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Singh, C.B., D.S. Jayas and R. Larson. 2014.  Assessment of fan 
control strategies for in-bin natural air-drying of wheat in 
Western Canada. Canadian Biosystems Engineering/Le génie 
des biosystèmes au Canada 56: 3.25-3.36.  Grains (common term 
referring to cereal grains, oilseeds, pulses) are usually harvested 
at high moisture content and then dried to straight grade (dry) or 
safe storage moisture levels. Grain drying in freestanding, 
corrugated galvanized steel or welded steel bins using natural air 
is the most cost effective drying method with optimum grain 
quality. Adverse weather conditions and inappropriate fan control 
strategies may result in poor drying, higher drying cost 
(electricity and fuel), and grain spoilage. Several traditional fan 
control (continuous ON, only Day ON, only Night ON) and 
automated fan control (Natural Air Drying (NAD) and Self-
Adapting Variable Heat (SAVH)) strategies were investigated 
using IntegrisPro model software (OPIsystems Inc.©) for their 
drying potential for wheat using 30 years of historical weather 
data (1983-2012) from 14 locations in Western Canada (Alberta, 
Manitoba, and Saskatchewan provinces) which cover nearly 75% 
of Canada’s farming area. Effects of initial wheat moistures (20, 
18, and 16%), start dates (August 20th, September 1st, September 
15th, and October 1st), locations, airflow rates (0.52, 0.78, and, 
1.04 m3min-1t-1) and supplemental heat on drying performance 
were studied. High moisture wheat (18-20%) can only be dried 
effectively with sufficient airflow rate (0.78, and, 1.04 m3min-1t-

1) and early drying start date (September 15th or earlier). Without 
automated control, Continuous ON fan control was a better 
control strategy. The SAVH control strategy gave the optimized 
results in terms of fan run hours, target moisture, moisture 
spread, and shrink (over-drying). The Night ON fan control 
strategy gave the poorest drying results. Keywords: wheat, 
natural air drying, safe storage, fan control. 
Les grains (terme général qui englobe les grains céréaliers, les 
oléagineux et les légumineuses à grain) sont généralement 
récoltés à une teneur en eau élevée et ensuite séchés au grade sec 
ou à des niveaux de teneur en eau sécuritaire pour l’entreposage. 
Le séchage du grain à l’air ambiant, fait dans des silos 
autoporteurs de tôle ondulée galvanisée ou d’acier soudé, est la 
méthode de séchage la plus économique pour une qualité 
optimale des grains. Des conditions météorologiques 
défavorables et des stratégies inadéquates de ventilation peuvent 
entraîner un mauvais séchage, des coûts de séchage élevés 
(électricité et carburant) et la détérioration des grains. Plusieurs 
contrôleurs de ventilateur standards (continu, continu diurne, 
continu nocturne) et stratégies automatisées de contrôle de 
ventilation (séchage à l’air ambiant [NAD] et chauffage variable 
autoajusté [SAVH]) ont été étudiés à l’aide du logiciel modèle 
IntegrisPro (OPIsystems Inc.©). Leurs potentiels de séchage du 
blé ont été évalués en utilisant les données météorologiques 

historiques sur 30 ans (1983-2012) de 14 localités de l’Ouest 
canadien (provinces de l’Alberta, du Manitoba et de la 
Saskatchewan) qui correspond à près de 75 % des terres agricoles 
du Canada. L’effet des paramètres suivants sur les performances 
de séchage a été étudié : teneurs en eau initiale du blé (20, 18 et 
16 %), dates de début (20 août, 1er septembre, 15 septembre et 1er 
octobre), localités, débit d’air (0,52, 0,78 et 1,04 m3min-1t-1) et le 
chauffage supplémentaire. Seulement un débit d’air suffisant 
(0,78 et 1,04 m3min-1t-1) et une date hâtive de début de séchage 
(au plus tard le 15 septembre) permettent de sécher efficacement 
le blé à teneur en eau élevée (18-20 %). Sans un contrôle 
automatisé, le contrôleur de ventilation continu offrait la 
meilleure stratégie de contrôle. La stratégie de contrôle SAVH 
produisait des résultats optimisés en ce qui a trait au nombre 
d’heures de ventilation, à la teneur en eau ciblée, la variation de 
teneur en eau et le retrait (surséchage). La stratégie de contrôle 
continu nocturne donnait les pires résultats de séchage. Mots 
clés: blé, séchage avec l’air ambiant, entreposage sécuritaire, 
contrôle de ventilateur. 

