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Abstract - This article compares the performance of aontent estimate for the biomaterial load is avdélaafter
microwave based moisture measurement instrumemsiga two days from delivery.
the conventional moisture measurement referencénadet  To overcome the slowness problem of the LoD method,
Loss-on-Drying (LoD). Six different biomaterials e novel rapid moisture measurement methods haveertystl
measured at three moisture content levels with bothe conventional oven drying method. In this reseave
measurement methods. After instrument calibratichs, studied one of these new methods, namely the marew
difference and variation of the measurement resitsthe based moisture measurement solution developed hfit Se
repeatability of the instruments for parallel samspwere Ltd. The microwave instrument must be calibrateidgishe
estimated. Good agreement between the measuremeoD method, but the measurement takes only a fewrsts,
methods was achieved with careful microwave insamim whereas the LoD moisture determination takes adtléé
calibration. hours. However, new research results are urgerggded
for demonstrating the performance of such instrusen
Keywords. moisture measurement, bioenergy, microwavelesigned for delivering moisture data to biomateria
oven drying, LoD invoicing. Only a few publications about commercial
biomaterial moisture measurement instruments based
1. INTRODUCTION microwave technology could be found during the aese
[4][5], but they researched the performance of a
The Loss-on-Drying method (LoD) is conventional angorresponding —microwave instrument with — selected
still the only standardized method to measure tléstre biomaterials in restricted moisture range i.e.hea moisture
content of biomaterial load. To determine the mwist contentof delivery.
content of the load, at least 300 g sample is tdf@n the This research is a part of a European project Midtef
biomaterial load of a truck or a trailer accorditg an [6], which concentrates on the creation of unambigusSI
appropriate sampling standard [1]. The sample iechio traceability chain for measurements of moisturesaiid
reduce the maximum particle size to meet the requénts Materials.
of a sample preparation standard [2]. Finally, theisture

content of the biomaterial sample is determinedating to 2. BIOMATERIAL SAMPLESAND SAMPLE

the standardised LoD method [3] i.e. by weighing th PREPARATION

sample and then drying it for several hours in @@noat the

temperature of 105 °C + 2 °C and performing finaighing The biomaterial samples for the research were aelie

after the moisture of the sample has been fullyonead (i.e. from the lorries transporting solid biofuel loadai a local
after the mass change of the sample is below thectien power plant. Six different biofuel sections presenin Fig.
limit given in the standard). However, the dryingneé 1 were chosen:

should not exceed 24 hours. After the final weighthe 1. Saw dust from a saw mill

moisture content of the sample is calculated agdtie of 2. Bark waste from a saw mill

the mass change to the mass of the sample. The LoD 3. Chipped pruning residues

procedure is too slow for the efficient processtaunbut at 4. Chipped small-sized trees (mixed with saw dust)
least in Finland it is still the only moisture massment 5. Crushed and chipped stumps

method allowed for the basis of payment of the litamial 6. Milled peat.

delivery lot. In a typical case at a power plahg moisture



3. RESEARCH INSTRUMENTS

Four ovens were used in the reference moisture
measurements to dry out the biomaterial sampleisgltine
measurement session. All the ovens were made hyaker
[7], and they included two pieces of TS4115, and hewer
models, TS8056 and TS8136. Single oven can
simultaneously dry 6 to 18 biofuel samples of 400 g
depending on the oven model and measures of sample
containers.

Senfit BMA Desktop [8] was used as the microwave
based instrument in this study (See Fig. 2). Théstue
s L. 2 TSNS BN NGRS ‘ content measurement range of the instrument is-0796%.

Fig 1. Solid biofuel samples from upper left corrsaw dust, bark  The instrument was tuned for a 400 g + 5 g bionmter
WaSte, pruning residue, Chlpped small-sized tmhed Stumps Samples placed |n a plate_shaped measurement B’d)wl
and milled peat. bowl is inserted in the measurement chamber bettied
lower black lid in Fig 2. The moisture measuremehthe
sample takes about ten seconds. The particle dizbeo
sample should be no more than 31 mm x 31 mm x 31 mm

The amount of about 50 litres of each selectedubiof
section was collected. Each biofuel section wagnakom
the single location of the same truck load to emsire
similarity of samples for the research. This wapasite to
the normal sampling procedure, in which a biof@hple is
collected from several locations from the load newge that
the sample represents the whole load.

