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AKTS E-LEARNING

THERMOKINETICS SPARSE DATA SOFTWARE (TKsd) BASED ON
ADVANCED KINETIC AND STATISTICAL MODEL
SELECTION APPROACHES (AIC&BIC)

BEREH LS EFMICL 23BIRT e —F (AIC&BIC) ICETS BB HER A N—XF -2V 7Y 27 (TKsd)

TKsd Software allows, among others:

Life-time prediction from small amount of experimental points
Determination of the prediction bands

Simulation of the reaction course under any temperature mode
Verification of the predictions by additional experimental data

vV v.Yvyy
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DATA COLLECTION AND IMPORTATION

At least 20-30 experimental points have to be collected at a minimum of three temperatures.
Additional experiments at different temperatures or additional time-points increase the accuracy of
the kinetic analysis. In our case study the experiments used for kinetic analysis were performed at 45,
37,25 and 5°C.

Dl D 3OoDEET, Pl Ld 20~30 DEBRFREA VI RZIETILERD Y 9,
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] AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) B - 0O x
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FIG. 1 - Introducing password to start the AKTS-Thermokinetics software (TKsd).
AKTS-Thermokinetics Y 7 } 7 =7 (TKsd) %#EET 570D X7 — FDEA,

.p 0 ®B - AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) [zl = a x
File Thermokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions View « Typea command to execute
L i Open Single Zone... (4] Importations... Print Chart...
+ Save Single Zone [I] Exportations... Capture Chart...
Load Kinetic  Save Kinetic Import mport other N . .
Project... Project ASClI Data...  type of data Save Single Zone As... Merging Export Chart Data...
Kinetic Project File Data Importation Single Zone Exportation &>
admin @ 531 Ready
FIG. 2 - Opening screen of TKsd
o =
TKsd O+ —7=v JHiH
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¥ = PO - AKTS-Thermakinetics (Thermal Aging, Safety and Reaction Calarimetry Versions)

|3 - o x
File Thermokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions View « Type a command to execute
I a L i Open Single Zone... |‘£‘| Importations... Print Chart...
+ Save Single Zone rﬁ Exportations... Capture Chart...
Load Kinetic  Save Kinetic Import Import other . Adapt Charts
Project.. Project ASCII Data... J type of data Save Single Zone As... + Merging Export Chart Data...  Resolution
Kinetic Project File Data Importation Single Zone Exportation ~
Import ASCII Data...
Load one or more files which are
in text format (ASCII).

admin @ 531  Ready

FIG. 3 - Importation of ASCll-data (.txt).
ASCIl 7—% (itxt) o4 vFE—F,

The user can import any data in ASCII-format (.txt-files) independent of its source containing
information about:

Time
» Temperature

Measured quantity changing as a function of time and/or temperature and/or relative

humidity as e.g. the sample mass, heat flow, concentration of active component, amount of
degradation product etc.

I—FRUTIET2EHRESTL Y — R CBRER, ASCUER(xt 77 4 V)BT —2% 4 v F—-1+T&Z
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PO B - AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calarimetry Versions) H - 0O =%
File Thermokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions View « Typea command to execute
L i Open Single Zone... 4] Importations... Print Chart...
+ Save Single Zone ﬂ Exportations... Capture Chart...
Load Kinetic ~ Save Kinetic Import  Import other o - Adapt Charts
Project... Project ASCll Data...  type of data Save Single Zone As... Merging Export Chart Date..  Regolution
Kinetic Project File Data Importation Single Zone Exportation ad
$# Open X
+ » This PC » Windows (C:) » AKTSversion3 » save v [J] O Search save
Organise = Mew folder == - | 0
~
Mame Date modified Type Size
# Quick access
|| data 5C.txt 01/10/2020 13:46 Text Document 1KB
@ OneDrive | data 25C.txt 01/10/202013: Text Document 1KB
3 This PC D data 37C.txt 01/10/2020 1 Text Document 1KB
o = data45C.ext 01/10/2020 1 Text Document 1KB
Q Network
File name: | "data 45C.txt" "data 5C.tet" "data 25C.tet" "data 37C.tet" ~ || Text Files (*ixt) 4
Cancel
admin @ 531  Ready
FIG. 4 - Selection of the requested data files.
s = N
BRINET -2 7 7 A VOER,
PO - AKTS-Thermekinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) H - O X
File Thermoki = mand to execute
¥ X
B Import ASCII File
Load Kinetic  Save Kinetic
Project... Project ]
Current File
-~

Kinefic Brojectlfile [E] €:\AKTS version S\save\data 45C. txt

File Header

Hide Header Hide Grid

Time {days) Material property (a.u.)

