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Abstract

A novel solar assisted heat pump (SAHP) system for in-bin grain drying was proposed to solve the problems of
poor uniformity and long drying time of grain in depot with higher initial water content in high grain piles. The
effects of different operational parameters on the drying performance were numerically and experimentally
investigated. The experimental results indicated that the average water content of 3,760 tons of grain dropped
from 12.9% to 12.5% after 42 hours of drying. The specific moisture extraction rate of the proposed system and
the exergy efficiency of the grain bin were 1.934 kg/kWh and 40.27%, respectively. The operating cost of SAHP
grain drying decreased from 5.57 $/t to 1.43 $/t compared with the grain drying machine for the same drying
weight. The daily drying capacity increased from 166 t/d to 334 t/d compared with the mechanical ventilation
drying for the same water content reduction rate. This investigation provided guidance for expanding future
researches on the SAHP system applied for in-bin grain drying.
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1. Introduction

China is the largest grain producer in the world, with the national grain production reaching 669.5 billion
kilograms in 2020, of which the output of the three main grains, including rice, wheat, and corn, reached 92%,
facing the problem of large drying energy consumption (National Bureau of Statistics of China, 2020). Currently,
the grain bin mainly uses the grain drying machine and mechanical ventilation drying equipment for grain drying
(Hadibi et al., 2021; Migo-Sumagang et al., 2020; Van Hung et al., 2018). Solar thermal integrated with grain
drying is applied to mitigate the contradiction between energy consumption and drying time. Moreover, the
combination of solar thermal with heat pump for grain drying can contribute to working in a variety of weather
conditions (Xu et al., 2021), especially at night and on cloudy days. Therefore, the integration of solar energy with
the heat pump is an economical and efficient grain drying method.

However, as shown in the open literature, many researches have carried out on small-scale grain drying (less than
500 tons) based on solar collectors and heat pump. For example, Hasan Ismaeel and Yumrutas (Hasan Ismaeel
and Yumrutas, 2020) proposed a solar assisted heat pump system for 50 kg/h wheat drying with an underground
storage tank to store more solar heat and dry the wheat steadily. The results showed that the COP of the entire
system could be up to 4.3. Li et al. (2018) designed a 300 tons of corn drying system combined multistage series
heat pump with the heat pipe, reducing the water content of corn from 34% to 14% with an air flow rate of 132,543
m3/h. Experimental results showed that the drying cost per unit corn decreased by 22.4% compared with coal-
fired drying. In summary, large-scale in-bin grain drying is becoming one of the leading researches and application
fields of solar assisted heat pump technology.

Nevertheless, the increase in drying capacity would result in a decrease in drying uniformity and drying speed.
Besides, the high temperature and high water content of grain would lead to the reduction of whiteness, affecting
the quality of grain. Many literatures have conducted experimental and simulated researches on improving drying
uniformity, reducing drying time, and maintaining grain quality. In this respect, Ziegler et al. (2021) evaluated the
effect of moisture content, temperature, and storage time on the corn quality. It can be found out that keeping the
water content and temperature at 14% and 25°C and storing the corn for 6 months were the recommended
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operating conditions for the bioactive properties of the corn. However, most SAHP systems are not convenient to
convert from the heating to the dehumidification scenario, resulting in low working efficiency during rainy days.
Moreover, exhaustive researches on evaluating the effectiveness of grain drying are still needed. Therefore, it is
necessary to further improve the uniformity in the experiment and discuss the drying effectiveness in the
simulation under different weather conditions to expand future researches on in-bin grain drying.

A novel SAHP system applied for in-bin grain drying is proposed to solve the difficulties of poor uniformity and
long drying time of grain with higher initial water content in high grain piles. This research aims to evaluate the
combined performance of the SAHP system under different working scenarios and analyze the effect of operation
parameters on grain drying.

