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ABSTRACT A heat exchanger system using hot water supplied by a biomass boiler burning wood 
logs was installed in combination with a passive solar hay batch dryer. The dryer could hold up to 
7620 small 22.5-kg bales stacked over 8 rows. Bales were dried down to 12 % moisture content 
(m.c.) in 20 days. The dryer consisted of four 3.70-kW centrifugal fans mounted with 64-kW heat 
exchangers that heated a fraction of the total solar pre-heated airflow. The 146-kW boiler could 
supply 2 heat exchangers for an 8-hour period with a single wood load of 150 kg. The average gain 
of air temperature was 8.8 ºC and the average wood consumption was 10.6 kg/h. Ash content was 
1.3 %. The electrical, solar and biomass net energies were 281, 525 and 1034 MJ/t of hay at 11% 
m.c., respectively (overall efficiency of 40 %). Energy, labour and fixed costs were 34, 13 and 10 $/t 
respectively (1.19 $/bale or 0.65 $/kg of evaporated water). 
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INTRODUCTION Forced air drying of hay bales combined with pre-heating allows harvesting hay 
at higher m.c. than without artificial drying. Once in the dryer, the fast dehydration of hay decreases 
losses caused by rain and the risk of mold associated with excessive and extended moisture 
content. Artificial drying is commonly used by commercial hay producers to ensure a higher 
availability of premium hay. An important constraint is the energy input needed to heat air, 
traditionally electricity or propane for which prices are increasing rapidly.  

The experiment was conducted on a hay production site, located in Neuville (Quebec, Canada). 
The owner produces more than 20,000 small square bales every year for the local horse market 
and some exports to the United States. In 2007, a covered manure storage area was converted to 
a hay dryer. Passive solar energy is used to heat air. Marceau and Amyot (2008) have shown that 
the solar collector was efficient enough to increase air drying potential significantly. Hay quality was 
better than the one dried in a similar dryer using only ambient forced air. However, ventilation had 
to be interrupted at night to avoid cold and wet air to flow through hay bales. Extended ventilation 
interruptions caused temperature increases within wet bales and potential emergence of mold. 
During summer 2008, an exhaust air recirculation system was added to the solar energy dryer. The 
objective was to use this system to lengthen the ventilation period with heated air after sunset by 
retrieving heat from bales (Marceau, 2008). However, during colder nights and rainy days, 
recovered air flowing through the solar collectors lost sensible heat, so relative humidity increased 
and hay was more inclined to absorb humidity. Biomass combustion was then considered to 
provide a stable energy source to heat air independently of environmental conditions. As wood is a 
renewable combustible that is available locally and commonly used for heating, a boiler using wood 
logs and hot water heat exchangers were installed in 2009. The paper reports experimental results 
obtained from August to October 2010 using the hay dryer with combined solar and biomass 
energy sources. 

MATERIALS AND METHODS  

Hay dryer and biomass heating system description The hay dryer is located in Neuville, 
near Quebec City, Canada (46N 41’ 2.86’’, 71W 39’ 58.09’’) and was built in 2007 from an existing 
covered manure storage building. Overall dimensions of the building are 26 m x 15 m with an 
extension of 13.5 m x 3.65 m on the south side. The crest is oriented east to west. The roof has 
been modified to force air to flow between trusses and the tin roof which is made of gray Galvalume 
metal sheet (installed in 2000). This solar collector has a total area of 458 m². Figure 1 shows a 
diagram of the solar dryer with biomass heating system. Air enters from the drip on the north side of 
the building, passes through the solar collector, and then through four centrifugal fans. The fans 
(3.2 kW, 220 volts) deliver about 4.76 m³/s each at 175 Pa and are positioned in a large and unique 
plenum (negative pressure) on the south side. Air velocity in the solar collector is 4 m/s (Marceau 
and Amyot, 2007). Then, solar-heated air is blown in a second plenum (positive pressure) 
connected to the 11 sections of the open-work floor made of custom palettes. Air flows from the 
bottom to the top of the hay stack and exits the dryer by the main door. South and east inside walls, 
i.e. on the  fans’ side and back side, respectively, are tilted about 6 cm per bale height (45 cm) 
allowing the air to flow through the bales rather than between them. Each floor section can hold up 
to 720 small square bales (0.35 m x 0.45 m x 0.81 m) on 8 rows of 0.45 m height. A single section 
is 2.13 m wide and 12.2 m long. The dryer can dry up to 7920 bales per batch. 

