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Gas heaters Electric heater 

Steam heater 

Duct carrying heat 
from gas heaters

Heat treatment concept: Raising the ambient air temperature of the complete 
facility, or a part of it, to 122-140oF (50-60oC), and maintaining these temperatures 
for at least 24  hours.



Typical temperature profile

Sensor 1 (U-11)

Sensor 2 (U-27)
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Floor temperatures during heat treatment of Hal Ross flour mill
August 25-26, 2009

Second floor, sensor U-11

Third floor, sensor U-27



Temp. ºC

(oF)

Response

25 – 32

(77 - 89.6)

Optimum for development

33 – 35

(91.4 – 95)

Upper limit for reproduction for most 
stored-product insects

36 – 42

(96.8 – 107.6)

Populations die out, mobile insects seek 
cooler zones

45 – 49

(113 – 120.2)

Death within a day

50 – 60

(122 – 140)

Death within hours to minutes

Above 62

( > 143.6)

Death within a minute

Stored-product insect responses at different 
temperature ranges*

*After Banks and Fields, 1995.



Heat treatment history

In the US

• Dean  (1911, 1913)
• Pepper and Strand (1935)
• Oosthüizen (1935)
• Sheppard (1983)
• Heaps (1988)
• Heaps and Black (1994)
• Forbes and Ebeling (1987)
• Pedersen (1994)
• Dosland (1999)
• Dowdy (1999)
• Dowdy and Fields (2002)
• Subramanyam (1999 – present)

Other countries
• Teich (1994) – Germany
• Carpenter (1999) – New Zealand
• Fields (2004-present) – Canada
• Fluerat-Lessard (2012-present)-France
• Campolo (2013)-Italy



Structural heat treatment

• Major food companies have been using heat for many 
years
– PepsiCo (Quaker Oats)

– Con Agra

– Pillsbury (now General Mills) 

– New World Pasta

– Nestle Purina

– Lundberg Farms

– Anheuser-Busch

– Gerber Foods

– Abbott Laboratories

• Renewed interest since 1999



Food-processing facilities must find alternatives 
to methyl bromide

Photo courtesy, Dr. P. G. Fields



Heat Treatment is a Methyl Bromide Alternative

• 1993 -1998: Freeze at 1991 baseline levels 
(U.S. consumption ~25,500 Metric Tonnes) 

• 1999-2000: 25% reduction 
• 2001-2002: 50% reduction 
• 2003-2004: 70% reduction 
• 2005: 100% phase out 

– Except for critical use exemptions agreed to by the 
Montreal Protocol Parties

• Beyond 2005, continued production and import 
of methyl bromide is limited only for critical, 
emergency, quarantine and preshipment uses



Why is there a renewed interest in using heat 
treatments? 

• Renewed interest because of phase-out of methyl bromide 

• 2005 in US

• Ozone hole in Antarctica

“Image of the record-size ozone hole taken 

by NASA satellites on September 9, 2000.

Blue denotes low ozone concentrations and 

yellow and red denote higher levels of ozone”.



Locations where heat can be used

• Bins/silos

• Whole-facility treatment

• Specific rooms

• Specific pieces of equipment



Important pre-heat treatment checklist 

• Remove tension from drive belts to avoid stretching

• Perform sanitation and remove all food products

• Sprinkler heads should withstand 127oC

• Protect heat sensitive equipment



Heat damage



A successful heat treatment depends 
on...........

•Estimating the amount of heat required (through heat-loss calculations) 

• KSU Heat Treatment Calculator 2.0 [VisualBasic.NET]  

•Improving pest management efficacy

• Eliminating cool spots through uniform heat distribution (use 
of fans)

• Assessing pre- and post-heat treatment insect counts

• Following good exclusion and sanitation practices



Pasta facility (A)

• Press area:
• Volume: 1.55 million cu ft  

• Surface area: 46,750 sq ft  

• Wt of steel: 9,710,00 lb  

• Flour room:
• Volume: 120,000 cu ft  

• Surface area: 3,600 sq ft  

• Wt of steel: 750,000 lb  



Press Room Average Temperature Profile 
Start: 7/1/06; 8:30 A.M.

Finish: 7/2/06; 1:00 A.M.
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Flour Room Average Temperature Profile
Start: 7/1/06; 7:00 A.M.