2. Description of the SAHP drying system

The SAHP drying system is divided into three subsystems in Fig. 1: (a) the solar collector subsystem uses solar
energy to heat the ambient air, (b) the heat pump subsystem consisting of condenser, expansion valve, evaporator,
compressor, and blower, and (c) the grain bin subsystem including air supply pipes, air return pipes, and grain
stirrer. As shown in Fig. 2, the SAHP system needs some switches with different drying scenarios according to
weather conditions during the grain drying period. he SAHP system has four operating scenarios, which are (a)
the solar collector working alone at the time of strong solar radiation, (b) the heat pump working alone at night,
(c) the solar collector and the heat pump working together at the time of poor solar radiation, and (d) the heat
pump dehumidifying on overcast and rainy days, respectively.
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Fig. 1: Schematic diagram of the SAHP system applied for in-bin grain drying



G. Xinzhuang et. al. / SWC 2021 / ISES Conference Proceedings (2021)

¢ Chmeia | seenario || (L AT Scenario |
| I :\—Iﬂeated air | | | I "\‘jlemeéj ar | |
| ixedair | one LY Ix;e dan ! two
| L rethumia) | | ormioar | I
PN T vave

| ir | | yalve Air |

| Solar collectors (Inoperation) Blower outlet |

| Grain bin | | & Grain bin |

3] =

| ! RN |

| | | Evaporator inlet |

____________ e - - - - _ _ _ _

r ———————————— - r ———————————— -
{ — Ambientair " Scenario - [~ Ambientair Scenario

— Heated air i
— Cooled air | four
|

% i} i > Hot humid air
- % T

|
*—{Clused valve Aj

|
I —> Heatedair |
| — Cooled air three
i Hot humid air |

Grain bin Grain bin

Solar collectors (Inoperation) Blower outlet
S |
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3. Mathematical model

3.1. Solar collector
The energy equation of the solar collector is (Hawlader and Jahangeer, 2006):

Ma pa 4y A:nc T + macp a (T a,out_T a,in) (eq 1)

where M is the weight of air in the collector, kg; ¢y is the specific heat capacity of air, J/(kg-°C); Ta is the air
temperature, °C; A is the collector area, m?; #. is the thermal efficiency, %; It is the solar radiation intensity,
W/m?2; ma is the mass flow, kg/s; Ta,in and Taou are the temperature of the air at the inlet and outlet respectively, °C.

The thermal efficiency of the solar collector is calculated by Eq. (2) (Duffie et al., 2020):
J.ttz cht

P =—t— (eq. 2)
/*L I, dt

where Qc is the effective heat collection of the solar collector, kW.

3.2. Heat pump
The heat transfer of condenser between refrigerant and air is calculated (lu, 2007):

Qcon = g(mC)min (Tht,in _Tlt,in) (eq 3)

where Qcon is the heat transfer rate of the condenser, KW; Thiin and Tiin are the inlet temperature of high
temperature side and low temperature side, °C.

The input power of the compressor can be calculated as follow (Kong et al., 2017):
W W

W = com m
(s + 00025 %(T,, ~273.15)) + e (eq. 4)

eva

where 7mo is the motor efficiency, %; Ar is the temperature coefficient; Teva is the evaporation temperature, K; Wi,
is the friction power, kW.

3.3. In-bin grain drying model
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To further describe the variation of grain water content, the modified thin-layer drying model is adopted for this
research. The in-bin grain drying model consisted of the following three control equations.

(1) Humidity control equation (Hossain et al., 2003):

AH = —{%)(AVZ::Q )Az (eq. 5)

where AH is the specific humidity different, kg/kg; pq is the density of grain, kg/m3; AWC; is the water content
different of grain, %; At is the time different, s; and Az is the height different of grain in grain bin, m.

(2) Temperature control equation (Hossain et al., 2003):

o ((Cp = Cpu ) T 1 ) xAWC, (eq. 6)

_c,,)xAWC, %X(CWCWH)X%

w

CPvQ + CDvWMQ + (CPv
where AT is temperature different, °C; rvap is latent heat of vaporization, kJ/kg; Cp.a, Cpg, Cpy and cpw are specific

heat of air, grain, vapor and water, kJ/(kg K).

(3) Water content control equation (Dai et al., 2008):
= exp(—kt”“) (eq.7)

where WCq and WC; are initial and equilibrium water content of grain, %.

3.4. Exergy and economic analysis
The exergy flow of air and refrigerant is shown in Eq. (8) and Eq. (9), respectively (Singh et al., 2020a).