In 2009, a biomass auxiliary heating system was installed along the dryer. A 146-kW rated boiler 
using wood logs (Central Boiler, model E-Classic 2300) supplies hot water (without glycol) to four 
heat exchangers mounted on fans. The boiler has a storage capacity of 1700 litres of non-
pressurized, 80 ºC water. The furnace handles 70-cm long wood logs with a maximum diameter of 
10 cm up to 25 % m.c. It has two combustion chambers. The first chamber is used for primary 
combustion at moderate temperature (600 to 800 ºC). Logs are manually loaded to that chamber. 
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The second chamber, positioned under the first one, is used to burn flue gases. In this chamber, air 
is injected on embers to raise combustion temperature up to 1200 ºC. Combustion is automatically 
controlled by injecting air in both chambers depending on heat demand (driven by water 
temperature). When operated continuously, ashes are manually removed from the boiler once 
every week.  

Each heat exchanger has a nominal capacity of 64 kW (0.37 m² x 0.1 m thick) and provides heat to 
15 % of the air coming from the solar collector. Hot water flows at 0.38 l/s through each exchanger. 
A maximum air velocity has to be complied in heat exchanger to minimize pressure drop thus a 
duct-work on each fan has been done to let only 15 % of the total airflow flowing trough the 
exchanger. The balance (85 %) is deviated and mixed with air coming from the heat exchanger 
before being blown by the fan in the positive plenum. Each heat exchanger works independently 
from each other.  

Dryer and biomass boiler operation Usually, the dryer is gradually loaded with bales and 
emptied once between first and second cut. After the first cut is dried, hay is stored in an adjacent 
barn while the second cut of hay stays in the dryer until being sold (between December and May). 
The number of bales loaded in the dryer at each harvest varied between 400 and 1200. A tractor 
equipped with an 18-bale grapple (Syst-M Cardinal, 6 bales deep and 3 along the row for an area 
of 2.13 m x 2.44 m) was used to stack bales on the palettes. In 2010, bales were stacked on 7 rows 
(0.45 m each) which contained 90 bales each. Generally, 2 or 3 fans are working simultaneously, 
depending on the bottom surface area of hay to dry. Fans were activated manually and no timer 
was used. 

 
Figure 1. Diagram of the solar hay dryer combined with the biomass heating system.  

The boiler can be loaded with up to 150 kg of hard wood. Loading is done manually and a full load 
can provide heat from 6 to 12 h depending on demand. Every load is weighed and recorded. A first 
full load is done in the early morning (8h00), a second partial load in mid-afternoon (15h00) and a 
last full load during the evening (20h00). Heat exchangers are turned on one by one when the 
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water temperature in the boiler is stable (around 80 ºC). On day time, when the operator is 
available, 2 heat exchangers work simultaneously without causing any water temperature drop in 
the boiler. Over night, autonomy of the heating system has to increase because no wood loading is 
planned between 20h00 and 8h00 (12-h period). During this period, only 1 heat exchanger is used 
with 1 or 2 fans to provide minimal heating for the drying process. 

Process parameters monitoring Drying air temperature is monitored in several locations: at 
the entrance and the exit of solar collector, at the exit of each heat exchanger, in the positive 
plenum (fan exit), within hay (only rows 1 and 7 on 4 sections) and on top of the hay stack (exhaust 
air). Relative humidity is monitored in the positive plenum (before entering hay) and on top of the 
hay stack. Airflow is manually recorded with a hot-wire anemometer at the fan upstream. The water 
temperature of the biomass heating system is also monitored at boiler exit, at the heat exchangers 
main entrance and at each exchanger exit. Data are automatically logged every minute and 
averaged over a 10-min period. Finally, the dryer operator records every wood load (wood type, 
mass, loading time), fans and heat exchangers status (working or not), which section is ventilated, 
amount of bales put in the dryer, ashes removed from the furnace, boiler maintenance and 
comments. 

Hay characterization At each hay harvest, 6 bales were randomly sampled on each 18-bale 
grapple placed at bottom (row 1) and at top (row 7) of the hay stacks. For each selected bale, 2 
core samples of at least 50 g were taken. The first sample was used for m.c. determination 
according to the standard method (oven at 103 ºC during 24 h) and the second one was dried at 60 
ºC during 72 h for chemical analysis (ASABE, 2010a). At the end of the drying process, only bales 
in row 7 were sampled for m.c. determination. Bales in rows 1 and 7 will be sampled again when 
hay will be removed from the dryer. 