All biofuel sections were measured at three difiere
moisture levels. Thus the 50 L section samples wafided
in three parts. The first part was measured inntioésture
content of delivery. The second part was spreadh dlat
pool and dried at room temperature from three e flays
depending on the initial moisture and the dryingesp of
each biomaterial. The third part of the biofuel pamwas
placed in a water tub and additional water wasrtadein Fig. 2. Senfit BMA Desktop, the microwave moisture

the beginning to increase the moisture conteri@fsample. measurement instrument on the left and the plaapezh
The amount of the added water was determined and itheasurement bowl of the instrument with a crushetinailled

depended on the moisture content of delivery ohdxafuel stump sample divided in three parts on the right.
section. The sample was stored two days in therwate

with a lid. After the two days moistening periocetfree 4. INSTRUMENT CALIBRATION

water was removed from the moisturised biomaterial.

Altogether, there were 18 different biofuel sampéds for Before the measurement session started, the doyieis
the research, i.e. six biofuel sections at threeista® ere tested and calibrated against a calibratetntraeter
content levels. to insure that the ovens met the requirementseothAndard

Samples were milled to meet the particle sizgg]. The temperature must stay between 103°C ari®f@0
requirements of the sampling standard for the ale/mg  during the drying time, i.e. at least 16 hours. HfEximum
method [2] and the requirements of the microwaverying time is 24 hours according to the standard.
instrument (The particle size must be smaller Bamm x The careful calibration of the microwave moisture
31 mm x 31 mm for both measurement methods). Beforemeasurement instrument is essential for the raliabl
measurement session, each biomaterial sample dfscRg  measurement results. The calibration of the mickawa
at three moisture levels was mixed separately aement instrument is made with samples of which moisturatent
mixer to get homogenous sample material. Mixed $amphave been determined using the LoD method. Cldser t
material was divided into 1 kg samples in plasgs The properties of the calibration material are the préips of the
plastic bags were closed so that as little as plessiir sample material, better the measurement resulte\ah
remained in the plastic bag. Before a moisture exint The calibration of the microwave instrument shdoéddone
measurement, the biomaterial subsamples were stured supplier-specifically for every biomaterial sectiand prior
night at a room temperature to obtain the constafy the biomaterial moisture measurements. Though th
temperature and moisture content of the biomatssaiple measurement range of the microwave instrument den fr
inside the plastic bags. 0% to 70 % moisture content, the instrument must b

The number of samples was from 5 to 15 piecesdohe calibrated for the moisture content ranges of 025 % and
biomaterial and moisture level depending on therdierial, 15 9% - 70 % separately for all material sectionewkelver,
moisture content and calibration samples. Altogetthe solid biofuels drier than 15% are very rare at costion
moisture content of 191 biomaterial samples — 4@ach - plants.
were measured in this study using two measurement The measurement range in this research was plawoned
methods: the microwave based instrument and the Lajd 15 % - 70 % and the microwave instrument was
reference method. calibrated for this range twice. The first caliliat for the



measurement was done for the chosen six biomaterial The repeatability of the microwave instrument wested
mentioned in Section 2. According to the instrucsiof the by repeating the measurement of a same sampldirfings.
instrument manufacturer personnel, two samples awhe The moisture contents of 18 different biomateramgles
material were dried/moistened to four moisture lege that (six biomaterial sections at three moisture levels}00 g
there were eight calibration points for each bimriat were measured five times each. The sample was ®xnov
sections to create a calibration curve for the oviave and placed back in the measurement chamber of the
instrument. The calibration samples were collected 3 instrument between separate measurements. At time sa
weeks before the measurement procedure of therobseaime, the sample bowl was turned clockwise roud@y so
samples. For five materials of the six, the dremdtbration the sample position was always slightly different the
samples got slightly below the 15 % moisture con{@he microwave instrument.
final moisture was between 9 % and 12 %) thus the
calibration curve was slightly distorted. Additidiya the 6. MEASUREMENT RESULTS
biomaterial supplier of chipped small sized tread milled
peat changed between the collection of the caldtat  Our results show that good agreement between
samples and the measurement session. Probably theserowave and LoD measurements were in generalreuta
decreased the measurement accuracy, in spite ddichehat when the calibration samples were not below the 15%
the measurement samples were visually similar imoisture content and the measurement samples and th
comparison with the calibration samples. calibration samples were from the same supply iosaf he

