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Forest chips as a renewable energy source have become more important fuel in the Finnish 

energy for curbing climate change. Demand for efficiency and increasing rivalry have 

highlighted the importance of quality determining as a pricing basis. New measurement 

methods have been developed to overcome the problems of conventional heating value 

determination. The most prominent issue is the delay in measurement results. This research 

examined from the literature the non-destructive measurement methods that are suitable for 

analyzing the quality of forest chips. Moreover, an empiric survey was carried to explore what 

measurement methods are used by larger-scale power plants in Finland, and what their needs 

and expectations are for the new measurement methods developed. 

The literature review explored the quality factors of forest chips, their importance in different 

utilization purposes and the basics of applicable quality measurement technologies. In the 

discussion, the most appropriate measurement methods for power plant use were evaluated 

based on previous researches that pointed out the benefits, limitations and problem areas of 

each method. The speed of measurement was discovered, in particular, the advantage of non-

destructive technology. Some of the methods also provide other quality information in addition 

to the moisture content. 

The empiric survey was focused on power plants with a boiler capacity of 100 MW or more. 

The number of these is about 30 in Finland. Of the 23 power plants that responded to the survey 

and met the criteria for the study, only three reported using non-destructive quality 

measurement in their operational use. The system for test use was found from four other power 

plants. All these systems in operational and test usage were based on either X-ray or microwave 

measurement technologies.  

The conclusions and recommendations noted the importance of power plant-specific metering 

objectives and the customizability of a commercial application to the requirements as more 

relevant selection criteria than a generic superiority comparison of measurement techniques.  
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Metsähake uusiutuvana energialähteenä on ilmastonmuutoksen taittamiseksi tärkeä polttoaine 

suomalaisessa energiapaletissa. Tehokkuusvaatimusten ja kilpailun kiristyessä 

laatumäärityksen merkitys on korostunut hinnoittelun perusteena metsähakekaupassa. Uusia 

mittausmenetelmiä on kehitetty paikkaamaan perinteisen lämpöarvomäärityksen ongelmia, 

joista merkittävin on mittaustulosten viive. Tämä tutkimus kartoitti alan kirjallisuudesta, mitkä 

mittaustekniikat ainetta rikkomattomista menetelmistä soveltuvat metsähakkeen 

laatumääritykseen. Empiirisen kyselytutkimuksen avulla puolestaan selvitettiin, mitä 

menetelmiä suuremman kokoluokan voimalaitokset Suomessa käyttävät ja mitkä ovat 

voimalaitosten tarpeet ja ennakko-odotukset uusien mittausmenetelmien kehityksessä. 

Kirjallisuuskatsauksessa perehdyttiin metsähakkeen laatutekijöihin, niiden tärkeyteen eri 

käyttökohteissa ja soveltuvien laatumittaustekniikoiden perusteisiin. Mittausmenetelmien 

käsittelyssä arvioitiin voimalaitoskäyttöön soveltuvimpia mittaustekniikoita aikaisempien 

tutkimusten valossa tavoitteena löytää kunkin menetelmän hyödyt, rajoitteet ja ongelmakohdat. 

Rikkomattomien menetelmien etuna nähtiin erityisesti mittauksen nopeus. Osa menetelmistä 

tarjosi kosteussisällön lisäksi myös muita laatutietoja. 

Empiirinen kyselytutkimus kohdistettiin yli 100 MW kattilatehon omaaville voimalaitoksille, 

joita on noin 30 kappaletta Suomessa. Kyselyyn vastanneista ja tutkimuksen kriteerit 

täyttäneistä 23 voimalaitoksesta vain kolme raportoi käyttävänsä ainesta rikkomatonta 

laadunmittausmenetelmää operatiivisessa käytössään. Testikäyttöön valjastettu järjestelmä 

puolestaan löytyi neljältä muulta voimalaitokselta. Niin operatiivisessa kuin myös testikäytössä 

olevien mittausmenetelmien perusteena oli joko röntgen- tai mikroaaltomittaus.  

Johtopäätöksissä ja suosituksissa todettiin voimalaitoskohtaisten mittaustavoitteiden merkitys 

ja kaupallisen sovelluksen räätälöitävyys kohteeseen merkityksellisempinä mittausmenetelmän 

valintakriteereinä kuin tiettyjen mittaustekniikoiden yleisluonteinen paremmuusvertailu.  
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NOMENCLATURE 

Latin alphabets 

FIR Far infrared; Means infrared radiation in the region of 15 µm – 

1000 µm wavelengths which refer to DIN classification IR-C.  

HHV Higher Heating Value; Describes energy content of the fuel. This 

is determined bringing all combustion products back to the original 

temperature and condensing any vapor produced. [MJ/kg or 

MWh/t] 

LHV Lower Heating Value; Describes energy content of the fuel. This is 

determined by subtracting the heat of evaporated water from the 

higher heating value. This considers all formed H2O as vapor. 

[MJ/kg or MWh/t] 

LHV-AR Lower Heating Value as Received; Describes energy content of the 

fuel. This is determined by subtracting the consumed heat of 

vaporizing the produced water as calculated with LHV but also 

accounts the heat consumed to vaporizing water which was 

included in the fuel as moisture content. [MJ/kg or MWh/t] 

MIR Mid-wavelength infrared; Means infrared radiation in the region of 

3 µm – 8 µm wavelengths which refer to DIN classification IR-C. 

NAA Neutron activation analysis; An analyzing method that uses 

neutrons for exciting atomic nucleuses making them heavier and 

unstable isotopes. The excitation is discharged by the nuclear 

reactions which produce gamma rays that can be measured.  
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NIR Near infrared; Means infrared radiation in the region of 0.7 µm – 

1.4 µm wavelengths which refer to DIN classification IR-A. 

NIRS Near infrared spectroscopy; A method to analyze material using 

near infrared radiation. 

qDXA Quantitative dual-energy X-ray absorptiometry; commonly used 

radiographic method to analyze biomass properties. 

VOC Volatile organic compounds; Evaporative compound of wood that 

typically has high energy content. 

XRF X-ray fluorescence; commonly used radiographic method to 

analyze biomass properties. 

Z Impedance [Ω] 

Greek alphabet 

φ  Phase shift of electromagnetic frequency 

Terms 

Heating value Energy content of fuel; can be given as HHV, LHV or LHV-AR. 

Heating value without specific definitions is generally used in this 

report to describe net energy content that is usable in the power 

production which refers to LHV-AR. [MWh/ton] 

Permittivity Measure of capacitance that is encountered in a particular medium 

when electric field is formed. This describes material’s ability to 

store an electric field by the dielectric polarization of the medium. 

[F/m] 
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1 INTRODUCTION 

Quality measuring and management are crucial parts of forest biomass usage and related 

business. The properties of biomass vary significantly and are influenced by weather conditions, 

processing methods, raw material, storage time and many other factors. Precise moisture 

determination is the basis for accurate heating value analysis. Traditionally used and 

standardized way to measure moisture content is to measure the weight loss of collected 

samples in the oven drying when fuel is supplied to the power plant. However, this gravimetric 

analyzing method has several challenges, for example, the authenticity of results, required long 

processing time, representativeness of sample, repeatability and safety at work. In addition to 

the traditional method, automated and half-automated sampling systems have been developed 

to provide extensive representativeness. Recent technologies provide instant moisture data, 

which enables making real-time analysis of the unloaded fuel going to the silos or adjusting 

combustion based on the analysis of fuel supplied to the furnace. This research analyzed 

developed measurement technologies based on literature review and practical survey that 

examined currently used technologies in the industry. Information was collected by a 

questionnaire that was sent to all 100 MW and bigger power plants operating in Finland and 

using forest chips as one of their significant fuels. The needs of other wood chip consumers, 

such as pellet producers and biorefineries, are considered on theoretical bases. This research 

aims to define critical areas in the quality measuring to improve technology in a manner to 

benefit power plant operators and other industrial partners. 

1.1 Research objectives 

Research aimed to explore currently used measurement technologies for fuel quality and 

provide suggested improvement based on experiences in the industry. The source of 

information was defined to include the largest players in the industry, who account for 

approximately 70 % of all forest chips consumption in Finland. 

The main research question to survey was what the quality measurement methods used at the 

biggest biomass power plants in Finland are. Another main interest was to explore on what 

kind of new technologies can be used to replace the conventional oven-drying method. In 
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addition to these main interests, usage experiences were surveyed, as well as affects to daily 

operation and business, future plans to improve quality measuring and expectations in relation 

to the new measuring technologies. 

1.2 Research methods 

The research included theoretical industry and technology analysis and practical field surveys. 

The theory part was collected through a literature review that focused on forest chip resources, 

utility trends, fuel properties, quality issues and existing quality measurement technologies. 

Measurement technologies were explored from bio industrial books, related dissertations and 

research reports. Practical part was conducted as a survey, collecting user experience and 

answers from power plant operators. The practical part included preparing survey questions, 

choosing qualified respondents, distributing the questionnaire, processing answers and making 

an analysis based on the findings. 

The survey process was started determining necessary questions to ask detailed information 

from power plant operators. Questionnaire was made to cover the following areas: 

• Consumption and importance of forest chips,  

• Occurred challenges with forest chips’ quality,  

• Used sampling methods and practices,  

• Measured properties and measuring interval,  

• Pricing methods,  

• Measurement technologies,  

• Feedback system to inform suppliers,  

• Plans to improve quality measuring system,  

• Priorities in measurement and  

• Expectations towards new measurement technologies.  

Regardless of the need to collect information in extensive areas, the questionnaire was made to 

consist of three pages with an estimated answering time of 10 minutes. This decision was made 

to motivate power plant operators answering the survey. 
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Contacted power plants were selected based on the information in Power Plant Register 

published by Finnish Energy Authority (2018) and from the list of district heat suppliers 

provided by Finnish Energy organization (2018). Further online research and direct calls to the 

personnel gave additional information about forest chips usage, which affected to the decision 

to include or discard the power plant from the survey. 

The survey included questions related to power plant characteristics, quality changes, sampling 

and measurement procedures, purchasing management and improvement views. The 

questionnaire was made in Finnish to make it convenient for power plant operators to answer, 

which is represented in Appendix 1. Considered power plant characteristics consist of its power 

output, main fuel types, annual wood chip consumption and its percentage from all used fuel. 

These details were important for evaluating the power plant’s significance in the survey. 

Questions about quality changes considered the level of caused harm and reasons of quality 

changes. Also, the power plant’s possibilities to reduce harm were enquired. These questions 

were chosen to estimate the magnitude of quality changes and caused harm for business. 

Sampling and measurement procedures surveyed used methods, practices and measurement 

objectives. This part was implemented specially to get an understanding of currently utilized 

technology in the industry. Purchasing management considered used pricing methods and 

feedback to suppliers. Improvement views, which is the last area of the survey, considered the 

following: 

• The level of satisfaction with current quality analysis,  

• The improvement needs and plans,  

• The importance of different type of improvements and  

• Operators’ expectations how on-line measurement would change quality analysis at 

power plant environments.  