2

9.63
9.48
8.69
8.19
8.09

Ta7

4w W e D8 e

1
2
3
4
5
e

&9 Melting Temperature

Introduce melting temperature (if available) l:l °C

admin ® 53

I i Temperature I I @ Time I I | Signal I & Relative Humidity|
(@ Column - b Column |- ~ | Column - ~ | @ Column - b
Units oc > Uniits ~ = (O Continuous data collection Unit o =
(®) Discontinuous data collection -
(C)1f no column with temp, e If no column with
relative humidity,
BRI RE Lnits | S
- _ as 5p %
() Open temperature from file Fiiter points
File Templates
a - H Choose... x o xcanoel ?

FIG. 5 - Selection of temperature, time, measured quantity (signal) and relative humidity.

RE, HHE, WER (B5) . AMREORR,
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s AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) H - 0O X
= mand to execute
Load Kinetic ~ Save Kinetic - p
Project... Project .
Kinetic P F-\ Current File o
G rpjectinte _| ] c:\aKTS version Sisave\data 45C. bt || -
File Header Hide Header Hide Grid
Time (days) Material property (a.u.)
1 2 ~
1 o 9.63
2 o 9.48
3 1 8.69
4 3 8.19
5 3 8.09
£ 7 757 v
6‘/‘9 Melting Temperature
Introduce melting temperature (f available) l:l E
] Temperature © Time |/ signal & Relative Humidity
Ocolumn - Column Column 2 V| (@ Column ‘— ~
Units o Uniits day () Continuous data collection Uit s -
(®) Discontinuous data collection
(®) If no column with temp. 0 If no column with
relative humidity,
Set temperature as i Units set relative humidity
- . as 5p | o
(C) Open temperature from file Fitter D = :
Name | Material property|
File Templates
H Choose. .. X / Impart x Cancel ?
admin @ 531
FIG. 6 - Defining the name and units of the measured quantity.
N RV Yy IN
HEROHHTE B2 ERL LT,
5 AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) B - 0O X
= mand to execute
Load Kinetic ~ Save Kinetic . p
Project... Project
— - Current File ~
tnetic Froject File | [F] c:\aKTS version S\save\data 45C. tet | -
File Header Hide Header Hide Grid
Time {days) Material property (a.u.)
1 2 ~
1 o 9.63
2 o 9.48
3 1 8.69
4 3 8.19
5 3 8.09
e k] 787 s
fﬁ‘ Melting Temperature
Introduce melting temperature (if available) l:l °C
i Temperature @ Time »_‘ Signal @ Relative Humidity
Ocolumn - Column Column 2 | @Column |- ~
Units o Uniits day - () Continuous data collection Uit o -
(®) Discontinuous data collection -
(®) If no column with temp. e} If no column with
relative humidity,
Settemperatreas[4s | Uit set relative humidity
- . as 5p | o
(C) Open temperature from file Filter I:l points *
Name |Material property|
File Templates
K Choose. .. X o Import ¥ cancel ?
admin @ 531