EXa = macp,a ((ra _To) _To In(%)) (eq 8)

Exref =My ((href - ho) _To (sref =S, )) (eq 9)
The payback period of the SAHP system is calculated by Eq. (10):

C.
p =—— & eg. 10
P Ts _Cii _Coc ( | )

where Cj; and Cq are the initial investments and operating costs of SAHP system, respectively; Ts is the total
sales of grain, $.
3.5. Performance evaluation

The specific energy consumption (SEC), specific thermal energy consumption (STEC), and specific moisture
extraction rate (SMER) are calculated to evaluate the energy consumption in the drying process (Singh et al.,
2020b).

t
J‘tl (Win,com +Win,b| +Win,gs + IT +Qcon)dt

SEC = v (eq. 11)
[7 (17 + Qe

STEC = M— (eq. 12)

SMER = M, (eq. 13)

3

J. (Vvin,com +Win‘bl +W + IT +Qc0n)dt

4 in,gs

where My, is the weight of water removed from grain, kg.
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4. Results and discussion

4.1. Performance of SAHP system

As shown in Fig. 3, the combined operation performance of solar collectors and heat pump on a typical sunny day
in Kunming was described. The solar radiation was similar to sinusoidal variation, rising from 253 W/m? to 1,165
W/m? and then dropping to 135 W/m?2. The temperature gradually rose from 7.8°C to the highest temperature of
16.5°C, then slowly dropped to 15.4°C. The heating capacity of solar collectors was greatly affected by solar
radiation, which was also similar to sinusoidal variation, rising from 9.2 kW to 83.5 kW and then dropping to 10.7
kW. The heat produced by the heat pump was less affected by the ambient temperature and the solar radiation,
gradually rising from 58.23 kW to the maximum heat produced by 67.39 kW and then slowly falling back to 65.88
kW. Between 11:00 and 16:00, the fraction of solar energy was greater than 0.4, in which it was recommended to
turn on the solar collector to obtain better economic performance.
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Fig. 3: Simulation of combined operation performance of SAHP system in a typical sunny day

4.2. Simulation of in-bin grain drying

The width, depth, and height of the grain pile model are set to 1 m, 1 m, and 2 m, respectively, and the initial
water content of the grain is assumed to be 20%. Fig. 4(a)-(c) show the influence of temperature and relative
humidity of inlet air on the grain drying. Take the inlet air temperature at 20°C and relative humidity at 60% as
an example. The initial and final drying stagnation times are 4 h and 8 h, respectively, indicating that the effectual
drying time is 12 h, and the water content of grain after drying is 17.56%. Based on the analysis of the inlet air
with relative humidity of 60%, when the temperature of the inlet air rises from 20°C to 30/40°C, the effectual
drying time increases from 12 h to 16/18 h, and the water content of grain after drying decreases from 17.56% to
15.76/14.33%. In addition, with the decrease of the relative humidity of the inlet air, the drying effect gets better.
For the inlet air with a relative humidity of 30%, the final drying stagnation time decreases to O when the
temperature rises to 35°C. The inlet air with the relative humidity of 20% has no initial drying stagnation time and
final drying stagnation time, indicating that the grain can still be dried by continuing to ventilate.

Fig. 4(d) shows the influence of the wind speed of the inlet air on the drying effect of corn. As the wind speed
increases from 0.1 m/s to 0.2/0.3/0.4/0.5 m/s, the drying time decreases from 62 h to 35/26/23/21 h. Fig. 4(e)-(f)
describe the effect of wind speed and drying time on the grain drying zone. When the drying time is 10/20/30/40/50
h, the height of the corresponding drying zone is 0.1-0.9 m, 0.3-1.3 m, 0.6-1.6 m, 0.9-2 m, and 1.2-2 m,
respectively. For the inlet air with a velocity of 0.5 m/s in Fig. 4(f), it is analyzed that the height of the drying
zone corresponding to the drying time of 4/8/12/16 h is 0-2 m, 0.6-2m, 0.98-2 m, and 1.5-2 m respectively.
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Fig. 4: Simulation results of in-bin grain drying

4.3. Drying experiment of SAHP drying system

As shown in Fig. 5, the influence of air parameters at the inlet of the grain bin on grain water content under
different weather conditions in summer was tested. The ventilation time on April 30 was from 11:00 to 15:00,
during which the solar radiation was relatively good; therefore, ambient air was heated by solar collectors
separately. The relative humidity of the air at the inlet of the grain bin varied from 20.8% to 19.4%. The
temperature varied from 29.2°C to 36.1°C, which was ranged 4.2-7.5°C higher than the ambient temperature.

