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Abstract
Good practices of mechanical drying can reduce losses of grain quality. Recently, with demands of higher capacity for paddy drying in the Mekong River Delta of Vietnam, columnar dryers have been introduced rapidly in this area. To improve the technology, this study was conducted to investigate and optimize a paddy drying process using a recirculating cross-flow columnar dryer. A drying batch included the passes of paddy flowing through the drying chambers and then recirculated by a bucket elevator. Drying air temperature (DAT) and pass-drying drying retention time in a pass of paddy flowing through the columnar drying chamber (PDR) were the researched variables to obtain optimum specific energy consumption (SEC) and maxiumum head rice recovery (HRR). A multiple-objective model reflecting for economics constituting of both SEC and HRR was built and resulted in the optimized drying process with DAT and PDR at 37.70C and 26.6 minutes respectively. SEC and HRR obtained at this optimized drying set was 185.5 Wh kg-1 and 60.9%, respectively. Results of this study should be significant for developments of mechanized drying, contributing to reduce rice postharvest losses and minimized drying cost.	Comment by Martin Gummert: Drying retention time, below it says pass retention time, 
[bookmark: PointTmp]
Highlights
· Optimized parameters for drying Jasmine paddy from 28% to 14% moisture content in a recirculating cross-flow columnar dryer were established.
· Multiple-objective model reflecting to economics was built and resulted in the optimums of energy consumption and head rice recovery at 185.5 Wh kg-1 and 60.9%, corresponding to drying air temperature of 37.7°C and passpass -retention time of 26.6 minutes.
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Nomenclatures and Units:
SEC: Sspecific energy consumption (Wh kg-1)
DAT: Ddrying air temperature (0C)
PDR: Ppass - drying retention time (minutes)
HRR: Head rice recovery (%)
W: Wwatt
h: Hhour
MCwb: Moisture content - wet basic.
MD: Mekong River Delta
SEA: Southeast Asian countries
1. Introduction
Drying plays a critical role in reducing post harvest losses of rice production. Paddy after harvesting should be dried as soon as possible – ideally within 24 hours by proper drying methods to reduce its moisture content down to about 14% that is safe for storage to prevent respiration, germination, and mould damage (Xiao and Gao, 2008;  and RKB, 2016). In the 1990s simple flat bed dryers, in which a blower blows pre-heated air through stationary grain bulk until the grains are dried to the desired final moisture content, were introduced and widely adopted in the Mekong River Delta (MD) of Vietnam to replace the traditional practice of spreading the grains in the open for sun drying (Phan et al., 1995). These dryers eliminated the weather risk and somewhat increased the grain quality but still led to overdrying at the air inlet and under-drying at the air outlet of the grain bulk.
Currently in rice production regions of Southeast Asian countries (SEA), rice cropsing areis required to be established at the same time to be control the relatedled deseasesdiseases such as brown planthopper and adopted tolerance. This practice results in the need to harvest all fields in an area within a very short time windowdrivers the requirements of haversting paddy at the same time. Fortunately, the  rapid introductiondevelopments of combine harvesters applications mostly solved this demand, by 2013  such as about 95% of paddy in the Mekong River Delta of Vietnam (MD) is was already harvested by combine harvester (Nguyen et al., 2013). However, the higher large amount of paddy harvested at the same time also required higher capacity of for drying to reduce losses which the flat-bed dryers could not meet anymore. This demand situation lead to need fora requirement of developingment of columnar dryers replacing for flatbed dryers for not only increasing the drying capacity but also the quality of product (Tran Nguyen et al., 20136 and Likitrattanaporn, 1993).
The principle Technology of paddy drying using batch-columnar dryers was introduced in quite many studies such as drying technology in Bala (1997) and Olaniyan and Alabi (2014). A columnar dryer usually re-circulates the crop so that it undergoes cycles of drying and tempering. This also leads to more even drying because the grains are continuously mixed and more gentle drying because during the tempering process moisture moves from the inside of the grain to the outside for easier removal in the next drying cycle.  and improved structure of columnar dryer in Olaniyan and Alabi (2014). Performance of a dryer is often evaluated with using the quality of dried products, specific energy consumption, and drying cost. These output factors for a batch-columnar dryer depend on paddy quality and moisture content, drying air properties such as temperature and air flow rate, tempering time, pass-drying retention time of paddy flowing through the columnar drying chamberdrying time, etc. There are several recent studies on drying processes of columnar dryers such as on investigation of wheat moisture content fluctuation in wheat in a mix-flow columnar dryer (Kocsis et al., 2011) and optimization of drying-tempering period in a columnar dryer (Morteza et al., 2012 and Kariyawasam et al, 2014). However, there are still limited publications on systematically optimizinged performance of a columnar dryer to maintain the paddy grain quality with low energy consumption and particularly for the paddy in Vietnam.	Comment by Martin Gummert: What does that mean?	Comment by Martin Gummert: What was the improvement?
Working on improving columnar dryers for paddy, we have published a paper on modeling of the paddy drying process using a cross-flow columnar dryer (Nguyen et al., 2016). In this research, grain moisture content and temperature wereas analysed with the objective to achieve the an uniform temperature among the different layers of grain in the drying chamber in order to minimize grain damage. Developing Following this initial the research, we conductedthis paper describes  the experiments on optimization of the paddy drying performance of this cross-flow dryer for the two research variables: (i) drying air temperature (DAT) and (ii) drying retention time for onea pass of paddy moving through the drying chamber (PDR) of thea cross-flow columnar dryer during its operation. Single- and multiple-objective optimizations were analysedconducted to achieve the optimums minimum of specific energy consumption (SEC) and maximum head rice recovery (HRR). Results of this study should contribute significantly to develop, optimize and  designs and uses of the related similar columnar dryers.	Comment by Martin Gummert: Conducted? The optimization is a process leading to an optimum. There is not much point to analyze that optimum.