FIG. 7 - Specifying temperature (here 45°C) if the temperature column is not included in the ASCII data files.
BEFIH ASCI F—2 7 7 A nic&ERTOaRWESIR, BE (22 Tl345° C©) 2EELET.
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|3 - o x
cormmand to execute
Load Kinetic ~ Save Kine| Current Fie rts
Project... Project] [Z] €:\AKTS version S'save\data 37C.txt -
- o
Kinetic Project FME_ File Header Hide Header Hide Grid
FIRd Importations Time {days) Material property (a.u.)
El=W 45°C data 45C
e[ Temperature
oW Material prop|
1 2 ~
1 o 9.60
2 a 9.40
3 7 8.25
4 7 8.33
5 14 7.99
e 14 8 1a s
jﬁ Melting Temperature
Introduce melting temperature (if available) l:l 5
i Temperature @ Time »_‘ Signal @ Relative Humidity
(Ocolumn Column Column (@ Column
Units o« Uniits day - () Continuous data collection Unit % -
(®) Discontinuous data collection -
If no column with temp. O If no column with
relative humidity,
Set temperature as Uit set relative humidity
- . as 50 %
(C) Open temperature from file Fiter points *
Mame |Material property
File Templates
1 Choose... X o Import 3 cancel ?
I
admin @ 531
1 o
FIG. 8 - Introducing data set recorded at 37°C.
o = =__ >
I7CTERBMINLT—FEy PZHEALET,
A=A =NON 2 B - O X%
File command to execute
Load Kinetic ~ Save Kine| CUTentFile rts
Project... Project] [Z] €:\AKTS version S'save\data 25C.txt n
Kinetic Broject F\\57 File Header Hide Header Hide Grid ~
Elld Importations Time (days) Material property (a.u.)
=¥ 45 G data 45C
#[| Temperature
=¥ Material prop|
[El= 37 *C data 37C
e[| Temperature
oW Material prop|
1 2 -~
1 ] 9.61
2 ] 9.46
3 7 8.88
4 7 8.76
5 14 8.57
s 1a 24 v

&9 Melting Temperature

Introduce melting temperature (if available) l:l °C

@ Time

i Temperature

(Ocolumn Column
Units °C Units day ~
If no column with temp.
Set temperature as
Open temperature from file Filter pels
File Templates
H Choose...

& Relative Humidity
(®Column

Signal

Column
(0 Continuous data collection

(®) Discontinuous data collection it * =
o) If no column with
relative humidity,
Urits set relative humidity
as 5 %o

Mame |Material property

X

?

o Import 3 cancel

5.31

admin

FIG. 9 - Introducing data set recorded at 25°C.
25°C el a7 —& ey FEEBALET,
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H - 0O X

command to execute

B Import ASCII File

Load Kinetic ~ Save Kine| Current Fie -
Project... Project| | ] C:VAKTS version Slsave\data 5C.txt oy
- .
Kinetic Project File § File Header Hide Header Hide Grid
1Bl Importations Time {days) Material property (a.u.)

Ele W 45°C data 45C
e[ Temperature
oW Material prop|

Ele v 37 °C data 37C
e[| Temperature
e[ Material prop|

= 26°C data 26C
e[| Temperature
e[ Material prop|

2 ~
9.66
9.27
9.43
8.94
9.04

am

[T
Dowow NNe e

I3

fﬁ Melting Temperature

Introduce melting temperature (if available) l:l oC

i Temperature @ Time L Signal @& Relative Humidity
Ocolumn - Column Column (®Column
Units P Units  |day | O Continuous data collection Uit " i

(®) Discontinuous data collection -
If no column with temp e) If no column with

relative humidity,

Units set relative humidity
as |50 %
Mame |Material property

Set temperature a

Filter points

(C) Open temperature from file

File Templates

K Choose. .. b 4 o Import ¥ cancel ?

admin @ 531

FIG. 10 - Introducing data set recorded at 5°C.
5°CTiigke T —& 2y P EEALET,

PO PrPOE - AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) E - 0O X%

File Thermaokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions View « Typeacommand to execute

Temperature

Reaction Progress

Automatic Kinetics imize Simulation  Optimization Prediction Mixed . Set
Baselines Baselines Reaction Rate Time ™
Computing Kinetic Parameters Prediction Chart Other &

EE,';":@:;E . $# 5 °C data 5C (Importations]
=[] Temperature o
el Material propery Y
E = 25 °C data 25C L P
e[| Temperature
= Material propery
&= 37 °C data 37C
e[| Temperature
o[ Material propery
[ = 45 °C data 45C
#[_ Temperature
o[ Material propery

¥

1

M aterial property (a.u)
W R oo ® m @ o© o

Material property {a.u)

L e S B B L e e [
0 20 40 60 80 100 120 140 160 180 0 20 40 B0 80 100 120 140 160 180
Time {day) o Time (day) o

&

mpo

1)
El ¢ 9 '
- # P
ES ' 3
E g ¢ s 3 8 zgl ®
z = *
27 27 [ ]
2 2
=6 =8
55 55
& =
= =
4 4
L
3 T T T T T T T T T 3= T T T T T T T T T
0 20 40 &0 80 100 120 140 160 180 0 10 20 30 40 50 &0 70 80 40
Time (day) o Time (day) o

admin @ 531 Ready

FIG. 11 - Graphical presentation of the imported sparse data collected at 5, 25, 37 and 45°C.
5. 25, 37. BXU45CTINEINZA VE—=F INZAN—R « F=Z DT 7 TETR,
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KINETIC ANALYSIS

