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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

There is a continuous global growth in production, storage, handling, bulk transport and use of solid
biofuels especially in the form of pelletized biofuels.

The specific physical and chemical characteristics of solid biofuels, their handling and storage can lead
to arisk of fire and/or explosion, as well as health risks such as intoxication due to exposure to carbon-
monoxide, asphyxiation due to oxygen depletion or allergic reactions.

Heat can be generated in solld blofuel by exothermlc blologlcal chemlcal and phy51cal processes.

ma
pre

alsd
typ
pro
one
The
Und

The
raw
for
alsd

pellets with high heat generation patential to avoid fires in stored materials.

Twyq

a)

b)
The

for
con

biofuels such as wood pellets, however, are intrinsically sterilell] due to the conditi
ufacturing (exposure to severe heat during drying, fragmentatien’ during hammerr
tsure during extrusion) but can attract microbes if becoming wet during handling a
restilting in metabolism and generation of heat. Leakage of watersinto a storage of wood

cally have a fauna of microbes which under certain cipgumstances will result in heat
resses mentioned above contribute to what is called self*heating although oxidation is
of the main contributing factors in the temperature.yange under which most biofuels
heat build-up can be significant in large bulk stores as the heat conduction in the mate
er certain conditions the heat generation can lead to thermal runaway and spontaneous

material used, and the properties of these raw materials have proven to influence the
belf-heating of the produced wood pellets. However, the production process (e.g. the dryil
influences the potential for self-heating. It is therefore important to be able to identify s

intrinsically different types'of tests methods can be used to estimate the potential of s¢

In the isothermal calotimetry method described in this document, the heat flow gene
the test portion is measured directly.

In basket heatifig tests, the temperature of the test portion is being monitored and

significantly*due to self-heating, is used for indirect assessment of self-heating.

se twosmeéthods are applied at different analysis temperature regimes. The operating te
hn isothermal calorimeter is normally in the range 5 °C to 90 °C whereas basket heatin

lead to the physical processes mentioned above. Non-compressed wood like feedstocl

M peratures;

peratures;
in the bulk
processes.
Eses can be

pns during
hilling and

hd storage

pellets can
and chips
ng. All the
ikely to be
hre stored.
rial is low.
ignition.

potential for self-heating seems to vary considerably for different types of solid biofuel pellets. The

propensity
\g process)
plid biofuel

[f-heating;

rated from

Fhe critical

ambient temperature (CAT), where the temperature of the test portion just does n¢t increase

mperature
g tests are

daeted at higher analysis (oven) temperatures. For basket heating tests with wood pellef

s, CATs are

fou

O fora T sampte portion in the range 150°CTto 200°C:

The application of the test data should thus be identified before selecting the appropriate analytical
method.

NOTE 1

processes such as transport of moisture.

NOTE 2

It is likely that oxidation reactions taking place in the low respective high temperature

The two types of test methods referred to above do not measure heat production from physical

regimes for

solid biofuel pellets are of different character and thus have different reaction rates and heat production rates.
In such a case, extrapolation of the data from a high temperature test series can lead to non-conservative results
and might not be applicable without taking the low temperature reactions into account. In the general case of
two reactions with different activation energies, the high activation energy is “frozen out” at low temperatures
and the low activation energy reaction is “swamped” at higher temperaturesl2l.
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NOTE 3  Ithas been shown for alimited number of different types of wood pellets that the reaction rates in the
lower temperature regime measured by isothermal calorimetry were higher compared to the reaction rate data
determined from basket heating tests in the higher temperature regimel3l.

Isothermal calorimetry is used for determination of the thermal activity or heat flow of chemical,
physical and biological processes. The method described in this document is developed for the
measurement of heat flow from the self-heating of solid biofuel pellets, but the technique is most
commonly used in the fields of pharmaceuticals, energetic materials, and cement[3] to [Z],

Data from the isothermal calorimetry screening test procedure included in this document is intended
for comparison of the spontaneous heat generation (self-heating) of solid biofuel pellets (Annex B).

Guidance i additionally given on the use of isothermal calorimetry test data for the calculation‘of|the
overall reaction rate of the heat producing reactions (Annex C).

vi © IS0 2020 - All rights reserved
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biofuels —
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Isothermal calorimetry
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ISO

Scope
5 document:

specifies a general test procedure for quantification of the spontaneousieat generation
biofuel pellets using isothermal calorimetry;

specifies a screening test procedure for wood pellets using an instriment temperature

establishes procedures for sampling and sample handling 6f ‘solid biofuel pellets p
analysis of spontaneous heat generation; and

gives guidance on the applicability and use of isothermal calorimetry for calculation
reaction rate of the heat producing reactions of solid-biofuel pellets.

test procedure given in this document quantifies the thermal power (heat flow) of
ing the test, it does not identify the source of sélf-heating in the test portion analysed.

h on spontaneous heat generation determined using this document is only associate
cific quality and age of the sample material. The results are product specific.

