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SUMMARY

Solar energy is unlimited clean resource without any environmental pollution.
However, there are some disadvantages that it has low energy density and
dependent on weather conditions. Therefore, the study for obtaining an economic
value through efficiency improvement is necessary. Our country has very good
advantages on using the solar energy because of receiving the sufficient sun
energy due to the geographical position and seasonal weather conditions. The
development of technology for the utilization of solar radiation as an alternative
energy 1s very important for the use in agricultural industry as an agricultural
energy source. Thus, the objective of this study was to develop the complex
cogeneration system with CPV solar cell (CPV/T) for utilization of greenhouse

heating. The results were obtained as follows:

1. Development for the complex cogeneration system with CPV solar cell (PV/T)
of lab scale

In this study, experiments were conducted with four methods, and
experimental results were compared and analyzed with investigating elements
affecting on the efficiency. (1) The high concentrating solar collecting system
was constructed with fresnel lens of SOG type. Analysis of efficiency
characteristics were carried out through experiments with varying temperature
and mass flow rate of heating medium. (2) The complex cogeneration system
(CPV/T) which produces simultaneously heat and electricity were constructed
with fixing CPV cell over the solar concentrating absorber. Efficiency of
complex cogeneration system was analyzed, and the reasons that its efficiency is
higher than that of solar collecting system were investigated. (3) The module of
CPV solar cell with heat sink was constructed using fresnel lens of SOG type
as solar concentrator, and its efficiency on producing electricity was compared
with that of complex cogeneration system. (4) Heat transfer relationships
between heating medium and absorbers of solar collecting system and complex
cogeneration system (CPV/T) were investigated with CFD analysis, and their

results were verified by comparing with experimental results.
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(1)

(2)

3)

(4)

Solar collecting system showed that the mass flow rate of 2¢/min had the
highest efficiency. It was known that greater temperature of heating medium
and temperature difference between ambient and heating medium had more
heat loss with lowering the efficiency. Also, it was showed that increased
mass flow rate induced the greater slop of efficiency equation, and
insulation state of absorber and wind shield influenced on the efficiency.
Heat collecting efficiency of complex cogeneration system was similar with
that of solar collecting system. Efficiency for electricity production was
greatly influenced by CPV cell temperature. Sum of efficiency for heat
collection and electricity production of complex cogeneration system was
greater than single heat collection efficiency of solar collecting system.
Elements affecting on efficiency of CPV module are cell temperature, solar
irradiation, concentration ratio, solar incident angle, etc. The most affecting
element on efficiency is the use of the second lens. If solar concentration is
made perfectly at the CPV cell region, the complex cogeneration system of
high efficiency can be manufactured without using the second lens.

It was investigated that the most affecting elements on efficiency were
thermal conductivity of insulation material and ambient air temperature
around absorber through CFD analysis. Also, it was verified that summing
efficiency for heat collection and electricity production of complex
cogeneration system was greater than single heat collection efficiency of

solar collecting system.

2. Development for the complex cogeneration system with CPV solar cell (CPV/T)

of multi modules

In this study, multi-module cogeneration solar system with SOG Fresnel lens,

CPV cell, solar tracker, and storage tank was constructed for the analysis of

performance characteristics. The results of this study were summarized as

follow;
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(1) The experiments were performed for flow rate of 3¢ /min to 7¢/min during
the daylight period from 10:00am - 5:00pm, and it was observed that
thermal and electrical efficiencies for 6 ¢ /min were 61% and 25%, and also
the aggregated collector efficiency was 86%. Thus, the flow rate value of 6
¢ /min showed the highest efficiency as compared with other flow rates.

(2) If the collector inlet temperature increases regardless with flow rate, the
temperature difference between the surrounding air and heating medium will
be increased, and thus the heat loss is increased and lead to decrease in
collector efficiency.

(3) The CPV cell used in this study shows electric power which is increased
with the increasing rate of in solar radiation and decreased with increase in
temperature of solar cell.

(4) The efficiency of the CPV cell can be increased by the flow rate with high
thermal efficiency, and if the thermal efficiency 1is significant, the
temperature of solar collecting area will be lower, so the efficiency of the

CPV cell will be increased.

