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Abstract: Objective To investigate the vacuum temperature (x1) switching moisture ratio (x2), hot air temperature (x3) and their
interaction on drying time, unit energy consumption, polysaccharide content and crushing rate in the process of "vacuum drying +
inclined hot air" combined drying of Poria cocos. Therefore, the drying process parameters of P. cocos with short drying time, good
quality and low energy consumption were achieved. Methods Taking P. cocos cube as raw material, when the vacuum drying
reaches a certain moisture content, the inclined hot air drying is carried out; The factors of vacuum drying temperature (65—385 C),
switching moisture ratio (70%—90%) and hot air drying temperature (65—85 °C) are selected to design Box-Behnken response
surface test was used to analyze the primary and secondary factors influencing the indexes and the interaction among them. The
quadratic regression model of drying time, unit energy, polysaccharide content and crushing rate were established. The fitness
function was constructed and optimized by comprehensive scoring method, genetic algorithm and NSGA-II method respectively. By
comparing the results of the three optimization methods, the optimal process parameters were obtained and verified. Results The
order of influencing drying time, unit energy consumption, polysaccharide content and crushing rate was x2 > x3 > x1, x2 > x1 > x3,
X3 >x2 > x1, x2 > x3 > x1. The regression model of drying time, energy consumption per unit, polysaccharide content and crushing rate
was statistically significant (P < 0.001), which could be used to analyze and predict the evaluation index of P. cocos cube combined
drying. The optimal process parameters were optimized by comprehensive scoring method as follows: vacuum temperature
65.12 °C, moisture ratio 70.07%, hot air temperature 74.19 “C. Under this circumstance, the drying time, unit energy consumption,
polysaccharide content and crushing rate was 330.4 min, 4.13 kJ-h/kg, 3.52 mg/g and 4.48%, respectively. The process parameters
optimized by genetic algorithm was as follows: vacuum temperature 82.23 “C, switching water ratio 81.10% and hot air temperature
69.04 °C. And the drying time, unit energy consumption, polysaccharide content and crushing rate was 245.27 min, 2.01 kJ-h/kg,
3.32 mg/g and 23.05%, respectively. NSGA-II algorithm optimized the optimal process parameters as follows: vacuum temperature
65.04 °C, switching moisture ratio 70%, hot air temperature 70.96 C, under which the drying time, unit energy consumption,
polysaccharide content, crushing rate were 340.86 min, 4.22 kJ-h/kg, 3.87 mg/g and 4.21%, respectively. Taking fitness value as the
evaluation index, the NSGA-II algorithm optimization can be considered as the best result. Conclusion NSGA-II algorithm can be
used for the multi-objective optimization of “vacuum drying + inclined hot air” drying process of P. cocos cubes, and the better
process parameters selected from Pareto set are modified. The optimal conditions are determined as follows: vacuum temperature
65 C, switching moisture ratio 70%, hot air temperature 71 ‘C. The drying time, unit energy consumption, polysaccharide content
and crushing rate were (335 + 13) min, (4.28 + 0.32) kJ-h/kg, (3.82 £ 0.31) mg/g, (4.33 £ 0.35)%, respectively. The optimized
combined drying process has the advantages of short drying time, low energy consumption per unit, high polysaccharide content, low
crushing rate, and significant energy saving and synergistic effect, which can provide theoretical basis and technical support for the
industrial processing of P. cocos.

Key words: Poria cocos cubes; drying; vacuum drying; inclined hot air drying; combined drying; unit energy consumption; crushing

rate; polysaccharide; multi-objective optimization; fitness function
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1.7X1073 xp+4.1X107* xx3—2.15X 1073 xox3—
2.65X107% x24+4.85X 1073 x22—2.0X 1073 x32, R?=
0.993, Rai>=0.985, Rpre>=0.940, 485 R % 3.20%;
y4=11.93—0.70 x;—2.63 x2+0.25 x3—1.0X 107
X2 +3.0X107* x1x3—1.63X 1073 xx3+4.92X1073
x1240.03X 1073 x2—7.93X10* x32, R?=0.999,

Ru?=0.999, Ry2=0.998, 53 R% 0.79%. /7FE
yi~ya B R2 735155 0.995. 0.989. 0.993. 0.999, %
BRI G. PIOKS B3 3m, T T IRE TS
TR T2 Hr e .