5 document is applicable to solid biofuel pellets only.

information derived using«this document is for use in quality control and in hazar
pssments related to the precedures given in SO 20024:2020.

Normative references

following doctuments are referred to in the text in such a way that some or all of th
Ktitutes reqairéments of this document. For dated references, only the edition cited 3
ated references, the latest edition of the referenced document (including any amendmen

14780,-Solid biofuels — Sample preparation

ISO

16559, Solid biofuels — Terminology, definitions and descriptions

from solid

£60 °C;

Fior to the

of the net

the sample

d with the

d and risk

Pir content
pplies. For
[s) applies.

ISO
ISO

3

18135, Solid Biofuels — Sampling

18846, Solid biofuels — Determination of fines content in quantities of pellets

Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 16559 and the following apply.

[SO and IEC maintain terminological databases for use in standardization at the following addresses:

ISO Online browsing platform: available at https://www.iso.org/obp
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— IEC Electropedia: available at http://www.electropedia.org/

31
analysis temperature
temperature of the analysis environment, i.e. the calorimeter temperature

3.2
self-heating
rise in temperature in a material resulting from an exothermic reaction within the material

[SOURCE: ISO 13943:2017, 3.341, modified — “<chemical>" omitted at the beginning of the definition.]

3.3
spontanequs ignition
ignition capised by an internal exothermic reaction

[SOURCE: ISO 13943:2017, 3.24]
Note 1 to enftry: See definitions of ignition in ISO 13943.

3.4
test portign
sub-sampl¢ either of a laboratory sample (3.6) or a test sample (3.5)

[SOURCE: IISO 16559:2014, 4.202]

3.5
test sample
laboratory|sample (3.6) after an appropriate preparation made by the laboratory

[SOURCE: ISO 16559:2014, 4.203]

3.6
laboratory sample
combined $ample or a sub-sample of a combiried sample for use in a laboratory

[SOURCE: ISO 16559:2014, 4.124]

3.7
thermal ppwer
heat rate produced by the sample during the test and commonly expressed, with reference to the finit
mass of pelletized biofuel, inW/gor J/(s - g)

[SOURCE: CEN/TR 16632:2014, 8.3, modified — substitution of "cement" with " pelletized biofuel"]

4 Pringiple
Isothermal calorimetry is a sensitive technique for studying heat production or heat consumption ffom

samples of different kinds. It is non-destructive and non-invasive to the sample. When heat is produced
in a sample, an isothermal heat conduction calorimeter (here isothermal calorimeter) measures the
thermal power (heat flow). The sample is placed in an ampoule that is in contact with a heat flow
sensor that is also in contact with a heat sink. When heat is produced or consumed by any process, a
temperature gradient is developed across the sensor. This will generate a voltage, which is measured.
The voltage is proportional to the heat flow across the sensor and to the rate of the process taking place
in the sample ampoule. This signal is recorded continuously and in real time.

NOTE1 A commercial instrument for isothermal calorimetry normally has multiple channels and can thus be
used for measurements of several samples simultaneously.

For each sample (channel) there is an inert reference that is on a parallel heat flow sensor. During
the time that the heat flow is monitored, any temperature fluctuations entering the instrument will

2 © IS0 2020 - All rights reserved
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influence both the sample and the reference sensors equally. This architecture allows a very accurate
determination of heat that is produced or consumed by the sample alone while other non-sample related
heat disturbances are efficiently removed. The measured heat flow is normalized against the weight of
the sample and the result is expressed in mW/g.

NOTE 2  The operating temperature for an isothermal calorimeter is normally in the range 5 °C to 90 °C.
However, there are calorimeters with somewhat higher span for operating temperature.

NOTE 3 The moisture content of the bio pellet sample could have an impact on the test result. The extent of
this impact is not known at the time of publication of this document.

5 [Apparatus
Thg usual laboratory apparatus and, in particular, the following.
5.1 Isothermal calorimeter, consisting of a sample holder for the sample vialand the reference vial,
each thermally connected to heat flow sensors, which are thermally connectedte a constant t¢gmperature
sinlf. See example in Figure 1.
&
1S

Key
1 |thermostat 4  reference

heat sink 5 heat flow sensors
3 [sample

Figure 1 — Schematic drawing of an isothermal calorimeter

Thecalorimeter shall be calibrated at the analysis temperature (see Annex AJ. The analysis temperature
for the screening test procedure shall be 60 °C.

The baseline shall exhibit a low random noise level and be stable against drift (see Annex A).
The minimum sensitivity for measuring power output shall be 100 pW.

The data acquisition equipment shall be capable of performing continues logging of the calorimeter
output measured at minimum time interval of 10 s.

© IS0 2020 - All rights reserved 3
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5.2 Vials, made of glass with a minimum volume of 20 ml and provided with an air tight lid with an

inert seal.

Vials with volumes other than 20 ml can be used if the sample loading is scaled accordingly (see 7.2.1).
In such cases this deviation from the standard procedure shall be noted in the test report.

5.3 Bala

nce, with a resolution of at least 10 mg.