Consequently, these questions evaluated market space for new technologies and commercial 

measurement solutions.  
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The survey was carried out using Webropol -service which, enables collecting data by on-line 

surveys. For one company, the survey was fulfilled via phone interview due to the wish of the 

power plant operator. All the answers were collected into Webropol -service that provides the 

results in different file formats to download. Analysis of the survey was made utilizing different 

statistical methods and applications. Main trends were analyzed, listed and represented using 

suitable graphing and analyzing tools in Excel and IBM SPSS Statistics. Conclusions were 

made by comparing the results obtained from the analysis to the information provided by related 

literature and other researches. 
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2 FOREST CHIPS IN INDUSTRIAL SCALE USAGE 

This chapter explains forest chip usage and the related industry in Finland by answering the 

following questions: 

• How forest chips are defined as an energy source,  

• What are the woody biomass resources available,  

• Who are the main users and  

• How the utilization has varied during the last decades of this millennium.  

Also, quality, as a definition for woody biomass, and its significance for energy production 

business are discussed. 

2.1 Resources and usage in Finland  

Forest chips, as woody biomass, generally can be produced from various feedstocks and 

qualified to different categories based on its source. Forest chips are produced either from whole 

tree, delimbed stem wood or logging residues based on its general definition in Finland 

(Alakangas et al. 2016, 12). Forest chips are common biofuel for the Finnish industry and 

energy production (Ministry of Agriculture and Forestry, 2019). These are often burned along 

with other wood-based fuels, forest industrial side streams and other by-products. Traditionally, 

it has also been very common to co-fire peat together with wood chips. This technique helps to 

neutralize harmful flue gas compounds, and so it provides the advantage of preventing corrosion 

in the boiler and superheaters.  

Nevertheless, many power plants recently have been modified to use lower portions of peat or 

even stop completely using it. This is resulted due to changes in national and European Union 

energy politics, which have brought changes into taxation and incentives supporting renewable 

energy resources. As a result, consumption of woody biomass in energy production has grown 

as Figure 1 represents. However, regardless of this general growth, the consumption of forest 

chips has slightly decreased since 2013, as Figure 2 represents. 
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Figure 1. Total energy production (TWh) from woody biomass in Finland 2000 - 2018. (Tilastokeskus 

2019) 

 

 

 

Figure 2. Energy production from forest chips in Finland 2000 - 2018. (Tilastokeskus 2019) 
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The reason behind this slight decrease in the forest chip consumption since 2013 is due to the 

increased utility and processing stage of the used forest biomass. Energy production increase 

from woody biomass mostly meant increasing the use of forest chips until 2013. However, in 

recent years, forest industrial side products, recycling wood and also wood pellets and 

briquettes have increased their utility share, as shown in Figure 3. This means that a greater 

share of stem wood is now used for the quality demanded industrial purposes.  

In consequence, the lower quality residues and by-products like black liquor, sawdust, bark, 

tops and stumps are utilized more in the energy production than before. This has led to the 

situation that fuel quality is more dependent on the other production processes and varies a lot 

based on the type of feedstock. Thus, the quality changes between different types of feedstock 

can be more substantial, leading to worse economic losses and problems with the combustion 

process. Therefore, biomass power plant operators need to be even more cautious of the quality 

of the fuel used in the boilers. (Ministry of Agriculture and Forestry 2019) 

 

Figure 3. Share of wood fuel types in energy production in Finland 2000 - 2018. (Tilastokeskus 2019) 
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2.1.1 Main users and their specific requirements 

Efficient way to utilize wood resources requires classification based on quality. Stem wood 

which quality is good, but measures do not fulfil the criteria for timber products, is normally 

chipped or crushed before further utilization as raw material for industrial products or as fuel 

for energy production. Different utilization purposes have different quality requirements also 

for the wood chips. Homogeneous high-quality wood chips are needed for industrial products 

like printing and writing papers or packaging-, construction- and interior design materials. And 

even more specific quality standards are set by the biorefineries and other modern technologies 

that enable manufacturing liquid biofuels, clothes, plastic, asphalt or everyday products, 

including cosmetics, pharmaceutical products and even food from wood-derived ingredients 

(Ministry of Agriculture and Forestry 2019b).  

Biorefineries consists of different processing methodologies, and each different production 

process has more or less unique requirements, however, a common standard is valuating the 

wood chip feedstock based on its energy content (Joelsson 2014, 24). Since every industrial 

manufacturing process has its own requirements for wood chips, the specific terms for wood 

chip quality are normally defined in the contract made with suppliers. 

Pulp production is one of the high-quality demanding wood-chip consumers. To be suitable for 

this purpose wood chips need to fulfil the criteria of the right chip size, maximum content of 

bark, and they also must not contain plastic, sand, stones, coal, harmful chemicals, foreign 

matter or objects (Sipi 2002, 196 – 197). If the requirements are not fulfilled the paid price can 

be at maximum as it would be if the wood chips were utilized in energy production. Pricing 

basis is, however, also different in pulp production and in energy production. Price is typically 

paid based on tons of dry matter in pulp production while big power plants use pricing based 

on energy content. (Varis 2017, 206)  

Wood chips for energy production are often divided into distinct quality categories based on 

the requirements of the utility target. Small heating purposes, such as farms or detached houses 

that use the heating power between 20 – 200 kWh, typically require high-quality wood chips. 

The basic requirement is uniform quality in terms of chip size, moisture content and heating 
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value. Also, fuels containing impurities and high ash content are not suitable for small-scale 

heating purposes. For this reason, chips made from stem wood are the best option. 

(Bioenergianeuvoja 2019) 

Energy production at big power and heating plants can tolerate some amount of impurities and 

variation of quality. Logging residue, bark, stumps, recovered wood and other residues from 

wood processing industry are examples of low-quality woody biomass that is typically utilized 

at big scale power plants (Alakangas et al. 2016, 8 – 17). Big power plants often have also a 

crusher to fine down the differences in chip size, however, too big pieces still cause harm. 

Especially, long sticks among the chips are causing difficulties because they easily clog the 

conveyors already before going to the crusher. So, the negative consequences of low-quality 

fuel cannot always be estimated and measured only by the energy content, even it is common 

to use supplied megawatt hours as the basis of pricing. Measuring accurately the quality issues 

that matter gives a chance to set a certain limit for accepted quality, negotiate the price lower 

or cooperate with suppliers to improve quality management in the whole supply chain. 

Since the feedstock material, wood chips, are basically the same material in all these utilization 

purposes, also the same quality management technologies could be used whenever the quality 

factors to measure are the same. This research mainly focuses on the big-scale power plants but 

for the suppliers and developers of measurement technology it is worthy to identify the 

measurement needs and quality requirements of pulp factories, biorefineries, pellet producers 

and other wood chip consuming industry. They possibly encompass even better market for 

quality measurement technology because the utilization as raw material generally means higher 

standards for quality than the utilization as fuel at big-scale power plants. 

2.2 Quality and properties 

Fuel quality can be determined based on its heating value, which describes the benefits fuel 

offers in energy production. This is closely related to the moisture content in the fuel: simply 

the more water content in the fuel is, the less net energy it produces. However, the content of 

dry matter also has an impact such that the content amount of hydrogen or carbon in the fuel 

affects directly proportional to the potential of fuel in energy production. 
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Figure 4. Uniformly good-quality wood chips on the left side, and low-quality chips with variable 

particle size on the right side. (Bioenergianeuvoja 2019b) 

 

Another perspective to classify fuel quality is determining the content of harmful substances, 

which cause additional costs in transportation, power plant wear and tear, ash disposal and flue 

gas emissions. Figure 4 describes the difference between good-quality wood chips and low-

quality wood chips. The photo on the left represents the fuel which contains mostly clean stem 

wood only, but also it has a more uniform chip size in comparison to the fuel on the right side. 

The particle size of the biomass is important in different means. Variation in chip size affects 

the combustion properties but also it might cause problems in the conveyor systems. 

(Bioenergianeuvoja 2019b) 

2.2.1 Composition 

Forest chips quality mostly relates to the moisture content, which varies typically between 30 

and 40 per cent of weight. The moisture content of fresh-cut wood is approximately 50 %, but 

drying in the piles before chipping reduces it depending on the weather conditions. Driest forest 

chips are produced during summer. Typical composition of fresh wood comprises mostly water 

and compounds of coal, oxygen, hydrogen as described in Figure 5 (Ahokas et al. 2014, 16). 

The nitrogen content is 0.3 – 2.3 %, and mostly all the rest is ash. Sulphur content in wood 

chips is very low, generally less than 0.05 %. (Ahokas et al. 2014, 17; Alakangas et al. 2016; 

53 – 54)  
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Figure 5. Woody biomass composition. Percentages are counted from dry matter. (Ahokas et al. 2014, 

16) [Modified] 

 

Another way to describe the composition of wood is to divide it into different sections, as Figure 

6 represents, based on their chemical behaviors when wood is heated and burned. Moisture 

content is considered evaporating first in normal pressure when the wood chips are heated over 

the temperature of 100 ̊ C. Volatile organic matter consists of components and products that are 

released when the fuel is heated at 900 ˚C for seven minutes in standardized conditions 

(Alakangas et al. 2016, 19). After the volatiles are released there is only fixed carbon (char) left 

and ash left. Char can be separated from ash by burning it in an air atmosphere at 600 ˚C 

(Ragland et al. 1991, 164). The amount of each matter can be determined by measuring the 

weight of the sample between each separation process. However, some parts of the volatile 

organic matter can be released already in the temperatures lower than 100 ˚C (Ahn et al. 2014, 

1615). Evaporation of the organic volatiles is harmful in energy production if it happens, for 

example, during the storage period. Furthermore, this is challenging to measure since the 

traditional oven-drying method is not able to separate water content from the organic volatiles 

that are released in the temperatures lower than 100 ˚C. 
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Figure 6. Proportions of water, dry matter, fixed carbon and ash in wood fuels. (Alakangas et al. 2016, 

53) 

 

2.2.2 Heating value 

Heating value describes energy content in the fuel. It can be given in different ways: theoretical 

calculations typically consider either lower heating value (LHV), also known as, net calorific 

value which is descriptive when combustion products are deported as gases or higher heating 

value (HHV), also known as, gross calorific value which is descriptive when water is condensed 

from the flue gases. Lower heating value as received (LHV-AR), also known as, gross heating 

value describes the value of incoming biofuel in the best way since the effect of moisture 

content is also taken into account. Heating value without special definitions is used generally 

in this report to describe net energy content in the power production which refers to LHV-AR. 

(Alakangas et al. 2016, 27) 

Standardized and conventionally used way to define HHV is a bomb calorimeter test which 

basic principle is to measure combustion heat of the sample which weight is known. Complete 

combustion is conducted in the oxygen filled constant volume chamber and the produced heat 

is measured from the temperature change in thermally insulated system. Since the combustion 

chamber is closed and temperature of the system remains relatively low over the process, water 

steam from the flue gases is condensed to liquid state on the walls of the combustion chamber. 

