a brief description of capacitive sensors, a

laboratory scale experiment is presented and results are discussed.

4.1.1 Principle

A capacitor is formed by two parallel conductors separated by a dielectric material see Fig-

ure 4.1. Under voltage, the capacitor carries equal and opposite charges. The capacitance C of

the capacitor is defined as the ratio of the accumulated charge Q on the positive electrode by

the voltage V applied to the electrodes. The capacitance is related to the dielectric constant of

the material between the conductors. Due to the strong difference between the value of the per-

mittivity of dry wood and water, capacitive techniques are well suited for MC measurements

in bulks. The relation of capacitance C of a parallel-plate condenser when neglecting boundary

effects is defined by:

C = ǫ0ǫr
A

d
, (4.1)

where ǫr is the relative dielectric constant of the material between conductors, A is the area of

the electrodes and d is the distance between the electrodes. The electric field is normal to the

surfaces [100]. This relation is acceptable if d is much smaller than the size of the conducting

surfaces. Otherwise, if the conducting plate size is larger or comparable to the distance between

them, the capacitance is influenced by the boundary effects. In that case the capacitance C
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between two conductors can be calculated from:

C =

ˆ

ǫ0ǫrξ2∂v, (4.2)

where ξ is the electric field when one electrode is held to 1 V while the other is grounded. As

charge Q and voltage V are connected by Q = C × V, the current i flowing in the circuit due to

a voltage variation is directly proportional to the capacitance of the system by:

i =
∂(CV)

∂t
. (4.3)

Figure 4.1: Capacitive sensing.

The currently applied commercialized capacitive device consists of a metallic bucket filled with

wood chips, see Figure 2.6 in Chapter 2. An electrode immersed in the middle of the sample

forms a capacitor with the metallic bucket with a dimension of 64 cm× 50 cm× 50 cm (height×
depth×width), the device provides capacitance in the range of 1 to 50 pF. The dimensions of the

system can be extended while keeping the same capacitance if the electrodes area and distance

between electrodes increase with the same factor. In our case, the dimensions of the container

of the delivery truck are 2 m × 4 m × 2 m (h × d × w) so the ratio between the surface of both

sides of the container divided by the container width is the same order of magnitude than

the ratio of the capacitive bucket. This implies the modification of an industrial container by

installing a couple or more metal plates in the internal walls. A huge amount of fuel could

then be probed. This system could provide measurements of MC in the woods while chipping,

during transportation between warehouses and before final delivery to the client.
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4.1.2 Experimental system and procedure

As it is not possible to use a truck during months to make the study, instead a plastic container

120× 80× 70 cm3 is equipped with two aluminum plates of 100 × 50 cm2 and 1-mm thickness.

The aluminum plates are attached to two parallel surfaces of the container, separated by 70 cm.

Figure 4.2 presents the equipped container mounted on wheels so it can be easily weighted.

The electrodes of each plate are connected to a capacitive sensor board with coaxial cables to

avoid signal bias as much as possible. The container is filled with a 72 kg sample of P45 dry

wood chips from oak. The capacitive sensor board presented in Figure 4.3 provides the value of

the capacitance between both electrodes, one being held to the voltage Vp and the other being

grounded. The sensor board output is given by

∆Q = C0 × V0 + C × Vp, (4.4)

where V0 is a reference voltage, ∆Q is the variation of the accumulated charge on the electrodes,

C is the value of the capacitance depending on wood chips and C0 is a reference capacitance.

The flow of charges accumulated on the electrode is easy to determine by a simple charge-

transfer circuit. This consists of charging and discharging iteratively during n cycles the ca-

pacitor with the voltage Vp. The value obtained by the sensor board is the variation of charges

∆Q.

Figure 4.2: Capacitor implemented in a plastic container.
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Figure 4.3: Capacitive sensor board.

In order to measure the capacitance between terminals, the reference capacitance C0, the ref-

erence voltage V0 and polarization voltage Vp must be calibrated. The sensor board provides

values within a specific range. The smaller the range, the better the accuracy but some measure-

ments may be missed by saturating the system. More variation of capacitance can be obtained

with a bigger range but if it is too big the accuracy is degraded. A calibration that allows mea-

suring the whole range of capacitance under test accurately is required. Therefore, the maximal

and minimal values obtained by the sensor board must be adjusted. These values correspond

to the capacitance of wood chips at 20% and 50% MC, which are the minimal and maximal MC

under test. This range is defined by:

ΔQmin = C0 × V0 + Cmin × Vp = 0 then C0 × V0 = −Cmin × Vp

and

ΔQmax = C0 × V0 + Cmax × Vp then
ΔQmax −ΔQmin

Cmax − Cmin
= Vp.

This way, saturation is avoided during all the experimental measurements. Once the working

range is adjusted, the calibration process of the sensor board can be performed. The reference

point must not change when adjusting C0, V0 and Vp so a value within the range is used. Several

measurements with different values of capacitance are performed. The reference capacitance is

C0 = 150 pF. According to the reference value, the sensor card measures C12, the capacitance

between the electrodes 1 and 2. The bulk of wood chips under test is homogeneously humid-

ified up to almost 50% MC. The capacitance between the two metal plates has been measured

continuously during 5 weeks while decreasing the weight of the sample, that is to say while
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decreasing the MC. P45 size wood chips are homogeneously dried and stirred using fans. 16

capacitance values corresponding to 16 different MC values are evaluated. Every measurement

day, the calibration process and measurements are performed in the same place under equal

environmental conditions all along the experiment, otherwise measurements obtained by the

sensor card would have not been really comparable. Capacitive measurements are indeed very

sensitive to the environment, since electrodes are not shielded, they are influenced by every

thing in the room. Figure 4.4 illustrates the experimental setup of this experiment.

Figure 4.4: Capacitive sensing performance.

4.1.3 Results and discussion

The results show that the system is sensitive to the MC of the material under test. Table 4.1

shows the pair of values obtained (MC, Capacitance) during the 5 weeks of the experiment. It

is clear that the capacitance decreases with the MC since less water implies a lower permittivity

and therefore a lower capacitance. Figure 4.5 presents the evolution of the capacitance related

to the MC. The the behavior of the system is not linear during the whole range of MC under test.

The variation of the capacitance is stronger for values of MC between 20% and 30%. For values

of moisture higher than 30%, the variation of the capacitance becomes smaller comparing to the

variation of moisture. This phenomena is well known [98]. It is caused by the way the water is
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trapped in the wood. Above 30% MC the water accumulates freely whereas below 30% MC the

water is bounded to wall cells (hygroscopic water). The saturation point of wood, which is 30%

MC, is considered as the state in which the cavity of the fiber is free from moisture and its wall

is completely saturated. Below the fiber saturation point of wood many important physical

properties of wood are tremendously affected by the variation of moisture. Over this point the

relation tends to be less dramatic [111].

Capacitance measurements
MC (%) Capacitance (pF) MC (%) Capacitance (pF)

48 192 38.46 161.5
47.44 182 35.71 158
47.05 180.6 31.75 153.5
46.6 181.5 29.41 152
45.6 175.6 27.27 149.2

44.61 174.8 23.4 117
43.3 172.6 22.16 87
41.2 165.4 20.4 65.41

Table 4.1: Obtained values (MC, Capacitance).
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Figure 4.5: Capacitance versus MC.

The system is very sensitive to the variation of the MC, overall below the fiber saturation point.

However, special conditions are necessary for its performance. The measurements must be

always performed at the same position because the system is too sensitive to the environment.

The repeatability is poor since the presence of something or someone around the container or

over the plates modifies the result. This is due to the fact that lines of the electric field are not
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fined inside the container. Therefore the lines of the electric field that get out the container are

sensitive to the environment.

4.1.4 Summary

A system to measure the MC of wood chips in bulk based on capacitive technology is presented.