2. Methodology
2.1. Experimental dryer 
Figure 1 shows a schematic diagram of the laboratory recirculating columnar dryer used in the experiment. Paddy conveyed by a bucket elevator is loaded into the tempering chamber. It then passes through this tempering chamber and then through the drying chamber. Retention times of paddy in these tempering and drying chambers are so called tempering and drying stages, respectively. The paddy therefore is exposed to repeated tempering and drying stages, typically lasting for from 20 to 30 minutes per cycle. When moving throughDuring the drying stage, the paddy is in contacted with the heated air, which is blown forced through across the grain bulk by crossly from the fan. While the pPaddy is moving downwards it is dried by this air in this drying stage and then unloaded into the bucket elevator for the next pass until it reaches the required moisture content.
[image: ]
Figure1: Schematic design of experimental columnar dryer
2.2. Experimental design 
Figure 2 shows the diagram of researched factorsvariables. The dDrying process was optimized to obtain the maximum of HRR while requiring minimum of SEC based on the researched variables of DAT and PDR. Other factors such as input Mmoisture content (MC) of Jasmine paddy and the drying air flowairflow rate were kept constantcontrolled constantly at 28% and 1 m3 s- Mg-1, respectively. SEC (Wh kg-1) wasis calculated by energy consumption for each kg of paddy dried to paddy (14% MC). HRR is an output representinged grain for quality of grain within this research. 
[image: ]
Figure 2: Input and output factors variables of research 
Ranges of the treatments are shown in Table 1. The central level (0) was selected at 450C and 25 minutes for DAT and PDR, respectively, as these drying parameters are currently used in real practices of commercial columnar dryers in MD of Vietnam (Nguyen et al., 2016). For verifying and optimizing the drying process, these input factors were expanded in two both sides (-1 and +1) with adjusted values of +/-100C for DAT and +/- 5 minutes for PDR. 
 			Table 1: Ranges of the treatments
	Levels
	DAT
X1 (°C)
	PDR
X2 (minutes)

	+1 
	55 
	30

	0
	45
	25

	-1
	35
	20


2.3. Measurements and calculation
Grain MC was measured using drying oven method (ASAE, 1982)s. All MC mentioned in this paper are for wet basis. DAT was measured at three points along the height of the drying chamber and controlled through a resistance heater. Grain flow rate was constant across treatments, so the PDR was controlled by adjusting the height of the drying chamber until it fixed fitted the indentified times (i.e. 20, 25, and 30 minutes). SEC and HRR were calculated based on the Equations (Eq.) 1 and 2, respectively.	Comment by Martin Gummert: Which standard?
	SEC  		[Wh kg-1]	(Eq1)
	HRR  x100	[%]		(Eq2)