It means that internal energy of the flue gas steam is not lost but transferred into the 

calorimeter’s water jacket which temperature change is measured. For this reason, the 
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measurement gives the highest considerable value for fuel’s energy content, and so it is called 

as ‘higher heating value’. (Alakangas et al. 2016, 27) 

The process of condensing the steam from flue gases is traditionally not possible in the real 

power plant processes due to corrosion risk. Although, flue gas scrubbers at modern power 

plants can recover some part of the condensing heat of the steam in flue gases still the efficiency 

is not likely to be as good as HHV would let to understand (Javarus 2016, 4). So, the condense 

energy is necessary to be reduced from HHV in order to calculate LHV which provides more 

applicable understanding about released energy in the traditional power production. LHV 

describes combustion energy in the constant pressure, and it can be calculated from HHV and 

molecular composition of the fuel as the equation 1 represents: 

𝐿𝐻𝑉 = 𝐻𝐻𝑉 − 212.2 ∗ 𝑤(𝐻)𝑑 − 0.8 ∗ [𝑤(𝑂)𝑑 + 𝑤(𝑁)𝑑] (1), 

where 𝐿𝐻𝑉 represents lower heating value, 𝐻𝐻𝑉 represents higher heating value, 𝑤(𝐻)𝑑 

represents hydrogen content, 𝑤(𝑂)𝑑 represents oxygen content and 𝑤(𝑁)𝑑 represents nitrogen 

content in the fuel. LHV and HHV are typically given in the units of J/g or kJ/kg. (Alakangas 

et al. 2016, 27) 

HHV and LHV are both defined on dry basis which means that values are not suitable for 

valuating fuel without considering its moisture content also. For a power plant fuel, the most 

suitable way to describe value of energy content is LHV-AR. This heating value can be used to 

convert biomass tons directly into megawatt hours which are commonly used as basis for fuel 

pricing. LHV-AR can be calculated based on previously defined LHV and the measured 

moisture content as equation 2 represents: 

𝐿𝐻𝑉 𝐴𝑅 = 𝐿𝐻𝑉 ∗ (
100−𝑀𝐴𝑅

100
) − 24.43 ∗ 𝑀𝐴𝑅 (2), 

where 𝐿𝐻𝑉 represents lower heating value, 𝐿𝐻𝑉 𝐴𝑅 lower heating value as received and 𝑀𝐴𝑅 

represents moisture content in the fuel. Units for heating values need to be again J/g or kJ/kg. 

(Alakangas et al. 2016, 28) 
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Heating values in the laboratory conditions are typically given with units of J/g or kJ/kg, but 

these units can be easily converted to MJ/kg. LHV-AR is often converted to unit kWh/kg or 

MWh/ton which helps comparing different fuels in energy production business. LHV-AR is the 

most important quality factor for biomass since it is commonly used pricing basis for fuel 

purchases among the big scale power plants in Finland (Pelli 2010, 69). So, it is necessary to 

provide LHV-AR in the unit of MWh/ton which makes it easy to convert delivered biomass 

tons directly to useful megawatt hours that are generally used as pricing basis in the energy 

business. (Alakangas et al. 2016, 27 – 28; ISO 18125:2017, 12) 

2.2.3 Quality related problems 

When wood chips are used as fuel, the poor quality often refers to low energy content which is 

mostly caused by high moisture content. Other possible reasons for low energy content are, for 

example, already decomposed wood matter or decontamination in the fuel such as soil and 

debris. This simply means less energy output per tons of fuel. However, it is not the only 

disadvantage since low energy content also causes several other problems, such as additional 

transportation and ash disposal costs, increased wear of boiler and conveyors, difficulties to 

adjust combustion and increased flue gas emissions. To define the level of the caused harm, it 

is necessary to clarify what measures are considered and how it can be measured. Some 

disadvantages, like increased wear of conveyors, can be very difficult to measure. Easier 

measurements are direct to costs and emissions. 

Another perspective to poor fuel quality is the content of harmful substances in the fuel. Those 

do not necessarily affect so much to the energy content but causes possibly other kind of harm 

in the power production business. For example, foreign objects like stones and metal objects 

can block conveyors or damage fuel sieves and crushers; soil among the fuel might ruin the 

quality of sand bed, increasing the need of changing the bed sand; high ash content increases 

costs in waste disposal; harmful chemicals like alkalis that cause fouling and chlorine that 

contributes corrosion. (Alakangas et al. 2016, 190; Ikonen et al. 2013, 21 – 23) 

Third main reason for poor fuel quality is the wrong chip size. Desirable chip length is 30 – 40 

mm. Too long sticks might cause stumbling and clogging in the conveyors and other processing 
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equipment. On the other hand, too small pieces can cause problems as well. In grate boilers, too 

small chips and fine particles may clog air holes in the grate, while in a fluidized bed boiler, 

fine particles are burn in the air instead of the sand bed. (Ikonen et al. 2013, 21) 

Despite the quality priorities in each different utilization purpose, the used quality measurement 

systems must be able to measure the relevant quality properties in the specific utilization where 

the measurement system is applied for. This is especially important for determining the right 

price for the supplied feedstock, and also for giving feedback to the suppliers to pay attention 

to the quality properties which matter in that specific utilization. 

Precise measurement is crucial to succeed in bioenergy business because the fuel properties 

vary greatly between different biomass types but also between single loads. Thus, quality might 

differ significantly, even within one load. Consequently, inadequate fuel quality can cause 

power plant operator additional costs in many ways depending on the purchasing contract: 

• Fuel is possibly overpriced in relation to its energy content,  

• Transportation is limited and possibly paid based on weight,  

• Varying properties make combustion difficult to adjust optimal, clean and energy-

efficient,  

• Increased volume and mass flow erode and wear down boilers and conveyers, and  

• Finally, higher ash content means also higher waste disposal costs. 
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3 QUALITY MEASUREMENT METHODS 

Biomass trading requires common basis and standards for quality measurement. Finnish law 

regulating measurement of energy wood (414/2013) applies when the measured quantity is 

volume, mass or number of pieces. Since only smaller wood chip consumers use mass or 

volume basis for pricing, it is not necessary to explore more this legislation but search for 

standards and methods which are useful to fulfil the trading requirements and the technical 

aspects of the bigger players in the industry. (Korpinen et al. 2019, 12) 

Among the big scale power plants and biomass suppliers, energy content is normally the main 

basis to define the trading price for wood chips. For this reason, power plants are required to 

use those heating value measurement methods, which are specified for the purpose of the fuel 

delivery contract made with suppliers. Energy content can be calculated based on weight, 

moisture content and commonly known conversion factors, or it can be measured with a 

certified measurement method. (Pelli 2010, 75) 

This quality measurement methods chapter focuses mostly to those measurement methods, 

which are used to define moisture content and heating value because financial priority gives a 

reason to define energy content as accurately as possible. However, there are also other 

measurement purposes that come to prominence, mostly because of technical reasons. For 

example, a detector for foreign objects can protect conveyors and processing equipment from 

major damages. This kind of quality measurements are described and discussed shortly when 

the technology provides the potential for that. Some modern measurement technologies can 

determine other quality factors besides moisture content or energy content measurement. The 

multifunctional feature can be considered even a selection criterion for new quality 

measurement systems if the feature provides strategic benefits in cost-effective means. 

3.1 Conventional measurement 

Conventionally used quality measurement consist of sampling according to the standard ISO 

18135, gravimetric moisture determination according to the standard ISO 18134 and 

calorimetric measurement to define HHV according to the standard ISO 18125. These practices 

provide quality information that works as a basis to calculate LHV-AR. 
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These methods are accurate and widely trusted; however, manual sampling include un-avoided 

uncertainty of human factor even when the instructions are made clear. In addition to this 

uncertainty, other challenges are caused by the long duration of the measurement process, the 

unrepeatability of the measurement and difficulty in using measurement results to adjust 

combustion or fuel deliveries. The following sections explain conventional measurement 

techniques in more detail. 

3.1.1 Standardized sampling procedure 

Biomass quality is conventionally measured at power plants using samples that are manually 

collected from every incoming truckload. The standardized tool for manual sample collection 

is represented in Figure 7. However, forest biomass is very heterogeneous fuel, which easily 

leads to measurement errors whenever samples do not fully represent the examined load. For 

this reason, sampling is the most critical phase causing inaccuracies in fuel quality analysis. 

Successful sampling requires that each part of the sample is chosen randomly from the whole 

fuel load. Since the loads might include stratified moisture areas, the sample should be taken 

equally from different parts of the load to include each stratum proportionally. (Spellman, 2012)   

 

Figure 7. Standard type of shovel for collecting samples manually. (Karppinen, 2014, 22) 
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When samples are collected manually, the procedure includes a significant role of the human 

factor, which might lead to intentional or unintentional error. Unintentional error often happens 

due to poor instructions, lack of motivation and technically challenging sampling conditions. 

In turn, intentional sampling error happens due to a bias, which causes choosing sample from 

favorable stratum disproportionally. Intentionally choosing dryer or wetter samples than the 

average moisture would require relates to dishonesty with selfish aims. Good company policies, 

clear sampling instructions and personnel’s ethics can successfully reduce the role of bias; 

although, the employee is naturally more loyal towards their employer and advantage whenever 

there is no clear justification how to choose samples. 

More advanced versions of the sampling-based quality measuring include automated or half-

automated sample collection system. Automated sampling reduces unrepresentativeness errors 

in the sample collection since it is less dependent on human factors. Figure 8 describes cross-

belt- and falling stream samplers as examples of automated sampling system. These sample 

collection systems are typically integrated into a conveyer or other continuous fuel stream in 

the fuel reception.  

 

Figure 8. Cross-belt sampler on the left and falling stream sampler on the right as examples of automated 

sampling system. (Alakangas et al. 2016, 42) 

 

3.1.2 Gravimetric moisture determination 

Gravimetric measurement (also called oven-drying) is commonly used method to determine 

moisture content in biomass samples. This measurement method follows the standard ISO 
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18134, which has been approved as a Finnish national standard by The Finnish Standards 

Association SFS. The idea is to measure the weight of the sample before and after drying the 

sample in the oven to calculate evaporative moisture. Standardized oven temperature is within 

the range of (105 ± 2) °C, and air atmosphere changes in the oven three to five times per hour. 

High temperature, together with good ventilation, guarantees low air humidity (only a couple 

of percentage relative air humidity) in the oven. Oven-drying removes hygroscopic and outer 

moisture leading to moisture content measurement results, which suggested precision is 1.0 - 

1.5 w-%. (ISO 18134-1:2015, 5; ISO 18135:2017, 38) 

Moisture content (Mar) is calculated from the weight differences using equation 3: 

𝑀𝑎𝑟 =
(𝑚2−𝑚3)

(𝑚2−𝑚1)
∗ 100 (3), 

where 𝑀𝑎𝑟 represents moisture content as received (w-%), 𝑚1 represents the weight of the 

empty tray (g), 𝑚2 represents the combined weight of the tray and the sample before drying 

(g), 𝑚3 represents the combined weight of the tray and the sample after drying (g). (Alakangas 

et al 2016, 25) 

Despite the strong industrial emplacement, there are some uncertainties and disadvantages 

which can make the oven-drying method less optimal and trusted in the operation. Firstly, this 

measuring process takes 16 to 24 hours, which why it is not suitable for real-time optimization. 

