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AR IR N 32 S S A e R, e AR T 9E %
X AR JVE IR TAE, FERIOyHERAE D, &
VR AE I TR BE i, COP (coefficient of performance)
&, BRmdEmbE 2220, ks SR ENE T Hot
WA, FRERENE RN ARG, Wk
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1.1 Rt

HOGIRE A SR AME IR RS QLK D 7 T=E
W, EAGEIEE . RAS. NS, B HUKH,
PAEIE . R RSN A, HhRASS. NEaH
JIIEANDNE AT E S B o B L NG L AR
B A EWER I IE-FWR-H13, 4 SCHIFAE 13.27 kW,
2 A 11.85 kW, HIAFI) 4 —& F ke (R22)
7eiF Skg, FEERURLENL. VU@ R A HeAAEs
EERAGE . WK, BORPL. IEFHRKRES. i,
JE 45 Bl A 26 [ Copeland 2 w4 7= 19 W B =X
VR48KS-TFP-542, 380 V HiJk, HiwcHi AT 3.56 kW;
W e B AL I SR SR N IR SO . IE = B X,
FIE R 25 mm, W A SOE AR A, FrEE 1.8 mm,
J7JE 0.12 mm; B TR 042.4 mm BEEFANA
WK @9.52X0.41 mm WIRSUNE, FEAASML 15 mm
JE LR LR s B0 KAUHL D I S R AL T 2R R
LKW280M-4, & i 5000 m*/h, 43/ 500 Pa, 380V
Wik, BE D)2 1.37 kW FEFR K 0 8 [ Jg R A W) AR
f) PD-300E, 220 V HLhs, #UEHih D% 300 W, 2
7.5m, HKHEKER 9.60 m*/h, £ BALIGE R4
L EEMIEXE, BN 25 mm, @A SRTBLOE
REEE A, FEE 1.8 mm, A JE 0.12 mm. AR IN#A
WA I, 380V HLFR, AIUE HIFII R 4.5 kW,
FEHUKIAL TR E T, ARMK 2.5m, % 1.22m, &
MR A BB KR 4.18 m®, FAEKEL A 24 om 6%
B, KR HEET, W AMRTHST K, AbRTIE 3.8 cm
JEFFIRR AR, KA R E 1.5 em JEAR TR HrERE
MG AT TR SRR . X B IS A, K
b @32 PVC %, AMERIRE; WERN 0300 mm ALK
B WL (@21 mm) , SR E I EAEIN 30° , 4L
[F)HE 25 cm, 2 HLETE 28 m, SERERR AR PO K,
TS R N7 B 2.2 m Al B EA T TP X
LR I BRI 2, 22 TR EIE 7, ReToA
100 cm X 100 cm X 50 cm, @297 mm H X 2 4y, 2 FilE)
M7= PH. &S Tlkg PLC (programmable logic

controller) o

LORgadl 2. Dddfem i@ 3. @A G 4 KR 5. 1dukds

6. B 7. BOKHL 8. AL 9. W Adnd 10, WREAE
Tl ATREWEE 12, WA 1 13, WBEERI 2 14, PEIRKEE 15, iklelR

l6. FHUKih

1. Compressor 2. Four-way reversing valve 3. Fin type heat exchanger

4. Expansion valve 5. Filter 6. Double-pipe heat exchanger 7. Centrifugal
fan 8. Surface air cooler 9. Fin type electrical heater 10. Plenum chamber
11. Fabric duct 12. Magnetic valve 1 13. Magnetic valve 2 14. Circulating
water pump  15. Water check valve 16. Heat reservoir

Bl BAREZARMMRRWERARETETH
Fig.1 Principle diagram of surplus air heat pump heating system
used for solar greenhouse
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Note: 4;-A3 represent indoor air temperature and relative humidity measurement points; B;-B; represent air temperature and relative humidity measurement points at inlet
and outlet, respectively, of the system; C,-C, represent temperature measurement points of supply and return water, respectively, of the system; 1-4 represent soil
temperature measurement points in various depth in the solar greenhouse; E represents water temperature measurement point of the heat reservoir; F represents solar
radiation measurement point in horizontal direction in the solar greenhouse; some other measurement points hidden from view are not marked.
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Fig.2 Schematic diagram of solar greenhouses and measurement points
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9ran
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d., =¢-d, 6)
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MRS, KIKG: Thegae A FRGURVS T BN
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1.3.4 KIEE

L 2015 4F 01 A 16 H—2015 401 A 19 Hi%ES:4d
PRIRA T HOGIEL = D RIS R G R
ARG T 5 o0 L & A B TR ORI, BN TT IR,
PRV S5 DR O, RACIRIL K RGBT SN 1.

