
STORED-PRODUCT

Cost and Risk Analysis of Heat and Chemical Treatments

D. R. TILLEY,1 M. R. LANGEMEIER,2 M. E. CASADA,1,3 AND F. H. ARTHUR1

J. Econ. Entomol. 100(2): 604Ð612 (2007)

ABSTRACT An economic evaluation of newly developed methods for disinfesting empty grain
storage bins by heat treatment will be a useful tool for decision-making by grain storage managers.
An economic empirical model of heat treatment and chemical applications was developed using
minimization of costs at a target risk level associated with the grain-damaging insects Tribolium
castaneum (Herbst), Sitophilus oryzae (L.), and Rhyzopertha dominica (F.). Risk was measured
as a deviation below a target mortality goal (Target MOTAD). Insect mortality and air temperature
during heat treatment were evaluated for empty storage bins with a full drying ßoor, along with
a similar evaluation of insect mortality for two application rates of a contact pyrethroid insecticide,
cyßuthrin 20% active ingredient (AI) wettable powder. A high-output propane heater (29 kW)
had the lowest cost and risk level of all heating systems and produced 100% mortality in 2 h for
the three insect species at all test locations. An electric duct-heater system (18 kW) also produced
100% mortality at all test locations after 40 h, but it had signiÞcantly higher costs. The other heating
system conÞgurations in the study had signiÞcantly higher risk levels of insect mortality, and the
electric systems were not cost-effective. Both chemical rates had low costs and risk levels, with
high mortality results.

KEY WORDS Tribolium castaneum, Sitophilus oryzae, Rhyzopertha dominica, heat treatment, risk
analysis

Insect damage to stored on-farm grain is a risk the
farmer assumes before Þlling a bin. Cleanup efforts
before Þlling include sweeping and removal of debris
inside and outside of the grain bin, plus treatment with
contact insecticides applied to the bin ßoors and walls.
The plenum below bins equipped with full perforated
drying ßoors is generally inaccessible, however, al-
lowing debris to accumulate and maintain ideal con-
ditions for insect growth (Raney 1974). Removal of
the perforated drying ßoor is not a common practice
due to the amount of time and work required. The
economic impact from the risk of insect damage to
stored-products and the sanitation costs of cleanup
efforts all inßuence the proÞt margins of a farming
operation, and methods of disinfesting empty grain
storage bins will vary for each individual operation.
However, all on-farm grain storage has an associated
risk from stored-product insects and an economic im-
pact from potential losses due to direct damage to the
grain.

Applying a registered insecticide to the walls and
ßoors of empty bins supplements, but does not re-
place, cleanup efforts. Insecticide residues help con-
trol insects that may have remained in hard-to-clean
cracks and crevices or beneath the perforated ßoor.
Sprays should be applied to the point of runoff; ap-
plicators should thoroughly treat all cracks and crev-
ices and around doors (Raney 1974). Directing extra
spray to and through perforated ßooringÑcarefully
reading and following all label instructionsÑwill pro-
vide some control of insects in the subßoor plenum,
but maximum control of insects in this space requires
fumigation or removal of the perforated ßoor and
thorough cleanup. Although often effective, chemical
spray and fumigants may pose a health or environ-
mental risk, are usually toxic to species other than
those they are intended to control, and the continued
use of a single insecticide or class of insecticides often
leads to resistance within insect populations (Subra-
manyam and Hagstrum 1995).

Heat treatments provide another option for disin-
festing empty grain storage bins. A heat treatment
target temperature of at least 50�C is needed for suc-
cessful disinfestations (Wright et al. 2002). Mahroof et
al. (2003) developed a timeÐmortality relationship for
all stages of red ßour beetle, Tribolium castaneum
(Herbst), at elevated temperatures. Generally, mor-
tality of each stage increased with an increase in tem-
perature and exposure time. All life stages of T. cas-
taneum, with the exception of young larvae, required
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�2 h of exposure time at elevated temperatures
�50�C. Exposure for young larvae, at temperatures
�50�C, required a minimum of 7.2 h. These data sug-
gest that required treatment times to kill young larvae
ofT. castaneum should be approximately 5 to 6 h longer
than for killing adults for bin treatments with temper-
atures at �50�C. Successful heat treatment of a grain
bin with a drying ßoor requires a minimum temper-
ature of 50�C in the subßoor plenum area, which is the
critical area to target (Tilley et al. 2007). Failure to
reach the minimum temperature in the subßoor ple-
num area will increase the risk of grain infestation.

Hardaker et al. (2004) deÞned risk in various ways.
One deÞnition of risk is to expose oneself to a signif-
icant chance of injury or loss. A risk of grain infestation
exposes an operator to a signiÞcant degree of grain
commodity loss. Hardaker et al. (2004) illustrates ex-
amples of risk with trade-offs between multi-objective
decision analysis, and some of these objectives are
modeled with a noneconomic aspect. A risk of grain
infestation exposes an operator to a signiÞcant degree
of grain commodity loss. During heat treatment, the
decision maker plans to achieve a certain mortality
goalÑa percentage of dead insects that gives an ac-
ceptable level of risk of grain infestation. The risk of
grain infestation in this situation can be modeled as the
sum of all deviations below the target mortality goal
set by the decision maker.
Target MOTAD Model. Currently, there is no lit-