The second calibration was carried out by usinggreement was less satisfactory when the calibratio
calibration samples taken from the same truck laad samples were taken some weeks before the measuremen
location as the measurement samples. Two calilbratirom another truck load. In that case, the biomattguality
samples were picked out from each sample matexialand properties derived from growing location, storiranditions
moisture levels after milling (to meet particle esiz etc. may be totally different between the calilmatand the
requirements) and mixing the biomaterial. Thus themeasurement samples. This finding is well in agesgm
calibration curve was derived now from six calilmat with the information provided by the instrument
points for each biomaterial (two samples at thre@stare manufacturer.
levels). After the second calibration, the resuktere
improved, that can be seen later in Tables 1-7ecfi&n 6. 6.1. Common results of the all samples

It should be noticed that only a few moisture levskre
used for the microwave instrument calibration: féevels
for the first and three levels for the second catibn and
two calibration samples for each moisture levehvgingle
biomaterial.

As shown in Table 1 the average difference betwken
moisture results determined with the oven dryinghod
and the microwave instrument is (0.0 + 1.8) %mc mwhe
applied the optimal calibration of the microwavstimment.
Here, the uncertainty is given at the 95 % configelevel.
This can be considered a very good result, sineerbisture

5. MOISTURE MEASUREMENTS range for six biomaterials varied from 14.9% to388. On
) ) } average, the standard deviation of each biomatiridiree

Biomaterial samples of ca. 1 kg were stored ovétniiy  ypisture ranges was 0.7 %mc for the microwave
plastic bags at room temperature to get constampeeature easyrement instrument and 0.4 %mc for the ovemgiry
and moisture content. The measurement procedura Of,athod. Thus, the variation of the measurementteefar a
single sample started by shaking a plastic bagniaing the  gjngle material is slightly smaller with the LoD thed.
samp_le and the bag was opened then. The plastiavhag To demonstrate  the significance of  good
emptied on a clean table. A sample of 400 g+ 1@ W gpresentativeness of the calibration samples ¢oatttual
weighed and placed in the measurement bowl of thRaasyrement samples the microwave instrument vgas al
instrument. The bowl was inserted in the microwavgseq with a calibration done with calibration saespl
moisture  measurement instrument.  The  MOistUl&,|iected one to three weeks earlier than the measnt
measurement takes about ten sec_onds. The '”5trum§&|tnples from another biomaterial load supplied from
measures the sample temperature using IR-sensaue@s jitferent location. In addition to that the driesdlibration
the microwave moisture measurement r_esult basethn samples were slightly below 15%. As the lower rofv o
temperature of the sample. After the microwave WO T5pje 1 shows, the difference of the moisture memsant
measurement, the biomaterial sample was weighedepl |egyits between the oven drying method and theawave

in a metal container and inserted in the oven t& t i ctrument was in this case (0.1 + 5.2) %mc on ayer
reference moisture measurement with the LoD methogpen applied the incomplete microwave instrument

After each measurement with the microwave instrué®  cjipration. This result indicates that without il
sample was placed in a drying oven for at least23ours  representativity of the calibration samples theiatam in
ensuring at least 16 hours heating at 105 °C tot e he mojsture readings may be large, while the medne
requirements of the standardized oven drying metBag 5y stay close to the correct value. On averagestindard
to the long drying time, several ovens were usedt&in  geyiation of each biomaterial and moisture rangs @&

efficient operation. After the drying period, thensple was o,mc for the microwave measurement instrument add O.
weighed again and the detected mass loss repre8ents oy me for the oven drying method.

vaporized moisture from the sample. Finally, theisture
content estimate for the sample was calculateditgidg
the mass loss with the initial sample mass.



Table 1. Standard deviations and the differenedwden the Loss
on Drying method and the microwave moisture measang for
all sample materials. The uncertainties are give&5&26

Table 3. The microwave measurement results fgpad bark
waste and comparison with the reference LoD method.

confidence level (k = 2) Chipped |Samplesf) p-wave Std of Differenge
All Samples Std of Std of Differenge bark pes mmst:re LoD an:l ofLoD
biomaterial| pcs LoD on | p-wave on with LoD ¢n veste avg /% | p-wave /% and p-waye
With optimaly-wave instrument calibration
samples average /% average /%o average|/%
Optimal - dried 6 231 04/0.2 0.2
L 127 0.4 0.7 0818 -normal 7 49.2 0.8/0.7 0.2
calibration
- moistene( 6 64.5 04/0.4 0.6
Incomplete
Lo 163 04 0.8 0.k52 With incompleteu-wave instrument calibration
calibration
- dried 8 18.8 04/04 -4.2
The repeatability tests for the microwave instruter- normal 9 50.8 08/11 16
showed that the standard deviation for the fiveetim |- moisteneq 8 64.3 0.4/ 0.9 0.4

repeating measurement for single samples taken dtbthe
six sample materials at three moisture levels was¥amc.
The material-specific and the moisture level-specif
repeatability test are described in Section 6.3.