x1 REHBXSRERRZRZITSH

Table 1 Weather conditions and operating parameters of system during test
TR B
N S Heat releasing period
e S S e
. . K W R R Yo PR
H3t KA o I I 1] 78 i I 1] . S
Solar radiation X . . . Heat collecting KAR W
Date Weather [(W-m?) Uncovering time Covering time eriod Surf: .
of thermal blanket of thermal blanket P urtace air Start/stop
cooler count of
heat pump
2015-01-16 % Sunny 526.2 08:25 16:30 10:30-16:00 20:30-01:00 12
2015-01-17 1] 2 2 Partly cloudy 404.7 08:30 16:00 11:00-15:08 23:00-01:40 7
2015-01-18  PJ#%I¥ Overcast to sunny 362.0 08:30 16:00 11:21-15:40 22:54-05:33 5
2015-01-19 fff Sunny 513.0 08:15 16:30 11:00-15:10 23:08-03:30 10

e KBRS R 09:00-16:00 2 KI5 1 P BUKBHARS & 2015 4F 01 73 18 H 12:10-12:20 AL+ 10 min.
Note: Indoor solar radiation in horizontal direction from 09:00 to 16:00 is presented as mean; the system stopped running for 10 min from 12:10 to 12:20 Jan.18, 2015.
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ARG MAEAILRE 2R T AR E N E R
TARIEE, I R G A AN A 2o IR = AR
FRIAER, S IRi = AL, SPRBRIE Sk 5.1, 5.24

3.7 A1 52°Co WL, AERFHARSSRANNAT, RGN
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Fig.3 Indoor air temperature comparison between experimental
and comparative greenhouses
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2015 401 H 19 H oA M AEE R (1 3) , 08:15 4
FEORIEAE BT R G A ) A PG 6 il 5 At A A
% 09:00 RV E UL N 13.6°C, LA HIEEE 1.9C,
BEE N ORBHAR S RN (& 4a) , ENSEBEEH T
{1, 09:40 TG 50 L = AR IYIA S 17.1°C, & 11:00
POELEETF T 2 W B A IEA AR, IR AT
SRR, P24 0.8°C. 11:00 150 % N <IN
258°C, RGICATHN, AWk E N2 T MEERE IR E
A, A 15:10 250 WA = Ry 27.1
T, X R EAC 5.4°C; 15056 5 0] Bl % N i s iR
HELZE 13:00, 230900 28.9 F134.7°C; W WAEHS IR &R
GRis AT HEINAT S ORI & AR SR, R AR L
BEAFEA K. 16:30 78 Gt PR 2 23:08 ARGl &%
AR, W) = S TR, B0 R AR IR T
S E, T ZEN 03T, mAEZEN 09C, IEAE
21:30 PEZEA R E 14.4°C . 23:08 4 03:30 b R4 288
e, ISR = AR PR, R IR = AR R
TR, R E TR 15.3°C, e IR = A 3L
C.03:30 & 09:00 4y FAZE s BlBFHW B, 2855157 10 X,
TR = AR AR BB (17°C) FIRRR (13 °C) 2
), FHSIRN 15.1°C, R HRIE S N IR T,
SRR 10.2°C, AR 9.2°C.
2.1.3 ERRELS>H

RGBT RAEE N AR, WA
K 4b JTznly 2015 4 01 H 19 HiRE R =8 h i R gy
SR A o AR N AIRAE 09:00 2 14:20 P43 T
AREB, 14:20 & 16:30 ARl T-05E:; AR (09:00-16:00)
TRIGHR 2 PSR A N VERE (24.6°C) >R (24.2°C)H
>ZRE (23.8C)H , ERALE (P>0.05) , =R
J7 T SUR AT AT o T TR VA 3 TR BE = N T35S L
SRR (16.1°C) >3 (15.7°C) >k (14.9C)H ,
WERWT AR ZESEE (P<0.05) ; ZREAEMKT
PO, 2B R R EE N AR 4R350 DX 4 HL A B s
THRE , VA B I A AR B i P X
B TR, BER RS RGO T E A,
AR 28 T 4 AR S TR S e RV 3850 ) ik B
s AR SIAE I A A 4 AT 1 73 A 1) B
X3k, IR R, PINA S TR RS, i
B ZE 5 o PRI TR BRI B & N 38 S A A A T
B (153°C) >Z#E (15.0°C) >k (14.8°C) , 404
R R 2SI B, H i TR EGET, HER

PUT IR ZE A B2 (P>0.05) , RIS .
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a. Solar radiation curve
30 ¢

] — il % P i West
2 25t Nz ) TN AT
E e m I[ uf-a.\"'[lddil_‘
;:g_ ——— :Il:lll "l' i
5 20t
E
5; ISP Twe T
10 .