erature available on the economic evaluation of heat
treatment or an economic comparison to chemical
application methods for disinfesting grain storage bins
before Þlling. However, target minimization of total
absolute deviations (MOTAD) is a two-attribute
model of risk-and-return (Tauer 1983, Watts et al.
1984) that can be used to model the risk of grain
infestation. Risk and return are directly related; an
increase in return is associated with an increase in risk;
conversely, a decrease in return is associated with a
decrease in risk. Return is measured as net return or
gross revenue less expenses (Kay et al. 2004). The
Target MOTAD model examines the trade-off be-
tween net return and risk, which is measured as de-
viations below a target net return. This measure of risk
is an analogous concept to measuring risk as deviations
below a target mortality goal for heat treatments. It is
common to use a graph to show the trade-off between
risk and net return. The curves that are generated are
typically referred to as frontiers and represent optimal
solutions. To generate speciÞc trade-off points for the
Target MOTAD frontier, net return is maximized sub-
ject to a speciÞc level of allowable deviations below a
target net return. The frontier is traced out on a two-
dimensional plot by changing the level of allowable
deviations. The Target MOTAD model has a linear
objective function and linear constraints. Thus, the
model can be solved with a linear programming algo-
rithm. Target MOTAD is a beneÞcial analytical tool,
useful to decision makers who want to maximize ex-
pected return but are cautious about net returns fall-
ing below a critical target.

The objective of this research was to develop an
empirical model for each heating system and chemical
application that minimized costs at a target risk level
associated with grain-damaging insects. A modiÞed
version of the Target MOTAD model is used in this
study, with risk measured as deviations below a target
mortality goal. The empirical model uses safety-Þrst
analysis, which typically focuses on downside risk.
Safety-Þrst rules can be used to rank choices by the
decision maker and to examine the trade-off between
two or more goals (Hardaker et al. 2004).

Materials and Methods

Overview of Heat Treatment. Heat treatment data
were reported by Tilley et al. (2007) for empty grain
storage bins with Þve different heating systems: three
systems using electric power and two systems using
propane as the heat source. The electric systems were
1) an 18-kW duct heater with an interior fan distri-
bution system; 2) an 18-kW duct heater with recircu-
lation of warm air; and 3) a 15-kW portable heater with
recirculation. The two propane systems were 1) a
29-kW system and 2) a 19-kW system. Bin tempera-
tures were recorded during treatments and insect
mortality was assessed using arena cages containing
live insects of Tribolium castaneum (Herbst), Rhyzo-
pertha dominica (F.), and Sitophilus oryzae (L.) both
above and below the drying ßoor.
Procedure forChemicalTreatments.Mortality data

for conventional chemical application, comparable
with the heat treatment data, were obtained using two
plywood containers to simulate a perforated drying
ßoor inagrainbin(Fig. 1).Thesecontainersmeasured
0.23 m2 and were 0.35 m in depth to match the depth
of the perforated ßoor in a grain bin. One container
was Þtted with a perforated metal ßoor at the top,
simulating a grain bin with a perforated ßoor, whereas
the other container was left open at the top. The

Fig. 1. Chemical treatment container, 0.23 m2 by 0.35 m
in depth, with a removable perforated metal top. The con-
tainer was loaded with six arenas positioned at the (*) lo-
cation. Formulated solution of 20% cyßuthrin WP was used
to spray arenas with and without the metal top. Each arena,
with a 4Ð5-mm concrete base, contained a total of 15 in-
sectsÑÞve each of T. castaneum, R. dominica, and S. oryzae.
The arenas were removed from the container after runoff of
the formulated solution was complete and held in an envi-
ronmental chamber, with insect mortality checked and re-
corded at three time intervals.
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perforated metal ßooring was a type commonly used
in grain bins that have drying systems. The perforated
metal ßooring had �3% open area available for chem-
ical dispersion.

Each container was loaded with six insect arenas
positioned either below the perforated metal ßoor
(Fig. 1) or inside the open-top container. Each arena
contained a 1.5-cm-deep concrete base and the ver-
tical interior side wall was coated with ßuon solution,
which prevented the insects from escaping. Each
arena was loaded with 15 adult insects, Þve from each
of the following species: red ßour beetle, Tribolium
castaneum (Herbst); rice weevil, Sitophilus oryzae
(L.); and lesser grain borer, Rhyzopertha dominica
(F.).

Chemical solutions were formulated as follows. The
chemical was cyßuthrin 20% Ultra wettable powder
(WP), and the product label speciÞes a low and a high
application rate. The low label rate is 9.5 g of product
into 3,784 ml of water to treat an area measuring 94 m2

(1,000 feet2). The equivalent volume for the area of
the plywood arena would be 40.8 ml/m2 of this for-
mulated spray. The high label rate is speciÞed as 19 g
of product in 3,784 ml, but the same doubling of active
ingredient could be achieved by spraying double the
water volume of spray formulated for the low rate,
which would be 81.6 ml/m2 of formulated product.
These respective spray solutions were applied with a
multipurpose, 2-gallon sprayer equipped with an
R10C/GT 810895 nozzle (Truserv, Chicago, IL) to
spray the ßoor surface of the bottom of the plywood
containers.

The arenas remained in the test location �10 min to
allow runoff of the solution from the perforated metal
ßooring to the bottom of the container where the
subßoor arenas were located. Six control arenas were
set up using the same method but with no chemical
spray treatment. Insects were not provided with food
or water. Both chemical-treated and control arenas
were transferred to an environmental chamber and
held at 27�C and 65% RH. Insect mortality was
checked and recorded as described above at time
intervals of 1, 2, and 4 h, respectively. Three separate
replications were conducted for each test.