YebO®RO0O -

AKTS-Thermokinetics (Thermal Hazard, Aging, Safety and Reaction Calerimetry Versions)

File Thermokinetics RC Acquisition RC Importation RC Prediction
.
o,
* e
Automatic Kinetics Optimize Simulation  Optimization Prediction Mixed
Baselines Baselines
Computing Kinetic Parameters Prediction

Mathematics Functions

B -

« Typeacommand to execute

D)

View
Temperature

Reaction Progress

Set
Reaction Rate Time ~
Chart Other

m]

®

=g Importations
El=W 5°C data 5C
o[ ] Temperature
= Material propery
Cl=M 25°C data 25C
=[_ Temperature
o Material propery
El= 37 °C data 37C
=[_ Temperature
of# Material property
[El=M 45°C data 45C
=[] Temperature
el Material property

admin @ 531 Ready

%8 5 °C data 5C (Importations)
o
10
»

o
woin

@

2

Material property (a.u)
-

2

L=

hoEm o h o~ ih oo

il 40

a0 120
Time (day)

B 37C data 37C (Importations)

o
1
EEEE |
= 9
=
2 s
T, %
) ]
275
5
= s s
F 65
5
i
=
5.5 L
51 . T T T
i 40 & 120 160
Time (day) o

%P 25 -C data 25C (Importations)

o
10
CERE ]
= 5 g
z
a4 *,
I L I 8
575
5
5 7
5 65
|
55
51 T T T T
i 40 0 120 160
Time (day) o

B 45 -C data 45C (Importations)
o

@ =
ar @
™

=
-

Waterial property (a.u)
-

o

Mm@ @ o

Time (day)

T T T T T T T T
0 10 20 30 40 &0 B0 7O 8O0 90
i Ea

FIG. 1 - Choose the “Kinetics” tool; data collected at 45, 37, 25 and 5°C  will be used in the kinetic analysis.
[Kinetics| Y —VZ&RL $9, 45, 37. 25, 5CTIEE S Wi T — 2 BEERMTICER I T T,
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EVALUATION OF KINETIC MODELS AND PARAMETERS

P eBROPrPOE - AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) E - 0O X
File Thermokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions Wiew « Typea command to execute
b Temperature
.o D)
* Reaction Progress
Automatic Kinetics Optimize Simulation  Optimization Prediction Mixed Set
Baselines Baselines Reaction Rate Time ~
Computing Kinetic Parameters Prediction Chart Other 5
i ®
4 Kinetics
Best model selection Experimental data
I@ Automatic (this process may take several mmutes)l (®) Consider all data
T Costom () Consider data from 0 until 5,577 | month
and Tmin | 49999998 <=T (°C) <=Tmax 45
Initial value : y_init End value : y_end and y_min 3.57 <=y <=y_max 3.66
I v_int[s.66 Oy_end [0 || i
Models Alpha storage | 1E-10
O 1step Humidity
(@) 1step + 2 steps Use humidity
uSave‘.. HLuadm (_¥ Reset parameters JODh’mizah'on xCance\
admin @ 531  Ready

FIG. 1 - Evaluation of Kinetic Models and parameters. In this example: (i) For the best model selection (“1 step & 2 steps”) the
Automatic mode is chosen (ii) The “y-init"-value is checked, therefore it will be optimized during calculations. (iii) The y-end
value is unchecked and set to zero, therefore during calculations the final y-end value is forced to be zero. (iv) All data are
considered in the kinetic analysis.

FRT A4 Y TETNENT A —XDFHE,

ZoRITIE, RoXSicky T,

@ BREEZETAVER (N RAFyFL2R7v 7)) Tk, HEE— FBRI AT T,

) ly-init] 2 F = v 7 h 3w, HEhCRBELINET,

@iii) y MOEIRF 2y 7 dhTELF, ¥RilREINTWE 2D, SHEh, BRA y BoBEIRERENIcYeick
VET

(iv) TRCOT — X ITEERIMTCERINE T,

Best model selection:

For the best model selection one can choose between the Automatic (recommended) or the Custom mode which is more
advanced and requires manual introduction of the kinetic equations.