Finish: 7/1/06; 11:00 P.M.
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Facility A – Temperature Profiles

n = 12 HOBOsn = 37 HOBOs







Heat energy requirements based on KSU Heat 
Treatment Calculator

Area

Heat requirements 

(in million BTU)
BTU/cubic foot/hour

Natural gas usage 

(in Therms)

Hourly
Total Rise Hold Total

Hourly
Total

Rise Hold Rise Hold

Flour 

Room
1.6 0.7 18.24 13.4 5.8 9.6 21.5 9.8 250.4

Press 

Room
11.53 4.9 142.6 6.3 2.7 4.6 165 70 2041

Total estimated heat required: 160.8 million BTU. Estimated fuel cost: $ 2498

Heat generated at 70% efficiency: 155 million BTU
Natural gas used during heat treatment: 2212 Therms
Cost of fuel used during heat treatment: $ 2411 



Heat energy required

A = 0.10-0.15 Kw/h 
B=Volume of facility on cubic meters
C=Duration of treatment (24 h)

Total heat energy=A x B x C



Use traps before and after heat treatment

Food and  pheromone-baited trap for crawling insects

Sticky trap for moths/beetles



Date Press room 
(n=35)

Flour room 
(n=10)

Outside 
(n=5)

5/30/2006 0.46 0.40 0.50

6/14/2006 0.20 0.42 0.65

6/28/2006 0.32 0.65 0

7/11/2006 0 (100%) 0.09 (86%) 0

7/25/2006 0.03 0.10 0.38

8/8/2006 0 0.05 0.50

8/23/2006 0.01 0.05 0.20

Captures of red flour beetles (Tribolium castaneum)

Mean number of adults/trap/week



Susceptibility differences among life stages and 
insect species
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Fig. 2.
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Comparison of heat tolerant stages of four species (LT99

in minutes (95% CL))

Species Stage 46oC 50oC 54oC

Cigarette beetle Eggs

598.1 

(571.21-633.10)

165.45

(152.62-182.84)

37.87

(35.14-41.56)

Red flour beetle Young larvae

430.7

(364.3-573.6)

432.8

(365.3-572.6)

81.9

(60.4-207.7)

Confused flour 
beetle Mature larvae

299.46

(281.81-324.88)

90.05

(81.80-102.26)

55.71

(48.75-67.25)

Indianmeal moth Mature larvae

69

(62-80)

34

(29-43)

Not tested



Do we need a 24-36 h exposure time?



Quaker Oats
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Aug 31-Sep 2, 2007 
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Quaker Oats (PepsiCo)

• Heat treat for 24 h instead of 34 hours

• Annual savings are, $25,000

• Email, November 25, 2009



Can mortality of heat tolerant stages of an insect 
species be predicted during heat treatment?



Thermal death kinetic models



Thermal death kinetic model for the most heat tolerant stage
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of larvae at time t; ∆t is the incremental exposure time 
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Boina et al. (2008)



Survival of old larvae of Tribolium confusum as a 
function of temperature

Comparison of model predictions to actual
Insect survival
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Heating rate (2.12
o
C/h)
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Observed and predicted survival of red flour beetle young larvae 

(Subramanyam & Mahroof, unpublished) 
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Supernova (C-Sharp)
• A software program (requires data in Excel xls

format) 

• Predicts survival of young larvae of T. 

castaneum and old larvae of T. confusum based 

on time-dependent temperature profile

• Gives information on heating rate (oC/h)

• Gives information on 90, 95, and 99% mortality

• Saves output data in an Excel file for graphing 

purposes



An example: Quaker Oats

Temp 22 Temp 23 Temp 24

Heating Rate 1.6 °C/hr 3.8 °C/hr 2.6 °C/hr

RFB 99% 16.07 Hr 7.72 Hr 10.00 Hr

RFB 95% 13.58 Hr 6.65 Hr 8.60 Hr

RFB 90% 12.33 Hr 5.98 Hr 7.75 Hr

CFB 99% 11.52 Hr 4.52 Hr 6.42 Hr

CFB 95% 11.27 Hr 4.17 Hr 5.97 Hr

CFB 90% 11.13 Hr 3.97 Hr 5.73 Hr



0

20

40

60

80

100

Temperature (oC) 

Red flour beetle

Confused flour beetle

HOBO 62b (Press Room) 

0

20

40

60

80

100

HOBO 53 (Press Room) 