6 Sample handling

6.1 Gen

bral

Correct sample handling is important in maintaining the properties of solid biofuel pellets samples.

transport
of the sam|
exposure t

The sampl
in the test

ind storage (see 6.3) are of special importance for self-heating properties as,the reacti
ple will be reduced from prolonged exposure to air oxygen. This is furtheraccentuate
b elevated temperatures.

e history and the conditions for sample handling should be stated a§ thoroughly as poss
report.

6.2 Sampling

Sampling g

f solid biofuel pellets shall be made according to procedures prescribed in ISO 18135.

The minimum size of the laboratory sample is 500 ml.

6.3 Sa
The labo

NOTE1 4
reactions w|

The contai

NOTE2 4

le transport and storage

:atry sample shall be transported in a closed airtight sample container.

th the sample.
her shall be completely filledtwith sample.

\ completely filled contain@r limits the amount of air in the container (i.e. the amount of oxygen)

further rediices deteriorations of the sample from physical wear (i.e. reduces the amount of fine fraction).

The time
avoided.

NOTE3 |
reactivity iff

between sampling\and analysis shall be minimized and elevated temperatures shal

It has been.seen that a sample can be stored for several months without any significant changg
putin afreezer directly after received at the analysis lab.

The
ity
1 at

ible

\n airtight container is used to limit the"amount of available oxygen in order to reduce oxiddtion

and

be

6.4 Samlple preparation

Any fine fraction shall be removed from the laboratory sample to create a test sample before extracting
test portions. The fine fraction can be removed by gentle hand sieving using sieve size 3,15 mm in
accordance with ISO 18846.

NOTE

included in the test portion.

Fine fraction are removed to avoid that fine fraction produced during the handling and transport is

The test portion shall be randomly taken from the test sample. Procedures from I1SO 14780 shall be

followed.

© IS0 2020 - All rights reserved
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7 Test procedure

7.1 Temperature stabilisation

Set the instrument temperature to the selected analysis temperature. The analysis temperature for the
screening test procedure is 60 °C.

Follow the manufacturers procedure to ascertain the temperature stability.

NOTE The values for stability criterion vary for different calorimeters and are usually decided by the
software

7.2 Sample vial preparation

7.2{1 Preparation procedure

The prepared sample vial shall not be pre-heated.
NOTE1 Pre-heating of the sample vial is often used to reduce the disturbance in the measurement signal
from thermal imbalance between the sample and the calorimeter. Howeverypté-heating is not appliedl in this test
prog¢edure as it was seen during a preliminary interlaboratory study (ILS), that pre-heating was nof favourable
for measurement uncertainty in this application.

Harldle the sample using a pair of tweezers or rubber glovesto'avoid contamination of the sgmple.

Uselwhole pellets or larger pieces of pellets if possible.

gh into the sample vial (5.2) a test portion of 0;2\g pellets per ml volume of the glass vigl used. For
example, use 4 + 0,1 g pellets for a 20 ml glass vial:

NOTE 2 It has been shown for wood pellets that'there is no significant difference in measured thqrmal power
for measurements made on whole pellets versus:smaller parts of pellets (mixture from 2 mm particleq and less)[8l.

Tighten the lid of the sample vial properly after sample loading.

If oxygen deficiency which influences the test results is occurring in the closed ampopule during
megsurement, follow the procedure in 7.2.2. A method to detect significant oxygen ddgficiency is
giveén in 8.1.

NOTE 3 It has been shown that oxygen deficiency in the closed vial normally does not influence tHe measured
heaf production significafitly in measurements with wood pellets using the screening test procedurg¢ prescribed
in this documentl8ly However, in certain cases with highly reactive pellets oxygen deficiency can ifpfluence the
test|results.

7.2)2 Proecédure to find proper test portion mass in case of influence from oxygen deficiency

To flimd, the proper sample mass for avoiding the influence of oxygen deficiency, first run teqts with 4 g
and-2—s-samplemassfinease—s ste-a—20-m-sample—ab: Te—cl i 0 at | total heat
production between the two sample weights (4 g and 2 g) is non-significant (less than 10 relative-%
difference) no more tests are required; 4 g sample mass is proper to use. If, however, the difference is
significant additional tests with 1 g and 3 g sample weight shall be made to find the sample mass where
the effect of oxygen deficiency is non-significant.

7.3 Reference vial preparation
Prepare two reference vials for each sample vial (for each channel).

The portion of reference material shall have the same total heat capacity as the test portion. Water is
recommended as reference material although other non-reactive materials could be used, for example
dry quartz sand.

© IS0 2020 - All rights reserved 5
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A standard 20 ml glass vial filled with 1,3 g of deionized water can be used as reference vial for testing
4,0 g of wood pellet.

NOTE The heat capacity of wood pellets (6,5 wt-% moisture content) has been reported to be in the range
of 1,2 J/(g-K)@ to 1,6 ]/(g-K).[191 [f data on the specific wood pellet sample is not available, a value of 1,4 J/(g-K)
can be assumed, which results in a reference sample of 1,3 g deionized water, appropriate for tests with 4,0 g
wood pellets.