2.4. Statistics and software used in analysis
STAGRAPHIC software (StatPoint Technologies Inc., 2009) was used for experimental designed and data analysis including two-factor ANOVA, correlation among the factors, and regression equations. Completely randomized design (CRD) was applied based on the method of central composite design (Montgomery and Runger, 2002; Lazic, 2004). The experiment included 12 runs with 6 replications for the central level (0) and 3 replications for the bordering levels (-1) and (+1) as described in Table1 above. 
The analysis was conducted sequentially as single and then multiple correlations among input and output factors. Regression equations were then built based on these input-output correlations and then used for finding optimized operational parameters. MATLAB software (MathWorks, 2016) was used for optimization based on the built regression model.
Optimizations for SEC and HRR were also analysed sequentially as single and then multiple objectives Rao (1985). Single-objective functions of SEC and HRR were built based on correlations with the two variables of DAT and PDR. Multiple-objective optimization is was considered as multiple criteria decision for economic benefit including both of SEC and HRR. This function or model was established based on the Weighted-Sum Approach shown in Eq. 3.
	Y = (1-λ)F1 + λF2		(Eq3)
where Y is a sum-objective reflecting to economic benefit including SEC and HRR that are reflected by the single-objective functions of F1 and F2, respectively.  λ is the ratio reflecting to the weight-level or importance between SEC and HRR. This coefficient was identified by the effects of SEC and HRR on price and profit of product.
For the optimization, the SEC was targeted to minimum whereas HRR was targeted to maximum. Thus, to have the same directions for solving the optimized problems, the economic (Eco = Y) function was targeted to minimum and established corresponding to F1 = SEC and F2 = - HRR (Eq.4).
[bookmark: OLE_LINK1]	Y = (1-λ)SEC - λHRR	(Eq4)

3. Results and discussions
3.1. Single correlations among input and output factors
3.1.1. Effects of DAT and PDR on MC reduction
Figure 3.a shows the single correlation of DAT on MC reduction with the PDR controlled at 25 minutes. A reduction of paddy MC from 28 down to 14% required from 3.5 to 10.5 h depending on DAT. Obviously, the higher DAT applied to the shorter drying time was spent to attain the required MC (i.e. 14% in this study). Similarly, Figure 3.b shows effect of PDR on MC reduction with the DAT controlled at 450C. A reduction of paddy MC from 28 down to 14% required from 5 to 6 h when reducing PDR from 40 to 20 minutes. As the results, effect of PDR is lower than that of DAT to MC reduction.
	[image: ]
Figure 3a: Effect of DAT on MC reduction 
	[image: ]
Figure 3b: Effect of PDR on MC reduction


 3.1.2. Effects of DAT on HRR
Table 2 shows the effect of DAT on HRR with the PDR controlled at 25 minutes. There were significant difference (P-value <0.05 in ANOVA) among the average values of HRR corresponding to different DAT. These measurements resulted in that lower HRR obtained when drying with higher temperature. Drying with DAT ranging from 350C to 450C generated HRR from 60 to 63% whereas doing thatdrying with DAT higher than 550C just obtained the HRR lower than 24%. 
			Table 2: HRR (%) affected achieved by different DAT at the PDR of 25 minutes
	 DAT
	35ºC
	45ºC 
	55ºC
	65ºC

	 Replication 1
	62.0
	56.6
	21.8
	10.8

	 Replication 2
	62.8
	58.2
	19.0
	12.0

	 Replication 3
	63.1
	60.6
	23.8
	11.1

	 Replication 4
	62.2
	61.5
	21.5
	12.3

	 Replication 5
	62.5
	61.0
	20.5
	17.3

	Average
	62.5
	59.6
	21.3
	12.7

	STDEV
	0.41
	1.86
	1.57
	2.38


For PDR, we did not do the experiment with single effect of this factor on HRR. However, the multiple correlations of PDR and DAT on HRR were investigated and described in the next section.
3.2. Multiple correlations among input and output factors
Table 3 shows SEC and HRR resultsed from the experiments with different DAT and PDR. SEC ranged from 188 to 224 Wh kg-1 and HRR ranged from 21.7 to 65.5% for the different sets of DAT and PDR. Technically, drying with lower PDR may cause lower efficiency and higher SEC. On the other hand, drying with lower DAT resulted in higher HRR but it may cause longer drying time and lower efficiency. Table 4 shows tThe results of multiple correlations of DAT and PDR on SEC, which were analysed statistically by using two-factor ANOVA resulted in Table 4. 
		Table 3: Results of SEC and HRR at different sets of DAT and PDR 
	Runs
	DAT
(°C)
	PDR 
(minutes)
	SEC 
(Wh kg-1)
	HRR 
(%)