Data were analyzed separately for each chemical
spray rate, with main effects of application rate and
exposure time interval of each application, using the
StatisticalAnalysis System(SAS)(SASInstitute2002).
The General Linear Models procedure was used for
data analysis and to separate means when main effects
were signiÞcant. Treatment means were separated for
time intervals using the WallerÐDuncan k-ratio t-test
in SAS, with signiÞcance determined at P� 0.05. The
chemical data were transformed at each independent
location by taking the square root of each mean mor-
tality to normalize variances. The transformed data
allowed mean comparisons between low and high
chemical rates for each species between ßoor levels of
each time interval using a two-tail t-test at P � 0.05.
Empirical Risk Model. This study used a modiÞed

Target MOTAD model that minimized costs as op-
posed to maximizing returns as done in the conven-

tional Target MOTAD model described above. There
were three different lengths of tests selected to be
suitable for each heating system (Tilley et al. 2007).
The length of each test was 12, 27, and 40 h for the
electric systems, and 2, 3, and 4 or 4, 6, and 8 h for the
propane systems. Each test length corresponded to a
time activity in the model. Cost was measured as the
sum of the expected variable costs of each time activity
multiplied by the individual activity proportion, in the
model, for each optimal solution. The activity propor-
tion is generated by the model for each optimal solu-
tion result.

Risk was measured as the sum of the deviations
below the target mortality goal. Thus, risk was deter-
mined as the total cumulative percentage of all devi-
ations below the target mortality goal for each of the
18 experimental measurements of mortality for each
heating system test. This cumulative percentage of all
deviations occurs in the model as the sum of 18 in-
equality constraints indicating percentage of mortality
as seen in Table 1. Risk was measured consistently
across all systems as a noneconomic objective within
the framework of the empirical model. Mortality goal
frontiers were traced out using the 99, 95, and 90%
mortality-goal levels. These levels of mortality-goal
frontiers were chosen to illustrate the trade-offs be-
tween cost and risk, and it would be straightforward to
trace out the trade-offs for other mortality goals. A
separate empirical model was used for each heating
system or chemical treatment application used to re-
duce the level of grain-damaging insects in a grain bin.
All of the risk-level boundaries of each frontier (Fig.
2) were determined using the empirical model. An
upper and lower risk-level boundary was determined
for each system. The upper risk boundary represented
the risk level at the lowest possible cost for a given
system ($41.42 for 99, 95, and 90% mortality-goal fron-
tiers; Fig. 2). The lower risk boundary represented the
lowest possible risk level for that system ($79.46 for 99,
95, and 90% mortality-goal frontiers; Fig. 2). Risk-level
boundaries between the upper and lower limits were
uniformly spaced for tracing out the frontier.

Although a combination of heat treatment and
chemical application could be used, this is not com-
monly done in the Þeld and was not investigated. The
economic problem is to choose the most cost-effective
approach to meet acceptable mortality results for
grain-damaging insects. The economic problem was
formulated as follows, with E(z) being the expected
variable cost of the planned heat treatment or chem-
ical application and z representing all input variables
that determine the expected variable cost:

Min
xi

E� z� � �
i� 1

N

CiXi, [1]

Thus, the sum of the variable costs over all activities
is minimized subject to three conditions:

�
j� 1

j

dj � T, [2]
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which accounts for all J constraints from the experi-
mentally measured mortalities,

�
i� 1

N

Xi � 1, [3]

which enforces that the activity proportions sum to 1,
and

�
i� 1

N

mjiXi � dj � M, for j � 1 . . . 18, [4]

which requires that sum of the total mortality plus the
absolute value of the deviation is equal to the mortality

goal, where J is total number of constraints,N is num-
ber of activities, m is observed mortality of activity i,
Ci is variable cost of activity i, Xi is level of activity i,
dj is absolute value of expected sum of the negative
deviations of the solution results; T is sum of the
negative deviations below the mortality goal; M is
Target mortality goal, i is index of activities or time
treatments (1 . . .N), and j is index of constraints (1 . . .
J) for all Xi and dj� 0. The 18 constraints included in
the empirical model, mentioned above, were calcu-
lated as follows:

�3 insect species� � �2 locations�

� �3 replications� � 18 [5]

Table 1. Empirical model with minimization of variable costs for three time-period activities