3. Site experiment of the greenhouse heating with complex cogeneration system

(CPV/T) of multi modules

Electricity and heat produced from complex cogeneration system (PV/T) are stored
in the batteries and storage tank respectively. Electricity produced from complex
cogeneration system (PV/T) is used in the operation of system such as pumps,
solar tracker, and auxiliary heater in storage tank, etc. Heat stored in storage
tank 1s used for heating of greenhouse through the circulation of heating medium
inside heat exchangers. In this study, site experiments for greenhouse heating
with using the complex cogeneration system (PV/T) were carried out a period of
eight weeks from February to April of 2015. Also an economic analysis of the
complex cogeneration system (PV/T) was conducted in comparison with utilization
of ol in greenhouse heating. The results of this study were summarized as

follow;
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(1)

(2)

During the whole period of experiment, the temperature of heat storage
medium in the thermal storage thank is generally kept between 45°C and
55°C.

The results showed that the air temperature inside greenhouse maintains
well between 10 °C and 15°C during heating of night time, even though the
outside air temperature 1s lowered such as bellow zero.

(3) The relative humidity inside greenhouse presented generally to below 60% at

(4)

()

night during the period of experiment from 21 to 28 March, but it was
raised by 80% between 19 March and 20 April.

When grid-connected solar cogeneration system for greenhouse heating
was operated, it appeared to economically very good. In addition, the
profitability of the stand-alone system is relatively low in comparison with
grid—-connected solar cogeneration system.

In this study, low oil price in recent had been considered for economic
analysis. But if oil price is raised, it is noticed that the economic feasibility
of solar cogeneration system for greenhouse heating proves to be better
option.
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[ 1-3] Data logger®} &=A1A A}k

T Measurement range Accuracy H| 31
Data Logger B . +(0.05% of rdg K-type A ™M#AZE
(GL80O) HO=To=1570¢ 1) ALEA]
_ T ol AF N
RTD(PTI00Q) | 20C U]]Uf 60C 1 1015000210 DIN437ZO Class

(W) LAt =H (Pyranometer: A 3 A AMA])

Pyranometer:= Middleton SolarAl¢] EQO8 R & & Bk F2 7)o F-2alo] HA
W AGdrFS FAHs =S 5h9lem, Data loggers UH[QMA] 2=l KL-200<
AFE3FITE Pyranometer®  A}FS  irradiation  0-4000W/m?  spectral range
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A747H0)=90" —21%7Ha)  [1-6]
LSTM=15" « AT p [1-7]

714 LSTM & AW EFA A2 A (Local Standard Time Meridian), ATy, ,+
GMTSF AAILT @ Local Time)¢Fe] zko] Al3tolt}. A1 274 21 (EoT : Equation
of Time)> A7-#lk=e] AAH} AF52 7&7]15 BAG = 4oz 2[1-8]%
2[3-91= AH&3kA

FoT=9.87sin(2B)—7.53cos(B) — 1.5sin(B) [1-8]
B=-—""(n—81) [1-9]

o714 ne& AFdolth. AR AA S (Time Correction Factor @ TC)v= Foixl
A ol A A= wste] mE A FANLST)S] ®M3tE Hetstr] A3 Aoz
2[1-10]& AF&3te] Alabstdar, AW el FA(LST : Local Solar Time)& 2)[1-11]
= Abgste] Aldsilon, AW EANE AER wWEshs AR =(HRA Hour
Angle)= A[1-12]15 AH&skltt.

TC= 4 (Longitude — LSTM) + EoT [1-10]

LST= LT+ 1o [1-11]
60
HRA=15° (LST—12) [1-12]

Aot AFFHORZTE HE SHAMAE dAH0RE AZ4% Ao 4wz A
TA Sl 23571l A A7l o A
(declination angle)< 7-3t7] 9134+ 2[3-13]& Ab&atlon, FPHOERH =
Ak B Folo w2l a1 %EZh(elevation angle) 2][3-14]= 7

o 24 AAel $lmoth
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[¥ 1-6] Themal grease property

Thermal conductivity 4.3W/mK

Temperature range -45C to 200C
Viscosity 320 poise

Thermal resistance 0.75C/W

(3) BEFA =" CPV A 2 BEs +4

CPV A& EMCOREAM CTJ(Concentrating Triple-Junction) Photovoltaic
10mm>10mm Cell& 8] 7] wvlolsjx tho]o =& EFAA XYk AFS Al
Sstgom AxAANA AFets A F oAgAEZ Y AYH 5L [% 3-7], [%

3-8], [ 3-9]3% 2t

[ 1-7] Nominal temperature coefficients at 50 mW/cm?