If the calorimeter is equipped with a fixed reference, the reference shall be assured to be appropriate
for testing pelletized biofuels.

7.4 Measurement

7.4.1 Fiyst baseline measurement

Start the tgst with a baseline measurement:

1) Put a freference vial in the reference position. This reference shall be kept.stationary for|the
complgte test.

2) Puta second reference vial in the measurement position for the baseline‘nmreasurement.

3) When the instrument has reached stable conditions, run a 30 min baseline measurement.

NOTE This applies for all channels that are used for measurement.

The baselije measurement data shall be included in the measurement data file.

7.4.2 Sample measurement

When the
position w

first baseline measurement is completed, replace the reference vial in the measurenjent
th the sample vial.

Measure the heat flow from the sample vialsand save to the measurement data file. The measurenjent

shall be ru
for 24 h.

NOTE ]
different br

7.4.3 Se
After comp
1) Remoy

2) Putas

h until the time when the heat development is no longer significantly influenced but at 1

'he procedure for startingthe test and saving data to the measurement data file can differ betw
hnds of isothermal conduction calorimeters.

cond baseline measurement
letion of the'ineasurement on the sample:
e the satple vial from the measurement position.

econd reference vial in the measurement position.

past

reen

3) When the instrument has reached stable conditions, run a 30 min baseline measurement.

NOTE

The baseline measured after the testis to ensure that the instrument have the same stability as before

the test started. There is software for some instruments that by default measure the baseline before and after

the test.

7.4.4 Measurement data file

The resulting data file shall include the data from the sample measurement as well as the data from
both the baseline measurements. The file shall be stored with a unique name identifying the test
portion measured.

© IS0 2020 - All rights reserved
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Results

Test data

The data recorded is the thermal power (heat flow) in mW. The test data shall be presented as a plot of
specific thermal power in mW/g versus time.

Investigate the thermal power data plot for signs of oxygen deficiency in the ampoule during the test
(see Note 1 and Note 2). If such signs are present additional tests shall be made in accordance with 7.2.2.

NOTE-1 A h/pir‘nl sign aof Qignifir‘nnf oxygen deficiency in a test is a ch:n'p break in the heat flow curve (see
Figyre D.3).

NOTE 2  The total heat production has typically reached a value of about 60 ] (in a 20 mksampld vial) at the
tim¢ when oxygen depletion starts to have effect on the heat production rate.

8.2 Reported data

Report the maximum peak in specific thermal power (mW/g) and the specific total heat profluced (]/g)
durjing the test.

The specific total heat is calculated by integrating the specific thebmal power curve from fhe time of
themaximum peak until (normally) 24 hours.

If significant heat production was measured for longer time than 24 h, the integration shall i

tha

The
pov)
be 1
NO
isot

9
Thd

b)

period, and the time used for integration shall be reported.

maximum peak is usually found in the beginning'of the measurement. In cases where t
ber increases over time and ultimately exceedsithe initial peak, this later maximum valt
eported as the maximum peak value.

E Annex B gives information on measured data from different types of solid biofuel pellets 1
hermal calorimetry.

Test report

test report shall includg¢ the following information:

Test laboratory:

1) name andraddress of the laboratory;

2) isothetmial calorimetry instrument used.

Sample description:

1)~ Sample ID;

hclude also

he thermal
le shall not

heasured by

2) type of product (and brand name if appropriate);

3) classification (if available) e.g. according to 1SO 17225-2;

4) product data (if available: diameter, length, density, moisture content, material composition);

5) sample selection process (e.g. random);

6) product history (date of: production, sampling, transport, and arrival to the test lab

© IS0 2020 - All rights reserved
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7) type of package for the sample during transport.

Sample preparation:

1) Sample storage prior to sample preparation (e.g. temperature);

2) date and time of unpacking and sample preparation (hour, day, month and year);

3) type of sample preparation before taking out test portions.

d)

Reference to this document (ISO 20049-1):

1) Aj
2) us
e)
f)

Any uy

Test rg

10 Repe

Aninterlah
The testing
Valid resul
The results

More detaills on the ILS can be found in Annex D.

[ts on measurement uncertainty were only obtained for @n€ of the three pellet types tes

alysis temperature of the isothermal calorimeter;
e of the test results: screening tests or tests for calculation of kinetic parameters.
usual features noted during the determination which may affect the result.

sults of the test; including units and the basis for which they are given.

htability and reproducibility

oratory study (ILS) was held during the years 2017-2019 withnine participating laboratoj
y was made with three different types of wood pellets, all'sampled at producers in Swe

for the valid tests with pellet type P1 are given in Table 1 and Table 2.

ies.
len.
ted.