RESULTS During second cut in 2010, 8 batches of hay were harvested between August 19 and 
September 20 (Julian day 231 and 263). About 5970 bales from the 6700 harvested bales were 
placed in the solar dryer according to Table 1. The m.c. of the remaining bales was low enough to 
be stored in a ventilated barn without extra heating. For each section or group of sections, drying 
period varied from 18 to 43 days (average of 25.8 days). Excluding batches harvested on Julian 
days 243 and 244 that were ventilated for a longer time, the mean drying period was 20 days. The 
end of drying was determined when 1) the hay temperature in row 7 (without ventilation) was stable 
and similar to the ambient air temperature or when 2) the drying period (about 30 days) was similar 
to those accounted over the years. For example, in 2007, 29 days were necessary to dry hay 
adequately with fans running only during day time. At this time, the only heating source was the 
solar collector (Marceau, 2008). 
Table 1. Bales harvested and dried during second cut (August and September 2010).  

Bales harvested and dried Dryer’s open Drying start day Drying end day Drying duration 
with the solar dryer sections (Julian day) (Julian day) (days) 

908 1 and 2 231 251 20 
728 3 233 251 18 
720 4 237 255 18 
630 5 241 262 21 

1010 6 and 7 242 263 21 
810 8 243 286 43 
584 9 244 286 42 
580 10 263 286 23 

Total : 5970   Average: 25.75 
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Effect of solar radiation on drying air temperature Between August 19 and October 2010 in 
Neuville, solar radiation varied from 0 to 1100 W/m². Figure 2 shows the temperature gain after the 
solar collector in reference to the ambient air temperature as a function of solar radiation (10-
minutes average). Wind velocity and air velocity within the solar collector could partially explain 
variations. According to the linear regression (Equation 1), air temperature increased by 1 ºC for 
each 127 W/m² of solar radiation increment. Within the standard solar radiation range (0 to 1000 
W/m²), temperature gain varied from -0.4 to 7.5 ºC. The solar collector temperature gain (ΔTcollector) 
in terms of solar radiations (W/m²) is expressed by equation 1 (R² = 0.70): 
 
 398.000079 −⋅=Δ radiationTcollector   Equation 1 

Effect of biomass heating on drying air temperature The biomass boiler supplied hot water 
to heat exchangers at a temperature between 72 and 78 ºC. The air temperature gain at the exit of 
a heat exchanger depended on upstream air temperature. Thermal transfer was lower when 
upstream air temperature was high. For example, an upstream air at 5 ºC was heated up to 41 ºC 
(36 ºC gain) while an upstream air at 30 ºC was heated up to 52 ºC (22 ºC gain). These values 
were observed in normal operation conditions i.e. 0.70 m/s³ air flow at exchanger and 0.38 l/s water 
flow in pipe. 

Gain thermique solaire en fct de la radiation solaire
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La droite rencontre à -0.16C lorsqu'il n'y a pas de radiation solaire. Donc, en moyenne, il n'y a pas d'augmentation 
de température attribuable à d'autres facteurs entre l'extérieur et la fin du capteur solaire. Toutefois, il y a beaucoup 

 
Figure 2. Temperature gain at solar collector as a function of solar radiation (10-minute average) 
during drying operation (from August 19 to October 13, 2010).  

 

Since only 15 % of total air was flowing through heat exchangers and 85 % was deflected, the 
overall temperature gain from hot water was estimated in the mixed air at the fan input. Equation 2 
expresses this gain in terms of solar-heated air temperature (Ta1) (R² = 0.50). For example, the 
thermal gain obtained from hot water heat transfer was 8.6 and 6.1 ºC for solar-heated air at 10 and 
30 ºC. 
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 84.9126.0 1ix +−=Δ amair TT   Equation 2 

 

Air conditions with combined solar and biomass energy. When energies from the solar 
collector and the heat exchangers were combined, the temperature gain became important, 
especially during cold periods (at night and at the end of season). Figure 3 shows temperature 
readings over a one-week period when the solar gain was substantial. Generally, 2 fans were 
running all the time while 2 exchangers were used in the day time and one exchanger was used 
over night. During a warm day (day 241 on fig. 3) when ambient air temperature reached 30 ºC 
around 15h00, air temperature that passed through the solar collector was 35.5 ºC. With the 
contribution of 2 heat exchangers, drying air temperature raised up to 42 ºC. Table 2 shows how 
solar radiation and biomass heating can increase air drying potential. For example: under a clear 
sunny sky (653 W/m² average), the drying potential increase by 64 % and by 139 % with heat 
exchangers. 
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Figure 3. Air temperature as a function of time and status of fans and heat exchangers (0 = off; 1 = 
one unit on; 2 = two units on, etc.) from Julian days 237 to 244. 