Parameter Absolute, 10T to 100C Range Relative, at 25C
Efficiency -0.04 | absolute %/TC -1080 PPM/C
Vmp -45 | milliVolts/C -1610 PPM/C
Jmp 47 | milliamps/cm2/C 570 PPM/C
g%sponswny@v 77 | x10° Amps/Watt/C 570 | PPM/C

[ 1-8] Typical current-voltage parameters at 50mW/cm? 25T

Parameter Value at 25C 50mW/cm?
Efficiency (%) 385

Isc (Amps) 7.06

Imp (Amps) 6.92

Voc (Volts) 3.15

Vmp (Volts) 2.75

[3£ 1-9] CTJ receiver assembly specification

Typical efficiency 37%, 25°C, AM1.5, 100 mW/cm?

Cell active area 1.012 cm?
Direct-bond-copper, A1203 substrate with Au/ Ni

Substrate surface plating(copper thickness 0.3 mm A1-03 thickness
0.38 mm)

Bypass diode 15A Schottky

Dporaiing ~40°C to 100C

Max. temperature 180°C

87Nl Ao [9 18] o] 48 2892 wiXslglen mE A& APz A4}
of oF 24Vel Aste]l =9 =& = JUES s3la, Ao A A= Zdd=e =

AAE 300mmET 255mm 7S A AFEE Fo] FAIEE WA o]
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10mm=10mm7} ¥ =% stom, Zale] Az ZAZe] F2E Imm AN E 7}
A= 238 2Ase] 249 99 A= ADEA %

+,008 -
[1115 002}

000000000000000000 (O

+0.20
-0.05
+008]
FT..002

000000000000000)

[2" 1-8] CPV oAl =2 72 % 4 74 %

=

f
)
>
[
jutit)
lo
2
s
B

F 54 2 asAit
F =42 PROVA InstrumentsAl?] PROVA 210 solar module
analyzers ARE3sto] 7St G2 d R/, HAAY, ANAdF, HANAE, SHEFEF

: Fill Factor)E =A3dth =AM oA e AUrE= [E 3-10138 2o, solar
module analyzer®] &4 93+ [1¥ 3-9]¢F #th

[3£ 1-10] Solar module analyzer property

Measurement Range Resolution Accuracy

DC Voltage 0710V 0.001V +1%+(1% of Vopen *0.1V)
10760V 0.01V +1%+(1% of Vopen 0.1V)

DC Current 0.01710A 1mA +1%+(1% of Ishort +9mA)
10712A 10mA +1%+(1% of Ishort +0.09A)

‘ —x-c’W?;1
Ii@

[Z2¥ 3-9] Solar module analyser
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[2¥] 1-10] CPV BE&

QuiHon BFAA e WHe] FANAL WES FAHY mdol Fadth

(Christiana Honsberg, Stuart Bowden, 2006). ¥ A]2elo]qd Alg&3 Aol i &
TEe 282‘701] %Jﬂr@}ﬂr(?}%@n

2010). WA BE A Ao 9ol &e 7
T8 fAh 8AES SIS ndste] A

[deal performance for solar resource 100%

o6%
Imperfect optics 89%

First reflection loss

second reflection loss 89%
second optics loss B4%

Cell nonuniform illumination
Cell temperature

Cell spectrum

Cell stringing

Resistance of wiring
Tracker misalignment

Electricity out

[29 1-11] &w¥bZ <l CPV ZE9 &4

ko
ro,

(2) CPV BE9 A T4

SOG ¢ Zgdal=2 AL&3t o 240mm*x240mm =719 A= 16747} &)
ueo] Aakfrel Fael FAE 722 FF Wde 09216m7el™ 2H A 256mm
ol t}.

o5
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T +—— Primary lens

JJH JM

Secondary lens
_|7 (Light pipe)