0

20

40

60

80

100

HOBO 17 (Press Room) 

0

20

40

60

80

100

HOBO 75 (Press Room) 

T
e
m

p
e
ra

tu
re

 (
o
C

)

0

20

40

60

80

100

HOBO 80 (Press Room) 

In
s
e
c
t 

s
u
rv

iv
a
l 
(%

)

0

20

40

60

80

100

HOBO 57 (Press Room) 

Time (hours)

0 2 4 6 8 10 12 14 16 18

0

20

40

60

80

100

HOBO 39 (Press Room) 

0 2 4 6 8 10 12 14 16 18

0

20

40

60

80

100

HOBO 16 (Press Room) 

2.8 
oC/hr 2.9 

oC/hr

3.6 
oC/hr

3.5 
oC/hr

3.7 
oC/hr 3.9 

oC/hr

4.2 
oC/hr4.1 

oC/hr

Predicted survival of
young larvae of 
T. castaneum and
old larvae of T. confusum
in a pasta plant  











Red flour beetle bioassays



Columbia, MO
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Adult mortality (n = 24)

272/480

376/480

478/478

1.5 h

3.0 h

5.1 h

24.1 h

160/480

Control vials = 0/120 (0%; n = 6)

Egg –to-adult survival

Time 
(h)

Control 
(n=6 vials)

Heat 
exposed
(n = 24 
vials)

1.5 81/120 84/480

3.0 79/120 0/480

5.1 84/120 0/480

24.1 80/120 0/480

Each via has 20 eggs.



Columbia, MO
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Columbia, MO
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Columbia, MO
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• Predicting insect survival or mortality 

during a heat treatment



• Integrating remote temperature 

monitoring data with the thermal 

death kinetic model

– Take corrective action in “real time”



Typical wireless sensor network architecture

Wireless sensor networks



MIB/MICA2/MTS technology from Crossbow Technology Inc, San Jose, CA

MIB510 Serial interface and programming board (Base station 
for wireless sensor networks)

MICA2 Processor/Radio board

MPR 400 CB 

MTS  weather sensor boards (MTS 400 CB)









E.A.R.T.H. Software

Efficacy Assessment in Real Time during 

Heat treatment



ds



Graph of sensor nodes (tree view)





Location: Milling facility, Dept. of Grain Science and Industry
Date: 05/12/2008

Total time: 35 hours
Heat rate: 0.54℃ /hour

Species: Red flour beetle young larvae



E.A.R.T.H. validation



KSU Hal Ross flour mill

http://www.youtube.com/view_play_list?p=070733D50D99898D

9626 m3 

5 floors

Gas 

heater

Propane 

tank

High-temp. 

ductwork



Hal Ross Mill, KSU
Heat Treatment 

May 14, 2009



Hal Ross Mill, KSU 
Heat Treatment 

August 26, 2009



ConAgra Foods, Saint Louis, MO 
Heat Treatment 

September 25-26, 2009



LifeLine Foods   Sensor: 1
April 20-21, 2010



Commercial facilities 
• New World Pasta, VA

• Quaker Oats (PepsiCo-Oats & Corn Milling), IA

• Grain Processing Corporation, IA

• Hills Pet Foods, IN

• ConAgra (David Sunflower Seeds), MO

• Gerber Foods, MI

• Anheuser Busch, AR

• Quaker Oats (PepsiCo-Rice Cakes Facility), MO

• PepsiCo (Rice-O-Roni facility), IL

• Loulis Flour Mill, Volos, Greece



Optimizing heat treatments

• Using the right amount of heat energy (0.1 kW/h/m3)

• Eliminate cool spots (Temp. <50oC)-fans/heaters

• Determining when to stop a heat treatment

– Achieving 100% kill of insects without adverse effects on 
structure or equipment

• Making it cost-competitive with other responsive tactics

• Delaying population rebounds

• Use K-State software programs



Heat treatment workshops





Workshops and presentations

• Conducted 6 heat treatment workshops since 
1999, 2001, 2002, 2003, 2004, & 2009

– Lectures and heat treatment demonstrations

– http://www.ksre.ksu.edu/grsc_subi under the 
“Workshop/Conferences” link

– Presentations and pictures

• Recent workshop: May 13-15, 2009 

http://www.ksre.ksu.edu/grsc_subi


Thermal RemediationTM
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