INTRODUCTION 
Canada is among the top 10 cereal grains producing countries 
in the world (FAO 2013). Agriculture and agriculture-food 
sector in Canada is a strong contributor to the Canadian 
economy with nearly 8% of gross domestic product (GDP) 
mainly through export (FCC 2013). Canada is the third largest 
wheat exporting country in the world after US and European 
Union (FCC 2013) and renowned globally for producing and 
exporting top quality grains. Canadian Grain Commission 
under the Canada Grain Act regulates the Canadian grain 
industry and strict grain grading system is followed (CGC 
2014a) to maintain the grain quality and preserve it safely 
before it reaches its final destination for processing and 
consumption. 

In Canadian Prairies (Alberta, Manitoba, and 
Saskatchewan), which are the major crop growing provinces, 
crops are harvested in late summer to early fall between mid-
August to mid-October with varying crop harvest season. The 
crop is typically combined or swathed and then combined and 
temporarily stored at the farm storage facility before being 
trucked and sold to local primary grain elevators. Farmers 
make a decision on selling the grain based on favorable 
market price, storage limitation, crop condition (dry or wet), 
primary elevator accepting delivery, and overall grain 
movability to terminal (port) elevators. The primary elevator 
transfers the grain using rail cars to terminal elevators, which 
receive, clean, grade, store and export the grain.  
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 The record crop in Canada in 2013 with 29.5% 
increase in canola, 38.5% increase in wheat, 27.8% 
increase in barley, and 38.3% increase in oat production 
compared to previous years (Statistics Canada 2013) 
created a huge storage and handling challenges for the 
prairie farmers, grain elevators, and rail companies. Due to 
bumper crop and logistic issues in transporting the grain 
from primary elevators to port terminals, primary elevators 
were full and refused to take deliveries from the farmers. 
This forced farmers to leave the grain in the open piles or 
in plastic bags without any proper conditioning, potentially 
causing major spoilage losses. In 2014, the delayed harvest 
due to wet weather and snowstorm in early September in 
some areas shortened the harvest season. Farmers did not 
have opportunity to dry the crop to safe storage moisture 
levels in the field.  
 These unpredictable conditions often result in grain 
being harvested at high moisture in damp conditions 
(wheat and barley 18-20% moisture and canola 13-14% 
moisture) (Petersson and Schnürer 1995; Karunakaran et 
al. 2001). However, grain harvested at such high moistures 
has very short safe storage life and may start spoiling in 
less than a week, if not aerated and dried immediately and 
effectively. Freshly harvested grain respires causing self-
heating and generating excessive moisture. For long term 
safe storage without spoilage and quality deterioration, 
grain should be dried to safe storage moisture levels and 
cooled prior to winter holding.  In Canada there is a 
maximum moisture limit, for each grain, at which grain 
can be sold as straight (dry) grade grain as per the Canada 
Grain Act (CGC 2014b). Table 1 shows the maximum 
moisture contents for several grains to be sold as straight 
grade grain in Canada. If moisture exceeds these levels 
then there is a penalty based on the difference between 
actual moisture and the maximum moisture limit, thus 
grain is sold at discounted price. The moisture levels in 
Table 1 typically indicate the safe storage moisture limits; 
however, for long term storage (6-12 months) the grain 
should be dried down to at least one point below the 
maximum set moisture.  
 Damp grain can be dried using high temperature grain 
dryers (Billiris et al. 2014; Billiris and Siebenmorgen 
2014). However, there is high drying cost (fuel) and grain 
quality may be adversely affected (e.g., viability loss, 
discoloration, stress cracking, and poor milling, baking, 
and malting characteristics) due to exposure of grain to 
high air temperature (Jayas and Ghosh 2006). Grain drying 
in freestanding corrugated galvanized steel bins using 
natural air is the most cost effective drying method with 
optimum grain quality (Jayas and White 2003). Adverse 
weather conditions and manual or inappropriate fan 
control strategies may result in poor drying, high drying 
cost, and grain spoilage. Natural air-drying is a widely 
adopted grain drying method in North American climatic 
conditions (Bartosik 2003; Bartosik and Maier 2004, 
2007). However, due to high weather dependency of 
natural air-drying there is always risk of failure; and 