CALVPAN Fa AR A SR, X BBD X415 24K
AT Z e EA A AR, AR 7 22 ik o A
B, BV TRbR T Z g Rk 3 s

T Z SRR, 4 NMEARIIEE 72
WRZE (P<0.001), RVIUBYANEE, R IAEE
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Table 3 Results of statistical analyses on corresponding variables

W . T 8] FARE ZHEE R AR

N HIE Yz FE P Y¥Yh%E FE PHE HyE FE PHEH ¥WHE FHAE P
it 9 3617332 157.232 <0.001 0.862  57.962 <<0.001 1.083 115.972 <<0.001 351.221 2 541.151 <<0.001
X1 1 2 485.134 108.027 <0.001 1.053 70.585 <<0.001 <0.001 0.263  0.624 0.452 3.262 0.114
x2 1 24531.122 1 066.246 <<0.001 5.334  357.884 <<0.001 0.022 2374 0.168 3 122.483 22 591.674 <0.001
X3 1 5202.001 226.102 <0.001 0.297 19.142  0.003 7.336  788.056 <<0.001 0.564 4.032 0.085
X1x2 1 30.254 1.312  0.290 0.253 16.793  0.005 0.124 12.428 0.010 <0.001 <<0.001 0.959
X1X3 1 4.001 0.174  0.689 <0.001 0.027 0.875 0.678 72.256 <0.001 <<0.001 0.026 0.876
X203 1 <0.001 <<0.001 1.000 <0.001 0.042 0.844 0.183 19.875 0.003 0.117 0.762 0.411
x1? 1 9.792 0.435  0.5350.042 2.812 0.1370.304  31.774 0.001 1.026 7.374 0.030
x2? 1 128.537 5.598 0.050 0.462  31.215 <<0.001 0.996 106.424 <0.001 36.914  267.056  <<0.001
x3? 1 140.422 6.107 0.0430.396 25916 0.001 0.174 18.103  0.004 0.026 0.197 0.675
Ak 7 23.012 0.015 0.009 0.145

FAYIR 3 38.083 3252 0.1420.014 0.934 0.505 0.011 1.431 0.358 0.068 0.356 0.790
adiwzE 4 11.704 0.015 0.007 0.191

RiRZE 16 32717.064 7.872 9.783 3161.963

P 5 0] )= 7 AR A B B A B
MR 3 I UIE, RO TR R B
REFE. ZHES R, HIER LS ERHETN x>
X3>X1N X2 X1 X3 03> XX X > X3 >xpe e,
X1~ X2~ 3 RF TR [E] 52 3 A AR B3 KT (P<
0.001); xi+ xo X 57 BEFE Y 2 M 1A BRI 3 /KT
(P<<0.001), x3v ZZXEAEHIN xixa XFHEALBEFENI
WA B B K (P<0.05); x3v X HAEHI xix3
X 2 S BRI B R K (P<<0.001), ZZH
TER T xixas xoxs X 2 Bl & & 52 0L B 2 3% K7
(P<0.05); xp WFBHE 2 52 e ik A 2 25 /K (P<
0.001),

A B
.g .g
£ &
= =
= £
E B
i =

8RS ¥/% X/C

x1/'C V”7‘(‘)"\ LS

A~C AN EZ TR 75 C PIHK 5 80%-

70~

A TFREER S
A E I FERR R 23 A an B 8+ 9 B, 51
%mmWﬁS%ﬁ&l¥m&%Hﬁﬂﬂa?Tm‘
x2v x3 3 RIS, R 1 NMEEEKER,
ﬁ%zAﬁgﬁ%%%w%wmo

oK 8-AL CATAI, BEE DI K o LLIRBRAK,
- Ji B 1) RGN o — 5 T R U1K 3 EU R
TR EA TN A 5—J7m, ArE s+
BREFERAG, IRE T IR, 5 IR
T8 5| A 2 A, BRI #% T A0S
PR B TRIAH B E G, BT (138 . 1)
K o3 b — e i, T B B SRR . UK