It also requires significant manual work, and there is always a possibility of errors due to human 

factors. Finally, the accuracy of determining net caloric value depends on the process’ ability 

to retain all high calorific content over the drying process. For the disadvantage of oven-drying, 

most of the volatile organic compounds (VOC) like terpenes are evaporated away during the 

oven-drying process. This evaporation of the VOC reduces measured net caloric value making 

oven-drying less trusted measurement method. (Samuelsson et al. 2006, 927) 

3.1.3 Calorimetric heating value assesment 

Calorimetric measurement refers to the standardized measurement of higher heating value in 

the laboratory conditions. The measurement device is called a bomb calorimeter since the 
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pressure rise happens rapidly in the oxygen-filled constant volume chamber, and too big sample 

size could even explode the chamber. A basic illustration of the device is shown in Figure 9. A 

typical standardized sample size of the fuel dry matter is 1.0 ± 0.2 grams. This sample needs to 

be well mixed and moisture content in equilibrium with laboratory atmosphere. Typically, 

sample preparation includes pulverizing or crushing the sample material to small particles, 

which enables easier mixing. After that sample is pelletized or packed into a combustion bag 

or capsule. The combustion chamber is closed and slowly filled with oxygen to a pressure of 

3.2 ± 0.2 MPa. Combustion is ignited by a spark between the ignition electrodes. The energy 

that is contributed to the system through the spark need to be reduced from the measurement 

result. Heat is transferred into the water, which surrounds the pressurized combustion chamber. 

The amount of heat content can be calculated when temperature change of the water is 

measured, and the heat capacity of the system known. Modern bomb calorimeters like the model 

represented in Figure 10 are automatized and make most of the corrections and calculations 

automatically. (ISO 18125:2017, 12; 15) 

 

Figure 9. Illustration of a bomb calorimeter: 1 Stirrer, 2 Thermostat lid, 3 Ignition leads, 4 

Thermometer, 5 Calorimeter can, 6 Thermostat. (ISO 18125:2017, 10) 
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Measured higher heating value tells the amount of released energy in the combustion when 

formed water steam is condensed to a liquid state. Since this condensing process is normally 

not possible in the real power plant processes due to corrosion risk, it is necessary to reduce the 

condense energy in order to calculate lower heating value, which is a more applicable stand to 

estimate the benefit the supplied fuel can provide in the energy production. 

 

Figure 10. Modern type of a bomb calorimeter. (Laboratory-Equipment.com 2019) 

 

3.2 Non-destructive measurement and on-line methods 

On-line measurement methods consist of different technologies that can measure fuel quality 

continuously, providing real-time data. These methods are also called non-destructive 

technology (NDT) due to measurement practices that have no change to the properties of the 

fuel going through the measurement process. The on-line measurement process does not 

generally require sampling since most of these technologies enable scanning all the received 
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fuel. However, these technologies are not all suitable for different fuels and measurement 

purposes but need to be adjusted for each purpose separately. Each NDT has its pros and cons 

and suitable applications in the industry. The following sections introduce some of the most 

promising on-line measurement methods. 

3.2.1 Radiometric measurement 

Radiometric (or radiographic) quality measurement includes several distinct technologies that 

utilize different types of ionizing radiation and provide different measurement features. 

Considering the moisture determination of biomass in the norther countries, the most important 

advantage with radiometric measurement generally is that measurement is not sensitive to 

temperature changes or snow and ice among the measured fuel (Järvinen 2013, 25). 

Radiometric measurement methods can be based on scattering, absorption, natural activity 

metering, or excitation (Järvinen 2013, 23). The basic principles of these technologies are 

represented in Figure 11. Some of these methods can also be combined to be utilized together 

in the same measurement device to provide more comprehensive measurement results. When 

the examined material stream is thick or highly dense, it might be necessary to use gamma 

radiation instead of X-ray (ASNT 2019). Besides the use of electromagnetic radiation, the 

nuclei excitation type method neutron activation analysis (NAA) can also be utilized. NAA is 

a technology that uses neutrons to make atomic nuclei heavier, forming unstable isotopes in the 

analyzed material. This excitation of atomic nucleuses is discharged by the nuclear reactions 

which produce gamma rays that can be measured. (Järvinen et al. 2007, 36)  



32 

 

 

Figure 11.  Principle models of radiographic measurement methods. Fluorescence type of excitation 

seems as a model very similar to scattering, but fundamental reaction is different, and the received waves 

have lower energy intensity. (Kirchner 1991) [Modified] 

 

The excitation that is caused by the energy intensive photons like X-rays affects only to electron 

shells instead of nuclei. This type of excitation is discharged by the exothermic changes in the 

electron shells. This reaction produces photons that have lower energy intensity than photons 

emitted in NAA. Electromagnetic radiation from electronic shells is typically also lower 

energy-intensive comparing to the radiation, which was used for exciting the electrons. For 

example, in the case of using X-rays for exciting the electrons, the detected electromagnetic 

radiation can be ultraviolet radiation or visible light. This technology is called as fluorescence 

measurement. (Fernández–Cano & Torgrip 2017, 162) 

X-ray fluorescence (XRF) and quantitative dual-energy X-ray absorptiometry (qDXA) are 

commonly used radiographic methods to analyze biomass properties. In XRF analysis, biofuel 
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is treated by X-rays that generate excitation of orbital electrons in the analyzed fuel. The 

fluorescence effect happens when an excited orbital electron relaxes back to its ground state. 

This means that X-ray treated material emits a photon (electromagnetic radiation), which can 

be detected. Typically, the emitted photons have a longer wavelength, and therefore lower 

energy than the originally absorbed X-rays. So, fuel type and its basic elements can be 

determined based on the wavelength and intensity of emitted radiation. (Fernández–Cano & 

Torgrip 2017, 162) 

The photoelectric absorption-based method qDXA uses two different energy levels of X-rays 

(Fernández–Cano & Torgrip 2017, 162). The idea is to measure the level of absorption, which 

happens depending on the density, and in more specific, based on the effective atomic numbers 

of the analyzed material (Aulin 2013, 65). This is then compared to material-specific density 

values and to the measured thickness of the biomass layer. The challenge is that biofuels are 

not very homogeneous, which why the measurement system needs to recognize different fuel 

types and automatically adapt material specific settings for each distinct fuel type. Calibrating 

the system for each different biomass types and density values is crucial for achieving accurate 

measurement results (Järvinen 2013, 23).  

Besides moisture content and heating value determination, radiographic measurement also 

provides a possibility to detect foreign objects and measure the volume of the loads. This 

multifunctionality provides an advantage in comparison to many other on-line measurement 

methods. An example of a commercial radiographic measurement system is represented in 

Figure 12. (Kovanen 2017, 38) 
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Figure 12. Commercial application of radiometric measurement developed by Inray Oy Ltd. 

(Environmental XPRT 2019; Inray 2019)   

3.2.2 Optical infrared measurement 

Electromagnetic spectroscopy using infrared radiation is a widely known moisture 

measurement method. Infrared measurement is categorized based on the region of the used 

wavelength. These infrared regions are divided either into three or five categories as Table 1 

represent each category with specified wavelengths. Typically, wavelengths of 0.8 µm – 2.5 

µm are utilized for moisture determination. These wavelengths belong to categories IR-A and 

IR-B according to DIN standardization. However, the term near infrared (NIR) is commonly 

used to describe this quality determination method even other wavelengths would also be 

included to the process. Commercial measurement applications often utilize 2 – 8 distinct 

wavelengths. An example of the infrared based on-line measurement device is represented in 

Figure 13. (Castro et al. 2009, 21 – 22; Aulin 2013, 64; Järvinen 2013, 20) 
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Table 1. Infrared classifications. Three categories on the left are following DIN standards which are 

also recommended by The International Commission on Illumination (CIE). Five categories scheme 

represented on the right includes also commonly used sub-divisions. (Castro et al. 2009, 21 – 22) 

 

 

 

 

Figure 13. On-line measurement using multi-wavelength infrared based Moisture Analyzer MT-

SCAN. (Electronic Wood Systems 2019) 

 

Near infrared spectroscopy (NIRS) enables qualitative and quantitative analysis through a cost-

effective, contactless and rapid measurement process. This method utilizes information on 

molecular overtone and combination vibrations. Interactions between electromagnetic radiation 

and the chemical bonds of the fuel material are measured. The method is temperature-sensitive, 

but proper calibrations enable to measure also icy material. To provide calibrated analysis of 

DIN code Wavelength Commonly used name Abbreviation Wavelength 

IR-A 0.7 – 1.4 µm Near infrared NIR 0.7 – 1.4 µm 

IR-B 1.4 – 3 µm Short-wavelength infrared SWIR 1.4 – 3 µm 

IR-C 3 – 1000 µm 

Mid-wavelength infrared MIR 3 – 8 µm 

Long-wavelength infrared LWIR 8 – 15 µm 

Far infrared FIR 15 – 1000 µm 
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fuels with varied temperature and composition, distinct properties need to be measured and 

calculated using multivariable methods. (Aulin 2013, 64; Avelin et al. 2017, 1310; Korpilahti 

& Melkas 2010, 19)  

An obvious advantage of NIRS is its capacity to provide also other information besides moisture 

content. The infrared method can analyze the organic matrix of the fuel providing information, 

for example, about ash content, energy content and determine the mix of different fuel types. 

The most important pricing basis LHV-AR can be determined more reliably by NIRS than 

measuring moisture content and using fixed heating value to calculate LHV-AR. (Aulin 2013, 

64) 

The penetration depth of NIRS is limited, which can be considered the biggest disadvantage of 

the method. Indicative measurement depth for forest residue is 10 mm, but this varies for each 

different measured material and fuel composition. Practically, this means that moisture and 

other properties are measured only on the surface of the biomass. Also, a proper calibration of 

the NIRS requires many wavelength measurements and complex mathematical modelling. For 

this reason, modern infrared measurement solutions are based on array detectors, which enable 

measuring hundreds of distinct wavelengths at once. The idea of these array detectors is 

represented in Figure 14. (Aulin 2013, 64; Järvinen 2013, 20) 

 

 

Figure 14. The idea of near infrared spectroscopy and use of array detectors. (Järvinen et al. 2007, 19) 
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3.2.3 Microwave measurement 

Microwave technology offers various distinct ways to measure moisture content in biomass. 

Metered variable can be waves’ attenuation, resonance or phase shift. The most common 

method is to measure attenuation, which means absorption into the measured material. 

Microwave measurement methods are based on the dielectric properties of water molecules in 

the electromagnetic field. This is the same measurement basis as utilized for capacitive 

measurement method (explained more detail in next chapter 3.2.4). The results of microwave 

measurement are subject to biomass’ temperature, which, however, can be compensated. 

Nonetheless, fuel containing ice or snow cannot be measured by microwave methods. (Aulin 

2013, 65; Järvinen 2013, 22) 

The microwave method described as attenuation, absorption or reflection based means the 

microwaves are emitted into the fuel material, and analysis is then made based on the 

microwaves that are passed through or reflected from the measured material. If measured 

material has a high attenuation factor, this technology is limited to measuring only the free or 

surface moisture of the material. Though, biomass has quite a low attenuation factor, which 

means that bound moisture can also be measured from wood chips. (Nel 2016) 

The resonance-based method means measuring the frequency of the microwaves, which are 

detuned and dampened depending on the water content in the fuel material. Water molecules 

have a strong dipole, which makes those possess dielectric properties. Vibrating water 

molecules in the electromagnetic field takes energy from the microwaves but also changes 

microwaves’ frequency, which is measured by the resonance-based method. (Both et al. 2010, 

85) 

The measurement based on phase shifts is done at two different microwave frequencies. The 

method can work on density independently utilizing the microwaves’ free-space wavelength 

technique. This technology gives better accuracy than attenuation-based measurement. The 

method is also profitable since two measurements with different frequencies can be completed 

cost-effectively by the same technological instrument. (Okamura & Zhang 1999, 1211) 
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Practically microwave measurement can be applied in different ways. Some devices are 

developed to measure manually inserted samples (Figure 16) while other devices work on a 

continuous basis measuring either a smaller side stream (Figure 15) or even all the received fuel 

in the conveyer (Figure 17). Implementation for smaller quantities is easier because it enables 

to stabilize samples or stream to a constant size, and the temperature of measured biomass to a 

constant value above 0 ˚C. It also makes it possible to produce devices in an affordable size. 