completion of grain drying in the limited time window 
available before the winter is often a challenge. The 
natural air-drying can be accelerated by use of a low 
temperature heater installed in natural air-drying bins. Use 
of small amount of supplemental heat (to raise air 
temperature by 5-8°C) reduces the ambient relative 
humidity in humid environment thus increases the daily 
fan run time and grain is dried faster (calendar-wise).  
 Seasonal variation in local weather during the crop 
harvest and postharvest season, unpredictable crop 
conditions, design or capacity of in-bin drying system, and 
fan control strategies (e.g., manual or automated) highly 
influence the success of in-bin natural air-drying in a 
region. Failure to achieve the target drying within short 
safe storage time may result in significant spoilage and 
grain quality losses. In one dry and warm season grain 
drying may be successfully achieved, however, in another 
wet season it may turn into a disaster causing major grain 
spoilage. Therefore, it is important to ensure ahead of time 
that grain can be dried in a growing region for specific sets 
of ambient air and initial grain conditions using the 
available in-bin drying systems. Mathematical simulations 
are powerful tools to study and find answers to such 
important issues without running the field experiments, 
which are cost-prohibitive, and time consuming. Extensive 
work has been done on using simulations as tools to 
investigate the drying potential of natural air (Bartosik 
2005; Lutfy et al. 2008; Sharp 1982, 1984; Sun et al. 1995; 
Thorpe 2004). Arinze et al. (1994) used simulation to 
investigate drying of feed and malting barley for one 
location (Saskatoon, SK) using Typical Meteorological 
Year data. However, no recent work has been done in 
Canada for wheat (or other crops) drying for multiple 
locations using actual hourly weather data for several 
years to capture extreme weather conditions. Therefore, 
the objective of this study was to investigate the drying 

Table 1. Maximum allowable moisture (% wet basis) 
for straight grade grain in Canada (CGC 
2014b). 

Grain Type Maximum Moisture Limit 
(% wet basis) 

Barley 14.8 
Canola/rapeseed 10.0 
Corn/maize 15.5 
Domestic buckwheat 16.0 
Domestic mustard seed 9.5 
Faba beans 16.0 
Flaxseed and solin 10.0 
Lentils 14.0 
Oats 13.5 
Peas 16.0 
Rye 14.0 
Safflower 9.5 
Soybean 14.0 
Sunflower 9.5 
Triticale 14.0 
Wheat 14.5 
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potential of in-bin natural air drying in multiple growing 
regions in Canadian Prairies with different initial grain 
moistures, airflow rates, drying start dates, and fan control 
strategies using IntegrisPro (OPIsystems Inc.©) modeling 
software and historical hourly weather data for 30 years 
(1983-2012) for 14 locations distributed within the 
Canadian Prairies.  

MATERIALS AND METHODS 
Modern in-bin drying system 
Control strategies for in-bin natural air drying system have 
been investigated in the past to determine the optimum 
control for drying of grain to the target moisture within 
available time window (prior to winter) without spoilage, 
with minimum drying cost, and without over-drying. 
However, in Canada, these studies were conducted almost 
20-30 years ago (Fraser and Muir 1980a, b; Huminicki et 
al. 1986; Ryniecki et al. 1993). Since then, technology has 
improved significantly with more sophisticated hardware 
and software available for grain management (moisture 
and temperature monitoring and automated fan and heater 
control). Therefore, it is important to discuss the modern 
in-bin natural air grain drying system and its various 
components for grain monitoring and control.  
Natural air-drying 
The underlying principle of natural air-drying is based on 
equilibrium moisture content (EMC), which is the 
moisture content to which the grain will equilibrate if 
exposed to specific air temperature (T) and relative 
humidity (RH) for sufficient time. The sorption EMC 
empirical equations have been developed for different 
grain types and the coefficients from these empirical 
equations are used to calculate EMC at specific T and RH 
(Sun 1998). If EMC at specific air T and RH is lower than 
grain moisture, then grain will release its moisture in order 
to establish equilibrium with the surrounding air and 
drying will occur. If EMC at specific air T and RH is 
higher than grain moisture then grain will absorb the 
moisture from surrounding air and rehydration will occur. 
Thus ambient air conditions (T and RH) are the main 
factors in determining the drying potential of grain.  
Components of in-bin drying system 
Schematic of an advanced in-bin drying system is shown in 
Fig. 1.  The drying system consists of freestanding vertical 
steel structure (silo), which is loaded with the grain for drying 
and storage. A fan or fans are connected to the plenum of the 
silo at the bottom through the transition duct which pushes the 
air through the grain to the top where air leaves the bin from 
the exhaust vents at the top. The silo is also equipped with 
low temperature heater (optional), which is installed inside 
the transition duct (not shown in figure). Dry air entering the 
grain bin absorbs the moisture from the grain (may add the 
moisture to grain if air is humid) and moves upwards. Air 
carrying moisture from grain exits the grain bins through 
exhaust vents at the top. As drying progresses, a drying front 
is established (a hypothetical layer of 0.5-1.0 m) and once this 
layer is dried, the front moves to next layer above it and bin is 
fully dried when the drying front reaches the top.  

