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3. KW I RKFLFER, T7 Kif 116024)

BARES,  Fwek!,

WE: X 7T — £ A T hRKREH— KA (Building Integrated Photovoltaics, BIPV) ) & -
PR ARG, BT E B F AR R G G R ATIRA SR TRA, K I kR e A Bk A
GARBIESAREA KL, FLELFEARAR, FATRRGEESAMA, €T RBLE
WAk A AR AR AL, BERTARRR 5 5 4769 B BB M R ) R SR AT R A o AR BB AL
XARRFE, BMT 4R G A FETHE, SO EAI.: RNREEEFRA/ AEERLE
bk, fFH T EUR 379 0932473 . A T R A SR R Sdk, AL & 41w iit
1R %A S kot RGBT Rk AL, AREATHR A RN A B AR R, RIS TR AR
FRAGRE . TRARTRE) . FRARE . R E S A b ) 4 B % (States of Charge, SOC).

2. REFEIKRFRRESHFIR, iLF K& 116024;

AEB BN Y SOCHF 6 MARKBATHAL, LB IEATHR A THEAX14.6%~27.6%.
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hE 45 ES:TKY

H 4E [ Br BE R HLA4 (International Energy Agency,
IEA) A& A iy (CHH: g 6 28 ) 51 o s afias ]
TEE A RBIRIAAR S P 5 3T 1/3 W LB, 249 o5 Aol
FHAR T B3 — A AR HE R 19 15%. DRI, I8 i 2
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UrAt ol Hpal & R, iR 5 — 14 1k (Building
Integrated Photovoltaics, BIPV) il # £ K 1) 4 W & J&
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AT B, FEAE— 2 SR T I ah s FER B A
K EH T M ALK (Photovoltaic, PV), BIPV
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T ZARFAARLIE ALY, Il MATLAB
() fmincon PRFICK fift . WFFE R IN, TEINVAHF T, &
A B 25 48 B8 ARORE Fi 0, T 7 ARG 7 AT 2 il 1
faf 1 0T, R GE MO BE R, PTLASEI A 45 A 2 -
Curpek SFEPAl T 48 B0 $A Gk 8 4L AR 1) XU = Gexd
A R W iy M 3 A S T e A B, AE K PH RE AR T 1T
BAREAHAS AT BB T R BH BB AR 1Y T AR IR EE, TG
HAE TE AP KBRS 5 B0 B o 103 o AT 45 A 550
BT — i W AR ST A A AR AR it RE A 5 A R, LT
B T 2L 2R A RE A5 AR AR 5 G
BHEIAGE i A7 A A PSR HL AT VB A 1) 1 FH T 5

DL 25 5% 52 B8 5 2UFE BIPV s SR R 4 b %
%A FEAE R YR IE B — > H 23 38 K #45 . Huang
SN B S e B, i T OK BH g 3K 3l 25 SOUE AR (Air
Source Heat Pump, ASHP), J- # it i £7 76 AH 25 b4 R}
P EAT b A O A ZE A B, AT DA e Y TR R R
JEAR BRI IR . FH SEAREFUIER H T T S f
(A BE 2R 5872 T R AR AL S W, LAl el XA M iF 5T
X4, VIR AL s it fid e 22 G0 ) W 3 AR 50U HAR, &
PROCAL 5 Rl el X B A R i I S A 5 OR, HAR
W FE R 2R KT T 1534.8 CNY, Xu £ K
FHEEGAR ¥ FE 5 ¥ ABEAA i B R A S &, DF9E 3R,
LA AE S PV ML S I, BAETTE T 30.20% 1Y
HL T AR

7 8B HL AR E TR T, BIPV R G800 W] #if
A e VR O I kAR, S SO0 T R e R .
Bravo 5513 4 Y 3 2ok ¢ P A PGE KU S 23 SO R S8
(Heating, Ventilation and Air Conditioning, HVAC) &
I X5 BIPV it i 0 19 A &k, 38 i 4% 1 HVAC, 7]
DATE PRAG &7 15 A [A] A, 9 /0 o ¥4 2 4 v IO i o T oK
ik 60%. Wang 55 5R BN T8 28 9 % (Artificial
Neural Network, ANN) $ il @2 55 1 i) K BHRE G AR L4
%2 31— {1k (Building-Integrated Photovoltaic-Thermal,
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Zhao FEUSV B T 0 [ — A S AR 2 M e,
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BTN o A5 R, TR AR A i AE AL,
BIPV $55% AJ L ], {58 F b A7 i 1) B AS T 3 aok
MFTHL T S5 T T E R AME