It is based on the installation of two metal parallel plates in two faced walls of a container. It

is clear that the MC of the dielectric material between two electrodes and its permittivity are

proportional. This allows an estimation of the MC by measuring the capacitance. A small-scale

system has been designed, implemented and tested. This technology presents several advan-

tages, it provides an average measurement of the MC of a large quantity of fuel and it is a robust

technology able to resist to the rough expected conditions of the forest industry. However, the

installation of a huge capacitor in the container of a truck may not be economical neither prac-

tical in regards to an industrial application. The electrode must indeed be sufficiently far from

the boundary of the truck to still be sensitive to the wood chips. A capacitor based on another

geometry could be considered. For instance with the electrode held to Vp in the middle of the

container while the boundary of the container becomes the second electrode. Results in the

laboratory have shown that the system is sensitive to the MC under test but also to possible

changes in the environment surrounding. In addition, the metal plates must not be wet before

the measurement otherwise the result would be unreliable. This is almost impossible to happen

in real conditions since rain, temperature or water left over at the bottom of the container can

easily interfere in the reliability of this system.
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4.2 Resonator technology

At higher frequency, resonators are very interesting for characterizing dielectric material and

thus it is a promising technique for MC measurement.

4.2.1 Underlying physics

Power transfer between a source and a device through a transmission line is maximized when

all parts are matched. This means that the impedance of all parts, if real, are equals. Otherwise a

fraction of the energy is reflected back to the source. Usually sources and transmission lines are

matched to 50 Ω, therefore maximum energy is transferred when the impedance of the device

is 50 Ω. The reflection coefficient Γ is defined as

Γ =
Z − Z0

Z + Z0
, (4.5)

where Z0 is generally 50 Ω and Z the impedance of the device, reaches a minimum at a fre-

quency where Z is the closest to Z0.

In the case of an antenna or resonator as the device, the maximum power transferred to the

material is thus at the minimum of Γ. As the impedance of an antenna or a resonator depends

on the electrical characteristics of surrounding material, the frequency at which the maximum

power is transmitted to the material depends on its electrical characteristic and obviously on its

permittivity. The frequency of the minimum of Γ is therefore a good indicator of permittivity,

thus of MC.

If resonators generally require to introduce the material in a small chamber, an antenna can be

used to directly probe surrounding material when introduced inside this material. Therefore

a resonant antenna buried inside the material under test can provide information about the

moisture content of the material.

The antenna radiation field is divided into three different regions, which are illustrated in Fig-

ure 4.6 for a certain antenna [112]. In these different regions the characteristics of the electro-

magnetic waves are different. They are not firm boundaries but provide information about the

radiated field as a function of the distance from the antenna. The far-field (Fraunhoffer) region

is defined for distances d ≥ 2D2/λ , where D is the largest linear dimension of the antenna,

and λ is the wavelength. This region is used for communication. The electric and magnetic

field vectors are orthogonal to each other and the radiation pattern is formed and constant. As

a consequence the gain does not change according to the distance, it depends only on the angle.
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The reactive near-field region is usually defined for distances d ≤ λ/2π. This region is very

close to the surface of the antenna and E and H are very complex to predict. The gain of the

antenna varies drastically with the distance even at a fixed angle. Between far-field and reactive

near-field regions, there is the radiating near-field region, also called the transition region. In

this region, the antenna pattern is taking shape but is not yet fully formed.

In the case of MC measurement purpose, one is interested in the properties of a material and

not in the transmission of information. The monitoring of the working frequency is thus a good

indicator. Therefore the proposed technology is focused on the study of the reflection coefficient

Γ in the near field radiation region of a resonator antenna.

Figure 4.6: Boundaries for antenna radiation regions, taken from [112].

4.2.2 Antenna resonators

As it has been mentioned above, the idea is to determine the moisture content of wood chips

through measuring the reflection coefficient Γ of a resonant antenna in contact with the material

under test. As the antenna impedance depends on the material under test the maximum power

is transferred to the antenna at a specific frequency. This frequency is directly connected with

the permittivity of the material under test and thus to the MC.

4.2.2.1 Half-wave dipole antenna

The half-wave dipole antenna is a special form of the dipole antenna. Half-wave means that the

length of the dipole is equal to a half-wavelength in vacuum at the frequency of operation. The

directivity of a half-wave dipole antenna is 2.15 dB and the half-power beam width (HPBW) is

78°. When the antenna is at resonance, its input impedance is 73 Ω, with no reactive component.

This maximal power transfer occurs because the wavelength complies with the limit conditions
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of a null current at both ends of the antenna. Notice that a null current limit conditions implies

that the antenna is fed at its center. Such antenna resonates in vacuum at the frequency f0 given

by

f0 =
0.47c

length
, (4.6)

where c is the speed of light. At this frequency the power transferred to the surrounding media

is maximal resulting in a minimum of the reflection coefficient [113]. The resonance occurs as

well for frequencies multiple of f0 which is referred to as harmonics in what follows.

Finally, a half-wave antenna inside a specific dielectric provides a resonant frequency related to

the speed of light in that media, which is directly connected to its relative dielectric constant ǫ′r
by

fresonance =
f0

√

ǫ′r
. (4.7)

In the far-field region, the radiation pattern, see Figure 4.7, of the antenna emits electromagnetic

waves perpendicularly to the antenna axis.

Figure 4.7: Three dimensional radiation pattern of a λ/2 dipole, taken from [113].

4.2.2.2 Quarter-wave monopole antenna

A monopole antenna is one half of a dipole antenna mounted above a ground plane. It is nor-

mally one quarter wavelength long. The vertical monopole antenna is highly used for land mo-

bile communications, with the vehicle itself being the required ground plane. An ideal quarter-

wave antenna has a radiation resistance of 36 Ω. Quarter-wave antennas mounted on the earth

result in high power loss due to the poor ground conductivity, therefore a ground screen must

be installed to improve the efficiency. This ground screen generally consists of radial wires ex-

tending from the base of the antenna as shown in Figure 4.8. The screen is normally slightly

buried and improves the efficiency of around 95%. The performance is similar to the half-wave
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dipole however just half of the surrounding material is probed [114]. Its radiation pattern is

shown in Figure 4.9.

Figure 4.8: A radial ground screen buried below ground surface, taken from [114].

Figure 4.9: Radiation pattern of a quarter-wave monopole, taken from [114].

4.2.2.3 Microstrip rectangular antenna

The microstrip rectangular antenna is another simple and inexpensive antenna, mechanically

robust and very versatile in terms of resonant frequency. The patch is of length L, width W,

and sitting on top of a circuit board of thickness h with permittivity ǫr. All of the parameters

in a rectangular patch antenna design (L, W, h, ǫr) control the properties of the antenna. The

frequency of operation of the patch antenna is determined by the length L. The relationship

between the resonant frequency and the patch length is approximately

fresonance =
c

2L
√

ǫe f f
=

1
2L

√
ǫǫ0µ0

, (4.8)

As for other kinds of antennas the resonant frequency depends on the relative permittivity,

referred to as ǫe f f . Here, however ǫe f f refers to a mixture between the permittivity of the sub-

strate and the permittivity around the antenna. Therefore the sensibility of the patch antenna

should be lower than that of the half or quarter-wave antenna. The gain of patch antennas is

approximately 5 to 7 dB. The width W controls the input impedance and the radiation pattern.
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The wider the patch, the lower is the input impedance [113]. Figure 4.10 shows a microstrip

line, its electric field lines and effective dielectric constant geometry.

Figure 4.10: Electric field lines of a rectangular patch antenna, taken from [113].

4.2.2.4 In-line half-wave dipole antenna

Considering the density of the material under test and its tendency to act as a solid block, the

fact of plunging an antenna inside a pile of chips is significantly rough. An antenna fed in-

line is obviously less likely to be damaged when plunged in a pile of chips than an antenna

fed perpendicularly. The performance is similar to the half-wave dipole. It is presented in

Figure 4.11 and the radiation pattern of this antenna is simulated using HFSS (Figure 4.12) and

is illustrated in Figure 4.13.

Figure 4.11: Antenna half-wave dipole antenna fed in-line.

Figure 4.12: Antenna half-wave dipole fed in-line.
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Figure 4.13: Dipole fed in-line radiation pattern simulated using HFSS.

4.2.3 Simulation analysis

HFSS1 and ADS2 softwares are used to study the behavior of the reflection coefficient Γ when

the antenna is surrounded by wood homogeneously wet. The permittivity of dry and wet

wooden logs are known [98]. Simulations have been performed according to different moisture

contents of wooden logs.