 The modern in-bin system (Fig. 1) is equipped with 
moisture and temperature cables, plenum temperature and 
pressure sensors, headspace temperature and RH sensors, 
Insectors, and a weather station. These devices 
communicate to the IntegrisPro advanced grain 
management software installed in a personal computer 
through wired or wireless communication. Sometimes 
carbon dioxide sensor may also be included in the 
headspace to detect incipient spoilage by molds and 
insects. Increased CO2 concentration indicates mold and 
insect activity inside the grain bin (Jayas 1995; Maier et al. 
2010). 
Moisture cables Moisture cables (OPIsystems Inc., 
Calgary, AB), suspended from the bin roof structure, 
comprise digital sensor nodes placed on the cable at 1.22 
m or 1.83 m intervals. Each node has T and RH sensors to 
provide readings for equilibrium moisture content (EMC) 
curves to calculate grain moisture in real-time. Moisture 
cables track the grain moisture in real time and provide 
input for initialization of advanced fan controls for 
efficient and uniform drying. 
Temperature cables Grain temperature is a significant 
factor in grain storage management. An increase in grain 
temperature during storage is an indicator of incipient 
grain deterioration possibly caused by heat of respiration 
of wet grain, molds and insects. Temperature cables 
(OPIsystems Inc., Calgary, AB) with digital sensors are 
suspended from the bin roof structure and record the 
grain’s real-time temperature at 1.22 m or 1.83 m vertical 
spacing. Temperature cables also provide input for 
effective fan control during forced air ventilation. 
Insectors An Insector is an electronic insect detection 
system that is easily integrated with IntegrisBasic or 
IntegrisPro (OPIsystems Inc.©) grain management 
software. The Insector probe (OPIsystems Inc., Calgary, 
AB) captures live insects and provides valuable data 
including insect species, quantity and density, and the time 
the data were recorded. There are multiple benefits of 
Insectors including detection for zonal control, reduced 
fumigation, as a tool to help determine if fumigation is 
required, as well as a tool to measure the effectiveness of a 
fumigation program. 
Headspace sensor Headspace sensor measures real-time T 
and RH in the bin’s headspace. Headspace is considered 
high spoilage risk zone in a silo as it is highly influenced 
by fluctuating ambient conditions (solar heating and dew 
point condensation). The T and RH feedback is used to 
control powered ventilation fan(s) (mounted on the roof) 
independent of the main aeration fan to avoid headspace 
condensation.  
Plenum sensor Plenum sensor measures actual 
temperature of air entering the plenum after passing 
through fan and heater (if operating). Plenum temperature 
is higher than ambient due to warming of air caused by fan 
friction dependent on static pressure (resistance to the 
airflow through grain mass). Supplemental heat generated 
by the heater further increases the plenum temperature. 
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Fig 1. Components of in-bin natural air-drying system with sensing technology. 

The RH in the plenum is calculated by a psychometric 
calculation using ambient air T and RH and plenum 
temperature. The plenum T and RH are used to calculate 
the plenum EMC which is used as decision making 
criterion for fan control as discussed in the Fan Control 
Strategies section.  
Weather station Weather station is installed locally at 
each farm or commercial facility. The weather station 
records ambient T and RH, which are used in fan controls 
for in-bin drying and aeration to ensure that fan operates 
when right drying conditions exist (dry and warm ambient 
condition). The availability of real-time weather data 
eliminates the guesswork in decision making about fan and 
heater operation.  
Historical weather data  
Hourly historical weather data (T and RH) for thirty years 
(1983-2012) for 14 locations in Prairie Provinces were 
collected from National Climatic Data Centre (NCDC).  
The locations in Alberta were: Lloydminster, Cold Lake, 
Grand Prairie, Medicine Hat, Red Deer and Slave Lake; in 
Manitoba were: Winnipeg, Brandon and in Saskatchewan 
were: Estevan, Swift Current, North Battleford, Prince 
Albert, Yorkton, and Saskatoon. Historical T and RH data 
from these 14 locations were used in running the in-bin 
natural air-drying simulations.  
Fan control strategies  
For in-bin natural air-drying of grain, manual fan control 
strategies such as fan on continuously (Fan ON), fan on 
only during day (Day ON), fan on only during night 