On May 1, the solar radiation was relatively good from 9:30 to 14:00, so the ambient air was heated only by solar
collectors. The solar radiation was reduced from 14:30 to 16:30. Both solar collectors and heat pump were turned
on to prevent the inlet temperature from being too low. The relative humidity of the inlet air varied from 16.9%
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to 34.5%, and the temperature varied from 25.2°C to 38.5°C, which was 3.1-11.85°C higher than the ambient
temperature.

The solar radiation is unstable on May 3. Both solar collectors and heat pump were turned on to heat the ambient
air during the day. While the solar radiation intensity was approximately zero after 16:00, the air temperature rose
gradually tended to be stable when the system only had the heat pump for heating. The variation of inlet air
temperature was from 22.4°C to 34.7°C, relative to the ambient temperature rise was 7.4-13.8°C, the average
temperature rise was 9.3°C, and the relative humidity varied from 14.8% to 32.2%.

For May 4, the ambient air was heated by the combination of solar collectors and heat pump as the solar radiation
was poor and unstable between 9:00 to 17:00. Since then, the heat pump was switched to the dehumidification
mode for the relatively high humidity of the ambient air, and the temperature rise of the inlet air tended to be
stable. The inlet air temperature varied from 22.4°C to 34.7°C, which is 7.9-14.2°C higher than the ambient
temperature, the average temperature increase was 9.4°C, and the relative humidity variation range was 20.7-
37.7%.

The heat pump and solar collectors were turned on May 5 because of the unstable weather. The variation range of
air temperature in the grain bin was 26.4-41.8°C, the inlet air temperature rose by 8.5-14.7°C compared with the
ambient temperature, and the relative humidity of inlet air varied in the range of 13.6-36.0%.

The initial value of the average water content of grain was 12.94%, and the average water content of grain after
ventilation and drying on April 30, May 1, May 3, May 4, and May 5 was 12.9/12.75/12.61/12.57/12.5%,
respectively. Fig. 6 showed the changes in temperature and water content of grain in each layer. The temperature
and water content measurement points were located directly above the branch air pipe, in which the first layer was
50 cm away from the branch air pipe, and the spacing of each layer was 100 cm. The temperature of the first layer
of grain increased significantly during the ventilation period. The temperature of the first layer was
23.7/24.7/26.3/27.1°C after ventilation for 0/2/4/6 h, respectively, while the temperature of grain in the area 2 m
above the bottom of the grain pile was stable at 20.8°C. The initial values of the average water content of the grain
in layers 1-5 were 12.7/12.8/12.7/13.1/13.4%, respectively, the average water content after drying was
12.4/12.7/12.4/12.6/12.7%, respectively, and the water content reduction rate varied from 0.36% to 4.97%.
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4.4. Energy consumption and exergy evaluation

Fig. 7 depicted the calculation results of SEC, STEC, and SMER under four scenarios. The maximum and
minimum values of SEC/STEC were 3.16/2.7 MJ/kg in scenario one and 1.863/1.48 MJ/kg in scenario three,
respectively. The reason was that 11,530 m®h and 34,800 m*/h of ambient air was heated by solar collectors in
scenario one and SAHP system in scenario three, respectively, resulting in more water content removed from
grain in scenario three than in scenario one. The calculated results of SEC/STEC in scenario two (2.31/1.78 MJ/kg)
are lower than that in scenario four (2.75/2.04 MJ/kg). The reason was that the inlet air flow rate of scenario two
(34,800 m3/h) was larger than that of scenario four (23,270 m3h), and RH of inlet air in scenario two (21.6%) was
less than that in scenario four (23.1%), resulting in the removal of water content in scenario two was larger than
that of scenario four. For the same reason, the maximum and minimum values of SMER were 1.934 kg/kWh in
scenario three and 1.138 kg/kWh in scenario one, respectively.
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Fig. 7: Calculation results of SEC STEC and SMER under four scenarios

The exergy flow of inlet and outlet air and exergy destruction of each component of the SAHP grain drying system
were described in Fig. 8. The maximum and minimum exergy flow of heated air at the inlet of the grain bin were
14.5 kW in scenario three and 10.84 kW in scenario four, respectively, which was due to the additional air heated
by solar collectors in scenario three compared with scenario four. Since the temperature and pressure of the inlet
air decreased in the process of grain drying, the exergy destruction and exergy efficiency of the grain bin under
four scenarios were 7.9/8.09/8.96/7.31 kW and 39.32%/39.08%/40.27%/35.54%, respectively.