IR B R A A A BRI, PR
T LI T, (H, 15 SE R AE RE B A A A S A

PRl i i RE 2 A L S AT P A S S R, i
AR, [ N Ah R O 1 e T SR PR Y
Fl P 2 K i BE Y, ik = sl i 1 Ve AR,
K BH fE & HL 45 67T 9 DC IC R B2, A7 800 B AR 3
— AR RE R SR AT A . HLRE AR RE T LUAH B
e, Y06 DR EH A T F AR RE VR ™ A= Y HLRE I H B
iy IR, T ) L At B 4 A B B P ) 8O0 2 A
4 L BB A M IABE HEAT 6347 o X b A 5 A 5[] 1 H]
B T RETR A AR T, R SR E VR N
FH T B2 S, 5 L RE P RO TLaa 1T, RERE A AL
M52 BRI B AT S5 A, B v el SR BE VR R SR fE
WM ZTHE.

RS T 1 2 2R A BOR Y, B iR &
FL R BE 28 0 B i, (EL AN ik 26 1R 55 i ST E
FE R A LOARANGSE &, 58 B = 2% 0 e IR A
FSATT LY, TR IRAM T B . Pk, ASCBT
T —ERE TR — R - RE R 4L,
i F AR ZR G g ) BEAT B . B0, AT
TELHLAHRE NS A RE . AR RGACIRE AL
HERR L, 25 A 2 AR ME R, BB E
VR, FE o ISR AR A PR (04 ) - A 7
A RE YOI E B BRI N RE ST, TOBIR %
HL A K R, SRR R 1Y HL D R T R B A 4 A
HL; [F AR T SR A V& IO T 9 EE S . R e LA
HIHT BE VR 24 25 77 1T, % R G AL BE B A & R 4E
AR GEIEM T2 8 REIR R 5 REIE iR B
YER . s RE S e A RE BRI Uiz 17, BE L& BE
F18 4 1] SR, T L S A A0 S R R 9 % T R A
g R AR RGBS AT . A SRRk
AEDT SR, AU, T JCAERE . PR L ARRE . A% /4R
il BRI ] B P 5 P it B R /A BB 4 F R S8 1Y 22 4F
IBATIERE, FRAS G o i B, L [R] N C B LB RE A/
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1128 dw/ N9 B bR R 8 TR OR A TR 04 ik i) 25
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FETICARER IR b - PO R R A &
TR B IR IR R b Ag Be B AR, H TIL

Electric
energy

AT AR RE DR AR AR S BB FE . DR RS2
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AN S 2 A A UL MR BRI . 2 AR L REAE A T
M, SR U R Bl i M A s SE . ARG
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Fig. 1 Energy supply framework of battery-heat pump energy storage system based on BIPV
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Fig. 2 Schematic diagram of a battery-heat pump energy storage system based on BIPV
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Simulation Program, TRNSYS) 15 .- {5 #t 37 {5 EL A5
B, {1 7 METEONORM “ G $Hi e rh ik 22w X
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10 H 2= 12 HULKRKRAE T H & 4 1, 53 50 X5 B
6500~8760 h Lk }z 0~2880 h; ¥ Z=mf 8] Ky 6 H &
8 1, Bl 4000~5760 h. 7 3C Yy & 30 25 &1 O BIPV
g 5, T/EH & #G4) B [ A 0:00~8:00 &
17:00~24:00, fE3U sf [] D) 4 R 4l ¥4 sl il #4 ofll Bl 14
PR S3 3 18 °C #l 26 G, &K 2 h, ¥ 53
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Fig. 3 Hourly outdoor temperature curves in Frankfurt
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Fig. 4 Hourly solar radiant exitance curves in Frankfurt
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PEAT A I, i T SketchUP %4 P 1) OpenStudio i
TS A HUAEA . 8 TRNBuild 47 8 SR 40
MG Hr . SR 5 B, RS NPZE,
3B lal, Bl B4 00 3. 4 m Al 4 m, S AR I
BUA 144 m?, BATR 480 m’. #5042 4F 3 B 18 /4R
FfFUNEL 6 J, SRR T i BIAE 4939 h, 3674 W,
B KA HHELTE 91 h, 4 6450 W, & ST
BRI LR RE 1l 4 FF NIRRT . M LA T
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Fig. 5 Model diagram of BIPV
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pump load-side — 17 if loadheat > Oa Ttank > Tset-low