Table 1 — Measurement uncertainty for specific thermal power, g .,
Pellet type . Repeatability Reproducibility
Measured| | and test l?:é:gtitr}r;
quantity || portion W Sy s,/m r SR Sp/M R
mass | W8 | mWN[ (%) | mW/g) | mW/g) | (%) | mW/)
Grmax Pl,4g 1,11 0,026 2,3 0,07 0,15 13,5 0,38
P1,3g 1,09 0,058 53 0,15 0,16 14,8 0,41
P1,2g 1,11 0,046 4,1 0,12 0,15 14,0 0,39
P1,1g 1,09 0,052 4,8 0,13 0,14 12,8 0,35
Table 2)~~'Measurement uncertainty for specific total energy, g,
Pellet type . Repeatability Reproducibility
Measured| | and:test I?ll;gztitr}r;
quantity || portion Sy s,/m r SR Sp/m R
mass (/8 (/8) (%) (/g) (/8) (%) (/g
Giot Pl,4g¢g 17,0 0,51 1,6 0,80 0,89 0,2 2,3
P1,3g 17,3 1,28 7,4 3,3 1,4 8,2 3,6
P1,2g 18,0 0,49 2,7 1,2 1,0 5,4 2,5
P1,1g 17,8 0,86 4,8 2,2 1,6 9,2 4,1
8 © IS0 2020 - All rights reserved
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Annex A
(normative)

Calibration of the calorimeter

A.1 General
. =enera:

Calibrate the instrument according to the manufacturer’s recommendations at regulaz-inteivals of one
yeaf or less, or whenever there are questions about performance.

A.Z Calibration/validation of temperature

Caljbrate the instrument for the selected analysis temperature.
NOTE1 The measurement procedure in this document can be applied for different analysis temperatures,
e.g. [for extended measurements at several temperatures for deriving a-kinetic model of heat prodluction (see

Annlex C).

Validate the set temperature by an independent measuremént of the temperature in the thermostat
medlia. The temperature shall not deviate more than 0,2 Kfrom the set temperature.

NOTE 2  The temperature calibration is made using a calibrated thermocouple device.

A.3 Calibration of thermal power
Caljbrate the thermal power measurement of the instrument at the analysis temperature.

The calorimeter shall be at equilibfium with no significant signal drift prior to the initigtion of the
calipration process.

NOTE1 The measurement procedure in this document can be applied for different analysis temperatures,
e.g. [for extended measurements at several temperatures for deriving a kinetic model of heat prodluction (see
Annex C).

NOTE 2  The purpose)of calibration is to compare the calorimeter signal with the thermal power|or enthalpy
change of a well-defined process, i.e. a calibration process, after which the calorimeter signal is adjugted in order
to bp accurate within defined and tolerable limits. The result from the calibration measurement is corppared with
the theoretical'value that has been assigned to the calibration process and a calibration constant is cplculated.

Hegt flow~calorimeters can be sensitive to systematic errors due to the fact that a fracfion of the
generated heat escapes the heat flow sensors, the magnitude of which depends on the design of the
instrementtis-thusimpertant-that-the-ealibrationprecessis-desigredina-way-thatiteledely mimics
the real sample measurement. Calibration can be made electrically by generating a known amount of
Joule heat in a well-positioned resistor or chemically by a reaction of well-established thermal power or
enthalpy change.

Many commercial heat flow calorimeters are equipped with an inbuilt electrical heater (calibration
heater) that is used to calibrate the instrument. The placement of the calibration heater in relation to
the positioning of the sample and heat flow sensor can be critical for the calorimetric accuracy. The
instrument manufacturer normally specifies the accuracy of the calorimeter when calibrated according
to the manufacturer’s instructions.

Due to minor temperature dependency of the sensitivity of the heat flow sensors within a narrow
temperature range it is recommended to calibrate the calorimeter at the same set temperature as the

© IS0 2020 - All rights reserved 9
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sample measurement is to be conducted. It is recommended to validate the accuracy achieved by the
calibration by use of a well characterised independent test process[11l,

A.4 Noise level and drift requirements

Requirements on noise and drift shall be verified for a new instrument and whenever there are
questions about performance.

The rate of change of the baseline measured during a time period of 3 days shall be <20 pJ/s per gram
sample per hour of the test and a baseline random noise level of <10 pJ/s per gram sample.

NOTE 1 IIn practice the baseline is measured for 3 days and a straight line is fitted to the power (J/(g-s)) vefsus
time (h) datja using a linear regression procedure. The long-term drift is then the slope in the line (J/(g's-h))|and
the baseling noise level is the standard deviation (J/(g-s)) around this regression line.

NOTE 2  The rationale for these limits is found in [12].