Constraint - species -
location

Time (h) Deviations Sum of
deviations

Sum
product

Inequality
sign

Mortality
goal12 27 40 d1

� . . . d18
�

1 - RW - above 1 1 1 1 0.00 1.00 � 0.95
2 - RW - below 0.96 1 1 0.00 0.99 � 0.95
3 - RW - above 1 1 1 0.00 1.00 � 0.95
4 - RW - below 1 1 1 0.00 1.00 � 0.95
5 - RW - above 1 1 1 0.00 1.00 � 0.95
6 - RW - below 1 1 1 0.00 1.00 � 0.95
7 - RFB - above 1 1 1 0.00 1.00 � 0.95
8 - RFB - below 0.44 0.64 0.80 0.38 0.95 � 0.95
9 - RFB - above 1 1 1 0.00 1.00 � 0.95
10 - RFB - below 0.84 0.80 0.80 0.14 0.95 � 0.95
11 - RFB - above 1 1 1 0.00 1.00 � 0.95
12 - RFB - below 0.40 0.80 0.84 0.29 0.95 � 0.95
13 - LGB - above 1 1 1 0.00 1.00 � 0.95
14 - LGB - below 0.40 0.60 0.84 0.42 0.95 � 0.95
15 - LGB - above 1 1 1 0.00 1.00 � 0.95
16 - LGB - below 0.80 0.80 0.80 0.15 0.95 � 0.95
17 - LGB - above 1 1 1 0.00 1.00 � 0.95
18 - LGB - below 0.40 0.80 0.80 1 0.28 0.95 � 0.95
Sum of deviations 1 . . . 1 1.66
Sum activity proportion 1.00
Min. variable costs 54.77

LGB, lesser grain borer; RFB, red ßuor beetle; RW, rice weevil.
The three activity levels indicate the proportion of operating hours for each activity. The model has 18 inequality constraints indicating

percentage of mortality for each activity. Variable costs (41.42, 61.80, 79.46) and activity proportion (0.345, 0.655, and 0.000) for 12, 27, and
40 h, respectively.

Fig. 2. Risk-cost graph of mortality-goal frontiers of 99, 95, and 90% for electric system 2. Each frontier was developed
using an empirical model, with risk measured as the sum of deviations below a target at each respective variable cost.
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Each solution set derived by the empirical model min-
imizes cost, subject to a given level of deviations below
the mortality goal or target.

Table 1 provides an example of the components of
the empirical model. This example uses a target mor-
tality goal, orM from equation 4, of 95%. The observed
data for each time interval activity was compared with
the right-hand side (RHS) of each constraint. The
time interval activities, in the example of Table 1, are
12, 27, and 40 h for electric systems. Constraints that
had deviations below the target mortality goal were
recorded. A deviation was computed for each row. To
illustrate this computation from equation 2 with a
numerical example from Table 1, the condensed de-
viation section for constraint number 8 with mortality
observations of 0.44, 0.64, 0.80 was as follows:

[(0.95 � 0.44) * 0.345] � [(0.95 � 0.64) * 0.655]
� [(0.95 � 0.80) * 0.00] � 0.38

This equation illustrates the interaction between
target mortality goal and the calculated deviation of
each constraint. The condensed deviation section of
Table 1 was summed for each row (i.e., each con-
straint). Thus, the sum of deviations below the target
mortality goal, or T from equation 2, is interrelated
with the target mortality goal ofM from equation 4. In
this example, the sum of deviations was set equal to
1.66. Changing the allowable level of deviations in the
sum of deviations row, or T in equation 2, allowed us
to trace out the frontier (e.g., Fig. 2). Increasing T
decreases cost. Conversely, decreasing T increases
cost.

Lowest cost solutions often contain a mixture of
treatment times. Trade-offs between objectives often
have a mixture between the objectives, because no
single feasible point simultaneously optimizes all of
the objective functions (Ragsdale 2004). For example,
Table 1 gives an activity proportion for each time
activity in the optimal solution. Activity proportions
are constrained to sum to 1. Minimum cost is com-

puted using the optimal proportions. For the example
in Table 1, minimum cost is $54.77 and is calculated as
follows:

(41.42 * 0.345) � (61.80 * 0.655) � (79.46 * 0.000)
� $54.77

The sum product or left-hand side (LHS) of each
constraint is computed by using each mortality ob-
servation and activity proportion and adding the cor-
responding deviation. The sum product is calculated
as follows:

[(0.44 * 0.345) � (0.64 * 0.655) � (0.80 * 0.000)}
� 0.38 � 0.95

Using the activity proportions, weighted time is
21.83 and is calculated as follows:

(12 * 0.345) � (27 * 0.655) � (40 * 0.00) � 21.83 h

Chemical application treatments used a similar em-
pirical model. However, time-interval activities were
replaced with the two chemical rates of formulated
solution.

Results and Discussion

A high-output propane system 1 heating system had
the lowest variable costs and greatest insect mortality
success rate of the heating systems tested. Propane
system 1 resulted in 100% mortality for all insects
within 2 h and raising all test areas in the treated bin
above 50�C (Tilley et al. 2007). Electric system 1 also
produced 100% mortality for all insects after 40 h but
at higher variable costs and using a complicated inte-
rior heat-distribution system. The other electrical and
propane systems produced �100% mortality and had
higher variable costs.

The empirical model of propane system 1 used three
time-interval activities: 2, 3, and 4 h. The model se-

Table 2. Heating and chemical system variable-cost summary

Variable cost

Electric systems

Electric system 1 (18-kW) Electric system 2 (18-kW) Electric system 3 (15-kW)

12 h 27 h 40 h 12 h 27 h 40 h 12 h 27 h 40 h

Labor ($12.56/h) 50.24 50.24 50.24 25.12 25.12 25.12 25.12 25.12 25.12
Energy ($/kW � h) 16.30 36.68 54.84 16.3 36.68 54.84 13.58 30.57 45.28
Total 66.54 86.92 105.08 41.42 61.80 79.96 38.70 55.69 70.40

Propane systems

Propane system 1 (29-kW) Propane system 2 (19-kW)