When conditions assure that there is no ice among the whole fuel stream, microwave 

measurement can be applied for all the received fuel in the conveyor. However, analysis and 

calibration require also information about the fuel stream’s mass, profile or height. These 

additional measurements can be provided, for example, using belt weighers, radar level, 

ultrasonic level, radar scanners or a combination of these devices. (Nel 2016) 

 

Figure 15. Senfit BMx for continuous measurement using constant sample stream. (Jakkula & 

Vuolteenaho 2017, 35) 
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Figure 17. Continuous microwave measurement for fuel in the conveyer. (Berthold 2019) 

3.2.4 Electrical measurement 

Electrical measurement can be applied in several distinct ways for moisture determination in 

woody materials. Measurement methods can be, for example, resistance, dielectric permittivity 

(capacitance) or impedance based. Each of them provides their specific advantage, but some 

features are the same for all the electric methods. In general, calibration for each different type 

of fuel is crucially important using these methods since the accuracy of the measurement has 

found dropping significantly when the measured feedstock is changed to low-carbon fuels 

(Davis et al. 2016, 265). 

Figure 16. Senfit BMA for moisture 

determination from samples. (Senfit 2019)  
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Resistance method 

A traditionally known practical application of a resistance-based measurement is a pin-type 

meter (as shown in Figure 18), which has two or more electrodes to touch the measured 

material. This hand-held measurement device is used manually dipping the electrodes into the 

piles of wood chips. However, this same measurement method could be developed to work also 

the on-line basis in the fuel silo or conveyor, as illustrated in Figure 19. 

 

  

Figure 18. A pin-type hand-held meter to determine moisture content on resistance basis. (Vicometer 

2019) 

 

Resistance based measurement instruments are generally suitable for a narrow moisture range 

only up to 30 w-% (Järvinen 2013, 25). Korpinen & Melkas (2010, 9) suggested that the 

measurement range is limited to the saturation point of the wood grain. Some instrument 

providers like Vicometer, however, claim to achieve measurement range up to 80+ w-% 

(Vicometer 2019).  
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Figure 19. Illustration of resistance based on-line moisture determination. 

 

Resistance based measurement is sensitive to temperature and density changes, which need to 

be determined correctly to calibrate the moisture measurement precisely (Järvinen 2013, 25). 

Also, the direction of wood grains affects the resistance value of the measured wood (Korpinen 

& Melkas 2010, 9). This is an issue when a single solid piece is measured, but the mean value 

should be achieved when woody biomass is chipped or crushed to be finely divided. However, 

further research would be necessary to define significance of the effect based on changes in 

chip size, biomass type and specific contents like conifer needles, which have an effect on 

biomass’ pH value and attendance of free ions. 

Capacitance method 

Capacitance measurement is based on the dielectric properties of water. This method applies 

the measurement of the dielectric constant, which indicates how much the capacity value of the 

measured material differs relative to an air-insulated capacitor. The dielectric constant for water 

is 80, which is clearly higher than value for dry biomass. The dielectric constant for dry wood 

is between 2.5 and 6.8. The value for ice is around 3, which why ice cannot be recognized 

among wood by this measurement method (Saarilahti 1981, 369). Measurement based on 
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dielectric properties is not very suitable for foreign object recognition since the dielectric 

constants for stones and soil are about the same level with the dielectric constant of wood 

(Clement 1999). However, the dielectric constant for metals is infinite, thus, theoretically, metal 

objects could be recognized (Boston University 2019). Applying this into practice would 

require further research because pilot applications and literature mostly focus only on the 

moisture determination. (Korpinen & Melkas 2010, 9) 

Moisture measurement using dielectric properties is possible either by the radio frequencies 

(RF) or microwaves. Capacitive meters typically use an electric field in a few or only one 

frequency, for example, 15 – 30 MHz. The measurement and its calibration are a complex 

process since the value of relative permittivity is influenced by various qualities. Besides the 

moisture content, temperature, density variations and ionic conductivity also have their effects 

on which why measurement applications often prepare biomass into constant temperature and 

density before the capacitive measurement. These challenges make it difficult to measure all 

the received fuel, but the process can be applied to smaller sampling stream or to individually 

taken samples. Measurement depth is limited to 10 – 15 cm and the measurement range up to 

50 – 60 % moisture content. The dominance of surface moisture can be counted as an additional 

limitation or drawback. (Järvinen 2013, 25-26; Korpinen & Melkas 2010, 9-10) 

Impedance method 

Impedance spectroscopy utilizes changing electric field; unlike the capacitance method, it 

typically applies more frequencies, and the used frequencies are lower, typically up to 1 MHz 

approximately. Metering the spectra of several frequencies enables more sophisticated 

mathematical modelling for further analyses like specific material properties or moisture 

content under variable conditions. The measurement is done based on the response spectrum of 

the measured material, which is comparable to the idea of NIR multivariate measurement. The 

impedance Z is defined from the magnitude |Z| and phase ∠Z according to equations 4 and 5: 

∠ 𝑍 =  𝜙 (4), 

|𝑍| =  𝑣0 𝑖0⁄  (5), 
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where 𝑣0 is amplitude of frequency received as a response from the material and 𝑖0 is amplitude 

of the frequency, which was used stimulating the system (Chilcott et al. 2010, 2). (Järvinen 

2013, 26; Korpinen & Melkas 2010, 10) 

Impedance measurement as all the electrical methods requires close contact with the measured 

material. For example, air space or conveyor belt between the sensor and fuel surface can 

prevent measurement or distort results significantly. In general, moisture cannot be measured 

by this method in the temperatures below zero Celsius, however, moisture measurement could 

happen via spectral analysis in different phases of melting. Impedance method is promising also 

because it can provide observations beyond the surface. Anyhow, the impedance measurement 

is still under development and not commonly utilized in a commercial application. (Järvinen 

2013, 26; Korpinen & Melkas 2010, 10) 

3.2.5 Nuclear magnetic resonance measurement 

Nuclear magnetic resonance (NMR) provides a suitable method to measure moisture content 

rapidly and accurately. The method does not require material-specific calibration since the same 

calibration can be used for several biomass types and mixes. However, fatty and ferromagnetic 

materials cannot be tested by NMR (Kaurila 2017, 43). Based on the tests with prototype gauge, 

NMR gives absolute precision, which is comparable to the oven drying method (EN ISO 18134) 

as Figure 20 represents (Barale et al. 2002, 977). 
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Figure 20. A comparison of NMR and oven dry measurements. (Barale et al. 2002, 977) 

 

The biggest challenge to commercialize NMR technology is the cost of scalability. 

Measurement is rapid, but the amount of measured sample is small. In order to arrange on-line 

measurement directly on the conveyor line, the system should be built as big as the MRI 

equipment, which is used for medical purposes. This size of system would be most likely too 

expensive investment for power plants. Thus, these reasons have led researchers to develop 

smaller and cost-effective systems as the example device represented in Figure 21, which could 

work together with a manual or automated sampling system. (Järvinen 2013, 60) 
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Figure 21. Valmet MR Moisture Analyzer for biomass. (Valmet 2019) 

 

3.2.6 Ultrasonic measurement 

Ultrasonic quality measurement is a common method to determine material strengths and 

searching for defects; however, there is not much research made about acoustic attenuation in 

the crushed material like wood chips. Acoustic methods like ultrasonic measurement are 

traditionally used often for different kinds of distance or thickness measurements. In the 

biomass industry, this could be, for example, determining the thickness of the wood chip layer 

in the conveyor or filling level of fuel silos. Though, challenges are faced with wet conditions 

since the properties of watery wood chips cause difficulties to determine surface. (Korpilahti & 

Melkas 2010, 14) 

The responses of acoustic methods are mainly dominated by the elastic and structural properties 

of wood, so it is not likely that acoustic methods alone could achieve accurate moisture 

measurement. Combined measurement, for example, with impedance measurement, could 

provide information about biomass type and mixture. Stem wood chips containing more large 
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particles cause higher acoustic emissions in amplitude. However, the emission frequency is, on 

average, lower than with logging residue chips, which contain more small particles. Below the 

saturation point, also moisture content could be determined, at least for indicative information. 

(Järvinen et al. 2007, 77; Järvinen et al. 2008, 52; Korpilahti & Melkas 2010, 14) 

Despite the described challenges ultrasound has some advantages like sensors’ antifouling 

quality and ability to assess the concentration of biomass by sound attenuation method. 

Ultrasonic sensors sending mechanical waves have self-cleaning quality in the dusty conditions 

whereas optical techniques suffer the fouling of the optical lenses. (Howard et al. 2014, 26)  
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4 SURVEY PROCESS AND RESULTS 

This chapter explains how the surveyed power plants were chosen, what kind of methods were 

used to collect information and what are the result of the survey.  

4.1 Qualification of respondents 

The target group of respondents included all forest chips fired power plants located in Finland 

with thermal power requirements of at least 100 MW. Suitable power plants were traced from 

the Power Plant Register of Finnish Energy Authority and from the list of district heat suppliers 

provided by Finnish Energy organization. Additional information regarding forest chips 

utilization rate, for example, was searched from the companies’ websites or by contacting the 

operative staff by phone calls. Then, the survey was sent to the personnel who were found being 

responsible for fuel purchase and quality at the power plant.  

Based on the given criterion, there were found 29 power plants that fulfilled the requirements 

to belong to the target group. Out of which, 26 complete answers were collected to the survey 

after the first round of sending survey and reminder rounds were done. The final selection to 

the target group also included consideration of how significant role forest chips possess in the 

energy pallet of the power plant. Three of these 26 respondent power plants got discarded based 

on low forest chip consumption and forest chips’ insignificance in their fuel pallet. Based on 

power plant operators’ own opinion about fuels’ significance and reported consumption 

numbers, there was found 23 qualified respondents. These surveyed power plants claimed forest 

chips being significant fuel for them with annual consumption of approximately 100 GWh or 

more.  

4.2 Characteristics of surveyed power plants 

A significant use of forest chips was required from all the chosen power plants. However, 

among the surveyed power plants, there was only one that mentioned forest chips being their 

only significant source of fuel. All other surveyed power plants told also using some other solid 

biofuel fuels like peat, sawdust, bark or stump hog fuel significantly. Three of the power plants 

also reported coal as one of their significant fuels. 
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Surveyed power plants that were qualified were distributed in four different power categories 

as Figure 22 represents. 100 MW boiler capacity was used as a limit to out the low forest chip 

consuming respondents. So, the power category 101 – 200 MW was found the most common 

among the respondents, but still four power plants which make 17.4 % of respondents were 

found also in the both highest power categories. 

 

Figure 22. Numbers and percentages of qualified respondents in each power category. 