	1
	45
	25
	189.2
	55.2

	2
	45
	25
	189.6
	55.3

	3
	45
	25
	190.1
	54.9

	4
	35
	20
	209.7
	65.5

	5
	35
	25
	195.4
	65.1

	6
	55
	30
	224.1
	18.7

	7
	55
	20
	228.4
	22.3

	8
	45
	25
	191.6
	55.0

	9
	45
	20
	206.3
	57.1

	10
	45
	30
	200.3
	54.2

	11
	55
	25
	220.1
	21.7

	12
	35
	30
	192.8
	63.2





Table 4: ANOVA for the effect of DAT and PDR on SEC 
	Effect
	Sum of Squares
	DF
	Mean Sq.
	F-Ratio
	P-value

	A:DAT                    
	930
	1
	930
	843
	.0001

	B:PDR                              
	123.3
	1
	123.3
	111.8      
	.0018

	AB  
	39.69     
	1
	39.69     
	36.00     
	.0093

	AA
	525.5    
	1
	525.5    
	476.6     
	.0002

	BB  
	245.1     
	1
	245.1     
	222.3      
	.0007

	Lack-of-fit                     
	41.40     
	3
	13.80      
	12.52    
	.0334

	Pure error                      
	3.31   
	3
	1.10                      
	
	


R-squared = 0.98
As the results in Table 4 show, all the correlative coefficients have sufficiently significant (P-value<0.05). This ANOVA resulted in a regression equation representing for the correlations of DAT and PDR on SEC shown in Eq.5.
	SEC = 752.8 – 12.96DAT – 22.92PDR + 0.063DAT*PDR + 0.14DAT^2 + 0.38PDR^2 	(Eq5)
The plus (+) signs in front of the variables of DAT*PDR, DAT^2, and PDR^2 in Eq.5 illustrated the positive effects of these variable sets on SEC. On the other hand, DAT and PDR in Eq.5 has its negative coefficient (-12.9 and -22.9) illustrating the negatively effects of these single factors on SEC. Figure 4 shows the multiple correlations between variables (DAT, PDR) and SEC. Drying with DAT from 35 to 450C and PDR from 25 to 29 minutes required the lowest range of energy consumption from 180 to 190 Wh kg‑1.
[image: ]
Figure 4: Effects of DAT and PDR on SEC (Wh kg-1) 
Similarly, Table 5 shows the two-factor ANOVA for the correlations of DAT and PDR on HRR. Except for the insignificant correlation of PDR^2 on HRR (P-value>0.05), other correlative coefficients wereas sufficiently significant (P-value<0.05). This ANOVA resulted in a regression equation representing for the correlations of DAT and PDR on HRR as shown in Eq.6.
	Table 5: ANOVA for the effect of DAT and PDR on HRR
	Effect
	Sum of Squares
	DF
	Mean Sq.
	F-Ratio
	P-value

	A:DAT                    
	2864
	1
	2864
	85936
	.0000

	B:PDR                              
	12.91
	1
	12.91
	387.20
	.0003

	AB  
	.42
	1
	.42
	12.68
	.0378

	AA
	414.2     
	1
	414.2    
	12425
	.0000

	BB  
	.12     
	1
	.12     
	3.61
	.1535

	Lack-of-fit                     
	1.62     
	3
	.54
	16.19
	.0234

	Pure error                      
	.10  
	3
	.033                      
	
	


R-squared = 0.98
	HRR = - 100.2  + 9.36DAT –  0.0008 PDR – 0.007DAT*PDR – 0.13DAT^2		(Eq.6)
The minus (-) signs in front of all variables of PDR, DAT*PDR, and DAT^2 in Eq.6 illustrated that there was a negative correlations between the variables (DAT, PDR) and HRR. It means that HRR was obtained lower when DAT and PDR increased; and vise versa during the drying process. 
Figure 5 illustrates the concentration regions of HRR affected by DAT and PDR. DAT affected strongly to HRR whereas PDR did not. HRR was higher than 55% when DAT was lower than 400C. However, that HRR still can be obtained with the DAT reduced linearly from 400C to 350C while PDR increased from 20 minutes to 30 minutes. 
[image: ]
Figure 5: Effects of DAT and PDR on HRR (%) 