10 © IS0 2020 - All rights reserved
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(informative)
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Examples of screening data

The isothermal calorimetry data presented below, see Table B.1, have been conducted in essence

e D
wag made for 10 min.
Thd tests have been performed with an isothermal calorimeter at an analysis tempetrature pf 60 °C for
24 h. With a few exceptions, the test portion has been 4 g and duplicate tests have been perfformed for
each sample. The data presents the average from the duplicate tests.
NOTE Detailed information on the test equipment can be found in [13].
Table B.1 — Examples of peak thermal power and total heat for different sample tested at
(60 °C) with isothermal calorimetry[13l. Here ranking'by peak thermal powef
Rgnking No. Pellet origin (for details gr? lclsfntgc?s‘ietion seel3]) peak th(frfvn\;/agl)powera TIOt:El]l/lgl)ealtb
1 Sweden Wood pellet, 1,06 18,71
2 Sweden Wood pellet 091 15,04
3 Sweden Wood pellet 0,77 13,51
4 Sweden Wood*pellet 0,69 17,53
5 Germany Wood pellet 0,61 15,56
6 Denmark Wood pellet 0,46 13,91
7 Sweden Wood pellet 0,42 12,13
8 Sweden Wood pellet 0,38 10,51
9 Sweden Wood pellet 0,37 8,88
10 Sweden Wood pellet 0,35 9,19
11 Germany Wood pellet 0,31 8,16
12 Germany Wood pellet 0,29 10,15
13 Sweden Wood pellet 0,23 12,35
14 Sweden Wood pellet 0,18 6,73
15 Germany Wood pellet 0,16 6,10
16 Denmark Wood pellet 0,16 5,58
17 Denmark Wood pellet 0,16 5,72
18 Germany Wine prod. residue 0,16 6,87
19 Sweden Wood pellet 0,15 5,21
20 Austria Wood pellet 0,14 4,89
21 Denmark Straw/seed residue/spruce 0,14 4,26
22 Germany Wood pellet 0,14 5,34
23 Germany Wood pellet 0,11 3,58
24 Denmark Wood pellet 0,11 3,81
a2 Maximum specific thermal power during the test.
b Specific total heat produced during the 24-h test.
NOTE “Wood pellet” is typically a mixture of pine and spruce.
© IS0 2020 - All rights reserved 11
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Table B.1 (continued)

Ranking No. Pellet origin (for details gr?lcl(?fntg(})s‘ietion seell3]) Pealk th[(rerll.vrtll/:g)powera TOt?]l/fgl)eatb

25 Sweden Wood pellet 0,10 3,44
26 Sweden Wood pellet 0,09 4,04
27 Denmark Straw/seed residue/spruce 0,09 3,77
28 Germany Wood pellet 0,09 3,66
29 Sweden Wood pellet 0,06 2,18
30 Spatm Fucatyptuspettet 6,65 2559
31 Germany Eucalyptus pellet 0,05 170

a2 Maximum specific thermal power during the test.

b Specific|total heat produced during the 24-h test.

NOTE “Woqd pellet” is typically a mixture of pine and spruce.

12 © IS0 2020 - All rights reserved
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Annex C
(informative)

Determination of reaction Kkinetics

TTCOUT

C.1 Th nnvy

The temperature dependence of a reaction rate coefficient (k) can be studied assuminglit follows the
Arrhenius equation (Formula (C.1)) and the kinetic parameters can be calculated’ using [isothermal
calqrimetry data.
-E

k=Ae— .1
RT €1

If the process shows a constant rate of reaction at each temperature.im'the isothermal calorfimeter, the
activation energy can be calculated from plot of In g (thermal power) as a function of 1/T (7 in Kelvin),

c.f (Formula (C.2)). Formula (C.2) is a linear equation of In(q ) in{1/T.

In(q)=In(Q4)-—— €2)
wheére

R isthe universal gas constant 8,314 J/(niol - K);
Q isthe heat of reaction, J/kg;

A s the frequency factor, s1.

If tlhe thermal power is changing during the measurement, i.e., the reaction rate is influerjced by the
ext¢nt of the reaction duringthe experiment, the activation energy should be calculated using thermal
powers measured at the saine extent of reaction at the different temperatures investigated.[The extent
of rpaction is proportional to the heat of the reaction, so the Arrhenius plot can be made with thermal
powers assessed at the“same amount of specific total heat. To obtain the kinetic parametefs, thermal
power needs to bean€asured for at least three different temperatures. A curve for In g verspis 1 000/7,
can|be obtained/by~a linear fit of the data. Activation energy, E (k]J/mol), is obtained from the slope of
the|linear fit, which is equal to -E/R. The combined term Q x A (J/(kg-s)) is obtained by|taking the
exppnentiahef'the intercept on the Y-axis at 1/T = 0 (see Formula (C.2)).

NOTE Different parts of the thermal power curves could be used for the calculation of kinetic parameters,
whifhis shown in the following sections.

C.2 Example

This example shows how kinetic parameters have been calculated for pellet P1 (see Annex D for
information on this pellet). First, the thermal power was measured using isothermal calorimetry at
three different temperatures, in this case 60 °C, 50 °C and 40 °C, as shown in Figure C.1 for tests with
4 g sample mass and in Figure C.2 for tests with 2 g sample mass.

In the tests with 4 g of sample mass made at 60 °C it can be seen (c.f Figure C.1) that oxygen depletion
has a significant impact on the test already after 7 hours. There is a break in the heat flow curve at
that time and the total heat produced is more than 60 ] (4 g x ~17 J/g). This information reveals that a
smaller sample portion mass would be more appropriate in this case for the task of calculating kinetic
parameters for the temperature range studied.