 

Despite the categorization based on the total power and significance of forest chips, there was 

found significant variance in forest chip consumption within the group of qualified respondents. 

Annual forest chip consumption was reported from 70 GWh to 1500 GWh. However, the mean 

annual consumption was 359 GWh, and the median was 200 GWh. Thus, the result indicates 

that most of the surveyed power plants were emplaced closer to the lower end of the 

consumption range. Also, descriptive to consider that there was only one power plant in which 

its annual forest chip consumption was over 1000 GWh as Figure 23 represents.  
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Figure 23. Annual forest chip consumption (GWh) in different power plant boiler power categories. 

 

Annual consumption of forest chips depends on the boiler capacity of the plant as well as its 

utility ratio and fuel ratio. When the ratio of forest chips is high compared to the total fuel usage 

at the power plant, it often means that also the absolute consumption of forest chips is also high. 

In this research, the high annual consumption of forest chips means higher significance for the 

power plant. However, there were two power plants in which their forest chip consumptions 

were unexpectedly high in comparison to the ratio of forest chips as Figure 24 represents. 

Further power plant-specific examination revealed that some information was received 

incorrectly from the power plant, which announced 900 GWh as their annual forest chip 

consumption. Anyhow, it was confirmed that the power plant utilizes wood-based fuels, and 

the boiler size is almost 300 MW. Thus, their reply was not completely discarded from the 

research. A notable finding is also that almost all the surveyed power plants had consumption 

ratio 60% or less forest chips. This is partly due to technical requirements to use peat to balance 

chemical combustion properties and partly due to the availability of different biomass types. As 

a general conclusion, forest chips are very rarely used as a single fuel. This makes certain that 

other used fuels and their measurement requirements are also necessary to be considered when 
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quality measurement systems are compared and chosen. Some of the other fuels like, for 

example, peat might have different sampling or measurement process than forest chips. 

However, it is likely that all wood fuels are preferred to measure in the same quality 

measurement system. This gives additional requirements that considered new measurement 

methods should be usable with a variety of different biomass types. 

 
Figure 24. Annual forest chip consumption (GWh) in relation to power plant fuel ratios. 

 

4.3 Quality changes and their balancing 

The first concern regarding fuel quality was to define the occurred level of harm caused by fuel 

quality changes. So, the question for power plant operators was formed: “How substantial harm 

do fuel quality changes cause for your energy production business?”. Power plant operators 

were asked to answer to this using a scale of 1 to 4 where 1 states ‘no harm’ and 4 states ‘very 

much harm’. Most of the power plant operators (56.5 %) replied ‘a bit harm’ as Table 2 
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represents. Opinions were not found to have relation to the power plant’s boiler size or the ratio 

of forest chips from the total fuel usage. 

Table 2. Fuel quality changes causing harm for energy production business. 

 Frequency Percent 

Valid 

1 = No harm for business 3 13 % 

2 = A bit harm 13 57 % 

3 = Reasonably harm 7 30 % 

4 = Very much harm 0 0 % 

Total 23 100,0 

 

The main reasons for quality changes were discovered as Table 3 represents. Other reasons 

were both related to foreign matter among the fuel. Soil and stones were a problem for one 

respondent, and snow for the other one. Snow and accumulation of water due to freezing also 

refers season or weather, which was the most common reason for quality changes. 

 
Table 3. Discovered reasons for quality changes and low-quality fuel. 

Discovered reason 
Number of 

power plants 
Percentage from 

all surveyed 

Season or weather 22 96 % 

Fuel type 11 48 % 

Supplier 6 26 % 

Other reasons 2 9 % 

 

Surveyed power plants were found to use several different methods to reduce the negative 

effects of poor-quality fuel. Methods are listed in Table 4 in the order of popularity among 

respondents. 

 

Table 4. Used methods to improve combustion and avoid negative effects of low-quality fuel. 

Quality management method 
Number of power plants 

utilizing method 
Percentage from all 

surveyed power plants 

Managing orders and controlling suppliers 21 91 % 

Mixed combustion with peat 16 70 % 

Mixing incoming fuel loads 14 61 % 

Mixed combustion with fossil fuels 9 39 % 

Drying fuel at storage field or in a drying system 2 9 % 
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Mixed combustion other type of fuel, e.g., pellets 1 4 % 

 

 

4.4 Used measurement methods and practices 

4.4.1 Sampling 

Manual sampling is still very common practice since more than half of the respondents 

answered using manual sampling in their primary quality measurement as Table 5 represents. 

Further observation between different power categories revealed that the percentage of manual 

sampling systems was a little bit higher in the lowest power categories. However, the increase 

in automation cannot be clearly proved when power plant size is bigger. The approximately 

same amount of half automated systems was found in each power category, and the only fully 

automated sampling system was found from the smallest power category.  

Table 5. Different sampling methods in each power category. 

Sampling method 

Number & percentage of power plants included in each category 

101 - 200 MW 201 - 300 MW 301 - 400 MW over 400 MW Total 

  Manual 5 63 % 4 57 % 2 50 % 2 50 % 13 57 % 

Half automated 2 25 % 3 43 % 2 50 % 2 50 % 9 39 % 

Full automated 1 13 % 0 0 % 0 0 % 0 0 % 1 4 % 

Total 8 100 % 7 100 % 4 100 % 4 100 % 23 100 % 

 

The division of responsibility in the sampling process was one of the interesting research 

questions since bias issue is unavoidable in the manual sampling. The survey reveals that very 

often driver who represents supplier is the one who collects samples as Figure 25 represents the 

share among respondents who use manual sampling. 
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Figure 25. Responsible personnel for sampling when manual sampling was the used method. 

 

Using the power plant’s own personnel to take samples is a way to reduce supplier affected 

bias. So, in theory, this practice can compensate the lack of automated sampling system. The 

prevalence of these methods was compared with intention to analyze how the bias issue is 

mostly managed at the power plants. Table 6 reveals the percentage of automated sampling 

systems and the percentages of power plants where own personnel either completely 

responsible for sampling or makes regular recheck. A notable finding is that automated 

sampling was more than double more common solution to reduce biased samples in comparison 

to using power plants’ own personnel to carry out sampling. Automation is, of course, an 

understandable direction of development because biased sampling could become a concern on 

the suppliers’ side if power plant operators carried out the whole sampling and measurement 

process unilaterally. 
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Table 6. Responsible personnel to carry out sampling for quality analysis. 

Who collects the samples 
Number of 

respondents 
Percent of all 
respondents 

Percent of manual 
sampling systems 

M
a

n
u

a
l 

Driver or another 
supplier's representative 

12 52 % 80 % 

Power plant personnel 2 9 % 13 % 

Both take own samples 
or regular recheck 

1 4 % 7 % 

O
th

e
r 

Automated sampling 
system 

7 30 %   

Samples are not used 
for quality measurement 

1 4 %   

  Total 23 100 %   

 

4.4.2 Quality measurement 

Typically used quality analyses included measuring moisture content, heating value, ash 

content and chip size. Also candling for foreign objects was found in use at a couple of power 

plants. Elemental analysis was carried out at two power plants 3 – 4 times per year, and one of 

the respondents told monitoring foreign metal objects weekly through the evaluation of findings 

in magnet collection. Table 7 represents frequencies of the commonly used measures. 

Table 7. Percentages of the power plants carrying out commonly used quality analyses in each 

frequency category. 

 Measured quality 
At least 
weekly 

At least 
monthly 

Less 
frequently 

than 
monthly 

Never 

Moisture content 96 % 4 % - - 

Heating Value 13 % 74 % 9 % 4 % 

Ash content 4 % 61 % 30 % 4 % 

Chip size 4 % 9 % 61 % 26 % 

Candling for foreign objects 13 % - 9 % 78 % 

 

Traditional gravimetric measurement was utilized at all surveyed power plants. However, two 

respondents reported using the gravimetric measurement only as a secondary method. In these 

cases, the primary measurement was either an X-ray or microwave-based system. X-ray and 
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microwave systems were also the only non-destructive measurement methods that were found 

among respondents. These methods were applied either in test usage or operational usage as 

Figure 26 represents. One of the power plants applied both non-destructive methods; X-ray in 

operative usage and microwave in test usage. 

 

Figure 26. Non-destructive measurement methods utilized at the surveyed power plants. 

 

4.4.3 Pricing basis and fuel valuation 

The heating value was confirmed being the main basis for fuel pricing at all the surveyed power 

plants as it was expected based on the literature review. In addition to that, more than half of 

them told applying sanction pricing if the quality undercuts specific limits. Measured qualities 

that influence fuel pricing were the heating value (all 23 power plants), moisture content (21 

power plants) and ash content (5 power plants).  

Discussions also revealed that bad quality fuel is sometimes not accepted in any price even if it 

still has positive heating value. Negative effects of bad quality become too detrimental, for 

example, when there is no possibility to balance high moisture content fuel with a fuel that has 

better heating value. Burning very low-quality fuel is not only harmful to the boiler and other 
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parts of the power plant but might also increase flue gas emissions above the regulated limits. 

Another reason for banning a specific fuel or supplier could be harmful foreign objects among 

the fuel. For example, big stones and metal objects might broke conveyers, causing huge costs 

and production losses.  

4.4.4 Feedback to suppliers 

According to literature, the quality of forest chips can be improved if the entrepreneurs are 

informed about the quality issues. Often quality of the biofuel depends on the subjective 

opinions and experience of the entrepreneur and the driver of the chippers and forestry 

machines. Precise training and feedback systems have given good results to improve practices 

and the quality of wood fuels. (Ikonen et al. 2013, 6) 

Despite the benefits that a good feedback system could provide, only four power plants (17 % 

in the survey as Table 8 represents) reported the results of the fuel analysis straightaway after 

delivery. Largest number (61 %) of the surveyed power plants, however, provided load specific 

reports afterwards. This reporting does not give the supplier the possibility to make quick 

changes but helps at least to get understanding which loads were the worst and what kind of 

quality factors should be improved in the long term. A notable group of power plants (22%) did 

not provide any specific information about the fuel analysis. This means that supplier can make 

only a rough conclusion of the fuel quality based on the paid price and terms of the purchase 

contract. In this case, the supplier does not get any specific information which quality factors 

to improve and how notable the differences are between the delivered loads. 

Table 8. Level of feedback provided to the suppliers. 

  Frequency Percent 

  Purchase contract and paid 
price tell all the necessary 

5 22 % 

Load specific reports provided 
afterwards 

14 61 % 

Real time analysis available 
straightaway after delivery 

4 17 % 

Total 23 100 % 
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Comprehensive and timely provided quality reports could enhance supplier’s possibilities to 

learn and provide better fuel in the future. If the driver of the machines gets notices about the 

quality changes during the same day when the chipping happened, there is a much greater 

opportunity to learn compared to the case if reports are delivered a week or even a month later. 

For example, the machine drivers could quickly learn that which wood batches were not dry 

enough or how the rocks ended among the fuel when the drivers get reports while they can still 

remember what kind of feedstock was used and in which kind of conditions it was processed. 

A brilliant idea could be, for example, a mobile application that would tell the chipping machine 

driver the quality of the delivered fuel loads instantly at the same moment when the loads are 

getting delivered to the power plant and analyzed there. 