3.3. Optimization
The equations 5 and 6 built above were used to find the optimized parameters of the corresponding drying process.  
Single-objective optimization for SEC obtained the optimized drying process with DAT and PDR at 40.5°C and 26.9 minutes, respectively to have the lowest energy consumption required at 181.3 Wh per kg of dried paddy (from 28 down to 14%). The HRR obtained at this optimized point was 58%.
Single-objective optimization for HRR resulted in the highest HRR of 60% for drying Jasmine paddy from 28% down to 14%. This drying process required DAT lower than 35.50C at any level of PDR; or DAT lower than 40°C with PDR lower than 20 minutes.
Multiple-objective optimization was analysed based on Eq.4 above. The economic benefit (Eco) was obtained as in Eq. 7 constituting of both of SEC and (-HRR) functions built based on DAT and PDR.
Eco = 753.8 -652.6λ + (3.6λ -12.96)DAT + (22.92λ -22.92)PDR – (0.06λ – 0.063)DAT*PDR – (0.01λ-0.14)DAT^2 – (0.38λ – 0.38)PDR^2	(Eq7)
This weighted-sum model Eco can result in differently optimized results with different λ which depends on many factors such as prices of rice and energy, Market price based on head ricepreferences of consumers, etc. There is very limited publication on the effects of HRR on rice price. Within this discussion, we calculated the weighted-ratio and λ coefficient between HRR and SEC based on the information and assumptions as shown in Table 6.	Comment by Martin Gummert: Market price based on head rice (preference of consumers is very general and is not measurable). But it is reflected in the marked prices.
Table 6: Effecting-value of SEC and HRR on economics
	Parameters/Informations
	Source
	Convert to effecting-value (USD t-1)
	Notes

	Rice price (Vietnam case)
	Rice Authority (2016 )
	428
	Used for calculating effects of HRR on price 

	Effect of HRR on price
	
	
	

	Price of rice increase 0.09% for 1% increased HRR
	Unnevehr et al. (1992 )
	38.52
	Increased USD by ton paddy with HRR increased 1%

	Market price reductions of $0.0075 to $0.0119 per kg 
	Michael et al. (2013 )
	9.7
	Assumed an average increase of price per ton by 5% of HRR increased

	Price of exported rice of Vietnam is lower than that of Thailand 10-30% caused by the factors involved HRR
	Nguyen V.S. (2013) 
	21.4
	Assumed 5% of price increased by better 5% of HRR increased 

	Effect of SEC on price
	
	
	

	Average consumption: 200 Wh kg-1
	Resulted from research
	18.35
	Price of electric power in Vietnam: 0.09175 USD kWh-1 (MOIT, 2013 )


The average effecting-values in Table 6 established the weighted-ratio of 1.27 between of HRR and SEC. This ratio resulted in the coefficient of λ equaling to 0.559. With this λ, the Eq.7 above is identified as shown in Eq.8.
	Eco = 387.7 - 10.95DAT - 10.1PDR + 0.032DAT*PDR + 0.134DAT^2 + 0.167PDR^2 	(Eq8)
Figure 6 illustrates correlation of the parameters. This model resulted in the optimized DAT and PDR of 37.70C and 26.6 minutes, respectively. SEC and HRR obtained at this optimized point were 60.9% and 185.5 Wh kg-1, respectively.
[image: ]
Figure 6: Multiple correlation of DAT and PDR on Eco
4. Conclusion
[bookmark: _GoBack]Improving drying technology, particularly with columnar dryer for paddy is important to fulfill the demands of for drying capacity and quality of products and to contribute significantly to reduce rice postharvest losses and add value to rice value chain. This study investigated and optimized a paddy-drying process in a cross-flow columnar dryer with its the operational batch-recirculating principleoperation of recirculating as pass by pass. Optimized drying parameters for drying Jasmine paddy from 28% to 14% moisture content were established. Optimized head rice recovery was obtained at 60% corresponding to drying temperature lower than 400C and drying retention time in a pass of 20 minutes. On the other hand, drying paddy with air temperature of 40.5°C and pass-retention time of 26.9 minutes required the lowest energy consumption at 181.3 Wh kg-1 of dried paddy and obtained HRR of 58% at this point. A multiple-objective model reflecting for economic benefit was built and resulted in the optimized drying process with DAT and PDR at 37.70C and 26.6 minutes. Drying paddy with this optimized parameters attained SEC and HRR of 185.5 Wh kg-1 and 60.9%, respectively. Results of this study should arebe significant for development and optimizations of mechanized drying in re-circulating batch columnar dryers, contributing to reduce rice postharvest losses.
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