The exergy destruction and exergy efficiency of solar collectors in scenario one and in scenario three were
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62.4/46.16 KW and 6.67%/5.26%, respectively. The reason that exergy efficiency of solar collectors was lower
than thermal efficiency was that the outlet air temperature was lower than the apparent solar temperature. The
exergy destruction and exergy efficiency of the condenser in scenario two, scenario three, and scenario four were
5.1/5.36/4.9 kKW and 45.51%/44.16%/46.79%, which was due to higher outlet air temperature in scenario four
than that in scenario two and scenario three.
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Fig. 8: Exergy analysis of the SAHP grain drying system under four scenarios

4.5. Economic evaluation

Fig. 9 and Table 1 take the mechanical ventilation drying and the grain drying machine as a reference to compare
and analyze the economics of the SAHP grain drying. The mechanical ventilation drying generally uses the air
supply system to directly send ambient air into the grain bin for drying, whose advantages are the lowest operating
cost, initial investment, and payback period, which are 1.06 $/t, 22,930 $, and 0.14 years, respectively. Although
up to 5,000 tons of grain can be dried, the air supply temperature of mechanical ventilation is the same as the
ambient temperature, resulting in longer drying time, poor drying uniformity, and being affected by ambient air.

The ambient air can be heated to 50°C by the grain drying machine, which has the advantages of better drying
uniformity and flexible operation modes. However, the drawback of the grain drying machine is the highest
operating cost, initial investment, and payback period, which are 5.3 times, 2.4 times, and 3.57 times that of
mechanical ventilation drying, respectively. The reason for the high operating cost is that the proportion of fuel
cost is 65.6%; in addition, the daily drying capacity of the grain drying machine is relatively small.

The average air supply temperature of the SAHP system for in-bin drying is 40°C. The daily drying capacity of
grain is 334 tons/d, which is 2 times and 4.3 times of mechanical ventilation drying and grain drying machine.
The operating cost, initial investment, and payback period of SAHP grain drying are respectively 1.485 $/t, 45,850
$, and 0.33 years, which are higher than mechanical ventilation drying due to the high maintenance cost of
machinery. The SAHP grain drying has the advantages of larger daily drying capacity, better drying uniformity,
and higher air supply temperature compared with the mechanical ventilation drying. Moreover, the SAHP grain
drying solves the shortcomings of the grain drying machine due to lower operating costs and initial investment,
more weight of dryable grain, and larger water content reduction. In summary, the SAHP grain drying is an
economical and efficient method to gradually replace mechanical ventilation drying and grain drying machine.
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Fig. 9: Economic comparison of three drying technologies

Table 1. Operating costs comparison of three grain drying technologies

Parameters Mechanical ventilation | Grain drying machine SAHP drying
drying
Maintenance cost ($/t) 0.56 1.53 1.12
Labor cost ($/t) 0.15 0.38 0.08
Electricity cost ($/t) 0.29 0.14 0.23
Fuel cost ($/t) 0 3.52 0
Operating costs ($/t) 1 5.57 1.43

6. Conclusion

For the purpose of evaluating the comprehensive performance of solar collectors and heat pump on grain drying,
the experimental and numerical investigations were performed. The main conclusions are summarized as follows:

(1) The SEC, STEC, and SMER of the SAHP grain drying system in scenario three are 1.863 MJ/kg, 1.48 MJ/kg,
and 1.934 kg/kWh, respectively.

(2) The exergy destruction and exergy efficiency of solar collectors, condenser, and grain bin in scenario three are
46.14/5.36/8.96 kW and 5.26%/44.16%/40.27%, respectively.

(3) The initial investment of SAHP grain drying is 16.7% lower than that of the grain drying machine for the same
drying weight, and the operating cost decreased from 5.64 $/t to 1.485 $/t for the same drying weight. The daily
drying capacity increased from 166 t/d to 334 t/d compared with the mechanical ventilation drying for the same
water content reduction rate.

(4) The proposed system solves the shortcomings of conventional drying methods due to quickly and uniformly
drying the large-scale grain at a lower operating cost.
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