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Outline

► Thermal inactivation of microorganisms – Basics

► Temperature dependence of kinetics

► Arrhenius – Ea vs. z-value

► Reference temperature, Tr, and

Calculations with constant z=zr at TTr

► Examples
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Arrhenius’ plot Thermal Death Time (TDT) plot



Thermal inactivation of microorganisms
Basics 

► Target microorganism for the product?

● Pathogen or

● Food spoilage

► Kinetics

● First order kinetics – Two representations

o Reaction rate (frequency factor), k (SI-unit s-1)

o Decimal reduction time, D (SI-unit s)

● Temperature dependence – Two representations

o Arrhenius activation energy, Ea (SI-unit J/mol)

o z-value, (SI-unit K or °C)
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D = ln(10)/k

z = ln(10)RTrT/Ea

zr = ln(10)RTrTr/Ea

ln(10)≈ 2.303



Ea vs. z-value (TDT (Thermal Death Time) plot from Bigelow 1921)
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Ea vs. z-value (Data from Bigelow 1921)
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Ea vs. z-value (Data from Bigelow 1921)
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Ea vs. z-value – lin/log regression 
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Ea vs. z-value – lin/log regression 
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Ea vs. z-value – lin/log regression (Data from Bigelow 1921)
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Ea vs. z-value – lin/log regression (Data from Bigelow 1921)
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Activation energy (Ea)

► A bit hard to interpret

► Empirically proven and 

theoretically explained

z-value for decimal reduction time (D)

► Easy to interpret

► Established in calculations of 

process lethality (F values, also denoted 

“sterilization value”)

► Often used inaccurately as constant, 

despite its temperature-dependent 

relationship to Ea
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Ea vs. z-value

Comments on the representations/models

But does it 

matter? 
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Ea vs. z-value

H.-G. Kessler, Food and Bio Process Engineering: Dairy Technology, München: Verlag A. Kessler, 2002, p. 694.

Comments on the representations/models

But how narrow?

As we will see, ”narrow” is narrow indeed!



D plot vs. temperature based on Arrhenius (constant Ea) for Natural thermophilic flora, Milk (high D)
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The problem with constant z – An example



D plot vs. Temperature based on Arrhenius (constant Ea) for Natural thermophilic flora, Milk (high D)

0.01

0.1

1

10

100

1000

10000

100 105 110 115 120 125 130 135 140 145 150

D
[s

]

Temperature, ϑ [°C]

Dr [s]

Tangent at 125 °C

z125 °C = 10.5 °C

1 log

D

Tangent at ϑr = 125 °C (Tr = 125+273.15 K)

Dr. Tomas Skoglund, 2023-03-30 / 17

The problem with constant z – An example



0.01

0.1

1

10

100

1000

10000

100 105 110 115 120 125 130 135 140 145 150

D
[s

]

Temperature ϑ [°C]

Dr [s]

Tangent at 135 °C

D

Tangent at ϑr = 135 °C (Tr = 135+273.15 K)

D plot vs. Temperature based on Arrhenius (constant Ea) for Natural thermophilic flora, Milk (high D)

Dr. Tomas Skoglund, 2023-03-30 / 18

The problem with constant z – An example

𝑧 = ln 10 𝑅𝑇𝑟𝑇/𝐸𝑎=𝑧𝑟
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1 log



Dr. Tomas Skoglund, 2023-03-30 / 19

Direct-steam injection with flash cooling: Temperature profile 80 °C – 138 °C – 81 °C

Example – Calculation of holding time in a UHT line

µ-organisms

(pathogen and spoilage)

Clostridium botulinum 

spores
Natural thermophilic flora, Milk 

(high D)

Kinetic data provided

in the literature

ϑr 121.1 °C 121.1 °C

Dr 12 s 26.4 s

zr 10.0 °C 10.3 °C

Reference
Text books, e.g.