33

IS [)/min

10
’80 x3/°C

Xz/ %

T ge 85

PIRFHEILSE 75 CHF, xixos xoxss xix3 28 B I 45T R (1520

A—C was the interaction on drying time of x;x,, x2x3, and x1x3 with vacuum drying temperature 75 ‘C and switching moisture

ratio 80%, and hot air drying temperature 75 ‘C

& 8

22 EAE R X HRA B B F20E

Fig. 8 Effect of interaction on drying time
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E‘_
B
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% 85— 80 ¥/C x/C o go gy W/T WC 7075 xl%

A~C PRI BRTIRIREE 75 °CL YIRS 80%. B THHELE 75 CRE, xixow xaxs xS HIGX BALLREFE. RS =, R MR

A—C was the interaction on unit energy consumption, polysaccharide content and crushing rate of x,x, x2x3, and xx3, respectively, with hot air drying

temperature 75 ‘C, switching moisture ratio 80%, and vacuum drying temperature 75 C

El9 ZE{EMXTALRIREFE.

SHESE. WEENF

Fig. 9 Effect of interaction on energy consumption, polysaccharide content and broken ratio

TR RIS, 5 DR sl R — 2.
HI] 9-A W1, HALRERE L EREVIHUK b B
TR R B AR TG N o 1 32 R B R (] A
K, HAENARR EIs 1T S8, Bk, RERE
TR L FHEBAREFE. K 9-B WA, SHEER
LR, RS EYER S TRRERRE . AT
JoR E BRI 3G I o R WA 8] (1 02T JER IR
AT AT TR T SR T B PR IR
2T AU E R bR . W18 9-C B, BRI
B DI K 73 AR T R, R BIDIHK oy LR R

34 ZEBRIZMK

341 ERNEREINES.  Eid Design Expert S/
XF R FEEAT B B AR AL, S5RWNER 4 fis,
H PR RAL I T4 1B BT RERE . BERR i/ ME
WA 171.3 min. 1.28 kJ-h/kg. 3.64%, LS ER
KAEH 4.46 mg/g.

BT (O BRALRERE (o). SR
()~ W (po) K H AR, 7 A
JifE (5) G BILA 1 IE B FE R AL

minf = 0.25[(1 — 171.3/y1)> + (1 — 1.28/y2)*> + (1 — y3/

b IR EE T B R R [ A, 4.46)24(1—3.64/vs)?] an
Fz4 BEMRMUER
Table 4 Single objective optimization results
FASES
ks AL TT 1) flAuE
i PO PRI C POk % AT RREC
FJEE R 18] /min SN 83.38 88.89 84.65 171.30
AT RERE/(KT-h-kg™) SN 81.64 89.60 85.00 1.28
IRV Z BE/(mg-g ™) SN 71.80 89.92 65.00 4.46
TR 2R /% SN 84.31 70.02 66.87 3.64
342 ZEAVPMERAEE R @it 2 oRARE, B FR LR AT 5, AT X SE A il .t

BEGEES (S, £ 2) MEASTEREE ().
IRt () AT ERRE () AR
Z, WTFAFTR.

§=-2.557+0.036 x1+0.054 x2—0.017 x3—1.3X10™*
xix2+3.13X107* xix3—1.69X 107 xox3 —2.88X107* x12—
1.82X 1074 x22+3.45X 1073 x32 (12>

MRTTEZMHTINR 5 B, S FIEETFERK 5
# (P<0.001), KRWIUAEZE (P>0.05) Uik

P AERTRL, S PR3 ZRA i TR IR 52 K MK IR
X1>>X2>>X30

I Design-Expert FAF xR F2 (12) #H4T
AT RAR, BB EVPMERIRE T ZS
B, AR ANETEE 65.12 C. YKkt
70.07%. PIRE 74.19 C, %A T A TE]
AT REFE ZHE S B B 3000 330.4 min. 4.13
kJ-h/kg. 3.52 mg/g. 4.48% (3K 6).
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343 BHEFIRALAR  BORALE 60, S
#0.6, WA 0.06, MWL X, LR
TERGE A . 38 % SR A 2 1B DLBUE B3R IO

SRR E AR 82.23 C. YK EE 81.10%. Hi
HARSE 69.04 C, 1ZZAE T THER A, FRALRE
ZHES R WREE B0 24527 min, 2.01 kI-h/kg.