pumpyqgge = 1
pump,;. g4 =1
ASHP;.. =1
pump,,,q g4 =0
else { pump, 4 =0
ASHP,.. =0

else if loadheat > 09 Ttank < Tset-low

if loadye, <0

Q)

pump e =1, if 10adeoor > 0, Tiank < Ternigh
pump, ;g g = 1
pump,;, g =1
ASHP,,, =1
pump,,q e =0
else ¢« pump,; 4. =0

ASHP., =0

else if loadcool > 09 Ttank > Tset-high

if load,,, <0

2
Ferh, loadeoors 10adyes 73T L AT, kW5 Toerion
T secnign 53" 1) 28 705 1 B T8 1180 7K A e AR IR 2 R A ¥
I B KA e i, °C; Tome AKARIRIE, C;
pump,,e. = Iv pump_gq. = 1 39 27 17 4 il 7K 2R
THIE . 2SR FEIFIE s ASHPy, = 1. ASHPq = 1
oy o O OTT R L R W% IT R
PUMPy ge = O~ pump,, g = 0 7351 F 718 97 ) 7K 52
KM 2 MK K] ASHPy, =0y ASHP = 0
I3 R IR FROC AT | PRV DG

RIS A TR LA By

Pyipy > 0, Pasnp 2 0,

o] Pouitging =0
P =P + Pgipvegria » 1f ucme
ey ASHP T BIPV-gr Pyipy > Pasnp +Pouiding
S <0.9
Pyipv = Pasup + Pripvs + Pripvegia»  else if S(¢) > 0.9

(€))
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PBIPV > 0’ PASHP > 09
Puyitging = 0,

9
Prpy < Pasap + Pouilding

S@)>0.1

Pypy = Pyspp + Pg, if

Pripy = Pasup + Pyig, elseif S(r) <0.1

4)
Hrr, Popy AR EHRIIE, KW, Pasip F78 TR
HKiBITUIR, KW;  Pjiding R S AR A B AT TR
kW; S () & ¢ BF 21 E s B iR A, kKW-h; Popvs N
TR 25 & i TR T, kW; Pyipy_gria SREAR LM
A, kW Py N E AL IR, kW Pyg 7 L R4
HLIIR, kW,
2201 RAEEBIMLK N T HEAFHIE R K

SAEVE R TR, AR SCBETT £ GE i 3 B R A 4
BIPV 4, =X ENA L L E R, A&
BIPV AU HAE B 7R . DU TRDRIZR © V5 )= T,
SN 1972 m2, BIPV S804 1 iR, =8
RGN 1 7Y, AT 5 R A S e R A
T BRI 225 TR B 4 2R 28 Fa R ARG i Bk,
B FA S LA il 30k 7.40 kW, e i3 &2
6.6 kW, ML SN 2 fros . 1EBETTHE )
XL, N R AT Al Ny 1) g AR T SRR 2 h iy B AR,
WEE b I N 90% B, HOB R4 10% Ay H
i M AR LA HI T 2 7.4 kW, F A ik
$H 10 kW-h,

# 1 BIPV AlS5

Table I BIPV component parameters

Absorptance of  Emissivity of Channel Channel Back resistance/  Reference PV Reference Reference radiation/
PV surface/% PV surface/%  emissivity-top/%  emissivity-bottom/% (h'm?-K-kJ™") efficiency/%  temperature/C (kJ'h''m™)
0.8 0.9 0.9 0.9 1 0.12 25 3600