09:00 13:00 17:00 21:00 01:00 05:00 09:00
5[] Time
b. RS
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Fig.4 Variation of solar radiation and air temperature distribution

in east-west direction in experimental greenhouse

2.1.4 FHHIELER

& 2 iR 0 ik = 0 R A AN )R o i P LR
TRE % 10 em AR I HPFEIRE R 14.6~169C, 5
L 22 AR (P>0.05) , SR ZEAE 0.1°C LAY
TRE % 20 em AL T HFEURE A 14.7~16.6C, L
W ER S 0.1~03°C, ZREHE (P<0.05) ; Ak
% 30 em RAE 3 H VSN 15.0~16.3°C, LExT
BEHA 02~03C, EREHE (P<0.05) ; RKHE=E
40 cm RAE 3 H IS EN 15.4~16.2°C, LA %
B 02~05C2EREFH (P<0.05) . WJLLEH, R
L E R S T3 R =, REX) 20em KLU FEE HEH
SR PR T RO B . EAL, BT R R
AT, BRI T L B N, 30 em RE LR, b
B LTS WREE 10~40 em AL T3
BRI =, HR N 322028 R g A RIS
ARG, BRI, BT B RO 2 .

*2 REEBEESMREEFRRELIREE
Table 2 Soil temperature in various depth between experimental and comparative greenhouses

H TR B0 4 IR o HE UL A MR
Da;e Soil temperature in experimental greenhouse/'C Soil temperature in comparative greenhouse/C
10 cm 20 cm 30 cm 40 cm 10 cm 20 cm 30 cm 40 cm
2015-01-16 14.6 £1.1 14.7 £0.6 15.0+0.3 15.4 0.1 14.7+1.4 14.6 £0.7 14.8 0.4 14.9 +0.3
2015-01-17 15.7£1.0 15.6 £0.5 15.6 £0.3 15.7 £0.1 15.7£1.3 15.5+0.6 15.4+0.4 15.4+0.2
2015-01-18 15.9+0.9 159404 15.9+0.2 15.9 0.1 15.7£1.1 15.7£0.4 15.8+£0.2 15.7 £0.1
2015-01-19 16.9 £1.2 16.6 £0.6 16.3 0.3 16.2 £0.1 16.8 £1.5 16.3 £0.7 16.1 0.4 15.9+0.2

e B EE AR ZE .

Note: Data are presented as mean + standard deviation
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A BHERRAE . (Hl TYEMIZEE/E R . IR =A% X3 PRk RGE A REARB B RESH. ks 4d

PSRRI ZZ s, BN EiREs, JTHEEA
ZERNA], AR IS, B S s AR =S
X WL S T LA o AR 4 d IOIIRR A, R RG]
F), R & P O IIAH B 20 31k 48.6% . 52.3%

51.4%F1 48.0%, LLXT IR = 2051 B 12.3%. 13.7%. 16.5%
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Table 3 Performance parameters of system during heat collecting period
H it KR KR TR A K '
Da,te Inlet water Outlet water Heat-collecting Heat qollecting Power consumption Coefficient of performance COPy,
Temperature 7',/ C Temperature 7', ou/ C power/kW Capacity On/kJ Eyne/(KW-h)
2015-01-16 239 29.8 12.8 2.53%10° 19.9 35
2015-01-17 22.7 29.1 13.9 2.06x10° 15.0 3.8
2015-01-18 26.1 31.8 12.5 1.87x10° 15.6 33
2015-01-19 27.3 349 16.4 2.46x10° 16.2 4.2
F4 RARLBRAMBIEESH
Table 4 Performance parameters of system during heat releasing period via surface air cooler
X Inlet air H X, Outlet air eThZE FEH A Coefticient of
) S . Lo B . o R4 bz Heat Heat Power performance
EL;{E Tem{;]z:?ature / Hl;';%] ty Specific  Specific Tem{;?ature / Hl(;lr;’fh ty Specific ~ Specific ~ releasing releasi‘ng consumption COPyy sac
© 1% enthall?y volumi: © 1% enthal[_)y volumi: power  capacity Eprsoc /(kW'h)
4 [(kIkgD) KmPke ¢ (kIkg) (mikg) AW Owac /K
2015-01-16 13.5 84.8 34.25 0.824 19.1 61.2 40.65 0.840 9.3 1.50x10° 6.3 6.6
2015-01-17 13.6 86.5 3491 0.824 18.5 68.3 41.65 0.839 9.8 9.41x10* 3.8 6.9
2015-01-18 13.5 85.5 34.42 0.824 19.3 60.9 41.02 0.841 9.6 2.29x10° 9.3 6.8
2015-01-19 15.0 83.3 37.51 0.829 21.3 57.8 44.68 0.847 10.3 1.62x10° 6.1 7.4
=5 REARBFIMAMBEESH
Table 5 Performance parameters of system during heat releasing period via heat pump device
KA TR 2 e FEHE '
3 Date Initial water temperature Final water temperature Heat releasing Power' Coefficient of
of reservoir 7;/C of reservoir 7»/'C capacity Onepp/kJ consumption performance COPhp
’ Eeny/(KW-h)
2015-01-16 254 16.3 2.09x10° 15.1 3.8
2015-01-17 25.3 20.3 1.11x10° 7.6 4.1
2015-01-18 25.1 21.5 8.08x10* 5.6 4.0
2015-01-19 28.5 23.6 1.11x10° 7.5 4.1
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Application effect of surplus air heat pump heating system in Chinese
solar greenhouse