4.5 User satisfaction and improvement plans 

Most of the power plant operators were satisfied with current measurement systems, or they 

had no opinion whether improvements are needed or not. This was revealed through survey 

responses, which are represented in Figure 27. Only four respondents (17 %) were reasonably 

not satisfied with the current measurement methods and practices. 

 

Figure 27. Power plant operators' opinions about currently used measuring methods and practices. 
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75 % of reasonably unsatisfied operators had a plan on how to improve fuel analysis. These 

suggested changes were automated sampling system, real-time data collection to analyze each 

specific load, continuous measurement or x-ray measurement and fully automate moisture 

determination. All improvement plans, which were suggested by any survey respondents, are 

listed in Table 9. As the table represents, sampling technique is the main concern for power 

plant operators. Improvement needs referring to NDT measurement were mentioned with 

various objectives by the different operators, so it was seen better to list all objectives separately 

even one improvement suggestion could fulfill more improvement needs. 

 

Table 9. Improvement needs and plans based on operators' open answers. 

 Improvement objective mentioned Frequency 
Percent of 

respondents 

  
Improve or automate sampling 6 26 % 

Continuous measurement to analyze all fuel 4 17 % 

X-ray based measurement considered 4 17 % 

Increase automation in whole measurement process 3 13 % 

Real time data collection and transfer 1 4 % 

Candling for foreign objects and chip size changes 1 4 % 

Collect generally more information of incoming fuel 1 4 % 

 

Quality areas were also specified to survey improvement needs separately in each objected area. 

These eight quality areas and the percentage of respondents who highlighted improvement 

needs in the specified quality area are represented in Figure 28. Four respondents (17 %) did 

not find any quality measurement area important to develop. 
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Figure 28. Percentage of respondents who found improvement needs in the specified area. 

 

Power plant operators’ priorities to improve measurement methods and practices in the quality 

analysis were surveyed on a scale of 1 to 5. Figure 29 represents results in each specified area 

with minimum and maximum values, the popular mid-term and mean value. The highest mean, 

as well as the popular mid-term, were found related to improving the accuracy and reliability 

of the analysis. It refers to high importance and priority to improve systems and practices in 

this area. On the other hand, the lowest mean and the popular mid-term were found related to 

improving the scope of fuel analysis. It refers to lower motivation to improve measurement, 

exploring more quality factors. Though, mean values in all surveyed areas were above the mid-

point of the used scale ‘Reasonably important’, and there was no respondent to give the lowest 

‘Not important at all’ in any surveyed area. 
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Figure 29. Importance of different quality factors in a scale of 1 to 5. 

 

The last question in the survey was to find out what kind of expectations power plant operators 

have towards the new non-destructive methods. Continuous real-time data had the most positive 

change expectations since that cannot be provided using traditional oven-drying. Measurement 

features that can be compared easier to traditionally used measurement methods achieved lower 

status in the positivity ranking. Still more than 50 % of the respondents believed a positive 

change in every other feature but not in cost reduction. Cost reduction was also the only feature 

which collected opinions about negative change. All the surveyed opinions are represented in 

Figure 30. 
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Figure 30. Percentage of respondents believing positive, negative or neutral change if traditional 

measurement methods are changed to modern non-destructive testing methods. 

  

0 % 20 % 40 % 60 % 80 % 100 %

Improvements to safety

Cost reduction

Wider analysis

Continuous & real time data

Reduce of manual work

Quick availability of results

Accuracy & reliability

Percentage of respondents
Positive Neutral Negative



62 

 

5 CONCLUSIONS 

This chapter collects key findings of the research and represents the conclusions that derivate 

from the results of theoretical analysis and practical examination. Also, general 

recommendations are provided for power plant operators who are searching for ways to 

improve fuel analysis. 

5.1 Evaluation of the survey and respondents 

The survey was carried out mainly through Webropol tool but also using email, phone calls and 

other methods to contact power plant operators. As discussed at the beginning of chapter 4, 

complete answers were received from 26 power plants, and three of them became rejected based 

on their answers telling that forest chips are insignificant fuel in their fuel pallet and 

consumption was also clearly less than 100 GWh per year. Assuming the four power plants 

who were contacted but did not answer would fulfill criteria, there were 23 answers from 27 

qualified power plants. This gives the survey 85.2 % response rate, which can be considered 

good enough to make conclusions of the whole industry in Finland. 

Surveyed power plants were found from all the power categories between 100 and 400+ MW, 

but only very few of them were found using high ratios of forest chips in their fuel pallet. This 

observation led to the conclusion that most power plants use various type of fuels, which all 

give their own requirements for quality analysis. Thus, it is expected that a competitive fuel 

quality analysis method should be compatible with various types of fuels. This is a big 

challenge, especially with NDT measurement methods, which typically need own calibration 

for each different fuel type. Traditional moisture content and heating value measurement 

methods do not need calibration to a different type of fuels. These gravimetric and calorimetric 

methods are defined exactly based on the same properties and reactions, which define the 

energy content also when the fuel is normally combusted in the boiler. 

5.2 Conclusion of the quality and its reasons 

This research measured only power plant operators’ opinions of the existence of the caused 

harm. Those are personal opinions and might not be comparable to exact consequences. 
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However, these opinions are valuable for evaluating operators’ willingness to improve systems 

and channel investments to new quality measuring methods.  

Based on the survey, 57 % of the participated power plant operators claimed that changes in 

fuel quality cause a bit of harm to the business. 30 % of the respondents claimed that changes 

in fuel quality cause reasonably harm to the business. Only 13 % of the respondents claimed 

that quality changes do not cause harm to their business. Nevertheless, none of the respondents 

agreed, facing much harm because of the quality changes. These results expose that quality 

changes are widely known as being harmful for the business. However, respondents see the 

problem as a minor threat or well-managed threat instead of seeing it as a major problem which 

would require clearly more attention. 

Level of caused harm were not found to have any relation to the power plant’s boiler size or the 

ratio of forest chips from total fuel usage. Instead, variety of reasons for quality changes were 

registered successfully. The main reason for changes was found being related to season or 

weather. These reasons cannot be abolished, but possibly the effect could be reduced, for 

example, protecting biomass feedstock better from rain and letting dry more before chipping. 

Also, quality differs based on fuel type and supplier. These reasons may partly refer to the fuel 

processing, which could be improved in some cases based on instant feedback. Moreover, 

looking at the answers for mostly used quality management methods, order management and 

supplier control is the most common way to improve combustion conditions. Another widely 

used method is related to mixing with other better fuels, which also means that purchasing needs 

to be done from different suppliers or feedstocks. Improving fuel quality by drying it at the 

storage field or in a specific drying system was applied by two power plants only. 

5.3 Conclusions of the current quality management 

Manual sampling was found to be the most problematic phase in the quality management. 

According to the responses, doubts and faced problems were mostly related to the 

representativeness of the samples. Sampling is conducted manually, especially among the 

smaller power plants, but it was also found as common as 50 % of the respondents in the 

category of the biggest surveyed power plants.  
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Traditional gravimetric measurement still has a strong emplacement among the respondents, 

but growing interest in NDT measurement was found. Until now, only two different NDT 

methods have got a foothold among the industry in Finland. The main concerns that seem to 

limit the expansion of NDT are lack of references and user experience but also the lack of 

general acceptance. In contrast, gravimetric measurement is the industry standard. One point of 

view that came up was NDT’s high price in comparison to gained benefits. It is likely that these 

reasons are going to lose significance when more user experience is available, and information 

is shared among the power plant operators, fuel suppliers and technology providers. 

Feedback to suppliers was found poor in most of the cases. Only 17 % of the respondents 

provided load specific reports timely straightaway after delivery. The rest of the respondents 

provided information later or not at all. Improving feedback to suppliers would be highly 

recommended because that could help both parties, power plant to receive better and more 

constant quality, and fuel supplier to gain more earnings. According to Putula & Hilli (2017, 

4), chipping was evaluated the most important work phase to affect to the quality in the opinion 

of power plant operators. Storage was the next, and after that, harvesting and transportation in 

the forest as Figure 31 represents. However, purchasing organizations highlighted the 

importance of harvesting and transportation in the forest. It means that early phases of the 

supply chain carry an important role in quality management. This would encourage to develop 

feedback systems and the supply chain as a whole process starting from the beginning. 



65 

 

 

Figure 31. Role of each work phase for quality improvements in biofuel supply chain. Evaluations are 

made by the staff of CHP-plants and purchasing organizations. (Putula & Hilli 2017, 4) 

 

5.4 Analysis of the expectations and future 

Based on the survey, many power plants evaluated quality measurement important for the 

business, but at the same time, priority for improving currently used methods was not ranked 

very high amongst the respondents. As discussed in section 4.5 and represented in Figure 27, 

clear majority of respondents were either satisfied with the current systems and practices or had 

no opinion about improvement needs. Possible reasons are probably unawareness of the 

benefits new technology would provide and on the other hand, the cost of investments. 

The respondents who expressed interest in developing a quality analysis system mostly had an 

idea of the technical solution that could provide necessary improvements. These cases were 

mostly related to increasing automation and collecting quality data continuously and more 

pervasively. The sampling phase was the main concern in the measurement practices to 

develop. This need comes from the improvement priorities, which also highlighted the validity 

and importance of moisture content results. The importance of ‘accuracy and reliability’ was 

evaluated on the highest priority when the importance of different quality measurement 

improvement areas was compared in Figure 29. On the other hand, responses to ‘wider 
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analyses’ option got the lowest priority among the options. These opinions tell that providing 

more measured quality factors is clearly not as important as reliable moisture content or heating 

value results.  

Anyhow, the stated improvement objects and plans reveal the direction of current development. 

Improvements in automation, on-line measurement and real-time data collection are discovered 

and considered by the operators. At least, X-ray, microwave and infrared based on-line 

measurement methods are already available as commercial solutions, but main challenges to 

increase the number of sales seem to be still the expectations operators have about the high 

price and lack of trustworthy. This was revealed from Figure 30, which revealed that only 54 

% of the respondents believed that NDT type on-line measurement could provide better 

measurement accuracy and reliability. Even less (only 42 %) believed that new technology 

could be financially profitable due to overall cost reductions. These same problems were also 

highlighted by another research that compared different on-line methods to define moisture 

content of biomass in CHP plants. Kortela & Jämsä-Jounela (2013, 67) stated that “there is a 

need for a more cost-effective method for measuring fuel moisture because the methods 

developed so far are too inaccurate and costly for industrial use”. As a solution, Kortela & 

Jämsä-Jounela (2013, 66) suggested a new measurement method that was represented as a soft-

sensor that monitors fuel moisture in the furnace by estimating combustion power and forming 

a dynamic model of the secondary superheater. This method, however, works only for 

combustion adjustment, not, for example, setting the right price for received fuel loads. 

As there are already several on-line measurement technologies utilized in commercial 

measurement solutions, it is likely that these methods will be developed forward. This will 

probably generate a better reputation for those methods in accuracy and reliability. On the other 

hand, expanded research and production are likely to lower prices and increase interest when 

there are more references and detailed calculations available about the financial benefits. 

5.5 General recommendations 

Cost-effective improvement requires figuring out and fixing those quality management phases 

that cause most losses for the business. In the traditional quality measurement, the most critical 
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phase is sampling process. Fixing and managing this challenge do not necessarily require any 

modern on-line measurement methods, even those are commonly marketed as a solution.  