Table 4. The microwave measurement results fgpad pruning
residues and comparison with the reference LoD ateth

) ) o Chipped |Samplesf) p-wave Std of Differenge
6.2: Blorlnatelenal-speqflc measurement results at three pruning pcs moisture| LoD and of LoD
mmstqre o S . . . . residues avg /% | p-wave /% and p-waye
This section summarizes the biomaterial-specifid a With obtimaliwave instrument calibration
moisture level-specific microwave moisture measumem - P W
results for all the biomaterials with both the i and the |- dried 6 17.0 01/03 0.5
incomp|ete calibration. -normal 5 27.3 05/04 0.3
Table 2 shows the performance of the microwavie moistened 7 62.8 0.8/0.9 0.6
measurement instrument for saw dust samples. Satvislu Incompleteu-wave instrument calibration
typically quite homogenous mz_slterlal_, but surp_rl_iynghe _dried 8 14.7 04/04 20
Iargest dev_latlo_n from the LoD in a smgle readinigh the. -normal 7 308 05/07 37
optimal calibration was found with dried saw dustngles: ,
Here, the mean moisture content difference betwiben [-MOISteNeq 9 67.9 09/049 5.8

oven drying method and microwave instrument wa$ -1.
%mc. However, still larger deviations were obtaingith
the incompletely calibrated measurement instrumaltso,

During the collection of chipped small-sized tree

material samples we noticed that the chosen biaiabteas

the variation of the measurement results for tkechibsen not pure, but it was mixed with saw dust and thig/raffect

biomaterials was largest for saw dust.

Table 2. The microwave measurement results forcesstand
comparison with the reference LoD method.

the results in comparison with pure material. Hoarethe
microwave instrument measurement results in Tabbres
very similar with the results of the oven drying thud

without significant difference, but the variationf ¢he

measurement readings is larger, i.e. on the sawst \Wath

the saw dust readings.

Samples) u-wave Std of Differenge
Saw dust pes moisture LoD and of LoD Table 5. The microwave measurement results fgpad small-
avg /% | p-wave /% and p-waye sized trees comparison with the reference LoD neetho
With optimaly-wave instrument calibration
- dried 7 222 04/13 15 Chipped |Samplesf) p-wave Std of Differenge
-normal 13 53.6 00/12 0.3 small-sized] pcs moisture LoD and of LoD
-moisteneq 7 64.4 0.1/0.7 05 trees avg /% | p-wave /% and p-waye
With incompleteu-wave instrument calibration With optimaly-wave instrument calibration
- dried 9 213 | 05/08 24 | |-dried 7 159 | 02/03 0.2
-normal 15 52.2 0.0/04 1.1 - normal 7 48.3 04/12 -0.3
- moistened 9 62.4 0.2/ 1.1 1.4 - moisteneqd 6 66.9 1.2/1.3 0.2
Incompletey-wave instrument calibration
The measurement results for chipped bark waste apdiried 9 144 0.2/09 -1.4
chippeq pruning residues are presented on Tabm;d34, -normal 9 498 04/11 12
respectively. The differences between the moisame: LoD _ ]
measurements are quite small in terms of the mafreand | MOSteneq 8 65.0 11713 1.8

standard deviation when optimal calibration wadliegp




Crushed and chipped stump material contained nadlst s readings obtained by the microwave moisture measeme
and thus weaker measurement results were expeattde i instrument varied from 0.2 %mc to 1.3 %mc depending
results. However, Table 6 shows that the differemite the the sample material and the moisture level. Thennaéahe
reference Loss on Drying method was very small tied standard deviations was 0.7 %mc. According to the
variation of the measurement was as good as irefeeence measurement data, the variation of moisture meamne
method. results is generally larger with higher moisturentemt for

both microwave and the oven drying methods.
Table 6. The microwave measurement results fasherd and

chipped stumps and comparison with the referen method. 6.3. Repeatability measurements of the microwave based