F5, PFORIEAUEN RTAE R R . Hif

332 mglg. 23.05% (£ 6).

x5 AT SEWKEEVIEE S ESH
Table 5 Analysis of variance of membership degree of score response surface regression model
R 75 HRUR I H Y% FMa PH ©EM
it 0.0510 9 5.626X 1073 53.102 <0.000 1 &
X1 0.030 0 1 0.030 280.661 <0.000 1
X2 6.055X1073 1 6.055X1073 57.154 0.000 1
X3 3.979X1073 1 3.979X1073 37.562 0.000 5
X1X2 6.759 X107 1 6.750X 107 6.386 0.039 5
X1X3 3.913X1073 1 3.913X1073 36.937 0.000 5
X2X3 1.143X 1073 1 1.143X 1073 10.794 0.013 4
x12 3.492X 1073 1 3.492X1073 32.954 0.000 7
X2 1.390X 1073 1 1.390X 1073 13.124 0.008 5
x3? 5.022X 1075 1 5.022X 107 0.471 0.5133
Ak 7.417X 107 7 1.060X 1074
ZRAVIN 5.974Xx107 3 1.991X 107 5.522 0.066 2 ENTES
afiR 7 1.443X 107 4 3.608X 1073
RARZE 0.051 0 16
R? 0.9856
Radg? 0.9670
Rpre? 0.809 6
AR 1.85
R 6 FEAEME. BEEEAR NSGA-I EAM LAY Pareto 5
Table 6 Multi-objective optimization and fitness calculation results
TS WA AR
AT % Giw ATTER UK BT FRRRE, SALRRRE/ ZWE R ENE
HEEIC st % /min min (kJ-h'kgh)  (mgg) %
GRETFE 1 65.12 70.07 74.19 330.40 4.13 3.52 4.48 0.235
BRSNS 2 82.23 81.10 69.04 245.27 2.01 3.32 23.05 0.283
NSGA-II 53 3 65.04 70.00 70.96 340.86 422 3.87 421 0.222
4 65.48 70.91 66.17 349.82 3.94 421 5.29 0.258
5 66.32 73.22 68.44 324.47 3.57 3.83 8.97 0.312
6 66.36 71.65 66.69 340.85 3.76 4.10 6.47 0.282
7 66.49 73.57 69.46 318.45 3.53 3.71 9.58 0.317
8 67.34 87.55 83.57 202.70 1.74 1.60 37.98 0.352
9 67.60 82.28 84.07 228.76 2.04 1.48 26.14 0.377
10 68.54 84.72 81.22 218.98 2.00 2.01 31.45 0.341
11 68.80 88.23 84.82 195.01 1.57 1.53 39.70 0.347
12 70.76 87.57 84.28 195.83 1.59 1.76 38.15 0.331
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3.4.4 NSGA-IIHEMMALE R HET NSGA-I1 Hi%
FE L B A Y P T B AL, T BRI
40, BAERECN 200, 22 XMEZ 0.9, B FHEE 0.1,
BRI BRI T 2S8R 6 fin. fERXZHIE
O BT H bR R B ACARAE 2 H A ] i 2
AAELEWT, HAZAE Pareto S ARAR, & R 2RI LI
) “RIR” KRR, E 1 AMERE. 5 1 AZ R
] EAELE B LA, M s A Al — 52 42 Pareto fALAR -
WAk 45 5 N E A IR 65.04 °CL VK4 EE 70%.
PO 70.96 C, %5 T TR ] 4768
ZHES R RS 50N 340.86 min. 4.22 kI -h/kg.
3.87 mg/g. 4.21%.