Several microstrip antennas printed in an epoxy substrate and fed from underneath via a probe

have been simulated, using (ADS) to obtain the optimal source position at frequencies 300 MHz,

500 MHz, 800 MHz and 1 GHz. The reflection coefficient Γ hardly presents differences when

changing the permittivity of the material surrounding as expected. This is due to the electric

field distribution in the antenna, which is mostly concentrated in the epoxy and hardly pene-

trates in the material under test.

A λ/2 dipole at 250 MHz fed in-line is simulated using HFSS, see Figure 4.12. , as well as

several λ/4 monopoles and λ/2 dipoles at frequencies between 250 MHz and 1 GHz, see Fig-

ure 4.14. The reflection coefficient Γ is very sensitive to the variation of the permittivity of the

surrounding media. Different values of permittivity provide different resonant frequencies.

Contrarily to microstrip resonators, λ/4 monopoles and λ/2 dipoles have a more convenient

electric field distribution which penetrates deeper in the material under test and therefore are

much more sensitive to the variation of the permittivity of the surrounding media. The fact that

the λ/4 monopoles require a ground plane can be a problem in terms of a real application since

it implies a transformation of the container of the truck. Therefore λ/2 dipole seems the best

option for this research, it does not need a ground plane and also probes at least twice as much

volume as the monopole.

1High Frequency Structural Simulator.
2Advanced Design System.
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Figure 4.14: 56-cm long half-wave dipole antenna in the vacuum simulated using HFSS.

4.2.4 Experimental analysis

Simulations have been performed in wet wood, which permittivity is fully known. However

wood chips are a highly inhomogeneous material and thus may differ from dense material.

Experimental analysis have been carried out in order to better understand the performance of

these sensors in presence of this material and especially the influence of wood chip size on the

antenna size. All printed sensors have been built using a contact printer Hellas 38 from Bernier

Electronik and an etching machine from Socem-Elec to create circuit boards. SMA connectors

are welded on the board to supply the antennas, Γ is measured using a 8722ES Vector Net-

work Analyzer calibrated with the 85033E Mechanical Calibration Kit, 3.5 mm, from Agilent

Technologies.

P100 Oak Container 1 Container 2 Container 3
Wet sample (kg) 81.5 99.5 101.5
Dry sample (kg) 59.5 66.5 64

MC (%) 27 33 36

Table 4.2: Samples under test.

Given the optimal dimensions by previous simulations, several rectangular microstrip anten-

nas have been realized in order to study its behavior in the wood chips at different frequencies,

corresponding to 300 MHz, 500 MHz, 800 MHz and 1 GHz. They are fed from underneath

that is to say from the ground surface in order to reduce the influence of the cable. The outer

conductor of the coaxial cable is connected to the ground plane, and the center conductor is

extended up and welded to the patch antenna as shown in Figure 4.15. The glass epoxy dielec-

tricic is of 1.6-mm thick with permittivity ǫr= 4.3. The reflection coefficient Γ is measured in

the three containers of 120 × 80 × 70 cm3 at the 3 different MC described in Table 4.2. At high

frequencies, Γ hardly presents differences in between the 3 samples, see Figure 4.16. The repro-

ducibility of the measurements is influenced by the arrangement of the chips and also by the
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possible gaps of air in between the chips. At lower frequencies the reproducibility is improved

but the amount of field lines that cross the material are not sufficient to make any significant

difference between the 3 permittivities as observed from the simulations.

Figure 4.15: Microstrip patch antenna operating at 1 GHz, W = 91.3 mm, L = 71.3 mm.
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Figure 4.16: Reflection coefficient Γ of a 1 GHz microstrip antenna.

Concerning the wire antennas, half-wave dipoles present advantages compared to monopoles

since the mechanisms are simpler and the volume probed is double, therefore several half-wave
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dipoles have been built. Dipoles fed perpendicularly are fed at their center and built using dou-

ble sided PCB3 Epoxy Fiber FR4 with a relative permittivity of ǫ′r = 4.3 and 1.6 mm thickness.

One branch is one side and the other branch is the ground side of the PCB, so no connection be-

tween the sides is necessary. Experiments have been carried out using the containers described

in Table 4.2, with antennas whose length is either 15 cm, 23 cm, 32 cm, 36 cm, 45 cm, 54 cm and

60 cm. Figure 4.17 shows three of these antennas. Figures 4.18 and 4.19 show the amplitude of

the reflection coefficient of two half-wave antennas, 27 cm and 54 cm long, in the same range

of frequency. The reflection coefficient Γ at the antenna input is measured repeatedly changing

the chip arrangement. For small sized antennas, the size of chips and the gaps of air in between

the wood chips affect more the effective dielectric constant of the sample to a larger extent and

therefore the reproducibility of the results. Higher reproducibility has been achieved by the

54 cm half-wave dipole, see Figure 4.19.

Figure 4.17: Half-wave dipoles.
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Figure 4.18: Reflection coefficient Γ of a 27-cm long half-wave dipole immersed in samples at
different MC.

3Printed circuit board.
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Figure 4.19: Reflection coefficient Γ of a54-cm long half-wave dipole immersed in samples at
different MC.

A half-wave dipole fed in-line has been built and tested to study its performance. It is formed

with two cooper cylinders of 1-cm diameter and 28-cm long. The coaxial cable goes through

inside the cylinder until the middle where it is welded to the two branches, see Figure 4.20.

The reflection coefficient Γ of the dipole fed in-line has been tested inside a pile of chips of

oak (P45) to study the behavior of its resonant frequency according to the MC. Experimental

results show that this antenna is not as sensitive as the antenna that is fed perpendicularly. The

presence of the coaxial cable beside one branch of the dipole influences the current distribution

and therefore their usual behavior. This results in electromagnetic perturbations that reduce

the reliability of the measurement. A non-metallic power supply different to a coaxial cable

such as optical fiber would be more convenient in order to avoid perturbations while keeping

the in-line geometry. Figure 4.21 shows the average value of the Γ of the 56-cm long dipole fed

in-line and perpendicularly for several values of MC within a sample of oak. If one compares

both performances, the difference between the quality of the signal is clearly observed.

Figure 4.20: Photography of half-wave dipole fed in-line.
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Figure 4.21: Comparison of Γ given by a half-wave dipole fed in-line and perpendicularly.

All experiments presented in this subsection allow to study the behavior of the antennas in real

samples of wood chips and validate the performance obtained by the simulations. The patch

antennas are not sufficiently sensitive to the material around. Half-wave dipole is a good com-

promise, it is very sensitive to the moisture of the surrounding media and probes an appreciable

volume of material. In order to have good reproducibility the working frequency is limited by

the size of the chips. Notice that half-wave antennas have also been successfully used with

other material such as concrete [115].
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4.2.5 Study of half-wave dipole antenna performance

It has been demonstrated that the reflection coefficient Γ of a half-wave dipole antenna changes

according to the permittivity of the surrounding material. In order to go further and determine

which volume does really affect the antenna, an experiment using a known material has been

performed. Sunflower oil is an insulating material which permittivity is well known, 2.4 at the

operating frequency [116]. Sunflower oil has been chosen because it is an insulating liquid and

simplifies the complexities of the experiment. A 15-cm long wire dipole antenna of 1.7-mm

diameter wire has been placed in the middle of a plastic bucket of 25.6-cm diameter and 35-cm

height. The bucket of 16.7 L capacity is surrounded by electromagnetic absorbents. The dipole

is perfectly placed parallel to the surface of the oil. This way the proximity to the sunflower

oil is equal all along the wire. The reflection coefficient Γ of this antenna placed at the height

of 16.25 cm within the bucket is measured while slowly filling the bucket with sunflower oil

with 400 mL added between each measurement. In the middle of the experience 100 mL is

added instead between measurements to increase accuracy. A volume of 400 mL represents a

level increase of 0.778 cm and 100 mL represents 0.1945 cm level increase. Figure 4.22 sketches

this experience. The antenna is very sensitive to the material in a nearby region as shown

in Figure 4.23. Indeed the transition from 90% to 10% of the resonant frequency from about

900 MHz to 550 MHz occurs ±0.95 cm above and below the sunflower level. The change is

clearly visible around ±3 cm around the sunflower level. It is is interesting to see if the wire

diameter has an influence on the results. The experiment iss repeated using a 16.4-cm long

dipole made of 3-mm diameter wire. No significant difference iss found between both values

of diameter as shown in Figure 4.24.