2 h 3 h 4 h 4 h 6 h 8 h

Labor ($12.56/h) 25.12 25.12 25.12 25.12 25.12 25.12
Energy ($/kW � h) 2.75 4.12 5.50 3.50 5.25 7.00
Total 27.87 29.24 30.62 28.62 30.37 32.12

Chemical systems

Solution rate 1
(9.3 ml)

Solution rate 2
(18.6 ml)

Labor ($12.56/h) 12.56 12.56
Chemical solution 1.09 2.18
Total 13.65 14.74
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lected the lowest time interval of 2 h, with variable
costs of $27.87 (Table 2) and zero deviations from a
mortality goal of 100%. Each of the other time intervals
had zero deviations from a mortality goal of 100% but
higher variable costs. Propane system 1 proved to be
the most cost-effective and best overall heating system
of those tested to disinfest a grain bin. This heating
system was relatively easy to setup (Tilley et al. 2007)
and quickly disinfested the grain bin with no risk of
insect survival, based on the arena data.

Propane system 2 had a small variation for variable
costs, $3.32 or less, over a wide range of risk levels for
each mortality goal (Table 3). The small variable-cost
span indicates the operator would likely move toward
the lowest level of risk and highest mortality-goal
frontier of 0.99 (Fig. 2). Moving out to the highest
frontier of 99% and then decreasing the risk level to a
minimum of 1.45 will increase variable costs a minimal
amount, while beneÞting the operator with the max-
imum insect mortality rate for this system.

Electric system 1 had the greatest variation in vari-
able costs, a maximum span of nearly $65, over a wide
range of risk levels for each mortality goal (Table 4).
The wide variable-cost span suggests that the operator
would not likely accept the lowest risk level due to the
high variable costs. The operator would likely accept
some risk, while reducing variable costs. An individual
would likely move outward to the highest mortality-
goal frontier possible, while accepting a comfortable
risk level to reduce variable costs to an acceptable
level. Electric system 1 had 100% insect mortality at
40 h, but a high variable cost at this time-treatment
level.

Electric system 1 matrices for each mortality goal of
99, 95, and 90% (Table 4) recorded a zero for every risk
level in the 27-h time interval. The empirical model
chose between the 12- and 40-h time intervals for each
of the different risk levels. The reason the empirical
model responded in this manner was due to the insect
mortality rates between 12- and 27-h time intervals. A

normal pattern of mortality would suggest an increase
as time intervals increased; however, three arena test
locations had higher mortality rates at the 12-h time
interval than at the 27-h time interval. This phenom-
enon did not happen with any other heating system
tested.

Electric system 2 had high variable costs over a
narrow range of risk levels for each mortality goal
(Table 4). To reach a high insect mortality goal, an
operatorÕs variable costs would have to increase sub-
stantially. Electric system 3 was much like electric
system 2, with high variable costs and a narrow range
of risk levels for each mortality goal. The mortality-
goal frontiers were concave for this system when the
data in Table 4 was plotted. An operator accepting a
low mortality goal of 90% and a high level of risk at 3.00
can operate this system at a variable-cost amount of

Table 3. Propane system 2 was evaluated using an empirical
risk model at three different mortality goals

Mortality
goal

Variable
cost

Sum of
deviations

Time (h) Optimal
time (h)4 6 8

99% 31.94 1.45 0.00 0.10 0.90 7.80
30.00 2.32 0.21 0.79 0.00 5.58
29.54 3.19 0.47 0.53 0.00 5.06
29.08 4.06 0.74 0.26 0.00 4.52
28.62 4.93 1.00 0.00 0.00 4.00

95% 31.42 1.16 0.00 0.40 0.60 7.20
29.93 1.98 0.25 0.75 0.00 5.50
29.49 2.80 0.50 0.50 0.00 5.00
29.06 3.62 0.75 0.25 0.00 4.50
28.62 4.44 1.00 0.00 0.00 4.00

90% 31.24 0.80 0.00 0.50 0.50 7.00
29.84 1.60 0.30 0.70 0.00 5.40
29.39 2.40 0.56 0.44 0.00 4.88
28.96 3.20 0.80 0.20 0.00 4.40
28.62 4.00 1.00 0.00 0.00 4.00

The model minimized costs and measured risk as the sum of de-
viations below the mortality goal for each time interval. The matrix
indicates a percentage of operating time for each time interval.

Table 4. Electric system 1 (ES1), electric system 2 (ES2), and
electric system 3 (ES3) were evaluated within an empirical risk
model at three different mortality goals

Heating

system

Mortality

goal

Variable

cost

Sum of

deviations

Time (h) Optimal

time

(h)12 27 40

ES1 99% 103.40 0.00 0.02 0.00 0.98 39.40
85.63 1.09 0.27 0.00 0.73 32.44
68.27 2.18 0.51 0.00 0.49 25.72
50.91 3.28 0.76 0.00 0.24 18.72
33.54 4.00 1.00 0.00 0.00 12.00

95% 98.66 0.00 0.08 0.00 0.92 37.76
81.12 1.00 0.33 0.00 0.67 30.76
64.93 2.00 0.56 0.00 0.44 24.32
48.96 3.00 0.78 0.00 0.22 18.16
33.54 4.00 1.00 0.00 0.00 12.00

90% 92.74 0.00 0.17 0.00 0.83 35.24
73.83 1.00 0.43 0.00 0.57 27.96
57.65 2.00 0.66 0.00 0.34 21.52
41.47 3.00 0.89 0.00 0.11 15.08
33.54 4.00 1.00 0.00 0.00 12.00