H.-G. Kessler, Food and Bio 

Process Engineering

W. G. Bigelow, “The logarithmic nature of 

thermal death curves,”

Target logred, L 12 6

Accurate holding time

Inaccurate holding time

𝑇𝑟 = 𝜗𝑟 + 273.15 K

Constant temperature ⟹ 𝐿 =
𝑡ℎ10

𝜗−𝜗𝑟
𝑧𝑟

𝑇𝑟
𝑇

𝐷𝑟

12 ∗ 12 s

10
138−121.1

10
121.1+273.15
138+273.15

= 3.5 s
6 ∗ 26.4 s

10
138−121.1

10.3
121.1+273.15
138+273.15

= 4.2 s

𝐿 =
𝐹

𝐷𝑟
=
0
𝑡ℎ 10

𝑇−𝑇𝑟
𝑧 𝑑𝑡

𝐷𝑟
=
0
𝑡ℎ 10

𝑇−𝑇𝑟
𝑧𝑟

𝑇𝑟
𝑇 𝑑𝑡

𝐷𝑟

12 ∗ 12

10
138−121.1

10

= 2.9 s
6 ∗ 26.4

10
138−121.1

10.3

= 3.6 s

⟹ 𝑡ℎ=
𝐿𝐷𝑟

10
𝑇−𝑇𝑟
𝑧𝑟

𝑇𝑟
𝑇

=
𝐿𝐷𝑟

10
𝜗−𝜗𝑟
𝑧𝑟

𝑇𝑟
𝑇
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Direct-steam injection with flash cooling: Temperature profile 80 °C – 138 °C – 81 °C

Example – Calculation of holding time in a UHT line

µ-organisms

(pathogen and spoilage)

Clostridium botulinum 

spores
Natural thermophilic flora, Milk 

(high D)

Kinetic data provided

in the literature

ϑr 121.1 °C 121.1 °C

Dr 12 s 26.4 s

zr 10.0 °C 10.3 °C

Reference
Text books, e.g.

H.-G. Kessler, Food and Bio 

Process Engineering

W. G. Bigelow, “The logarithmic nature of 

thermal death curves,”

Target logred, L 12 6

Accurate holding time 3.5 s 4.2 s

Inaccurate holding time 2.9 s 3.6 s

𝑇𝑟 = 𝜗𝑟 + 273.15 K

Constant temperature ⟹ 𝐿 =
𝑡ℎ10

𝜗−𝜗𝑟
𝑧𝑟

𝑇𝑟
𝑇

𝐷𝑟
𝐿 =

𝐹

𝐷𝑟
=
0
𝑡ℎ 10

𝑇−𝑇𝑟
𝑧 𝑑𝑡

𝐷𝑟
=
0
𝑡ℎ 10

𝑇−𝑇𝑟
𝑧𝑟

𝑇𝑟
𝑇 𝑑𝑡

𝐷𝑟
⟹ 𝑡ℎ=

𝐿𝐷𝑟

10
𝑇−𝑇𝑟
𝑧𝑟

𝑇𝑟
𝑇

=
𝐿𝐷𝑟

10
𝜗−𝜗𝑟
𝑧𝑟

𝑇𝑟
𝑇

(𝐹0 = 2.40 min) (𝐹 = 2.64 min)

14% TOO SHORT
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Difference between using approximation with constant z=zr and temperature dependence of z

Example – Calculation of holding time

accurate

Inaccurate with 

constant z

Relative error of 𝑡ℎ = 10
−

𝑇−𝑇𝑟
2

𝑇𝑧𝑟 − 1
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Difference between using approximation with constant z=zr and temperature dependence of z

Example – Calculation of holding time

accurate

Inaccurate with 

constant z



T deviation from Tr for different Tr and with zr = 10.0 °C
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Error calculations of F

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

55%

60%

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

ϑ-ϑr = T-Tr [°C, K]

ϑr =90 °C, zr = 10 °C ϑr =120 °C, zr = 10 °C ϑr =150 °C, zr = 10 °C



T deviation from Tr for different Tr and zr
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Error calculations of F
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A direct heating & flash cooling system
80 – 138 (4 s) – 81 °C
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F(constant z) = 2.98  L = 2.98*60/26.4 = 6.8 > 6

L = 5.8 < 6



An indirect heating & cooling system
96 – 123 – 137 (2 s) – 29 °C
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L = 12.4 >> 6

F(constant z) = 6.06  L = 6.06*60/26.4 = 13.8 >> 6



Conclusion

► Temperature dependence

● Follows Arrhenius equation, linear log(k) vs. 1/T

● Seemingly, but inaccurately linear log(D) vs. T

► Constant z = zr (for T  Tr) 

● overestimation of L and F

● underestimation of required holding times

● not negligible errors

► To avoid compromising food safety and quality: Use z = ln(10)RTrT/Ea = zrT/Tr !

● Particularly important for direct heating systems
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Thank you!

Questions?
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