5.5.1 Improvements without on-line methods 

The sampling process can be made fully automatized while the conventional gravimetric 

measurement is still the used method for moisture determination. This is a viable option, 

especially when there is no need or possibility to utilize real-time quality information, for 

example, for order management or combustion adjustments. Moreover, as chapter 3 revealed, 

all NDT measurement methods are not even developed to work on on-line basis, so the samples 

might be still needed even the moisture analysis would be updated with these methods. When 

existing measurement practices and methods are considered to change or develop better, it is 

important to define first what is the desired change or benefit. For example, microwave or NMR 

based sample type measurement device can provide measurement results quicker than 

traditional over-drying method. However, it still requires almost the same amount of labor force 

as oven-drying for carrying out the needed measurement practices.  

5.5.2 Reasons to apply on-line measurement 

When on-line measurement is considered, the special needs and possibilities of using 

continuous data are the key factors and selection criteria for choosing the right technology. As 

Figure 32 represents, continuous data is generally collected either directly at arrival to the power 

plant (measurement point 1) or after storage silos just before combustion (measurement point 

2). Measurement at the point of arrival can help to recognize foreign objects among the fuel, 

planning the storage, utilizing, mixing or processing the fuel better, managing orders, paying 

the right price and controlling suppliers with achievements of receiving better quality fuel. On 

the other hand, moisture control or heating value measurement after the final storage can help 

to balance the combustion by adjustments of fuel input and mixture. If continuous data is used 
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mainly for finding the right fuel mixture, the measurement point is necessary to be located close 

to the furnace or conveyor intersection where the different fuel types are mixed.  

Measurement 
point 1

Measurement 
point 2

Instant supplier 
feedback & order 

control

Foreign object alarm & 
automated conveyor stop

Real-time data to 
adjust fuel mix and 
control combustion 

process

 

Figure 32. Real-time data collection points and purpose for each measurement. 

Three main purposes of on-line measurement and the most suitable technologies to achieve 

these desired benefits are represented in Table 10. The rating for each technology in different 

utilization purposes helps to compare technologies and choose the best for each purpose. 

Measurement points are separated into two distinct options since the first two measurement 

purposes require instant analysis before storage or any other processing, while the third 

measurement purpose ‘adjustment for combustion’ requires measurement after the storage 

silos. At some power plants, the second measurement analysis is not very beneficial if the 

storage capacity is small, and all received loads are often utilized straightaway after delivery. 

In this case, one on-line analysis at arrival would provide almost same benefits for “Adjust and 

balance combustion in case of quality changes” as the measurement after storage silos just 

before combustion. 
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Table 10. The most promising NDT measurement methods, and their suitability for foreign object 

recognition, real-time order management and combustion adjustment. The ratings are roughly defined 

‘the best suitability’ (+++), ‘average good’ (++), ‘some benefit’ (+) and ‘no benefit at all’ (-). 

Location of 
measurement 
point 

Measurement 
method 
  

Recognize foreign 
objects (before 
they cause harm) 

Manage orders 
based on the 
provided quality 

Adjust and balance 
combustion in case 
of quality changes 

At arrival to 
the power 
plant or fuel 
terminal 

Radiometric +++ +++ +/- 

Optic / Infrared + +++ +/- 

Microwave - + +/- 

Electric properties - + +/- 

Ultrasound ++ +/- - 

After storage 
silos just 
before 
combustion 

Radiometric - - +++ 

Optic / Infrared - - +++ 

Microwave - - ++ 

Electric properties - - ++ 

Ultrasound - - - 

 

Foreign object recognition 

Radiometric measurement was ranked as ‘the best suitable’ option (+++) for foreign object 

recognition at arrival point because the technology provides pervasive analysis that is 

trustworthy and can be processed fully automatically. This ensures that dangerous foreign 

objects which typically have high density are found. The ultrasonic analysis is a common 

method for structural analysis even it has not been commonly applied yet for biomass quality 

analysis. Therefore, based on other industrial references, this technology could detect harmful 

high-density items and determine biomass surface level or load volume. So, it was ranked as 

the ‘average good’ method (++) for foreign object recognition at arrival point. Infrared 

spectroscopy was ranked providing ‘some benefit’ (+) in foreign object recognition because it 

can recognize the chip size and objects, which differs by an appearance from the regular fuel 

supply. However, it can only analyze the surface material, and foreign objects causing damage 

typically have a higher density than biomass which means that those foreign objects would 

rather hide under the surface of wood chips. Organizing the spectroscopy point to a continuous 

falling stream could possibly help to reach a little more all-inclusive analysis. Moreover, the 

rating is relatively low because optical spectroscopy cannot guarantee that all harmful foreign 

objects are found. Electricals methods including dielectric properties-based microwave 
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measurement, are mostly suitable only for moisture determination. Researches were not found 

covering the utilization of those technologies for foreign object recognition, which why these 

technologies are estimated as ‘no benefit at all’ (-) in this purpose. NMR measurement was not 

included in the comparison since it has no commercial solutions for on-line analysis. 

Technology itself seems to be promising for many kind analyses also in on-line use if the prices 

are going down in the future. However, at the moment it can simply be considered as not 

feasible technology. 

Supplier feedback and fuel price 

Quality analysis for order management means especially instant moisture content gauging but 

also analyzing other properties that affect the pricing and acceptability of the fuel. Quick 

measurement results are valuable for the properties in which the supplier could improve if the 

results are received instantly. This would help suppliers to improve their products, which would 

gain benefit for both fuel supplier and fuel purchasers. Foreign object recognition and order 

management & supplier control are not totally separate purposes because, in some cases, quick 

feedback to suppliers could help to reduce foreign matter among the fuel. However, order 

management in Table 10 has a focus on instant information on moisture content and heating 

value. For these purposes, radiometric and infrared methods both provide commercialized on-

line measurement solutions. Critical comparison and ranking, which technology would be better 

are challenging since both of those provide distinct benefits, and the development level of the 

commercial solution also matters a lot. The microwave method and electric measurement 

methods could work for moisture measurement if the received fuel is not frozen. However, this 

cannot be guaranteed during the winter so that the system would require special processing for 

the fuel measured. The needed melting system and following measurement could be installed, 

for example, to a continuous bypass line, but again, the measurement accuracy with 

heterogenous fuels depend on the sampling system, which collects fuel material to the bypass 

line. Again, for accuracy of ultrasonic moisture measurement there is not enough research 
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available to prove that. So, considering the benefits in foreign object recognition and instant 

moisture determination, radiometric measurement at arrival point could be pre-eminent choice. 

Adjustments for combustion  

The function of on-line measurement after storage silos is not anymore related to foreign object 

recognition or giving feedback to suppliers but to directing combustion balancing. Real-time 

information about moisture content or heating value of the fuel feeding provides an opportunity 

to control and adjust the combustion process successfully. Based on revised literature, 

radiometric-, infrared-, microwave- and electrical measurement technologies could all work for 

this purpose. However, as mentioned earlier, microwave and electrical methods require fuel in 

stabile temperature above zero Celsius degree. Typically, storage silos do not have thermal 

insulation or heating, which means that in wintertime, there is no guarantee without special 

arrangements that fuel would not be still frozen after the storage silos.  

Large scale power plants are often not very similar to each other. Fuel storage and processing 

facilities differs as well as used fuel mixtures. This means that also fuel quality measurement 

system should be tailored based on the power plant’s individual needs. So, detailed instructions 

are not applicable to be given to all wood chip powered plants in general terms. Even X-ray and 

infrared based systems were found fulfilling the functional requirements, suitability and 

calibration costs need to be evaluated for each commercial solution separately based on the 

power plant’s individual needs.  
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6 SUMMARY 

The literature review revealed that many distinct technologies had been proposed and developed 

for biomass quality measurement. However, there was not found any over prominent option, 

but all NDT measurement options had their pros and cons. The general problem to apply the 

methods to the business at the surveyed bioenergy power plants was related to their fuel pallets. 

Only one of the surveyed power plants utilize forest chips as their only fuel. All other power 

plants told utilizing several different fuel types, and it is clearly seen that new measurement 

system is wanted to be usable for all the utilized wood-based fuels. This is a challenge because 

most of the NDT methods require their own calibration for each different fuel type.  

Quality changes were recognized, causing harm for the business at most of the surveyed power 

plants. However, none of the respondents agreed, facing much harm because of quality issues. 

This reveals that quality changes are seen instead as a minor threat or well-managed threat than 

a major problem that requires more attention. The majority of power plant operators did not see 

its urgency to improve current quality measurement systems. Those who wanted improvements 

mostly had an idea of what would be the solution. Improvement plans were mostly related to 

automating the sampling process, collecting real-time data or generally increase automation in 

the quality analysis. The survey revealed NDT methods applied for operational use at 13 % of 

the respondents and test use at 18 % of the respondents. All the utilized NDT measurements 

were either X-ray-based or microwave-based systems. Examining of power plant operators’ 

expectations somehow explained the reasons for the sedate interest towards NDT methods and 

on-line measurement. New methods were not trusted, increasing measurement accuracy and 

reliability. On the other hand, financial benefits were questioned due to the level of investment 

costs. 

Improvements of quality measurement were advised to start with analyzing the weaknesses of 

the current system and defining the desired improvement targets. An automatized sampling 

system could be a viable improvement option at the power plants where on-line measurement 

is not needed for collecting continuous data, or various fuel pallets make calibration for on-line 

methods challenging. On-line measurement is needed if the power plant wants to apply instant 

supplier control, foreign object recognition or adjust combustion based on instant changes in 



73 

 

fuel quality. The first two purposes require on-line analysis directly at the point of fuel delivery 

while the combustion adjustment is enforced most by the measurement, which is located after 

storage silos directly before the furnace. X-ray or infrared-based method was suggested for on-

line analysis at the first fuel reception point because these methods are not limited to analyze 

moisture or heating value of frozen fuel, and they can also provide either pervasive foreign 

object recognition or chip size analysis. On-line measurement to analyze energy content in the 

fuel before it is fed into furnace can apply any technology that provides moisture content or 

heating value analysis effectively. However, winter conditions set the requirement of ensuring 

the measured fuel stream is melted or otherwise, measurement technologies are limited again 

to choose between X-ray or infrared-based methods.
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APPENDIX 

Appendix 1 – Survey questionnaire form 

                                                                                                     

Metsähakkeen laatu ja mittausmenetelmät -kysely voimalaitoksille 
 
Metsähakkeen laatua ja mittausmenetelmiä koskeva kysely on Lappeenrannan Teknillisellä Yliopistolla tehtävään diplomityöhön 
liittyvä tutkimus. Projekti kartoittaa voimalaitoksilla käytössä olevia metsähakkeen laatumittausmenetelmiä ja voimalaitosten tarpeita 
laatumittausten kehittämiseksi. 
 
Vastaamalla kyselyyn voimalaitoksenne kehitystarpeet tulevat huomioiduksi uusien laatumittaustekniikoiden kehittämisessä, ja näin 
projektin tuloksena syntyvä tutkielma tukee myös oman voimalaitoksenne tulevaisuuden kehitystä ja modifiointia. 
 
Kyselyn vastaukset käsitellään luottamuksellisesti, eikä mitään yrityksiin yksilöitävissä olevia tietoja tulla julkaisemaan. 
 
  

 

 



 

 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 