ES2 99% 79.46 1.06 0.00 0.00 1.00 40.00
63.11 1.47 0.00 0.93 0.07 27.91
55.27 1.87 0.32 0.68 0.00 22.20
48.35 2.28 0.68 0.34 0.00 17.10
41.42 2.69 1.00 0.00 0.00 12.00

95% 79.46 0.82 0.00 0.00 1.00 40.00
63.41 1.22 0.00 0.91 0.09 28.17
55.48 1.62 0.31 0.69 0.00 22.35
48.45 2.02 0.66 0.34 0.00 17.10
41.42 2.42 1.00 0.00 0.00 12.00

90% 79.46 0.52 0.00 0.00 1.00 40.00
63.41 0.92 0.00 0.91 0.09 28.17
55.48 1.32 0.31 0.69 0.00 22.35
48.45 1.72 0.66 0.34 0.00 17.10
41.42 2.12 1.00 0.00 0.00 12.00

ES3 99% 70.40 0.58 0.00 0.00 1.00 40.00
53.48 1.42 0.13 0.87 0.00 25.05
48.50 2.27 0.42 0.58 0.00 20.70
43.51 3.11 0.72 0.28 0.00 16.20
38.70 3.95 1.00 0.00 0.00 12.00

95% 70.40 0.36 0.00 0.00 1.00 40.00
53.11 1.15 0.15 0.85 0.00 24.75
47.88 1.93 0.46 0.54 0.00 20.10
43.23 2.72 0.73 0.27 0.00 16.05
38.70 3.50 1.00 0.00 0.00 12.00

90% 70.40 0.16 0.00 0.00 1.00 40.00
53.28 0.87 0.14 0.86 0.00 24.90
46.93 1.58 0.52 0.48 0.00 19.20
42.49 2.29 0.78 0.22 0.00 15.30
38.70 3.00 1.00 0.00 0.00 12.00

The model minimized variable costs and measured risk as the sum of
deviations below the mortality goal for each time interval. The matrix
indicates a percentage of operating hours for each time interval.
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$38.70 (Table 4); however, the risk of live insects
remaining in the grain bin is an unattractive feature of
this system.

Propane system 2, and electric systems 1, 2, and 3 all
had deviations below each mortality goal, with the
exception of electric system 1 at a time interval 40 h.
The empirical model of each heating system formed a
matrix between risk and the three time intervals at
each mortality goal of 99, 95, and 90% (Tables 3 and 4).
The risk and time-interval relationship for each mor-
tality goal indicates a longer time interval was needed
to reduce risk. As the operator assumes more risk, the
time-interval shifts to a smaller operating-hour treat-
ment and lower variable costs.

The above-mentioned analysis excluded Þxed costs
because we compared trade-offs within each heating
system. A comparison across heating systems would
include Þxed costs. Comparing across heating systems
is possible because risk was measured consistently as
the total cumulative percentage of all deviations from
each inequality constraint. Fixed costs of the propane
systems were much lower than the electrical systems
(Table 5). Propane system 1 with low Þxed cost, low
variable costs, and 100% insect mortality was the most
attractive nonchemical approach to disinfestation of
empty grain bins.

Propane system 2 and the electric systems leave
live insects in the grain bin, with the exception of
electric system 1 at 40 h (Tables 3 and 4). The reader
may question why an operation would accept the

risk of using a heating system that leaves live insects
in the grain bin upon completion of the treatment.
An operator may want to move toward the highest
frontier possible in Fig. 2 and strive for 100% mor-
tality. Research, however, indicates that insects sur-
viving sublethal temperatures of �50�C or exposure
to lethal temperatures for less than the intended
duration (sublethal exposure) may have their re-
productive potential impaired (Proverbs and New-
ton 1962; Okasha et al. 1970; Gonen 1977; Arbogast
1981; Tikku and Saxena 1985, 1990; Kawamoto et al.
1989; Saxena et al. 1992; Lale and Vidal 2003). Sterile
insects cannot reproduce and the population will
eventually die out, causing no damage to the grain
mass. Grain damage occurs as a result of multiple
generations of stored-product insect reproduction.
Exposure to a sublethal temperature (44�C) was
effective in producing either partial or complete
sterility of the confused ßour beetle, Tribolium con-
fusum Jacquelin du Val, exposed as larvae or pupae
for an 8-h period (Oosthuizen 1935).

The two chemical application rates both had near
100% mortality for each insect species above the
ßoor at the 4-h time interval. However, mortality
data for insects exposed below the ßoor were highly
variable, which could have resulted from the fact
that the chemical runoff below the perforated ßoor-
ing varied randomly in the containers. This in turn
would have caused differential exposure due to
these random effects, and the increased volume
application of the high rate would have com-
pounded these effects. Nevertheless, mortality vari-
ation below the ßoor was signiÞcant for application
rate and exposure interval (Table 6). This was ev-
ident for each insect species and especially for S.
oryzae, which had 100% mortality after 4 h of ex-
posure at the higher rate. All T. castaneum were
knocked down and on their backs after 2 h of ex-
posure at the higher rate for each ßoor level. T.
castaneum showed signiÞcantly different mortality

Table 5. Propane system 1 (PS1), propane system 2 (PS2),
electric system 1 (ES1), electric system 2 (ES2), electric system 3
(ES3) heating and chemical system fixed cost ($) summary