Table 2 shows that on a cloudy day with low solar radiation (78 W/m²), the solar gain was nearly 
zero. However, the heat exchangers were able to increase air temperature by 15 to 23.5 ºC and the 
drying potential by 5. Over night (days 240 and 282), a single exchanger can double the air drying 
potential compared to ambient air value. 
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Table 2. Drying potential gain of air at saturation for different levels of solar radiations and ambient 
temperatures. 

Monitored location Day-
hour 

Radiation Temperature Relative 
humidity 

Vapor Saturated 
vapor 

Drying 
potential 

Gain 

  (W/m²) (°C) (%) (g vapor /kg air) (%) 
Ambient air 241-15 653 30 56 15.0 17.8 2.8 0% 
After solar collector   35.5 41 15.0 19.6 4.6 64% 
Before entering the hay   42 29 15.0 21.7 6.7 139% 
Ambient air 274-13 78 15 92 9.9 10.3 0.4 0% 
After solar collector   15 92 9.9 10.3 0.4 0% 
Before entering the hay   23.5 55 9.9 12.6 2.7 575% 
Ambient air 240-3 3 15 84 9.0 9.6 0.6 0% 
After solar collector   14.9 85 9.0 9.5 0.5 -17% 
Before entering the hay   19.8 62 9.0 11.0 2.0 233% 
Ambient air 282-3 2 5 59 3.2 4.4 1.2 0% 
After solar collector   4.7 60 3.2 4.3 1.1 -8% 
Before entering the hay   10.4 40 3.2 5.3 2.1 75% 

 

Heat and mass balances Energy inputs (solar, biomass and electricity) have been analyzed 
according to their contributions to air pre-heating (Table 3). The solar energy input during the entire 
drying period was 307.1 GJ but only 64.6 GJ have been transferred to drying air. Solar collector 
efficiency was 21.1 %. For a period of 1319 h, the boiler consumed 13,982 kg of wood i.e. an 
average loading rate of 10.6 kg/h. With an estimated calorific value of wood of 15.3 MJ/kg (Van 
Loo, S. and J. Koppejan, 2007), the theoretical gross energy content was 213.7 GJ. Wood 
combustion transferred 193 GJ to the boiler’s water, resulting in an efficiency of 90.3 %. 
Considering thermal pipe losses, about 171.8 GJ (efficiency of 89 %) were available at the heat 
exchangers. About 127.6 GJ were then transferred to the air (efficiency of 74.3 %). Therefore, the 
efficiency to convert biomass gross energy into useful energy for the drying process was 59.7 %. 
Electricity has a 7 % contribution to the total energy input with a net energy consumption of 31.2 
GJ. Overall, 555.5 GJ were necessary to generate 223.7 GJ of useful energy for drying. It resulted 
in an overall efficiency of 40.3 %. 

Table 3. Heat and mass balances during a 55-day dryer operation. 

Source Energy transferred to Gross energy Net energy Efficiency Global eff. 
   (GJ) (GJ) (%) (%) 

Solar Drying air  307.1 64.8 21.1 21.1 
Wood Water in boiler 13982 kg 213.7    193.0 90.3  
  Water in boiler Water in exchangers     193.0    171.8 89.0  
  Water in exchangers Drying air     171.8 127.6 74.3 59.7 
Electricity Motor 9643 kWh 34.7 31.2 90.0 90.0 
TOTAL   555.5 223.7 40.3  
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Average ash content for wood consumed (13,982 kg) during the studied period was 0.5 % of fine 
ashes and 0.85 % of ashes with unburned wood residues for a total of 1.35 % (188.7 kg). Such ash 
content could be lower if unburned residues were returned to the combustion chamber during 
maintenance.  

At hay harvest, the average bale mass was 22.5 kg. A typical batch of 6000 small square bales put 
in the dryer weighed 135 t. The average initial and final m.c. were 18.3 ± 3.6 % and 11.1 ± 1.7 % 
respectively. Total evaporated water was 1.83 kg per bale. With a net energy balance of 223.7 GJ, 
evaporation specific energy was 20.45 MJ/kg. On a gross energy basis, 50.8 MJ was needed to 
evaporate 1 kg of water. 