(Night ON), and advanced automatic fan control strategies 
such as natural air drying (NAD) and self-adapting 
variable heat (SAVH) were used in the simulations.  
Manual control strategies In manual control, fan is 
continuously operated during set times regardless of the 
weather conditions, until top grain in a silo reaches the 
target moisture. The Fan ON operation is not efficient as 
there is no control over the quality of drying air, may 
consume excessive energy, and may result in over drying  
(3-4% below target moisture). Due to slow drying the 
spoilage may occur before the top layer grain reaches the 
target moisture. Alternatively, operating the fan during 
only the daytime (Day ON) when air is dry shortens daily 
fan operation and if air is too dry it may result in high over 
drying and shrink loss. Operating the fan during night only 
(Night ON) also shortens the daily fan run time and drying 
target may not be achieved due to higher ambient air 
humidity.  
Automated control strategies The automated control 
relies on the input from ambient air T and RH and removes 
significant guesswork present in manual controls. The 
automated controls operate the fan when good quality air 
with drying potential is available. The natural air drying 
(NAD) fan control operates the fan when plenum air EMC 
is within set window (upper and lower limits) thus restricts 
the delivery of air that is too wet or too dry and/or air, 
which is too cold or too hot. The plenum EMC was 
calculated using plenum air T and RH and wheat sorption 
isotherm equation (grain curve) developed by OPIsystems 
for OPI moisture cables. Sometimes, plenum EMC is in 
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the desired range (in case of wide EMC window) but the 
system also checks the extreme weather (min/max 
temperature limits) to run the fan appropriately.  However, 
the fan control is still weather dependent and NAD may 
still over-dry the bottom layer and leave the top layer 
unfinished. The IntegrisPro advanced SAVH control 
(OPIsystems Inc., Calgary, AB) was originally adopted 
from Bartosik (2005) and modified based on feedback 
from several field tests. The IntegrisPro SAVH fan and 
heater control strategy automatically adjusts the upper and 
lower EMC windows throughout the drying process, 
minimizing run-time hours and over drying costs, as well 
as moisture non-uniformity. The SAVH uses the optional 
heater to reduce the EMC in high ambient air humidity 
environments, so as to extend the drying window and 
maximize daily fan run time. The fan runs whenever air 
can deliver desired EMC irrespective of day or night. Due 
to maximum daily fan operation with supplemental heat 
initially, bottom layer may be over dried but as drying 
progresses the plenum EMC window adjusts in such a way 
that it allows the rehydration of over-dried bottom layer 
and continues the drying of undried grain in top layers 
(Fig. 2). Thus uniform drying is achieved.  
Modeling software 
IntegrisPro (OPIsystems Inc.©) modeling software was used 
in simulation. The simulation software has three controls 
options namely Fan ON, NAD, and SAVH with power 
blocking feature to block the power during day for Night ON 
and power block during night for Day ON only fan 
operation. The software requires several user inputs to run 
the simulation in more practical way. The Input fields were: 
location for weather data, drying start and finish date, month 
and year, bin dimensions, airflow rate, initial and target 
grain moisture, grain type (for EMC sorption equation), 
initial grain temperature, and fan warming (Fig. 3).  
Input parameters 
Simulations for all the 14 locations and five control 
strategies were run for wheat grain with three initial 
moisture content (IMC) (16%, 18%, and 20% wet basis), 
four start dates (August 20, September 1, September 15, 
and October 1), three airflow rates (0.52, 0.78, and, 1.04 
m3min-1t-1 or 0.50, 0.75, and 1.00 cfm/bu), 25°C (77°F) 
initial grain temperature, 2°C (3.6°F) of fan warming (air is 
warmed as it passes through the fan), and 14.0% target 
moisture content (wet basis). This resulted into 2520 total 
simulation cases. Each simulation ran until December-end 
of each year and stopped earlier if top layer dried to nearly 
target moisture. For example (Fig. 4), simulation for 
Brandon (MB) location for SAVH control (2009, 20% 
IMC, August 20 start date) ran until October 18 with 1082 
h of fan run time to achieve the drying target with 
minimum over-drying (shrink) and moisture spread. 

From each simulation output, bin average moisture, 
maximum moisture, minimum moisture, fan run time, 
heater run time (for SAVH) were compiled and analyzed. 
The rate of success was determined by calculating the 
percentage of the number of years the grain would dry to 

moisture below 15% out of 30 years. The average, 
maximum, and minimum moisture, fan and heater run 
time, success rate from all 14 locations were averaged for 
same initial conditions. For example, simulation outputs 
from all the 14 locations were averaged for simulations 
with 20% IMC, 1.04 m3min-1t-1 (1.0 cfm/bu) airflow rate, 
September 15 start date, and NAD fan control.  