Figure 4.22: Schema of the sunflower bucket.
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Figure 4.23: Evolution of the resonant frequency of a 15-cm long dipole, made with 1.7-mm
diameter wire.
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Figure 4.24: Evolution of the resonant frequency of a 16.4-cm long dipole, made with 3 mm
diameter wire.

This experiment is also simulated using HFSS in order to estimate the accuracy of the model,

specially the boundary conditions. A 15-cm long wire dipole antenna has been placed in the

middle of a plastic bucket. Dimensions of the bucket and dielectric properties of the sunflower

oil are equal to the experimental setup performed. Figure 4.25 shows the evolution of the res-

onant frequency of this antenna in presence of sunflower oil. It is clear that the strong change
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of the resonant frequency occurs in the closest region to the antenna, this simulation gives a

nearby region of 1.2 cm at each side of the antenna and a 90% to 10% transition of ±0.76 cm

around the sunflower level. This simulation agreed with the experimental results.
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Figure 4.25: Evolution of the Γ of a 15-cm long dipole simulated by HFSS.

Wood chips is however a heterogeneous material composed by wet wood and gaps of air in

between, therefore the limited nearby region is likely to be bigger under these circumstances.

It would be interesting to see how a bubble of air located in different positions within the sun-

flower oil could affect the reflection coefficient Γ. This would allow a closer point of view to our

particular case. But it is almost impossible to control it experimentally. As simulation is very

close to the experiment, simulations have been performed using HFSS to evaluate the behavior

of a half-wave dipole under these circumstances. Seven bubbles of air of 15-mm diameter are

placed in the bucket full of sunflower oil, this is presented in Figure 4.26. The diameter of these

bubbles is λ/20, where λ is the wavelength of the antenna in the air. 7 bubbles are located

in a line facing the dipole. Their location is changed in order to study the region nearby the

antenna that really affects the value of the resonant frequency. Figure 4.27 shows the evolution

of the resonant frequency of the antenna as a function of the position of the bubbles within

the bucket. The bubbles are filled either with air or with water in order to present an increase

or a decrease of permittivity according to that of the sunflower oil. The resonant frequency of

the antenna seems to be sensitive to the presence of air when the surface of the air bubbles is

at 2.5 cm from the wire. However the frequency shift is significant only if the gap is around

the wire. The same yields with water bubbles though the frequency shift is higher due to its

larger permittivity. 10% of the frequency shift is obtained when the bubble center is at 1 cm

from the wire. All these results are consistent with the fact that the sensor is sensitive to the
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mean permittivity value of ±1 cm around the wire. The presence of heterogeneity modifies the

resonance frequency according to the average value of the permittivity around the wire in its

sensitive region.

Figure 4.26: HFSS simulation with bubbles of air or water in the sunflower oil.
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Figure 4.27: Evolution of the resonant frequency of the antenna in presence of a heterogeneous
material.

4.2.6 Laboratory-scale system

It has been shown that immersed measurements with a half-wave dipole antenna seem promis-

ing. When a half-wave antenna is put inside a pile of wood chips, the measurement of the res-

onance frequency seems directly related to the moisture content of the surrounding material.
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In this section the system is tested in a small container with well-controlled MC wood chips

of two kinds of wood. This allows to study if the specie of the wood has an influence on the

results.

4.2.6.1 Equipment

The antennas used to performed the measurements are 45-cm and 54-cm long half-wave dipoles

fed at their center. They are made with double sided PCB Epoxy Fiber FR4 of 1.6-mm thickness,

ǫ′ = 4.3. Two samples of 0.5 m3 of P45 chips of soft wood (pine) and hard wood (oak) are

available to perform the measurements.

When placed into some media the antenna is sensitive to a given surrounding volume that

depends on the length of the antenna. The longer the antenna, the larger the probed volume

of wood chips. In order to take into account the effect of the container boundaries, a sample

of chips humidified homogeneously up to 20% MC is used. 20% MC represents the minimal

MC value in the industry and therefore the larger boundary influence. The internal dimension

of the container is 110 × 71 × 61 cm3, see Figure 4.28. The longest dipole (54 cm) is placed in

different parts of the plastic container full of chips. As the longest axis is from 0 cm to 110 cm,

the reflection coefficient Γ of the dipole is measured when this is located at different positions

along this axis. The reflection coefficient is measured several times at each position changing

the arrangement of wood chips. This way the variation of Γ can be observed when closer to

the walls of the container. Figure 4.29 shows the average of the reflection coefficient Γ at dif-

ferent locations within the container. It is clear that the antenna probes more wood when it is

in the middle position since its resonant frequency is slightly smaller. Also, other resonances

or interferences are observed, this can be attributed to the presence of different objects in the

room. Results show that Γ is very changeable depending on the location but when the antenna

is covered by 40 cm up and down. This means that the antenna is sensitive to boundaries ap-

proximately 40 cm on each direction, which means that the minimal volume of wood chips to

work with is approximately 1 m3. Unfortunately, nor enough wood neither large enough de-

vices are available in the laboratory. Considering the laboratory facility limitations an anechoic

container has been designed. The internal surface of the plastic container is covered by ferrite,

an electromagnetic absorbent material at the operating frequencies, in the range of 50 MHz to

1.3 GHz. A lid covered by ferrite has also been designed, this way the container simulates a

complete anechoic chamber. This anechoic container presented in Figures 4.30 allows the study

of the sensor preventing interferences caused by apparatus or material around the container.

The reflection coefficient Γ at the antenna input when placed inside both samples is measured

repeatedly using a 8722ES Vector Network Analyzer from Agilent Technologies.
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Figure 4.28: Plastic container.
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Figure 4.29: Reflection coefficient Γ of the 54-cm dipole when placed at different positions
within the plastic container.

4.2.6.2 Methodology

The volume available of soft and hardwood is 0.5 m3. The size of the chips is P45 for both

species of wood. Samples of 36 kg of dry pine and 41 kg of dry oak are firstly humidified by

adding water and then stirred regularly to get an homogeneous material. The reflection coeffi-

cient of the 45-cm and 54-cm long dipoles inside both samples have been measured during 32

days to follow the variation of the MC. The MC values are obtained by measuring concurrently

each sample weight with a weighbridge following

MC(%) =
mwet − mdry

mwet
× 100.

This monitoring process is presented in Figure 4.31. Sixteen different values of moisture have

been tested in each sample. To reduce the dispersion caused by the heterogeneity of the material

four measurements are performed at every moisture content changing the arrangement of chips
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Figure 4.30: Photography of the anechoic container.

every time. Fans are used to speed up the drying process. Under these conditions, the MC range

studied is comparable to the industrial wood chip MC range, from 17% to 50%.
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Figure 4.31: Monitoring of the MC of soft and hardwood.

4.2.6.3 Sensor characterization

The 54-cm long dipole presents slightly better reproducibility than the 45-cm long one. Fig-

ure 4.32 shows the variation of the first resonance versus the MC for the 54-cm long dipole. Red

(hard wood) and black (soft wood) curves represent the average resonance frequency at each

MC. Their variation as a function of the MC are noticeable, with a constant sensitivity over the

entire range of MC tested. The frequencies of every MC are clearly differentiated from each

other, meaning that the arrangements of chips do not affect the final result. It is interesting to
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Figure 4.32: Firs resonance versus MC.

compare the frequency shift obtained for both species of wood. It shows that despite their dif-

ferent origins, the curves are very similar. This suggests that the measurements are relatively

independent of the species of wood. A 3% relative scattering bias (Error rate in reproducibility)

is estimated using

Scattering bias =
1
N

N

∑
i

fi,max − fi,min

fi

, (4.9)

where N = 16 is the total number of measurement of MC, fi,max and fi,min are the maximum and

minimum value of the resonance frequency for a given MC, and fi corresponds to the average

resonance frequency for a given MC. It is estimated by

fi =
1
M

M

∑
j

f j, (4.10)

where M = 4 is the number of measurements for each MC. The resolution of the method is

estimated as δ f /∆F, where δ f = ∑ ( fi,max − fi,min) /N represents the average dispersion for

measurements, and ∆F = Fmax − Fmin is the general frequency range of a linear regression

approximation of the first harmonic (dotted curves), Fmax and Fmin are the resonance frequen-

cies for the maximum and minimum value of MC under test. This quantity approximately

corresponds to the slope of the measurement versus the MC as presented in Figure 4.32. The

behavior of the curve of the resonant frequency according to the MC is linear, this means that

an average value of several samples of MC would agree with the average value of the respec-

tive resonant frequencies. A ±3.7% resolution is obtained for hard wood and ±2.7% for soft

wood. When combining both kinds of wood ±3.4% resolution is found [117][118]. Taking into
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account the measurements dispersion, as the dispersion can be attributed to the arrangement

of wood chips around the antenna but also to the slight variation of MC between the chips, 1%

resolution requires an average over 20 measurements, thus 20 sensors would be required in the

truck.