User can choose between:

> “Istep” (for one-stage reaction)
or

>  “lIstep &2 steps” (for two-stages reaction)
Successive models are consecutively checked to find the best fit of the experimental data. During fitting procedure all kinetic
models present in the software library (for one- and two-stages reactions) are considered.

RRETVER :

REETFALERT Zi1CiE, HB) (R =—FERR@3ARZLE—FOLThr2@ERCEET,

HREZLE—FiE, KVEET, RIGEEREZFEICEATILEND I 5,

Z—FIFROWTNrEZERTE LT,

O Nx7Fy7] QBERCOEHE) Tz

0 NxFy7&2 27y 7| (2 BERIGH)

HRTEEFAML. ERTF—Z2OBRELRDDEROT 30 ICEENICF 2y 7 EhET,

T7AYTFAVIEETCR, V7MY 2T 7477V ICHFET 3 TRCOFEERETL (1 BEs XU 2 BREORIGH) 28
ERInhI T,
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Input of “Initial” and “End” values (“y-init” and “y-end”):

M) 8L T EDAT (Ty-init] 38X ly-end] )

The “Initial” and “End"” values are generally picked up from the experimental data points however the user has the possibility
to fix or optimize these values during calculations.

> If the box is checked, the y-init, y-end or both values are optimized during calculations.
> If the box remains unchecked, y-init, y-end or both values are forced to the entered values accordingly.

(9] & TRT] ofEIEH. EBRT—2F4 v 20 hE 8, 2 —FREEPICCh S OEZBIEE - 3m#Et
TEILHBTELT,
O ZoRyZ7ARF v 7 ENTHEEA, y-init, y-end, ¥7213Z0WADHEIPFHERICRELINLE T,
OFzv IRy 7RBA70FEEDEE. y-init, y-end, F72IWAHFDOMEN, ZNLKIECLTCANENfHicHEH S E T,

Experimental data:
During the determination of the best kinetic model one can change the range of data used in the kinetic analysis — see the
red-marked top-right rectangle

BEAFIT A4 Y7EFTLORERIC, FXAT4 v 7o cEHINE T —Z0EH2EHETETT,
Foe—2DMf G EORAGEZSRL T EFI W,
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RANKING OF KINETIC MODELS ACCORDING
TO STATISTICAL CRITERIA AIC & BIC

The selection of the best kinetic models describing the reaction course is based on Akaike and Bayesian
Information criteria (AIC&BIC). The application of both criteria helps balance between the goodness of the fit of
the experimental results by the prediction curves, the number of required models and the number of
parameters used.

» During selection of the best model not only the quality of fit (such as the sum of residual squares), but
also the number of data points and model parameters are considered.

» Applied procedure indicates not only which model is more likely to be correct but also quantifies how
much more likely by application of the AIC and BIC weights “W".

RIGBREZ AT 2 BB OMERETF NV OERIZ. Rittds XU~ [ XEHREEE (AIC&BIC) KEowTwnid, WhHOE
WEREHT 5, PHEBRIC X 2EBREOEAE, VEAETAOE, BIWEHINE AT A—XDEDA ATV 2% LS
ENRTEET,

BHBEAETNEERT 2B, BAEOEEREOFOAFTLEL)ETI T, T—FRA VML ETANT =KD
ERIhIT T,

BHRINEFIEZL, EOETARIELWARESE VI ZTRTEIF TR, AIC 53X U BIC 0&EA [w] 2#AT5L
KXo TENE TR E V2 2 ERILL 2T,

P eROPFrPOE - AKTS-Thermokinetics (Thermal Aging, Safety and Reaction Calorimetry Versions) H - 0 x
File Thermokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions Wiew « Type a command to execute
* | Temperature =5
% R 0
¢ ©x Reaction Progress =
Automatic Kinetics Optimize Simulation | Optimization Prediction Mixed . Set View/Hide Models
Baselines Baselines Reaction Rate Time~ | Ranking (AIC/BIC)
Computing Kinetic Parameters Prediction Chart Other Exsitu &