*2 ERBEAESH

Table 2  Air source heat pump parameters

Rated heating Rated heating Rated cooling Rated cooling
capacity/kW power/kW capacity/kW power/kW
7.40 3.35 6.66 2.25

222 45 AMA TRNSYS H {45t fy B AR A W & 7
R, D5 EAH RN 8 760 h, f5 LA AR A 0.125 he
R G0 TR AR W, TRNSY'S #AEF -
2.3 EIHE

R FE 431 W L BE 5 98 /A R B R I ) T
I3, ARSCHE SeEH X ICAERE . BAA AAGERE . E A H i
AE . [ B T V8 A RE RN LA fiE 4 b 7S 0 BEA T4,
ROCTRIAR S TB 1, Tad 2, 0L 3 FI T 4, il fig
FE LA S 2R FHARAB AT 1L, 20 B 56 T AR 30— 1R 4k
1) Lt - AR A R R L MEfE

AR IR A N
5 1 \Y
c=c, U, 5)
(I+) -1
Cj = Sbjpvcpv + Ebe +thChp (6)

Hrh, ¢, NRGIMAESR, EUR; C; ARG A1)
Bz M, T (6) Bi5E, EUR; 7/ M AIRE T TN
TR AR R R R R, B 0.08; Y A HERE R G B0k ]
FFA, ARSCHL10; Co N RGAFIEIT T, EUR; Sy

9 BIPVAAF A, m% E, H&EHMA&E, kWh; R,
N PE ML E R, kW, C,, i BIPV 40484
T AL A%, EUR/m?; G, R & HL Tt B L 25 6 A0 4,
EUR/(KW-h); Cy, i #IE B il A A A%, EUR/KW;
T2 L A AL R KRNI TS ) 4% 0 2R A
3w

AR SRR B EE SN ] BIPV 2251, [ PV 4k
HL R A & A AT B =X, A AR 44
TR D, (KT 6000 kKW -h, $% 214 1l B 5 6
FAEAAY 03055 EUR/(KW-h), RIE 4 F T T R4
AERBAERY T HALAL, KA RGLTE 4 B T T a7y
SAERERE, S AT £ T oL AR LR L. I
BT AR, Ik 4 fiR . X T 15 T
B3 MBS, BT T 3 e B KRR S, B b T DL
PR AE A GAR Al £, JRAE B 7 A L B 75 oK EDBAR
K HLAS 2 I B L Rh T, PR AR S AT B HH KR R
I, BEAIK T EUR 375, $KTM, H T FELAf BB 18 45 1 1 ik
A, FHAAE TR IR, MK T EUR 77, Xt
LT 15T 2 IO, Bl &R ARG, 2
SR & AN, AR IS AT 2 A T . TR
BF, BT A & G0 2SR AS B 1 it B e 0 RS2 BV /
Pitiae, Y A B HA — IR R, 7T DR i
REAN 0T 38 AT B2 H T I PSR Pl T v s R i A
FERFU, TR BIME R R AR %, LA RS
AR RE T RIG w4 5%, AL, AR S AME g A T
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s - L Integral R
| ‘, & i
i Pump-load-side e
: Pump-air-side Summer :
¥ é S & "
1:' Loads h ¥
 § : M - ‘ﬁ Winter
: ir . I Load reading
: ﬁ Tank i wd— R ¥
1 = _________ _‘ ______ +_ N 1
H ASHP Fy ) Y [P - :
] _ ) :
- o
= » e Equa-2
i & Building
: @ T sp A,
Sb. B —— ) Inverter
BIPV Equa-3 | i 4
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Buy electricity Output

Charge control
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Fig. 7 Schematic diagram of a battery-heat pump energy storage system based on BIPV
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Table 3 Initial investment in major equipment
Fluctuating Fluctuating Fluctuating
Capacity/ Capacity/ Pre-subsidy Post-subsidy
Equipment cost/ cost/ cost/ Capacity/m?
kW (kW-h) cost/EUR cost/EUR
(EURkW™) (EUR'm?) (EUR-kWh™)
ASHP 500 7.40 3700 1850
BIPV 204 197.2 40446 24202
Battery 200 10 2000 2000
* 4 AFERERTIBITERNT L