Fixed cost
Heating system Chemical

applicationPS1 PS2 ES1 ES2 ES3

Equipment 189 189 1500 1500 1050 35
Miscellaneous 60 60 172 150 150 0
Total 249 249 1672 1650 1200 35

Table 6. Percentage mortality (mean � SEM1) of adult S. oryzae, T. castaneum, and R. dominica, exposed for three time intervals
to the low and high label rates of cyfluthrin, at positions above and below the false floor of the grain bin where tests were conducted

Chemical rate Insect species
Floor

location

Time

1 h 2 h 4 h

Low 40.8 ml/m2 S. oryzae (L.)a Above 62.0 	 19.8aA 83.3 	 8.4aA 94.3 	 5.6aA
Below 46.3 	 23.3aA 51.0 	 21.0aA 76.6 	 11.7aA

T. castaneuma Above 63.6 	 8.8aB 81.0 	 6.1aAB 92.3 	 6.2aA
Below 28.0 	 14.9aA 43.3 	 12.5aA 63.3 	 12.5aA

R. dominica (F.)b Above 76.6 	 2.0aB 95.3 	 2.3aA 100 	 0.0aA
Below 24.3 	 2.9bC 48.6 	 7.2bB 81.0 	 1.0bA

High 81.6 ml/m2 S. oryzae (L.) Above 100 	 0.0aA 100 	 0.0aA 100 	 0.0aA
Below 63.3 	 18.3aA 92.3 	 6.2aA 100 	 0.0aA

T. castaneum Above 85.6 	 4.3aA 95.6 	 1.3aA 92.0 	 4.9aA
Below 54.3 	 12.7aA 73.3 	 6.6bA 84.3 	 8.6aA

R. dominica (F.) Above 98.0 	 1.0aA 100 	 0.0aA 100 	 0.0aA
Below 70.0 	 1.7bC 78.0 	 1.0bB 92.3 	 2.3bA

Means between rows followed by different lowercase letters are signiÞcantly different (P� 0.05; WallerÐDuncan k-ratio t-test); and means
between columns followed by different uppercase letters are signiÞcantly different (P � 0.05; t-test).
aNo difference in mortality of S. oryzae or T. castaneum exposed to low versus high application rate.
bMortality of R. dominica at 1 h above and below the ßoor was signiÞcantly greater (P� 0.05) at the high than at the low rate; no difference

above the ßoor at 2 and 4 h, and mortality below ßoor was greater at the high than at low rate at 2 and 4 h.
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between ßoor levels at the 2-h time interval at the
higher rate of application. However, T. castaneum
mortalities were only signiÞcantly different be-
tween the 2- and 4-h time intervals when using the
low application rate. The R. dominica mortality
showed signiÞcance between ßoor levels and time
intervals below the ßoor for each application rate.

The successful control of R. dominica was sur-
prising due to the species being less mobile com-
pared with T. castaneum and S. oryzae. An insect
species that is highly mobile seems more likely to
come in contact with the random displacement of
the chemical formulated solution. Random contact
with the formulated solution would likely occur less
frequently below the perforated ßoor using the low
application rate. The T. castaneum mortality results
were less than Arthur (1997) reported probably
because of the random contact with the chemical
after it dripped through to the surface below the
perforated ßoor. The direct spraying described by
Arthur (1997) may have produced greater contact
between insect species and the chemical on the
surface.

Chemical spray treatments produced excellent
mortality for each insect species at low Þxed and
variable costs. Variable costs between each of the
mortality goals of 99, 95, and 90% varied a minimum
of $1.09 with low associated risk levels (Table 7). An
operator choosing a chemical application treatment
would apply at the low label rate, obtaining excel-
lent mortality results at a low cost. However, total
reliance on chemical treatments raises concerns
about negative inßuences on the environment and
worker safety and the danger of insects developing
resistance to the chemical.

An empirical model for each heating and chemical
system tested provided a wide range of risk levels and
variable costs to obtain a speciÞc insect mortality goal.
The empirical model developed in this study could be

easily adapted by other researchers interested in the
trade-off between treatment cost and insect mortality.
SpeciÞc conclusions based on the results of this study
were as follows:

● Propane system one was the most cost effective and
had the lowest risk levelof thenonchemical systems,
producing 100% mortality for all three insect species
in 2 h.

● Electric system one had effective mortality results
after 40 h of operation, but required high variable
costs, making this system unattractive. All other
electric systems were unattractive due to the high
variable costs and lower mortality results.

Chemical treatments had extremely low costs and risk
levels; however, chemical treatments have many neg-
ative inßuences on the environment, worker safety,
and the danger of insects developing resistance to the
chemical.

Acknowledgments

We thank Brad Racen, Carlton Company, for technical
assistance and providing the Chromolox portable electric
heater and Robert Rousser for the fabricating of equipment.
We thank Mike Montross and Ole Dosland for critically
reviewing an earlier manuscript draft.

References Cited

Arbogast, R. 1981. Mortality and reproduction of Ephestia
cautella and Plodia interpunctella exposed as pupae to
high temperature. Environ. Entomol. 10: 708Ð711.

Arthur, F. H. 1997. Residual toxicity of cyßuthrin wettable
powder against Tribolium confusum (Coleoptera: Tenebri-
onidae) exposed for short time intervals on concrete. J.
Stored Prod. Res. 34: 19Ð25.