LSRG VEE SR ENE, %2 Hiniib s
W BE S EC LT SE I 2 H AR RAAT S5 . BRIE,  BPXTERR
€ TR Y5, 7] LAM Pareto SALAEEEFHEH 1
ANBGES A AR E ARk 2 B AR IR R R s AR . 1T
- TIRE T Tk A =i 2 b AR S bRl P2 7 2K
RIG A S VER TR bR, 43t ] B e sk 7 & .
345 MG R LERIE 46K (5, 5
FIZREVRTE. BALSE. NSGA-II SiELib 45
(P& N A . W3R 6 FTaR, 38 R E /N 3 B A Ak
RO . SHEAHIIERPOBITLR, IREE T IR
BR<10%. MR, B EIERES R,
LAV I 1 507, DL NSGA-TT HEAL
TR 3~7 55 SRR IHEEER,  H NSGA-II ik
B 3 SRR . NSGA-IT HiFEAAL i E 2
TRRE U5 7K 3 L O BE 43 51 65.04 °C L 70%
70.96 Cs XFRLIFHERET (], BA7 BERE. 2SR .
B3 54 340.86 min. 4.22 kJ-h/kg. 3.87 mg/g-
4.21%. JE AL SFIFN N T RN TR e, (HAR
T HEEREIE 20%, ASREH L SLBRAEF= TR
EL AT 2 R ALSE:, NSGA-IT SHkimad & F i B &
W UK. ARG EE, RSN T 145
I (R AR RERE, (HEEE T 20 & 2 PR T ik
R, RN T AR E ERIFRR, LA
HAEPERIEARE . NSGA-TT SREUH iR T2, AHLLIA]
G 65 CHZ TR, WM4EHL) 48%, H
PLREFEARRE 39%, (HEMS &, RS 2T
e

WG RGBS HRGE, ¥RETZSHBIERNR
TULE 65 C. Pkt 70%. #HOREE 71 C,
Z LA PR BAIRERE. ZHES =,
W N (335+£13) min. (4.28 £0.32)

kJ-h/kg. (3.82+0.31) mg/g. (4.33+0.35) %. ¥

WAL EESZIRAETEE N . FTLL, 28 NSGA-II &k

MAAS BN T 228, v e RE T TR T T

ZER,

4 g
AR TT T 52 A R R R B R 2R

IGRTRZE T FIRRRE R, 58 T HARE .

DI K 53 e A RGHR B T AT ELAE O 482 B 1] |

HATREFE. ZHEA R, RN, RHASET

e BEEVE. NSGA-II B30 45 kAT 4k,

FEHEAT RIS I IE o
PR R ST I, i 1] 5 7 20

TR T S A OG, MHFE RS, B TR

TR BB TEIRE T MR, K

WFE, BB A A BT EAT, &

SIYPRLRRE T UG e, MERMAFRAR AR AE — M 5t

B, IBBNZIGFHES, PR R LT 23 e i,

N2 TR RACGEIRE I FEA o LGB SR AR AR

TIRASHIRZS R, AT TR 2=

e, HAMRRGEIR TR SRR 2 S .

AR T I L i () B PR AR . R E

AT, EASREX BRI R E MR, (HR

T 2 [ A XGIERL BEE ) T v T
FTm RIS g R, e Ik Z HiEEE Ty

FEARAY, IR A0 FE 50 5 25 /KT (P<<0.000 1),

AJFH RS ARSI T AR B TR] | FRALRERE . ZHE SR

M2 ta s . MG N AL R, I LA T 4

W BAEEE. NSGA-I Sk Bl 12 s N AE

3935124 0235, 0.283. 0.222. 455K %W, NSGA-II

kRS R, BT Pareto ££6 B A ZHF

P, REARIF R LR =/ ok . PR, FLA G

REARTHRIRET, BARERRRIGREN,

A TR T BTN .

FBAR FAVEHFRARGEAEZFR
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