Sun Weituo™?, Guo Wenzhong™?*, Xu Fan*?, Wang Lichun®?, Xue Xuzhang™?, Li Yinkun*?, Chen Yongping®

(1. Beijing Research Center of Intelligent Equipment for Agriculture, Beijing Academy of Agriculture and Forestry Sciences, Beijing 100097,
China; 2. Key Laboratory of Agri-informatics, Ministry of Agriculture, Beijing 100097, China; 3. Beijing Chongke High
Technology Development Co., Ltd, Beijing 100083, China )

Abstract: The Chinese solar greenhouse is a low carbon and energy-saving greenhouse structure, but it has an issue of energy
imbalance between daytime and nighttime. Due to the surplus air heat energy, the solar greenhouse has to be ventilated in the
daytime which leads to a large heat loss. However, cold damages and plant diseases and insect infection caused by low
temperature and high humidity occur during cold winter night. In order to achieve transferring heat energy in terms of time and
space inside the solar greenhouse, and then improve the utilization efficiency of surplus air heat energy, finally avoid low
temperature in the greenhouses, a solar greenhouse surplus air heat pump heating system (SAHPHS) for the solar greenhouse
was designed. In the daytime, air heat energy inside the solar greenhouse was pumped by the SAHPHS and stored in the heat
reservoir. When indoor air temperature fell below the optimum range for crops in the nighttime, centrifugal fan and circulating
water pump were started and heat energy stored in the heat reservoir was released directly via surface air cooler of the
SAHPHS. As water temperature of the heat reservoir decreased to a certain value, the SAHPHS with a reverse operation was
used to continue releasing heat energy forcibly. In addition, centrifugal fan and fin type electrical heater were used for
emergency heating when encountering overcast weather for several days or extremely low air temperature. Tests for the
SAHPHS were carried out from 10 Dec. 2014 to 10 Feb. 2015 and the effectiveness of the system was studied. The results
showed that during running period of the SAHPHS, average air temperature inside the greenhouse was 2.8 to 4.4°C higher
than that in a comparable greenhouse in the nighttime, and the relative humidity decreased by 8% to 11.5%. Meanwhile,
compared to the similar greenhouse without such system, average air temperature inside the greenhouse decreased by 3.7 to 5.2
C and the relative humidity decreased by 12.3% to 16.5% during the daytime. So the SAHPHS not only had remarkable
effects for heating and dehumidification in the nighttime, but also for cooling and dehumidification in the daytime. Air
temperature in east-west direction inside the experimental greenhouse was found to be evenly distributed during heat collecting
period in the daytime and heat releasing period in the nighttime with heat pump cycles, but have significant differences during
heat releasing period with the usage of surface air cooler in the nighttime. Meanwhile the SAHPHS was found to have
significant effect on raising daily average soil temperature in a depth of more than 20 centimeters. Heat collecting power of the
SAHPHS was 12.5 to 16.4 kW, and coefficient of performance ranged from 3.3 to 4.2 during heat collecting period in the
daytime. Heat releasing power of the SAHPHS was 9.3 to 10.3 kW, and coefficient of performance ranged from 6.6 to 7.4
during heat releasing period with the usage of surface air cooler in the nighttime. Coefficient of performance of the SAHPHS
ranged from 3.8 to 4.1 with the SAHPHS running in a reverse heat pump cycle during heat releasing period in the nighttime.
The SAHPHS was always under heating conditions in both heat collecting and heat releasing period. The coefficient of
performance of the overall system in heating cycles reached 2.7, showing energy-saving effect. The SAHPHS had good
application effects in heating, dehumidification and energy conservation, and this study would provide a new idea for the
Chinese solar greenhouse energy-saving heating in the nighttime.

Key words: greenhouses; heat pump systems; air; heating; surplus heat; solar greenhouse