THI, XA IE T A L S — Gk RE DT R IR A,
TEAFUREIR R G [ I AC 0% . P, LIRS i RE T X

Table 4 Comparison of operating results of different energy
storage systems

Initial Annual Annual Annual Annual
nitial
. electricity ~ on-grid  operating  value of the
Case  investment/
EUR purchase/  power/ cost/ expense/
(kW-h) (kW-h) EUR EUR

1 28052 4642 12937 306 4487

2 28052 4564 12723 300 4481

3 30052 2914 11152 -69 4410

4 30052 2864 11023 -73 4405

F%, R T EUR 6, @i X b Tt 2, T 3 A1
B 4, FER A BB L 0 EAERERI B L T, T
P HABRRERISE AR, O 2 896K K i aT LR At

FE R P i RE BI04 /4 BE T LB i v s S RO
BB RGN ATk

3 MRUItE

3.1 E=HIRERAAL
TEZRGE P NAS A 35 i SR, LA 2 R AT

Piparee = 10 kW, if SOC < SOCy, Time = Timeofpea

Pcharge = 0, else
O
Horfr, SOC R L it 52 R Ay L At s SOC,, /n it
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SE FEHL T Ax L B Time 7RI, by Time,qpeqe 75785
B HETEE, By Poge 2R AL TR, kKW,
32 MRUBERNA

Genopt 3K {4 J& F£ F Java 2 15 & WG AL B1F,
£ Genopt A4 a] LA B[R] 9 DL ARS8 1, AR5 7E
Genopt AL H13%#E Hook-Jeeves 4.7 . Coordinate
Search %4 7% Fl Hybrid Global .1, 352 il A 78 & (1
T H bR pREC B 22, 181 TRNOPT #5552 i 45
JEATHT, i i s
33 BIREH

AR SCHE ) B bR RO e /NE T, R 5
BT ARUT:

C, = Z(Ci X Egriqi — Py X Eeir.i) ®

Hofr, ¢, B R GI247 5, BUR; € g 92 mb i i,
EUR/(KW h); E,ua, 24 HL I S B4R 5, KWoh; Py W
SEit R HLAY, 430K 0.086 EUR/KW h); En N5
GLSLT SR, KW-ho

5 HE AR BORE AT R 1 K T 40 531k
Xt RGER R, AR ELHR H G it R, 53 e
FM 5 PR,

#5 AN R
Table 5 Time-sharing tariff

Real-time electricity ~ Feed-in tariff/

Time period Time
price/(EUR- kW "-h™") (EUR-kW"-h")

Peak period I 6:00—16:00 0.5265 0.086
Peak period T 16:00—21:00 0.5392 0.086
Off-peak period 21:00—Next 6:00 0.4173 0.086

34 MUSHEHIE

A SCEE X RGE 6 DS EGHEAT AL, £ 45 Pl Ak
BF ] . TP B2 . TV I R] L TV R L R
A P s o 1 e e N i i P )
12, 73 93l % FH % Hook-Jeeves 4.1 . Coordinate Search
% B Hybrid Global Hiyk X HiHEAT Sk, #4128

Z IR, B, AU P — S BT IE I R 5
IbF I AEBATIRAS, HA 25 B0 S B0R B0 FC P A
ek sl RA T RS HL E .
35 AFREH
351 MMOE)BEMIER  NFEMREZFER
ENEFEJE, WA SR RN 24 °C, TR SR E
BER 20 °Co bR A T AL R 2ok vy 1 FO0VA TR T 2
M 2P, PR AR TR B 2 O 16 °C, S Tid
MR 28 Co
352 MACH) ey R OER R R
R 3%, A (V8 ) Bsf 8] 7 36 78 6 PR & A s W 30, AR
SOV B R (V) B[] R 12:00, HLASHR 17:00 FF
TR A 1 2 B (V) B i)
353 wshaekcwEaiie SEMIEE
BTt 2% 70 F T A o T AR R D SE A A LAY L
1], 40 FE F TR A B A = o 0.9, JR KR 0.1,
3.6 SRERRKRSH