4.2.6.4 Multivariate analysis

The calculation of the resonance frequency is not the only information given by the antenna

inside the surrounding material. All the measured spectrum provides information but this

requires more sophisticated methods as the implementation of non linear black box models ap-

plied to MC prediction. As mentioned above, for a given MC value several measurements of the

reflection coefficient Γ have been performed. The reflection coefficient Γ has been measured at

801 frequencies between 50 MHz and 1.3 GHz. These measurements differ by the arrangement

of the wood chips.

A non linear model based on Least Squares Support Vector Machine LS-SVM built by a machine

learning specialist4 is applied [119]. The LS-SVM modeling technique for non linear regression

maps the input variable space to a high dimensional feature space where linear regression is

possible. To rank and select the frequencies of the spectrum that are relevant for the model,

the Gram-Schmidt orthogonalization procedure is applied. The validation error is calculated

using the Virtual-Leave-One-Out (VLOO) method. This method reduces the computational

burden and provides the validation error after performing a single training that involves all the

available data. This method is exact when dealing with linear-in-their-parameters models such

as the LS-SVM technique [120].

The description is summarized in the following diagram, see Figure 4.33 :

The first part of this analysis consists in the estimation of the reflection coefficients models
[

Γ̂1, Γ̂2, ..., Γ̂N

]

at each MC. The number N is the quantity of MC under test. For this aim, the

four measurements of Γj (j = 1, ...N) corresponding to different arrangements of chips are taken

into account. The values of reflection coefficient in all the spectrum f M
i , where i represents one

of the four wood-chip arrangements and M represents the 801 frequencies measured in each Γ.

The reflection models are based on the LS-SVM with Gaussian kernel. This part leads to a set

of N reflection models
[

Γ̂1, Γ̂2, ..., Γ̂N

]

. In the second part, these models provide the inputs of

the MC model. The model is optimized using the Gram Schmidt orthogonalization procedure

that is dedicated to the frequency ranking and selection. The MC model is built using the LS-

SVM technique with linear kernel. The 54-cm long dipole allows more efficient models than

4Hela Daassi-Gnaba.
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Figure 4.33: Model structure.

the 45-cm long one, for both types of wood. The bias for the oak is ±1.83% and for the pine is

±1.42%.

Since the goal is to provide a virtual sensor to determine the MC, a model that predicts MC

regardless the type of wood is required. Thus, data from both wood types are combined to

develop a global model. Eleven
[

Γ̂
]

of softwood and eleven of hardwood have been used to

build a new MC model. The remaining 10 reflection coefficient models
[

Γ̂
]

are used to test the

model.

4.2.6.5 Summary

A small-scale prototype of a system to determine the MC of wood chips in bulk has been pre-

sented. Plastic containers with samples of 0.5 m3 simulate an industrial container full of chips.

Pine and oak have been tested, they are respectively softwood and hardwood, the two kind of

wood used in the french forest industry. One 54-cm long dipole fed perpendicularly is plunged

inside the sample to test its reflection coefficient while the MC is decreasing from 50% to 20%.

Results have shown that the final result is relatively independent of the kind of wood under

test. A rough precision of ±3.4% has been obtained. However, a method of implementation

of non liner black box models based on the Least Squares Support Vector Machine LS-SVM

provided a resolution of ±1.83% for the oak and ±1.42% for the pine. In a real application

where the kind of wood is unknown or is just a mixed of several essences, the resolution given

is ±2.15%. This system presents promising results, it is non destructive, rapid, economical and

can be very easily extended to a larger prototype and installed in a industrial container for real

application.
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4.3 Full-scale implementation

In view of the promising results offered by the small-scale system tested in the laboratory, an

experimental larger prototype has been developed to perform measurements in the container of

a real delivery truck, in a french forestry platform. The platform Coopérative Forestière Bourgogne

Limousin (CFBL) allowed to use their installations and industrial equipment for this research. A

long-term measurement campaign began in May 2015 for 7 months. The objective is to validate

the performance of the sensor tested in the laboratory for real cases. Large piles of chips of

different densities and sizes are available to test the system proposed. Nine piles of 45 m3 of

chips recently chipped (normally 50% MC) by an industrial woodchipper in the warehouse are

available. Sensors are installed in 6 static piles to follow the behavior of the MC during months.

The other 3 piles are used to load and unload a 35 m3 container and perform measurements in

it. The objective is to measure the moisture content of wood chips in bulk, so the installation

of several sensors in the container of a delivery truck is here proposed. This allows to have

several values of the reflection coefficient which provides several resonant frequencies that are

respectively related to several values of MC. This system offers an average value of the MC of

the total fuel up to purchase. Sensors can be positioned in a kind of portable grid or rope that

can be easily attached or immersed in an industrial container. A measure in the container of a

delivery truck could provide a first value of MC while chipping in the forest and a second value

at the moment of the delivery to the client to determine the price of the fuel. The same system

can then fulfill the requirements of the wood chip industry [121].

4.3.1 Bulk measurements in static piles

Size P63 Birch Pine Oak
Measuring pile 45 m3 45 m3 45 m3

Sampling pile 45 m3 45 m3 45 m3

Table 4.3: Static available piles.

Three species of wood are available for the research. Two piles of every specie are located one

beside the other on the platform of the warehouse. Each pile occupies a surface of around

5× 5 m2 and 4 m high. The description of all six piles is presented in Table 4.3. Measuring piles

are equipped with 14 antennas each at 3 different levels: 9 on a low level, 4 in the middle and 1

on the upper part of the pile. The antennas used are 56-cm long half-wave dipoles fed at their

center, using single sided PCB Epoxy Fiber FR4 (ǫ′ = 4.3) with 0.8-mm thickness for pine and

oak and 1.6-mm thickness for birch. The dipoles are attached together by their centers all along

the length of a rope, the separation between them is about 1 m. They have been installed in the
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measuring piles while their formation as shown in Figure 4.34 All coaxial cables are respectively

labeled indicating the position of every antenna and have been grouped in a box beside the pile.

Figures 4.35 and 4.36 show this experiment when piles have been formed. Sampling piles are

similar to the measuring piles but they are not equipped with antennas. They contain 12 small

samples of chips in grid bags all spread within the pile. The bags are placed inside the piles

while their formation, the bags are made of a grid in order for the sample to breath and to

behave as a natural part of the whole pile. All samples are located about 1 m above the ground

and 1 m inside the pile. They are accessible via a long rope that is attached to the bag, so the

bags can be thrown out when required to check the MC of that specific in the sample. This

is shown in Figure 4.37. A Keysight N9923A FieldFox Vector Network Analyzer is used to

measure the reflection coefficient Γ of every antenna between 50 MHz and 1.3 GHz.

Figure 4.34: Installation of ropes of sensors while formation of the piles.

Figure 4.35: Piles of wood chips in the platform of the warehouse.



92 CHAPTER 4. IN CONTACT TECHNOLOGIES

Figure 4.36: Security box for coaxial cables.

Figure 4.37: Samples of wood chips within the sampling piles.

The objective is to show how MC of a pile can differ a lot according to the position of the sensor,

that is why an average value is needed. Inside a static pile of chips, the heat increases so the

MC can increase or decrease irregularly depending on different locations within the pile. Every

measurement day the corresponding samples have been taken out from the sampling piles to

be dried in an oven at the laboratory in Paris, following the specifications of the official method.