Biomass heating system economical analysis Table 4 shows variable, fixed and total costs (in 
CAD) related to the biomass heating system. Assumptions for variable cost calculations were: hard 
wood at 230 $ per cord of 0.6 m x 1.2 m x 2.4 m (0.25 $/kg), electricity at 0.07 $/kWh and labour 
rate of 25 $/h per operator and 65 $/h for a 30-kW tractor with a loader (including fuel and operator 
labour). According to the standard calculation method (ASABE, 2010b), the following assumptions 
were defined to estimate boiler and related equipment (pumps, pipes, heat exchangers, installation) 
fixed costs: 20-year amortization period, annual operation period of 110 days, purchase price of 
29,387 $, 10 % salvage value, 5 % interest rate and 2 % insurance, taxes and housing rate. 
Analysis did not include costs of harvesting and handling hay, building amortization, fans and solar 
collector. Total energy cost of the biomass heating system was 34.08 $/t to dry hay from 18 to 11 % 
m.c. Wood had the highest cost at 28.61 $/t of processed hay;  labour related to the boiler 
operation accounted for 13.31 $/t. The cost of the biomass heating system equipments including 
the boiler was 10.41 $/t. The overall operating costs of the solar and biomass heating systems were 
57.80 $/t or 1.19 $ per bale. 

On an energy basis, wood cost 16.50 $ per GJ (gross energy). However, considering each level of 
efficiencies associated to specific transfer modes, the energy costs of hot water were 18.30 and 
27.70 $/GJ at the boiler output and heat exchanger outputs respectively.  

Table 4. Variable, fixed and total costs to operate the 146-kW biomass heating system. 

 ($/h) ($/bale) ($/t at 11% m.c.) ($/t DM) ($/kg water evap.) 

VARIABLE COSTS     
Energy (total) 3.19 0.70 34.08 38.32 0.38 
  Solar 0.00 0.00 0.00 0.00 0.00 
  Wood 2.68 0.59 28.61 32.17 0.32 
  Electricity 0.51 0.11 5.47 6.15 0.06 
Labour (total) 1.25 0.28 13.31 14.96 0.15 
  Wood loading 0.70 0.15 7.50 8.43 0.08 
  Tractor 0.46 0.10 4.87 5.48 0.05 
  Ashes removal 0.05 0.01 0.53 0.60 0.01 
  Maintenance 0.04 0.01 0.41 0.46 0.00 
FIXED COSTS     
Boiler (total) 0.97 0.22 10.41 11.70 0.12 
TOTAL COST 5.41 1.19 57.80 64.99 0.65 
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CONCLUSION Drying hay bales with heated air from passive solar and biomass energy is a 
sustainable process based on renewable energy. The dryer was generally operated with 2 or 3 fans 
continuously and 2 heat exchangers during day time. At night time, one exchanger was used. With 
biomass heating, drying potential was doubled compared to solar only during sunny days and 
multiplied by 5 at night. During the 55-day drying period, 5970 small 22.5-kg bales initially at 18.3 % 
m.c. were dried down to 11.1 %, resulting in the evaporation of 10,935 kg of water. Total solar 
energy used to heat drying air was 64.8 GJ; electrical energy for fans and pumps was 31.2 GJ. 
Overall, 13,982 kg of wood (213 GJ gross) was consumed. The energy from biomass combustion 
transferred to drying air was 127.6 GJ, i.e. a heating efficiency of about 60 %. The ratio of useful 
energy (223.7 GJ) over gross energy (555.5 GJ) resulted in an overall system efficiency of 40 %. 
Operating cost related to biomass heating was 57.80 $/t of hay at 11 % m.c. This included 34.08 $/t 
for energy (biomass and electricity), 13.31 $/t for labour (biomass loading) and 10.41 $/t to amortize 
boiler and equipment. Biomass feedstock was the most important cost with 28.61 $/t. 

PERSPECTIVES The described dryer can process several batches of hay successively within the 
same cut. However, as m.c. differs from one batch to the other, drying time can be too long 
resulting in additional energy expenses. To ease management and increase efficiency, a holding 
hot-water tank could provide extra heat overnight and accumulate energy during high solar 
radiation periods. These modifications could result in a steady and continuous boiler operation, so 
less flue gas caused by frequent furnace starts and stops would be released. 
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