moisture measurement instrument

Crushed |Samplesf p-wave Stdof |  Differenge  Taple 8 summarises the material-specific and the
andchipped| pcs moisture| LoD and of LoD moisture level-specific repeatability tests of therowave
stumps avg /% | p-wave /% and p-wape instrur_nent for single samples. It shows _that thendsard
. . - —— deviation of the measurement results varied frolm%mc
With optimal,-wave instrument calibration to 1.1 %mc, depending on the biomaterial. The ayeeraf
- dried 6 15.2 0.2/01 0.3 all standard deviations of different materials andisture
- normal 6 345 0.2/0.3 0.2 levels was 0.3%, but if milled peat and chipped Issiaed
: tree readings are omitted the average standardatievi
- moisteneq 8 508 0.7703 05 | would be 0.1%! In Section 6.1 we showed that taadard
Incompleteu-wave instrument calibration deviation with parallel samples was 0.7 %mc on ayey
- dried 8 12.0 0.2/0.3 -2.9 thus roughly half of the variation of the microwave
- normal 8 349 04/05 0.0 instrument results can be explained with the viaraof the
_ biomaterial and another half with the instrumerntpanrties.
- moistene( 10 52.6 0.6/0.4 14

Table 7 shows the effect of calibration on milleeap Table 8. The repeatability test results of microeveneasurement

samples at three moisture levels. The measurerasults of instrument.
the microwave instrument are rather close to the
measurement results of the reference oven dryinthade | Moisture | Moisture Std Moisture Std
throughout the measurement range and the variadon
. . . - class on avg. /% 1% on avg. % 1%
smaller when calibrated with highly representatiaenples.
The measurement results for milled peat indicadé tie Saw dust Bark weste
variation of the measurement results was sligtattgdr for - dried 234 0.1 23.7 0.2
the microwave instrument than for the oven dryingre | _normal 55.3 0.1 52.2 0.1
with optimal calibration. - moistened 66.4 0.2 69.4 01
Table 7. The microwave measurement results fdechpeat and Pruning residues Small-sizedtree
comparison with the reference LoD method. - dried 175 0.1 16.5 0.9
- normal 32.8 0.1 53.6 0.7
Milled |Samples{ p-wave Std of Differenge | _ oistened 71.2 0.1 68.7 05
peat pcs moisture| LoD and of LoD Crushed stump Milled peat
avg /% | p-wave/% andp-waye | _gried 15.6 0.1 25.3 11
With optimaly-wave instrument calibration - normal 36.2 0.1 50.5 0.1
- dried 9 29.1 0.1/0.2 0.5 - moisteneq 54.8 0.1 61.3 05
- normal 7 51.9 0.2/04 0.1
- moistene( 7 68.3 0.4/1.3 -0.3 ) ) )
. — — 6.4. Residual moisture in the samples
Incompleteu-wave instrument calibration Tvoicall . ‘01 % in th ot
- ypically, an increase of 0.1 %mc in the moisture
- dried 1 3L5 01/04 3.0 content was observed when comparing drying timesnef
-normal 9 53.9 0.2/0.5 2.3 day and two days to each other. Milled peat was an
- moistene 9 67.2 0.4/ 1.6 15 exception: for samples dried in room temperature an

increase of 0,3 %mc was observed after two days ove
drying. An oven drying test of five days was cadriut for
six peat samples without pre-drying in room tempees
Jlyis test showed an increment of 0,4 %mc. However,
according to the oven drying standard [3] dryingrenthan

Biomaterials are typically very inhomogeneous ame t
variation of moisture measurement readings betweeallel
samples was notable even for saw dust. The stand
deviation of moisture readings obtained by the odgying

method varied from 0.0 %mc to the poorest caseD#mc
depending on the sample material and moisture .leVdle

mean of

Correspondingly,

the standard deviations was 0.4
the standard deviation of moistur

%m

24 hours should be avoided due to increasing exaased
by the evaporation of volatile compounds other theater.

éupposedly, water is mostly removed from the samptr

any VOCs during drying. Thus the results obtaimeéth
3-24 hours drying were considered as the reference



measurement results for microwave measurement ig1 tiThe enhanced drying oven system is equipped witold

research. trap to collect water and other volatile organienpounds
(VOCs) from vaporized gases during drying. Smdtbetfof
7. CONCLUSIONSAND FUTURE WORK VOCs in moisture measurement results has been \auker

but this needs to be analysed more in details énftiture
As a summary, the microwave-based moistureork.
measurement instrument Senfit BMA Desktop provided
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