Gonen, M. 1977. Survival and reproduction of heat-accli-
mated Sitophilus granaries (Coleoptera: Curculionidae)
at moderately high temperatures. Entomol. Exp. Appl. 21:
249Ð253.

Hardaker, J., R. Huirne, J. Anderson, and G. Lien. 2004.
Coping with risk in agriculture, 2nd ed. CABI Publishing,
Cambridge, MA.

Kawamoto, H., R. Sinha, andW.Muir. 1989. Effects of tem-
perature on adult survival and potential fecundity of the
rusty grain beetle, Cryptolestes ferrugineus. Appl. Ento-
mol. Zool. 24: 418Ð423.

Kay, R., W. Edwards, and P. Duffy. 2004. Farm manage-
ment. 5th ed. McGraw-Hill, New York.

Lale, N., and S. Vidal. 2003. Simulation studies on the
effects of solar heat on egg laying, development, and
survival of Callosobruchus maculatus (F.) and Calloso-
bruchus subinnotatus (Pic.) in stored bambara ground-
nut Vigna suterranea (L.) Verdcourt. J. Stored Prod.
Res. 39: 447Ð458.

Mahroof, R., Bh. Subramanyam, J. E. Throne, and A.Menon.
2003. Time-Mortality relationships for Tribolium casta-
neum (Coleoptera: Tenebrionidae) life stages exposed to
elevated temperatures. J. Econ. Entom. 96: 1345Ð1351.

Okasha, A., A. Hasanein, and A. Farahat. 1970. Effects of
sub-lethal temperatures on an insect, Rhodnius prolixus
(Stal.). IV.Egg formation,oviposition, andsterility. J.Exp.
Biol. 55: 25Ð36.

Table 7. Each chemical application was evaluated within an
empirical risk model at three different mortality goals

Mortality
goal

Variable
cost

Risk
Formulated solution rate

1X (9.3 ml) 2X (18.6 ml)

99% 12.18 0.86 0.00 1.00
11.89 1.31 0.26 0.74
11.63 1.76 0.49 0.51
11.36 2.21 0.75 0.25
11.09 2.66 1.00 0.00

95% 12.18 0.56 0.00 1.00
11.83 0.98 0.32 0.68
11.58 1.40 0.55 0.45
11.33 1.82 0.78 0.22
11.09 2.25 1.00 0.00

90% 12.18 0.30 0.00 1.00
11.74 0.66 0.41 0.59
11.51 1.02 0.61 0.39
11.30 1.38 0.81 0.19
11.09 1.74 1.00 0.00

The model minimized variable costs and measured risk as the sum
of deviations below the mortality goal for each formulated solution
rate. The matrix indicates a formulated-solution percentage at each
application rate in ml for a speciÞc risk level.

April 2007 TILLEY ET AL.: RISK ANALYSIS OF HEAT TREATMENT 611



Oosthuizen,M. 1935. The effect of high temperature on the
confused ßour beetle. Minn. Agric. Exp. Stn. Tech. Bull.
107: 1Ð45.

Proverbs, M., and J. Newton. 1962. Effects of high temper-
ature on the fertility of the codling moth, Carpocapsa
pomonella (L.) (Lepidoptera: Olethreutidae). Can. En-
tomol. 94: 225Ð233.

Ragsdale, C. 2004. Spreadsheet modeling and decision anal-
ysis: a practical introduction to management science, 4th
ed. South-Western Publishing, Mason, OH.

Raney, H. 1974. Management of on-farm stored grain, pp.
59Ð79. Cooperative Extension Service, University of Ken-
tucky, Lexington, KY.

SAS Institute. 2002. The SAS system for Windows, release
8.0 SAS Institute, Cary, NC.

Saxena, B., P. Sharma, R. Thappa, and K. Tikku. 1992. Tem-
perature-induced sterilization for control of three stored-
grain beetles. J. Stored Prod. Res. 28: 67Ð70.

Subramanyam, B., and D. Hagstrum. 1995. Sampling, resis-
tance measurement, and management, pp. 331Ð397. In B.
Subramanyam and D. W. Hagstrum [eds.], Integrated

management of insects in stored products. Marcel Dek-
ker, New York.

Tauer, L. 1983. Target MOTAD. Am. J. Agric. Econ. 65:
606Ð610.

Tikku, K., and B. Saxena. 1985. Ultra structure of sperms of
heat-sterilized Dysdercus koenigii F. Curr. Sci. 54: 386Ð387.

Tikku, K., and B. Saxena. 1990. Ultra structural spermatid
and sperm morphology in Procilocerus pictus (F.) with a
reference to spermeiophagic cells in the testis and sperm
duct. Tissue Cell 22: 71Ð80.

Tilley, D., M. Casada, and F. Arthur. 2007. Heat treatment
for disinfestation of empty grain storage bins. J. Stored
Prod. Res. (in press).

Watts, M., L. Held, and G. Helmers. 1984. A comparison of
Target MOTAD to MOTAD. Can. J. Agric. Econ. 32:
175Ð186.

Wright, E., E. Sinclair, and P. Annis. 2002. Laboratory de-
termination of the requirements for control of Trogo-
derma variabile (Coleoptera: Dermestidae). J. Stored
Prod. Res. 38: 147Ð155.

Received 25 May 2006; accepted 22 December 2006.

612 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 100, no. 2