Model Comparison

3 wAIC (3%) wBIC (%) Mbparam Nb points E1(Qfmol) Infa1%s) {-) ni(-) ) E2 (Jjmol) In(a2%s) {-) n2()
x 11 — |[62.098 65.643 o . 46E- 1747E4+>  50.413 2= 72685.671 16.284 2=
26.631 27.926 6 1.787E+5 51.914 2= 74628.536 17.23 3*
5.909 6.196 6 1.B15E+5 53.019 2= 75670.477 17.716 4=
4.862 2.341E-1 8 1.741E+5 50,148 1.921 73298.247 16.54 2,056
2.748E9 2.882E9 (3 82160.549 20.155 4= 1.68E+5 47.517 1=

& Cearal | 7] Export

"$# Reaction Progress (Kinetic Results) [E=H HER =X
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FIG. 1 - Kinetic parameters determined for all considered models and fit of experimental points (solid circles)
by the best model. The best model has the highest weights (WAIC=ca.63% and wBIC=ca.66%).
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FIG. 2 - Kinetic parameters of the best model after optimization.
Parameters with fixed value (denoted by *) were not optimized.
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The parameters of the best kinetic models can be additionally optimized after selection of the tool
«Optimization».
BROBIKNETADAG X=X, V- BB 25BN 2RI IR cE T,

The software has already chosen which model is the best, but one can additionally select the other
models (o-th order in Fig. 3 and 1-st order in Fig. 4) for comparison.
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FIG. 3 - Fit of experimental data (solid circles) by the best model (solid lines) chosen according to Akaike and
Bayesian criteria and by commonly applied O-th order kinetic model (dashed lines).
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FIG. 4 - Fit of experimental data (solid circles) by the best model (solid lines) chosen according to Akaike and

Bayesian criteria and by commonly applied first order kinetic model (dashed lines).
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FIG. 1 - In an automatic mode the best ranked kinetic model is automatically introduced and used for the

predictions.
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FIG. 2 - Prediction of the reaction course at chosen temperatures (isothermal temperature mode).
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FIG. 3 - The arbitrarily chosen acceptable limit of the change of the measured quantity is set as 8.1 a.u.

what corresponds to the ca. 15% deterioration extent (reaction progress).
At 15°C this limit is reached after about 3 years.
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FIG. 4 - Quick isothermal prediction: reaction progresses of 0.05, 0.1 and 0.15 (15%)
are reached at 2°C after ca. 34 days, ca. 150 days and ca. 65 years, respectively.
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FIG. 5 - Quick isothermal prediction: the predicted reaction progress after 0.1,1, 3, 5 and 10 years amounts at

20°C to ca. 11,15, 18, 21 and 27%, respectively.
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TKsd Software allows the determination of Temperature-Time-Transformation (TTT) diagram which
displays the equivalent time temperature points for which the arbitrarily chosen reaction progress is

the same.

TKsd V7t v =7 id, ERIGERL 2RIGETHRF L 2 3 REEREFR 4 v + 28T 2 0E-RE-ZHR (TTT) R23RE

TEEY,

plot can be used to determine immediately the time at which the required reaction extent is

reached at chosen temperature.
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FIG. 6 - Calculating “TTT" diagram for different reaction progresses ranging from 0.01 to 0.99. User defined reaction
progress 0.15 corresponds to the arbitrarily set shelf life limit (acceptable limit of the change of the measured quantity).
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FIG. 7 — “TTT" diagram for the reaction progresses ranging from 0.01to 0.99 and for user-defined acceptable limit of the
change of the measured quantity (shelf-life criterion) set at 0.15 (bold black line).
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FIG. 8 - Prediction of “TTT" diagram for reaction progress at 0.15 (shelf life limit). The limit of the change of the measured

quantity (15%) is reached at 26°C after 3 months and at 14.5°C after 3 years.
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FIG. 9 - Simulation of the long-term prediction of the change of the material property at temperatures of 2 and 8°C (marked

on the curves) during a cold chain storage. Note the severe change of the time of reaching arbitrary chosen drop of
measured quantity to 8.28 a.u. from 1.33 to 3 years for 8 and 2°C, respectively. Both temperatures fulfill the cold chain

criterion (2°C < T < 8°C).
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FIG.1 - The input of parameters for calculation of the reaction extent for the following temperature profile:45 days at 5°C
followed by exposition to 30°C for 300 days.
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FIG. 2 - The reaction extent for the following temperature profile: 45 days at 5°C followed by exposition to 30°C for 300 days.
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FIG. 3 - The input of parameters for the prediction of the reaction extent for the following step-wise temperature profile:

45 days at 5°C, 15 days at 20°C, 15 days at 30°C, 15 days at 40°C.
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FIG. 4 - Simulation of the prediction of the deterioration course during:45 days at 5°C, 15 days at 20°C, 15 days
at 30°C, 15 days at 40°C. The value of15% corresponding to the acceptable limit (8.1 a.u.) is reached after 78 days.
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FIG. 5 - The input of parameters for the prediction of the deterioration course for the following temperature profile: 45 days
at 5°C, 90 days at 30°C, 30 days at 20°C, 30 days at 5°C.
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FIG. 6 - Simulation of the prediction of the change of the measured quantityduring: 45 days at 5°C, 90 days at 30°C, 30 days
at 20°C, 30 days at 5°C. The value of 15% corresponding to the acceptable limit (8.1 a.u.) is reached after 89.3 days.
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FIG. 7 - The input of parameters for calculation of the reaction extent for the following temperature profile: 5°C for 45 days,
30°C for 1 day followed by 2 days at 5°C, 30°C for 1 day followed by 2 days at 5°C, 30°C for 1 day followed by 2 days at 5°C, 30°C
forl day followed by 2 days at 5°C, 30°C for 1 day followed by 2 days at 5°C, 5°C for 15 days.
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FIG. 8 - Simulation of the prediction of the change of the measured quantity at temperature profile specified in Fig 7.
The value of 15% corresponding to the acceptable limit (8.1 a.u.) is not reached during the temperature cycling.
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MODULATED TEMPERATURE MODE
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FIG. 1 - The option 'Modulated' allows to predict the reaction extent at two temperature modes (i) storage in a cold chain at
5°C (i.e. isothermal mode) and(ii) storage at ambient conditions of 20°C with daily temperature fluctuations of +15°C.
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FIG. 2 - The value of 15% corresponding to the acceptable limit (8.1 a.u.) is reached after 2.2 months under ambient
temperature conditions (i.e. 20°C) with daily fluctuations of 15K (red curve). In the cold chain (blue line) the limit is not
reached during 3 years.
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WORLDWIDE REAL ATMOSPHERIC TEMPERATURE PROFILES
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FIG.1- The option « Worldwide » allows for the prediction of the reaction extent at real atmospheric temperature mode, i.e.
for the yearly temperature profiles with daily minimal and maximal fluctuations.

* 7 a v Worldwide» 2 135 &, EEROKKKTME € — FCoHURICHEBEZ FRITE LT,
2% Y, HRESHOB/NMNEES XL CRANBEZMH S FREE v 7 7 A v O X3 FRIBTE LT,

¥ eI W @ @ - Worldwide (Predictions) - AKTS-Thermokinetics (Thermal Hazard, Aging, Safety and Reaction Calorimetry Versions) = = [m] *
File Thermokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions View " = x
. » A
o, _//\ {:(j;é} ’p 1 Tempflatule E_) 5
- ©x Reaction Progress
Automatic Kinetics Optimize Simulation  Optimization Prediction Mixed N Set View/Hide Models
Baselines Baselines O« Reaction Rate Time~ | Ranking (AIC/BIC)
Computing Kinetic Parameters Prediction Chart Other Exsitu @
=] Importations 7 1P worldwide
Wl 5°C data 5C 304
=M 25°C data 25C
[l e[ 37 °C data 37C 25
[l = 45 °C data 45
Cpd Kinetic Results 20|
[ = Reaction Progress o
= Predictions -
=W Is05°C comparison (5°C) 2 159
e[ Iso5-45°C E
e[ Iso 5-46°Climit 2101
e Iso2-8°Climit ﬁ
(= [ TTT (time-temperature-transf 5
e[ TTT (time-temperature-transf
e TTT (time-temperature-transf 0
=W Step 1
[Fl=[¥ Step 2 5 43
[He Step 3 [a.6
He=v Step 4 laa
H e Modulated (OKmin™1]}
(5] &7 Worldwide la.s
9
88 o
t 178 (manth) t 317 (month) =
T 188(C) T: 2384 ("C) -8
v 8.1 (au) w81 tau) la.a
Switzerland {Zurich)
8.2
acceptable limit 8.1 (~15%) re
USA (HewYork}
7.8
T T T T T T T T
1} b 10 i} 20 24 an 3a
Time {month) o
< >
admin @ 531  Ready