It is obvious that these samples do not represent a reliable value of MC of the whole pile but it

gives the general tendency of MC for us to follow during the whole experiment. Table 4.4 shows

the evolution of the MC of the samples in bags thrown out from the sampling piles of oak,

pine and birch. Every measurement day the sample to dry is located in different parts of the

same pile, that is why the evolution of the MC is irregular however it is clear how the general
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tendency is towards drying out. This experiment allows to follow the behavior of the MC in

Day 0 6 12 22 29 36 54 65 96 112
Birch 36% 36.8% 35.1% 32.5% 30.1% 29.8% 28% 28% 25.8% 22.4%
Pine 45% 44.7% 46.3% 36% 38.7% 34.2% 38% 33% 31.2% 22.1%
Oak 34% 33.1% 30.7% 29.7% 27.6% 24.5% 26% 28% 26.7% 27.7%

Table 4.4: General tendency of sample MC in the sampling pile since the first measurement day.

different locations within a whole pile of chips during its natural drying process. As mentioned

above, different parts of the pile hold different MC values. Measurements of the Γ at the entry of

each antenna have been performed weekly for the three species. The comparison of the antenna

labeled 5 located in the middle of the pile and the antenna labeled 14 located on the upper part

of each pile is presented in Figure 4.38. One can see that the resonant frequency measured by

the antenna on the top of the pile is always higher than the one from the middle of the pile. This

is due to the different position of the sensor within the pile. Both curves of every specie follow

a similar behavior, the three pairs of curves decrease equally respectively. The sensor that is

closer to the air presents a resonant frequency higher than that of the sensor in the middle for

the three species under test. The fact that the sensor is closer to the air means that obviously

chips are drier in that part of the pile as it has been shown. Figure 4.39 shows the average value
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Figure 4.38: Comparison of sensors within the piles.

of the resonant frequency of all sensors during the experiment. It is well seen how the general

MC value decreases. Results show that all piles have reached the same MC value after 16 weeks

exposed in the warehouse. Measurements of all sensors present different values, the dispersion
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is very high for the three species, the average frequency variation ∆ f = fmax − fmin is 17 MHz,

where fmax and fmin are the maximum and minimum values of resonant frequency measured

among the 14 sensors for every specie. This frequency variation is very important if comparing

with the resonant frequency corresponding to the maximum and minimum MC measured of

the whole experiment. Different species do dry also at different speeds.The speed drying value

for birch and pine is similar. Oak seems to have a slower variation of MC in the same amount

of time. This is because the oak was drier than birch and pine when first chipped in May. By the

way, oak is a hardwood, therefore denser than the other species, which implies a slower speed

of drying.
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Figure 4.39: Evolution of the MC for three different species of wood.

4.3.2 Bulk measurements in a container

Pine P63 Oak P63 Oak P45
Measuring pile 45 m3 45 m3 45 m3

Table 4.5: Piles available for measurements in a container.

Three piles of chips of different species and sizes are used to load and unload a 35 m3 con-

tainer of a delivery truck. Each pile occupies a surface of around 5 × 5 m2 and 4 m high. Fig-

ure 4.40 shows the industrial truck used in this experiment. The piles available are described

in Table 4.5. Contrarily to static measurement, here the antennas are subjected to a harsh envi-

ronment, since tonnes of wood chips will flow on them. Therefore robust antennas have to be
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used. Moreover, the container is available only days of measurements. Therefore the measure-

ment system designed to install in the industrial container must be removable hanging chains

equipped with antennas. Six ropes holding two antennas each have been built. They hang from

three transverse bigger ropes located on the upper part of the truck. A photograph of the sys-

tem installed in the container is presented in Figure 4.41. The ropes are hanged, this way they

do not offer resistance at the moment of unloading the container since they move with the flow

of chips. Each rope has been weighted at the bottom to limit their displacement toward the

walls of the container while the process of loading. Antennas are fed at the center via a coaxial

cable, the connection is protected with a plastic box filled with silicone to avoid water leaks. As

every rope holds two antennas, a pair of coaxial cables is attached to the rope and left out of the

truck. This way they do not resist stretching of any kind during loading and unloading.

Figure 4.40: Photography of the delivery truck and its specifications.

Since antennas are perpendicular to their power supply for sake of simplicity, the antennas are

built with metal springs, which means that both arms are bendable so they are not an obstacle

to the flow of chips while unloading, see Figure 4.42. This is key to minimize the damage of

the system. Springs are 1-cm diameter and 56-cm long. In order to limit oxidation between the

springs and thus to provide a good conduction a shielding braid is welded to the springs to

improve their performance.

The target is to follow the MC of the piles since chipped (50% MC supposedly) until 20% MC

and to study how different densities of wood and different sizes of chips affect the performance

of the system. Measurements have been performed during 5 months since June 2015 to Novem-

ber 2015. Every measurement day the portable system of antennas is installed in the container

and measured when empty. Then, a backhoe loader fills the truck with the pile of chips under

test and the reflection coefficient Γ of every sensor is measured. Finally the unloading of the

truck occurs. This is the most dangerous manouvre for the antennas because it represents a
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Figure 4.41: Delivery truck equipped with the measuring system.

dramatic weight over the measuring system. The antennas must be checked after every un-

loading process, and re-welded if required. In a real system an in-line antenna, that is to say a

parallel power supply would be required to offer more resistance and thus more robustness. In

that case optic fiber should be used to power the system in order to keep the efficiency of the

sensor (see subsection 4.2.4). Photographs 4.43, 4.44, 4.45 and 4.46 illustrate different stages of

the procedure from loading and unloading the container, taking the samples, to drying them in

the laboratory in Paris.

MC(%)
Pine P63 32 32.9 33 35.5 43.7 44.6 46.9 78.3 50.1

Dispersion ±5 ±2.2 ±0.5 ±1 ±1.5 ±2.8 ±6 ±6.5 ±0.7
Oak P63 21.3 23.8 24.5 24.7 42 42.7 43.7 44.2

Dispersion ±4 ±8.5 ±2.3 ±0.5 ±2.5 ±1.2 ±1.6 ±2
Oak P45 23.8 25.5 27.6 31 41.2 41.8 43 43.1

Dispersion ±0.5 ±2 ±1.5 ±3.8 +2.4 ±1.9 ±2.5 ±1.4

Table 4.6: MC values tested in the platform.
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Figure 4.42: Antennas built with metal springs.

In the experiments, chips are mixed during the loading and unloading process of the container,

so the dispersion of MC between different locations of the pile is lower than in a static pile.

However the arrangement of the wood chips is variable. Six samples of about 400 grammes are

taken from every pile at the moment of unloading and dried in the laboratory to estimate the

average MC value following the official method.

A total of 8 values of MC have been measured for the piles of oak and 9 for the pine. Table 4.6

shows the average value of the taken samples and their corresponding dispersion. It has been

observed that the average dispersion in MC is ±2.6%MC.

Figure 4.43: Loading the container of a delivery truck.
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Figure 4.44: Unloading process.

Figure 4.45: Taking the samples.

Figure 4.46: Drying process in the oven at the laboratory in Paris.

The resonant frequency of every sensor at every MC is obtained from the reflection coefficient

Γ. An algorithm based on a simple weighted sum applied to 80 MHz bandwidth centered at
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the minimum value of Γ is applied in order to compensate possible external resonances due

to the metallic container. It has been observed that the dispersion between the 12 sensors is

similar to the measurements in static piles, about ∆ f =17 MHz. This is due to the heterogeneity

of the moisture content within a big amount of chips. This is the reason why an estimation

based on the average must be calculated when buying large samples of this biofuel. Figure 4.47

shows the relationship between the average resonant frequency of the measuring system and

the corresponding MC values obtained from drying the samples in the oven. It is well seen

that the resonant frequency decreases with the MC and that there is no much difference be-

tween chipped oak and chipped pine, either between different size of chips used. These results

are very positive because this can mean that the strong dependence on water dismissed other

parameters to a given extent such as the density of the material and the size of chips used.

The resolution of the method is estimated as ∆ f /∆F, where ∆ f = ∑ ( fi,max − fi,min) /N repre-

sents the average dispersion for measurements, and ∆F = Fmax − Fmin is the general frequency

range of a linear regression approximation for these curves (dotted curves), Fmax and Fmin are

the resonance frequencies for the maximum and minimum value of MC under test. The rough

resolution obtained for the pine is ±3.6%, for the P63 oak is ±3.7% and ±3.9% for the P45 oak.