RESULTS AND DISCUSSION 
The simulation results for 14 locations using different 
initial conditions were categorized into three groups based 
on the airflow rates for easy presentation and 
understanding. The results are shown in Figs. 5, 6, and 7, 
respectively, for airflow rates of 0.52, 0.78, and, 1.04 
m3min-1t-1. The fan hour consumption for each case in 
Figs. 5, 6, and 7 are summarized in Tables 2, 3, and 4, 
respectively.  Heater being on with SAVH control varied 
between 21.5-51.8 h among all the cases with the highest 
for 20% IMC wheat and August 20 start date. Airflow rate 
did not have any significant impact on heater on hours. 
Grain drying delayed until October 1 had the lowest heater 
utilization by the SAVH, which clearly indicates that in 
cooler temperature heater may not be utilized due to cooler 
ambient and fan would stop below freezing temperature.  
Simulation results with 0.52 m3min-1t-1 (0.50 cfm/bu) 
airflow rate 
Figure 5 summarizes the simulation results with 0.52 
m3min-1t-1 airflow rate for all the initial conditions with 
three IMCs (16%, 18%, and 20% wet basis), four start 
dates (August 20, September 1, September 15, and 
October 1), 5 fan control strategies and 14 locations. 
Simulation results in the plot (Fig. 5) are divided into three 
sections with 20% IMC on the left, 18% IMC on the 
middle, and 16% IMC on the right. Each section shows the 
output for five control strategies (Fan ON, Day ON, Night 
ON, NAD, and SAVH) with four different drying start 
dates with separate bars. Each vertical bar shows the 
maximum, minimum, and average bin moisture as the 
average of 14 locations. The solid line with circular 
marker above each bar shows the success rate using the 
scale in vertical axis on right. For example, the very left 
vertical bar in the left section shows average of the outputs 

Fig 2. Self-adapting EMC window for SAVH fan 
control. 
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than previous start date of August 20. Similarly the bars 
show output (average of 14 locations) for other initial 
moisture contents and fan controls using 0.52 m3min-1t-1 
airflow rate. The Fan ON performed better than other 
controls, especially, with higher IMCs (18 and 20%). 

Success rate increased from 75% to over 90% when 
initial moisture content was reduced to 16%. However, 
with Fan ON, the fan hour consumption were high at 1712, 
1301, and 828 h, respectively, for 20, 18, and 16% IMC 
with August 20 start date (Table 2). Delaying the start date 
to September 1 or September 15 further increased the fan 
hours, potentially due to reduced water carrying capacity of 
air in cooler weather. For Fan ON and September 1 start 
date, the fan hour requirement was 1935, 1440, and 898 h, 
respectively, for 20, 18, and 16% IMCs. None of the 
controls with 0.52 m3min-1t-1 airflow rate were effective if 
IMC was 20% or with 18% IMC start date was delayed to 
September 15, i.e., late in harvest season, despite excessive 
fan hour consumption. Therefore, 0.52 m3min-1t-1 airflow is 

of 14 locations for Fan ON control with 20% IMC and 
August 20 start date. The upper end of vertical bar shows 
the maximum (top layer) grain moisture after drying for 
each simulation case and the lower end of the bar shows 
the minimum moisture (bottom layer) after drying for each 
simulation. The solid line inside the bar shows the bin 
average grain moisture after drying for each simulation 
with specific conditions. The success rate (right vertical 
axis) of drying below 15% moisture content would be 
nearly 75%, i.e., out of 30 years only 75% of the time the 
grain would be dried to a moisture below 15%. However, 
the grain will be over dried because average bin moisture 
is 13.3% which is below the target moisture (14%) and the 
bottom layer would be dried to nearly 12.7% moisture 
content. The second bar from left shows the simulation 
results (average of 14 locations) for Fan ON control with 
20% IMC and September 1 drying start date. The bar 
moved up in the vertical direction, which means 
maximum, minimum, and average moistures are higher 

Fig 3. Example of IntegrisPro modeling software user input and simulation output summary. 
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effective only if initial moisture is 16% or less or drying of 
grain with higher moisture (18% and 20%) starts no later 
than September 1 which is not always possible and also 
the fan hour consumption is relatively high.   
Simulation results with 0.78 m3min-1t-1 (0.75 cfm/bu) 
airflow rate 
Figure 6 summarizes simulations with 0.78 m3min-1t-1 
airflow rate for three IMCs (16%, 18%, and 20%), four 
start dates (August 20, September 1, September 15, and 
October 1), 5 fan control strategies and 14 locations. The 
results are divided into three sections for 16%, 18%, and 
20% IMC (similar to previous section). Each bar displays 
the results of simulation as average of 14 locations for 
each set of IMC, fan control, and start date. Fan ON highly 
over-dried the grain (Fig. 6) as on completion of drying the 
average moisture was nearly 13% and bottom layer 
reached below 12.5%. The fan hour consumption were 
1051, 852, and 552 h, respectively, for 20, 18, and 16% 