T (VA ) B[] R R DA K Fi s 25 1 A P AL 45
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Table 6 Comparison of parameters and operating costs before and after optimization under different algorithms

Preheating Precooling Battery valley Bartery valley
Preheating Precooling Operating ~ Reduction
Algorithm temperature/ temperature/ charging SOC charging SOC
time time cost /EUR ratio/%
C C in the heating season  in the cooling season
Before optimization 16: 00 20.00 16: 00 24.00 — — 390.8 —

Hook-Jeeves 17: 00 18.00 14: 30 20.00 0.32 0.1 333.8 14.6
Coordinate Search 17: 00 17.06 14: 30 20.00 0.28 0.1 3335 14.7
Hybrid Global 12: 00 24.00 15: 04 20.06 0.34 0.1 282.8 27.6
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Table 7 Comparison of output parameters on typical winter days before and after optimization
Off-peak electricity Peak electricity Electricity Income from Operating  Initial available =~ Remaining available
Situation purchase quantity/ ~ purchase quantity/  purchase electricity sales/ cost/ battery power/  power of the battery/
(kW+h) (kW+h) cost/EUR EUR EUR (kW+h) (kW+h)
Before optimization 18.321 19.372 18.024 0 18.024 0 0
After optimization 21.375 14.880 16.904 0 16.904 2.729 2.667
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Table 8 Comparisons of output parameters on typical summer days before and after optimization

Off-peak electricity ~ Peak electricity Electricity Income from  Operating  Initial available =~ Remaining available
Situation purchase quantity/  purchase quantity/ purchase cost/ electricity sale/ cost/ battery power/ power of the
(kW+h) (kW-h) EUR EUR EUR (kW+h) battery/(kW-h)
Before optimization 1.857 0 0.775 6.139 —5.364 1.379 2.420
After optimization 0 0 0 6.301 —6.301 5.060 4.960
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Performance and Operation Strategy Optimization of Battery-Heat
Pump Energy Storage System Based on Building Integrated Photovoltaic

DAI Lanhua'?, LI Zhenwei!, DONG Ming?, HUO lJiajing', GU Siwen'?, JIANG Xiaoyan', YANG He’
(1. School of Photoelectric Engineering, Changzhou Institute of Technology, Changzhou 213032, Jiangsu, China;
2. School of Energy and Power Engineering, Dalian University of Technology, Dalian 116024, Liaoning, China;
3. School of Chemical Engineering, Dalian University of Technology, Dalian 116024, Liaoning, China)

Abstract: A battery-heat pump energy storage system based on Building Integrated Photovoltaic(BIPV) is
designed in this paper. A heat pump system is used to preheat or precool the room to achieve cool/heat energy storage
and batteries are used to achieve electrical energy storage. The BIPV, batteries, and air source heat pump are combined
in this system to achieve comprehensive energy utilization. Based on the conversion of electrical and thermal energy,
the operating cost of the system can be reduced by improving the matching between solar power generation and load
utilization. The annual operation performances of four systems are simulated. The results show that the system with
both electric and cool/heat energy storage is the most economical, with saving EUR 379 in operating costs per year. In
order to obtain the optimal control parameters of the system, the control strategy based on time-sharing tariffs is carried
out using a variety of optimization algorithms. Six parameters are selected for optimization, including preheating time,
preheating temperature, precooling time, precooling temperature, battery valley charging SOC in the heating season,
and the battery valley charging SOC in the cooling season. The minimum annual operating cost is used as the objective
function. The results show that the annual operating cost after optimization can be reduced by 14.6%—27.6% compared
with the pre-optimization. The energy storage system comprehensively utilizes various clean energy sources and can
achieve coordinated operation between photovoltaic power generation, batteries, and air source heat pumps, which has
broad application prospects in the field of building energy conservation.

Key words: BIPV; electrical energy storage; cold/heat energy storage; TRNSY'S; optimization
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