© IS0 2020 - All rights reserved 13
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The data from tests with 2 g of sample mass will be used here in the following. The heat flow curves
at the different temperatures together with the specific total heat during these tests are shown in
Figure C.2. It can be seen from this figure, that for this sample mass the total produced heat after
24 hours is just below 60 ] even in the 60 °C test (2 g x ~29 J/g). There are thus no signs of significant
effect from oxygen depletion for this sample mass and the signal from the measurements is high enough
for all temperatures.

Y1 4 b Y2

3 1 T 25

Key

Y1 specific thermal power (heat flow) (mW/g)

Y2 splecific total heat (J/g)

X time (hour)

__ Pl4geo°C

- P1_4g 50°C

— ._— P14g40°C

NOTE The integration of'specific total heat is started from the initial peak of the specific thermal power
Higure CA > Test with pellet P1 with 4 g sample mass at 60 °C, 50 °C and 40 °C
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Y1 A A Y2
3 1 t 35
25 | 130

X
Key
Y1 specific thermal power (heat flow) (mW/g)
Y2 specific total heat (]/g)
X time (hour)
1 Pl12g60°C
__L. P12g50°C
— .|— P1.2g40°C
NOTE The integration of specific.total heat is started from the initial peak of the specific thermgl power.

Figure C.2 — Test with pellet P1 with 2 g sample mass at 60 °C, 50 °C and 40 °C

The next step is to selecta series of data (triplet) of thermal powers for the same extent of regction from
theldifferent temperature runs. Theoretically, it would be enough to select one single data tyiplet, if the
inflpence of intefferences was known. Such data would be found from the measurements at g time after
that disturbance-from thermal imbalance has ceased and before influence from oxygen deplgtion starts
to be significant. However, to make certain that the correct data is used for describing the reaction
rate, it isibest to calculate the reaction parameters based on data from multiple points for the different
ext¢nt of the reaction. This is made as an example in Table C.1 for P1, based on the data from the tests

with-2-g of cqmp]p mass

The specific thermal power measured at the three different temperatures are tabulated in Table C.1 for
a wide range of values of equivalent extent of reaction, i.e., from the same value of specific total heat
(J/g) at the different temperatures. The lowest value of specific total heat in Table C.1 is selected to
occur after the maximum of the initial peak in the measurements at each temperature.

© IS0 2020 - All rights reserved 15
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Table C.1 — Specific thermal power (g ,,,,) at 40 °C, 50 °C and 60 °C for 2 g sample mass for
pellet P1 at different values of specific total heat (J/g)

Specific total heat Specific ¢ (mW/g)

U/g) 60 °C 50 °C 40 °C
0,2 2,41 1,79 1,21
0,4 2,39 1,78 1,19

[§) 2,5/ 1,75 1,16 PR
o8 2,35 1,72 113 7

1 2,31 1,68 1,097

b 2,10 1,48 093"

I 1,70 1,15 ~0,68

] 1,39 0,92 AV 0,52

B 1,16 0,74 O o4l
1o 0,96 0,61 N2 0,32
12 0,80 050 O 0,26
14 0,66 041 O 0,21
16 0,54 033. ¢ 0,17
18 0,44 0,270 0,13
20 0,34 021 0,11

N
N
xO
O
o
Q-
O
@)
o
QO
Q~
e
Y
<X
)
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From the data in Table C.1, In(q) is plotted versus 1 000/T for the three different temperatures, see

Figure C.3 for an example of such a plot of data from a specific total heat of 14 ]/g.

Y A
0 1

-02

Key

<o =<

Fro
and
inte
and
par

04 + ...

-0,6 T

-0,8 +

1 4+

1,2 +

1,4 +

1,6 4

-1,8 s ;

2,95 3

In(q) (mW/g)
1 000/T (1/K)

16,033 1x + 17,728

Figure C.3'— Example of plot of In g versus (1000/T) for pellet P1

w
[\
[#2]1

m the data in Eigiire C.3 and (Formula (C.2)), it is possible to calculate the activation |energy (E)
Q x A. The aetivation energy E is obtained from the slope of the line, which is equal to -§/R and the
rcept of the-Y-axis represents In(Q x A). These calculations were made from the data ip Table C.1,
the results from the plots (one plot for each extent of reaction) together with the resultipg reaction

hmeters are presented in Table C.2.

Thd

next step is to plot E and Q x A for the different extents of reaction investigated. The plof of the E is

seen In Figure C.4 and the plot of Q x 4 1n Figure C.5.