IMC and August 20 start date (Table 3). The fan hour 
consumption further increased with delay in starting the 
grain drying. SAVH gave good results but failed to dry 
20% IMC grain if drying start-date was delayed to October 
1.  SAVH gave similar results with 18% IMC and 
performed better than Fan ON and NAD but failed to 
achieve drying target if drying start date was delayed. The 
fan hour consumption for SAVH was slightly higher than 
Fan ON for the August 20 start date but it was lower than 
Fan ON for September 1 or September 15 start date. Since, 
in late August the air was relatively dry it caused over-
drying of the bottom layer grain which was subsequently 
rehydrated by SAVH resulting in slightly higher fan hour 
consumption but resulted in more uniform moisture and 
negligible over drying (shrink). Both Day ON and Night 
ON controls performed poorly (high over-drying by the 
Day ON and insufficient drying by the Night ON) for 18% 
and 20% IMCs, despite consuming up to 1317 h of fan run 
time (Table 3). With 16% IMC, all of the controls are able 

Fig 4. SAVH moisture profile showing progression of drying front (Brandon, MB, 20% initial moisture, August 20th     
start date, and 1.04 m3min-1t-1 airflow rate). 
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Fig 5. Simulation output summary with 0.52 m3min-1t-1 (0.50 cfm/bu) airflow rate. 

Table 2. Fan hour consumption for 0.52 m3min-1t-1 (0.50 cfm/bu) airflow rate and different initial moisture contents 
(IMC), drying start dates, and fan controls. 

  

Fan run time (h) 

IMC Start Date Fan ON Day ON Night ON NAD SAVH 

20%  20-Aug 1712 1335 1341 1172 1227 

 
1-Sep 1935 1223 1197 979 1061 

 
15-Sep 2108 1055 1029 748 856 

 
1-Oct 1822 863 837 493 587 

18%  20-Aug 1301 1103 1341 1172 1137 

 
1-Sep 1440 1170 1197 979 954 

 
15-Sep 1590 1050 1029 748 749 

 
1-Oct 1777 863 837 493 553 

16% 20-Aug 828 661 954 912 1003 

 
1-Sep 898 722 915 778 853 

 
15-Sep 944 788 811 603 638 

 
1-Oct 1012 804 737 398 432 
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Fig 6. Simulation output summary with 0.78 m3min-1t-1 (0.75 cfm/bu) airflow rate. 

Table 3. Fan hour consumption for 0.78 m3min-1t-1 (0.75 cfm/bu) airflow rate and different initial moisture contents 
(IMC), drying start dates, and fan controls.

Fan run time (h) 

IMC Start Date Fan ON Day ON Night ON NAD SAVH 

20%  20-Aug 1051 901 1317 1142 1123 

 1-Sep 1171 1064 1197 977 1070 

 15-Sep 1318 1035 1029 748 998 

 1-Oct 1724 863 837 493 921 

18%  20-Aug 852 680 1206 1002 1017 

 1-Sep 919 757 1165 935 897 

 15-Sep 1029 902 1025 743 688 

 1-Oct 1342 850 837 491 488 

16% 20-Aug 552 441 793 684 719 

 1-Sep 624 481 758 665 708 
 15-Sep 638 508 667 552 597 

 1-Oct 766 579 603 373 407 
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Fig 7. Simulation output summary with 1.04 m3min-1t-1 (1.00 cfm/bu) airflow rate. 

Table 4. Fan hour consumption for 1.04 m3min-1t-1 (1.00 cfm/bu) airflow rate and different initial moisture content 
(IMC), drying start dates, and fan controls.

Fan run time (h) 