For a common regression a global rough resolution of ±4.4% is obtained, see Figure 4.48. How-

ever a ±2.6% MC dispersion must be taken into account. This dispersion means that the ±4.4%

precision is not just related to the efficiency of the system but to the MC dispersion observed

between the samples. Therefore the global rough precision is actually lower around ±1.8%.

20 25 30 35 40 45 50
110

120

130

140

150

160

170

A
ve

ra
ge

 r
es

on
an

t f
re

qu
en

cy
 (M

H
z)

Moisture content (%)

 

 
Pine P63
Oak P63
Oak P45

Figure 4.47: Performance of the system.
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Figure 4.48: Global linear regression approximation.

4.3.3 Summary

The presented system is based on a resonator technology. Several resonator antennas have

been firstly considered for this application, the half-wave dipole antenna responds better to the

variation of the permittivity and also probes a larger volume than the others. Several species

of wood at different chip size have been tested in a real experiment condition. In view of the

results in the laboratory and on site it is clear that this technology is independent of external

parameters such as the meteorology or the environment around, also of the density of the ma-

terial and the size of chip used. A ±3.4% rough precision is obtained at the laboratory for a

system independent of the kind of wood under test using the same size of chips. Learning

machine methods improve the precision to ±2.15%. The rough precision obtained by the mea-

surements on site is approximately ±1.8%, notice that the samples measured on site present

±2.6% MC dispersion. No learning machine methods are applied yet to these results on site

so this precision can be easily improved. Different sizes of chips as well as different species

have been tested. Bearing in mind the large quantity of material that must be probed and the

difficult conditions that this application implies, it has been clearly demonstrated on site that

an economical and robust system can be very easily implemented. It also offers versatility in

terms of design, the system can be removable or fixed, used in a container or in a pile, and

implemented in hanging chains or in a kind of grid.
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4.4 Conclusion

This chapter is focused on in-contact technologies to determine the MC of wood chips in bulk.

This technologies avoid the measurement of the surface of the material under test which is re-

ally changeable due to external parameters. In order to have a reliable prediction of MC the

surface of the material must be avoided. Therefore the main idea presented here is a measure-

ment of MC inside the container of a delivery truck, because this could provide a value of MC

while chipping in the forest or in the warehouse, and also a value at the moment of the delivery

to some client to set the price of the fuel.

The first proposal is based on a giant capacitor installed in the container of a delivery truck. The

capacity of the chips between two or more electrodes installed in an industrial container can

give a prediction of the MC. A laboratory-scale prototype has been designed and tested. This

system would be very advantageous in terms of robustness for a real application. However

results have shown that it is very sensitive to changes in the environment surrounding the con-

tainer. If there is some water in the low part of the container of if it rains over the electrodes, the

predictions become completely unreliable. This system also implies a fixed equipment precisely

tuned in the container, this means that this one would be used specifically for transporting and

testing wood chips.

The second system proposed is based on an internal technology. A resonant open antenna in

contact with the material under test changes its impedance according to the permittivity of

the medium around it. This implies a change of its resonant frequency. The resonant antenna

is a half-wave dipole antenna. Measuring the reflection coefficient Γ of this antenna when it is

placed inside wood chips allows to have a prediction of the MC of the material. This technology

has provided very promising results so a real size prototype to test on site has been designed.

The platform Coopérative forestière Bourgogne Limousin CFBL in Autun, provided the industrial

machines and wood required for an experiment in real operating conditions. The real prototype

designed in the laboratory in Paris has been used to test the MC of several tonnes of chips in a

truck. The proposed implementation has turned out robust enough and the performance of the

measuring system has provided promising results. These results are positive and inspiring for

further investment into a real industrial prototype.
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Conclusion

Increasing the consumption of renewable energies is the best way to fight against climate

change, which is one of the biggest issues of the twenty first century. That is why European

policies as well as French National policies support the development of renewable sources in

order to reach the target set by the European Union by 2020. Biomass is in the majority within

the renewable sources and wood is the biggest source of biomass. The combustion of wood

is a wide extended form of renewable energy and thus the increase of it is key to get the the

expected objective.

Wood for combustion can be presented in logs, pellets or chips. Logs are the least efficient and

more suitable for small boilers. Pellets and chips are more efficient and can be used in automatic

systems, however pellets are a manufactured product, this means there is energy involved in

their production. Wood chips are shredded wood that have many advantages for the produc-

tion of thermal energy. They come from wood left over from the industry that otherwise would

not be used and just 2% of all the energy recovered is invested in their production. Moreover,

they come from an abundant source available in most countries.

This form of biofuel gets burned in specific boilers to create energy. During combustion, the

water content is the most important and inconvenient parameter because heat is lost in the

process of the evaporation of the water and more water results in less wood for a given mass

of biofuel. Moreover, extra energy is wasted in the transportation of water. The calorific power

is directly dependent on the moisture content. For example; the energy provided by 5 tonnes

of chips at 50% moisture content (MC) is equivalent to 1 Toe, however at 20% MC, just 3 tonnes

of chips would be required to produce the energy provided by 1 Toe. Boilers are designed for

specific type of fuels and MC, therefore this parameter must be known in order to ensure the

best efficiency.

Wood chips are an heterogeneous material. Measuring its MC presents many complexities be-

cause of the random nature, size and humidity of the chips. Nowadays the current applied

method to determine the MC in large volumes of chips is called Oven Dry Method (EN 14774-

1:2009). It is a sampling method, it takes small samples of a big pile of chips that are weighed
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before and after drying to determine the humidity. It is a reliable method independent of pa-

rameters such as density or temperature of the fuel, but unfortunately it is too slow, it takes

about 24 hours, and gives only an approximate measure of moisture because just small samples

are tested. In view of these limitations, a new technique is required. Basically this technique

should be rapid and most of all able to measure large samples.

This thesis is focused on the study of the permittivity of wood chips to predict the MC. Wood

chips is a material formed by wood, water and air, water has a high dielectric constant when

compared to other materials such as of the air and the wood. Therefore MC influences tremen-

dously the dielectric constant of the material under test.

Radiofrequency (RF) is the most suited technology for bulk measurements due to its larger

penetration depth. We can think of either external humidity sensors based on the study of

the reflected energy by the material or the transmitted energy passing through it. Or inter-

nal devices based on resonator technologies. The MC measurement is required all along the

production chain to monitor the quality of the fuel, but most of all at the final delivery to the

client to determine the price of the fuel. According to the wood energy sector and to the way of

handling wood chips, the container of a truck and the warehouse are the only possible scenes

where the MC bulk measurements can be performed.

Progress on research and development of techniques for wood chips MC determination has

been achieved. Specifically for bulk measurements. Several techniques has been developed,

designed and tested. A technology that measures the reflected energy by wood chips is pre-

sented. It does not require a fixed equipment. For example a crossbar over the weighbridge

in the sawmill is an alternative. When the truck brings chipped wood from the forests to the

warehouse the fuel must be weighted, so then the MC measurement can be performed at the

same time. The cross bar probes all along the surface of the fuel within the truck. Also, the

crossbar could be portable and able to measure some different piles of chips in random places

in the warehouse. This technology is dependent on the state of the surface of the fuel which can

be very changeable according to climate conditions, thus this measurement of MC is then not

trustworthy.

A small-scale technology that implies the equipment of a truck is also presented. This system

is based on a huge capacitor installed in the container of a truck. This requires a specific equip-

ment, that is to say that the equipped container would be useless for applications different than

delivery of wood chips. MC determination is based on the capacitance measured in between

both capacitors. Tests have shown that the results are very dependent on the environment

around the container due to boundary conditions.



CONCLUSION 105

A removable technology based on open resonator antennas has been developed. The MC mea-

surement is based on the resonant frequency at the entry of the antenna within the sample. A

system of hanging chains equipped with twelve half-wave dipole antennas have been realized

and tested. This way a full truck of chips can be probed. This method has provided a rough

accuracy of 3.4% in the laboratory. Statistical analysis has been applied to optimize the preci-

sion to 2.15%. On site the rough accuracy has been found to be 4.4% but a (±2.6% MC) bias

is caused by the MC dispersion observed in the measured samples. This means that the rough

accuracy may be around 1.8%. Aside from the accuracy, this system provides an economical

and simple measurement of MC. This technology is very convenient for the wood energy sec-

tor due to the flexibility of implementation. This removable system is installed in the container

when a measurement is required, no modification in the truck, container or platform is needed.