Table C.2 — Kinetic parameters calculated for pellet P1

Specifitforiheat | slope (-£/R) E (kJ/mol) In QxA QxA (I/(kg - 5))
0,2 3,61 30,01 11,73 1,24E+05
0,4 3,66 30,43 11,86 1,41E+05
0,6 3,73 31,01 12,10 1,80E+05
0,8 3,88 32,26 12,53 2,77E+05
1 391 32,51 12,60 2,97E+05

© IS0 2020 - All rights reserved
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Table C.2 (continued)

Spec‘“&;‘g’;“' heat | g1ope (-E/R) E (kJ/mol) In QxA 0xA (J/(kg - 5))
2 4,30 35,75 13,57 7,82E+05
4 4,78 39,74 1491 2,99E+06
6 5,13 42,65 15,76 6,99E+06
8 5,46 45,39 16,55 1,54E+07
10 5,71 47,44 17,12 2,72E+07
12 5;86 48572 1739 3;57E+07
14 6,03 50,13 17,73 5,01E+07
16 6,13 51,00 17,83 5,54E+07
18 6,20 51,55 17,80 5,38E+07
20 6,20 51,55 17,60 440E+07
Y A
60 +
50 | % X X X X
X
X
X
40 + X
X
P
30 H
20 +
10 +
0 : R — — : : : : —
0 2 4 6 8 10 12 14 16 18 20 X
Key
Y adtization energy (kJ/mol)
X specific total heat (J/g)
Ea_2g
Figure C.4 — Plot of E, versus specific total heat (J/g) for pellet P1
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1E+08 +

1E+07 +

1E+06 X

Key)

Thd
wit
Q x
Thd

1E+05 —82(

1E+04 —+

1E+03 |

1E+02 —_—

log10 QA (J/kg-s) or (W/kg)
specific total heat (J/g)

QA_2g
Figure C.5 — Plot of %A versus specific total heat (J/g) for pellet P1

magnitude of the kineticparameters changes gradually with the extent of the reaction f

A (Figure C.5). Note the logarithmic scale in the plot of Q x A.

effect of a too high sample mass-volume ratio is shown in Figure C.6. In this figure d|

included for tests;with P1 with 1 g, 3 gand 4 g sample mass loading in addition to 2 g. Figurg

tha

Thd
OXY|
tem

for largermass-volume ratio the calculation of kinetic parameters (here E) becomes iny

magnitude of the kinetic parameters will change with gradually reduction in both
pencavailability. The extent of these effects depends on the reactivity of the material
perature of the test, and the sample mass to air volume ratio.

br the tests

h P1 with 2 g of sample inass, especially for Q x 4, as can be seen from the plots of E (Figulre C.4) and

Qta on E is
C.6 shows
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Y
60 T
50 | x X S 8
x X O
b4 o = O
X A
40 | x B A A
é A
| X "
A + T ' + a
30 - + +
" A
20 + +
10 +
0 : : : : : =
0 2 4 6 8 10 12 14 16 18 20 X
Key
Y actipation energy (kJ/mol)
X spefific total heat (J/g)
(m] Ea_|g
X Ea_Pg
A Ea_Bg
+ Ea_fig
Figure C.q — Plot of E versus specific total heat (J/g) for pellet P1 for tests with different saniple
mass loadings
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Annex D
(informative)

Information on the Interlaboratory study (ILS)

D.1

lhfrnd“rtinn

TITCET O T TCTIOUIT

An Interlaboratory study (ILS) was held during the years 2017-2019 with nine participatinglaporatories.

La

The ILS was made with three different types of wood pellets, all sampled at produicers in Sy
pellets samples were stored at the site of the ILS-leader before sending out samples to the pg

lab
way

Imp
pre

Pell

adjysting the test procedure to the final procedure, P1 was sent out again to the participating I3

for

Aftq
of
unc

Infq

ratories from Canada, Germany, Norway and Sweden participated.

ratories. The samples were stored in a freezer prior to shipping to the\laboratories ar
prepared according to the instructions in this document.

ortant knowledge on the influence on storing/shipping conditions gained during t
sented in D.2.

et P1 was first distributed and verification measurements.of the test procedure were 1

measurement. These are the results on measurementuncertainty for P1 presented in D.3.

br evaluating the results from the tests with P1sfrom the second test round, additionally
ellets, P2 and P3, were sent to the laboratories for measurement. The results on me
ertainty for pellets P2 and P3 are presented'in D.3.

rmation on the pellets tested in the ILS.are given in Table D.1.

Table D.1 — Information on the pellets tested in the ILS

veden. The
rticipating
d shipping

he ILS are

hade. After
\boratories

two types
asurement

Pellet Description
Weight-9

Moisture content?

0

Producer A

79,9 % spruce
20,1 % pine

All dried before pelletizing using drum dryer

P1 7,6

Producer B
P2 100 % pine 8,8

All dried before pelletizing using drum dryer

Producer B
100 % pine

50 % dried using drum dryer and 50 % dried using
mechanical press

P3 4,9

a

Measured after production.

D.2 Influence of sample storage condition

When sending out pellet P1 for the second test round to the ILS participants, all packages with samples
were delayed for 1 week in the postal handling. It was later seen that q,,,, was significantly lower
compared with the results from the first test round. A test program was then established and conducted

©IS
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