FIG. 2 - The value of 15% corresponding to the acceptable limit (8.1 a.u.) is reached after 17.8 months in New York (red lines)
and 31.7 months in Zurich (blue lines), respectively.
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STANAG CLIMATIC CATEGORIES
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FIG.1-"STANAG" allows to predict the reaction course in places with different STANAG climate categories.
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FIG. 2 - The value of 15% corresponding to the acceptable limit (8.1 a.u.) is reached after 1.3 months in STANAG climate
category Al.
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USER CUSTOMIZED TEMPERATURE MODE
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FIG.1- The user can predict the material properties at any customized
temperature profile which has to be introduced in ASClI-format (.txt-files).
The screen shows the importation of the customized profile.

The influence of the temperature fluctuations on the reaction course can be evaluated for any customized temperature
profiles recorded by e.g. commonly applied data loggers that collect the temperature and humidity during a chosen period.
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FIG. 2 - The change of the material properties at temperature profile recorded by data logger: the value of 15%

corresponding to the acceptable limit (8.1 a.u.)

is not reached after ca. 8 months.
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MIXED TEMPERATURE MODES
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FIG. 1 - The “Mixed"-function allows to combine consecutively the different temperature conditions.

This example displays the prediction of the decompositioncourse the following temperatures: recorded by the data logger,
isothermal (5°C, characteristic for the cold chain) and daily climate fluctuations.

The value of 15% corresponding to the acceptable limit (8.1 a.u.) is reached after 13.7 months at these temperature
fluctuations.
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KINETIC ANALYSIS BASED ON NOISY SPARSE DATA
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FIG. 1 - Noisy, sparse data collected at 5, 25, 37 and 45°C.
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FIG. 2 - During determination of the best kinetic model one can change the range of data used in the kinetic

analysis.
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FIG. 3 - Kinetic parameters are determined for all considered models, fit of experimental points (solid circles)
is displayed for the best model. Only the experimentalpoints recorded until 100 days were considered during
the Kkinetic analysis. The experimental points collected after 180 days (empty circles) serve for verification only.
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DETERMINATION OF PREDICTION BANDS (E.G. 95% CONFIDENCE)
AND VERIFICATION OF THE PREDICTIONS

The prediction bands are determined by the bootstrap method which is based on Monte Carlo

approach frequently used in applied statistics. For the statistical analysis one can choose between
resampling the residuals or data points.
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FIG. 1 - Determination of prediction bands (95% confidence).
For the statistical analysis one can apply the residuals or the data points.
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The plots below show the prediction of the reaction course at 5°C based on the best kinetic model evaluated from the data
collected at 45, 37,25 and 5°C (filled circles). The data points collected after 180 days serve for the verification of the predictions.
The dashed lines depict the prediction bands with 95% confidence.
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FIG. 2 - Prediction of the change of the material property at 5°C. The experimental points recorded after 6 months, which
were not considered during kinetic analysis, serve for the verification of the predictions.
With 95% probability all experimental points fall in the prediction band.
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FIG. 3 - Prediction of the change of the material property at 25°C. The experimental point recorded after 6
months, which was not considered during kinetic analysis, serves for the verification of the predictions.
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FIG. 4 - Prediction of the change of the material property at 37°C. The experimental points recorded after 6
months, which were not considered during kinetic analysis, serve for the verification of the predictions.
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FIG. 5 - Prediction of the change of the material property at 45°C.
The dashed lines depict the prediction bands with 95% confidence.
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_— PREDICTION OF THE CHANGE OF MATERIAL PROPERTIES _—
WITH THE PREDICTION BANDS AT RANDOMIZED TEMPERATURE FLUCTUATIONS

AKTS Thermokinetics Sparse Data software (TKsd) allows simulation of the stability of the materials and their degree of
degradation under any temperature conditions occurring during their storage and transport before the final use. The software
evaluates by the bootstrap method the prediction bands with 95% confidence (dashed lines in the plot).
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FIG. 1 - Influence of daily climate fluctuation temperatures (here Las Vegas) on the reaction extent.
The dashed lines depict the prediction bands with 95% confidence.
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FIG. 2 - The influence of the temperature fluctuations on the reaction course can be evaluated for any

customized temperature profiles.
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FIG. 3 - The influence of the temperature fluctuations recorded by commonly applied data loggers on the reaction course.
The dashed lines depict the prediction bands with 95% confidence.
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