This technology implemented in a truck provides measurements in several stages all along the

production chain: during chipping in the forest, in the meantime if deliveries are required and

at the final delivery to the client. The implementation of this technology in the warehouse, to

be applied on piles on site is also very conceivable.

In view of the initial issue, this technology seems to cover the requirements of the wood energy

sector. A rapid and non destructive MC measurement able to probe large quantity of biofuel can

be obtained. This work pertaining to MOQAPRO project, was supported by a grant overseen

by the French National Research Agency (ANR) as part of the “Bio-Matières et Energies (Bio-ME)

2012” Programme (ANR-12-BIME-0007).
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Perspectives

The optimization of the wood energy sector is a priority in France. MOQAPRO is a scientific

project whose main target is a large scale approach of quantity and quality monitoring of wood

chips all along their production chain, from forest until final delivery to the client. This implies

periodic measurements of mass and moisture content (MC) to check the quality of the fuel. The

idea is to better control the wood production and to be able to give a Fuel Quality Certification.

The goal of this thesis is to study possible technologies that can be applied on site to measure

the moisture content of bulk chips to check the quality of the product and determine its price.

This fuel is delivered in large samples, this and the rough site conditions represent complexities

to the implementation of electronic devices on site. A non destructive, rapid and robust enough

technology must be considered under these circumstances.

Conclusions and results achieved from the research carried out during this thesis allow to think

ahead some perspectives that can contribute to the final objective. Regarding the capacitor tech-

nology, boundary conditions have presented some issues because the capacitance is sensitive

to the environment. However, other geometry device that better confines the lines of electric

field may be more convenient for this application. A pseudo-cylindrical-geometry capacitor

can be considered. One or more electrodes disposed in the container can play the role of inter-

nal electrodes and the external electrode is the container itself, see Figure 4.49. Another way

could be a smaller planar geometry inside the truck, which electrodes are immersed in wood,

as illustrated in Figure 4.50. This both geometries could also be portable.

Figure 4.49: Pseudo-cylindrical capacitor.
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Figure 4.50: Capacitor technology.

Concerning the resonator technology using half-wave dipole antennas, tests performed in the

laboratory and on site have provided promising results even though the implemented device

is a prototype created in the laboratory. As an expectancy, learning machine methods can be

applied to the real measurements performed in the coopérative forestière CFBL to try to improve

the precision. Research in the laboratory has been carried out under some limitations because

of storage restrictions. The performance of longer dipoles could be tested in the near future by

the industry. More species of wood chips of all different sizes P16, P45, P63 and P100 may be

also tested to compare reproducibility. Also, in view of the success obtained by the experiment

on site, further effort should be directed towards the mechanics of the device. The most obvious

weakness is its robustness overall because the dipole is fed perpendicularly. A parallel power

supply opens up many possibilities of implementation. The dipoles could be installed along the

length of a rope of rubber, for instance. The power supply can be wireless with inboard sensor

supply or powered by non metallic means, using an optical fiber for instance. In this latter case,

the signal as well as the energy supplied transits via the fiber. Thus, the performance of the

antenna is not influenced by the presence of wires. This way a more robust and simple device

is easily conceivable, see Figure 4.51. The sensors can be either inside the truck attached to the

walls, or put into within the pile of chips by a drilling machine or by the staff while the pile is

being built. This proposal is robust enough to be applied in the forest industry, and also can be

installed and used by technicians who are not necessarily related to electrical engineering.

Figure 4.51: Rope of half-wave antennas.
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Abstract

Global warming is one of the major problems of this century. Thus, European policies support
the development of renewable energies in order to reach the target set by the European Union
by 2020: 20% of the energy consumption must come from renewable resources. The combustion
of wood biomass is the larger of the renewable energies and thus the increase of it is a key factor
to get the expected target. Wood chips are shredded wood that present many advantages for
the production of thermal energy. In particular, they are considered a carbon neutral fuel.

During combustion, the water content does not produce energy but causes a heat loss in the
process of the evaporation of the water. Moreover, for a given mass of biofuel, the larger water
content, the smaller the wood available. Therefore knowing the moisture content (MC) allows
to determine the calorific value of the biofuel and then its price.

In this thesis several techniques based upon the study of the permittivity of large samples of
wood chips have been proposed to predict the MC. External systems based on measurements
of the reflected energy by the material are not reliable because of their dependence on the sur-
face of the fuel, which can be very changeable under rough industrial and weather conditions.
Internal devices are more efficient. They are based on either a capacitive technology or on open
resonator technology. Due to promising results, a prototype of a resonator device was imple-
mented and tested in real operating conditions.

Résumé

Le réchauffement climatique est l’un des principaux problèmes de ce siècle. Les politiques
européennes soutiennent le développement des énergies renouvelables afin d’atteindre, d’ici
2020, l’objectif fixé par l’Union Européenne (UE). Ce dernier stipule que 20% de l’énergie pro-
duite devra provenir d’une source renouvelable. La combustion de la biomasse sous forme de
bois est la plus importante des ressources renouvelables. Par conséquent, le développement
de celle-ci est fondamental pour atteindre l’objectif de l’UE. Les plaquettes forestières sont des
morceaux de bois déchiquetés. Elles présentent de nombreux avantages pour la production
d’énergie thermique, en particulier, elles possèdent un bilan carbone neutre.

Lors de la combustion, la présence d’eau dans le bois ne produit pas d’énergie mais provoque
une perte de chaleur dans le processus de l’évaporation de l’eau. Par ailleurs, plus il y a d’eau
moins il y a de bois pour une masse donnée de combustible. De ce fait, la connaissance de la
teneur en eau dans le bois permet de déterminer son pouvoir calorifique et donc son prix.

Dans cette thèse, plusieurs techniques fondées sur l’étude de la permittivité ont été proposées
afin de prédire la teneur en eau des plaquettes forestières à grande échelle. Les systèmes ex-
ternes fondés sur la réflectivité électromagnétique du matériau sont peu fiables en raison de leur
dépendance à l’état de surface du combustible. Celui-ci est très variable en fonction des condi-
tions d’utilisation et climatiques. Les dispositifs internes sont plus performants. Des systèmes
internes capacitifs et à base de résonateurs ouverts ont été étudiés. Un prototype de dispositif
à résonateur a été réalisé et testé en conditions réelles de production.


	Introduction
	Wood energy sector
	Critical condition of current energy consumption
	Ecological footprint and source depletion
	Green tendency

	Wood biomass energy for heating
	Interest of the industry
	Wood biomass 
	Boilers
	Towards a new energy strategy for Europe 2011-2020
	French energy policy

	Industrial process
	Production chain
	Importance of standards
	Standards


	Background
	Thermogravimetric methods
	Freeze drying 
	Oven drying
	Infrared drying
	Microwave Drying 

	Analytical methods
	Rapid or indirect methods
	Radiofrequency methods
	Microwaves methods
	Electrostatic methods
	Optical methods
	Hygrometrical methods
	Radiometric methods

	Synthesis

	Contactless electromagnetic technologies
	Preliminary physical background
	Wood chip dielectric properties
	Electromagnetic propagation

	Transmission-Reflection system 
	Experimental prototype
	Optical module
	Stereo vision method
	Stereo matching process
	3D reconstruction
	Experimental results and discussion

	Electromagnetic module 
	Material 
	Procedure
	Direct frequency domain analysis
	Direct time domain analysis
	Multivariate analysis


	Conclusions 

	In contact technologies
	Capacitive system
	Principle
	Experimental system and procedure 
	Results and discussion
	Summary

	Resonator technology
	Underlying physics
	Antenna resonators
	Half-wave dipole antenna
	Quarter-wave monopole antenna
	Microstrip rectangular antenna
	In-line half-wave dipole antenna 

	Simulation analysis
	Experimental analysis
	Study of half-wave dipole antenna performance
	Laboratory-scale system 
	Equipment 
	Methodology
	Sensor characterization
	Multivariate analysis
	Summary


	Full-scale implementation
	Bulk measurements in static piles
	Bulk measurements in a container
	Summary

	Conclusion

	Conclusion
	Perspectives
	Bibliography