IMC Start Date Fan ON Day ON Night ON NAD SAVH 

20%  20-Aug 799 636 1273 902 958 

 1-Sep 864 725 1165 907 951 

 15-Sep 956 888 1029 734 889 

 1-Oct 1332 849 837 492 816 

18%  20-Aug 627 491 953 758 796 

 1-Sep 691 543 975 764 822 

 15-Sep 730 615 991 707 655 

 1-Oct 928 795 836 490 453 

16% 20-Aug 425 326 643 556 547 

 1-Sep 461 355 667 565 550 
 15-Sep 475 370 601 504 530 

 1-Oct 586 421 547 354 388 
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to dry to safe moisture levels but the Fan ON and the Day 
ON resulted in higher over-drying and the SAVH gave the 
optimized results with less than 0.5% moisture spread. Fan 
hour consumption by SAVH was higher than the Fan ON, 
Day ON, and NAD but lower than the Night ON. The 
SAVH fan hour consumption was slightly higher due to 
rehydration of the initially over-dried bottom layer grain to 
minimize the moisture spread and shrink loss.  
Simulation results with 1.04 m3min-1t-1 (1.0 cfm/bu) 
airflow rate 
With 1.04 m3min-1t-1 airflow rate and 20% IMC, the Fan 
ON and the Day ON highly over-dried the grain if drying 
started before October 1 (Fig. 7). The Night ON fan 
operation could not achieve the drying target. The NAD 
control also resulted in over drying. The SAVH gave the 
best results among all five controls. If drying was started 
early enough (August 20 - September 1) the success rate of 
SAVH was about 84-87%. The fan hour consumption 
(Table 4) by SAVH for 20% IMC was higher than the Fan 
ON and the Day ON due to use of some fan hours for 
rehydrating the over-dried bottom layer towards the end of 
drying. SAVH consumed 958, 951, and 889 hours of fan 
run time, respectively for August 20, September 1, and 
September 15 start date (Table 4). If drying start date was 
delayed to October 1, SAVH could not achieve the drying 
target. The Night ON could not achieve the drying target 
with 18-20% IMC and had very low success rate despite 
consuming the highest fan run time of up to 1273 h. Some 
over-drying occurred with the NAD control but the NAD 
gave more uniform moisture results than the manual 
control (for 18-20% IMC and early start dates). If drying 
start date was delayed to October 1, none of the controls 
achieved the drying target but the Fan ON brought the 
maximum moisture below 15% with a success rate of 
about 49% with increased fan hour consumption of 1332 
h. This also demonstrates that drying with cooler air is not 
as effective as with warm air and fan hour consumption 
increased from 799 to 1332 h (for the Fan ON control) by 
delaying the drying start date from August 20 to October 1.  

The 18% IMC showed similar results with some 
improvement in success rate (Fig. 7 and Table 4). Both the 
Fan ON and Day ON resulted in high over-drying if drying 
started before October 1. The SAVH gave optimized 
results with 88-93% success rate if drying started early 
enough in the season. Field experiments for corn drying 
(Bartosik and Maier 2007) also proved that automated 
controls gave better results. The fan hour consumption by 
the SAVH for 18% IMC grain was higher than for both the 
Fan ON and Day ON due to use of some fan hours for 
rehydrating the over-dried bottom layer towards the end of 
drying. However, if drying start date was delayed to 
October 1, the SAVH could not achieve the drying target. 
In this case, the Fan ON gave better results with 66.5% 
success rate. However, it is important to note that 
minimum daily temperature is below freezing in late 
October and running the fan continuously may block the 
vents causing significant roof damage. Also grain frozen in 
winter causes condensation in following spring-summer so 

grain even dried to safe storage moisture level may spoil 
and should be warmed carefully. The SAVH and NAD 
controls stop the fan when ambient temperature is below a 
minimum (freezing) set temperature and this is the reason 
why SAVH did not perform so well when drying start date 
was delayed to October 1.  

Drying of 16% IMC wheat to safe storage moisture 
levels with 1.04 m3min-1t-1 airflow rate can be achieved by 
all of the controls. However, the Fan ON and Day ON 
resulted in significant over-drying. Average moisture was 
slightly higher than the target with the Night ON drying 
and September 15 and October 1 start date. SAVH gave 
the best results with minimum spread and negligible shrink 
with moderately higher fan hour consumption for August 
20 and September 1 drying start dates.  

CONCLUSION 
The results of this simulation study clearly demonstrated 
that the initial grain moisture, airflow rate, drying start 
date, and ambient condition were all critical factors in 
affecting drying of wheat. Wheat with high initial moisture 
(18-20%) can only be dried effectively with sufficient 
airflow rate (0.78-1.04 m3min-1t-1 or 0.75-1.00 cfm/bu), 
early drying start date (prior to September 15) and using 
advanced fan control (SAVH) with 83-94% of success 
rate. The heater use with SAVH control was limited to 
only 21.5-52.1 h. Without an automated control system, 
the Fan ON was better option than the Day ON or Night 
ON fan operations to dry grain to safe storage moisture 
levels; however, it resulted in significant over-drying 
(shrink loss) and consumed excessive fan hours. The Night 
ON fan control performed poorly with high moisture grain 
(18-20%) despite excessive fan run hours and thus would 
be least economical.  
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