Triple junction cell

Metal PCB
Iiiiiiiiiiiii Heat spreader

[ 1-12] CPV A3 o] &3 3 2 A= 7%

‘7

11&

10mm*e] Aol AstatAl FFA7]7] &) 19 3-117 o] BK7 Ade] 2
A =g BAsgch 23 d2e] 27)= 9o 20mmx20mme] 3 ofH e Ale]
A719F FY3d 10mm*10mmel™ o] 30mmeo] .
CPV Ao #A4L& E3A 2"} FA3A Emcore AFe] CTJ Receiver_10mmE
Abgstdom 1670 AS [ 1-13]9 o] 5 AEdw ddste] oF 48Ve d
ol A skt

3}
AN

T il I

m
o
=
O
"U
nm
4
o
e
N
I
e
=
o
4
PN

% a4

Jo

2. CFD% ol 8¢ dulAl 2§53 Fuel o

CFD a14S 9l ANSYS(v.13, ANSYS Inc., USA) ZZ13 F DesignModeler
m2a9g o4 SR Ae tAUeL Meshing T2 & o] &3ke] AAE
W35 00, Fluent T2 13- o3kl )4 e APst ¥ 1 Avkg YAl
mastel @) By R Astel 4Rye AT
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=
[e)

15mm=z dAsgoen, g4 714 dAe] AT st =& hexahedron PO =
o
-

TAEA Bl

| AAE 293 A AA S inflation 7] & oY sizing
S AMgstd Axbel T

7]
29 gou Ao Aol Wold HgsA 2

a

@i&,@ eI 1300}

Hlioanin

=

[29] 1-15] AAF AA

Aol node= 1,199,7217F°] ¥ elements+ 1,157,0367] ©]t}. 2 1L3% A (orthogonal

quality)2 0F-E 14}old oz 1o 7M7e4E £ 45 ousiy A=
(skewness)= OF-H 19 S 7FAW 09 7Me4s €2 #4245 Yepged &2
o

_%

=
A rde] ALE AA A7 $WA (hexahedron)® T4 & o] T

[e)

o

]

Kl
o

fass
2

0999 #& 7HAM MdA == 320E-020.8 AxFAe] wg 5S4 5 9l
t}.
[3 1-11] Mesh quality
S = Skewness Orthogonal quality
Min 1.31E-10 9.64E-02
Max 0.99 1
Average 3.20E-02 0.99
Standard deviation 0.105 5.03E-02
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Zt @4 57 93] 2 (equivalent thermal circuit)® %3 3 2[1-29]
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_75_



B oA mhe] WA AL URelA SRR @4% Fhgom A47e WAL

Ay, Ay, Ay, A EF 7HA A A[1-28]2 b2 2ol s 4 gt

To1— Ty 3

U = T A+ (Ly g Ay) + (LylhpAy) & (U A, [1-33]

Al1-2618 FHLADAS dow gdsty A[1-3419 Ze]

- Too,g) [1*34]

[1-35]

U= W)+ A, Ly Sk Ay) F A, (L hpdy) + A, (1 Iy A,)

i
r}o
m
m\m
_IZ
”?
..b
é
_IZi
OFO
_0|L
_EL
o}n}lt

m&‘ﬁ

m&

r_>4_

mXL

é

m{o%-l%

A A HAGAFE 73 F A[1-30]7F Newtond] Wz = &2
2 Fa GdA ZHAAY dFEddEAT(h)E 73 s A[1-36]7 Fourier®]
Ha F2A A1-37]S 5712 53 dEAY A=EdAGAT(kp)E F3ATE @

Aol d=dAdeAThy)E T o] 92 T2 B2 ddde= 4[1-38l=
&

_76_



e Y V) [1-38]
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g ik Az FAAY AAFGH e HA
o gddAe dAE st P (feature)® S FFH
JAe 7zt

Outlet

| Cancentration-8 |

| Cancentration-7 |

| Concentration-6 |

l Concentration-5 |

I Concentration-2 I

| Caoneentration=3 |

| -Concen_tration*il |

| Concertration-1 |

|

s

75.00

(18 1-56] =l x99 &)X o

Copper-1

15000

225.00

Insulator
¢

300.00 (mm)

o:]@_iﬂ

ol

[3% 1-1713 ).

Aol 483t A5 EFHY AL [® 1-16] E
[3 1-16] Cell zone condition
) : 3 Cp(Specific Thermal

Material | Densitykg/m) | o7 - K) | conductivity(W/m - K) | Remark
Water Liquid 91 4179 0634 Reference
Air 1.225 1006.43 0.0242 Default
Copper 978 331 3876 “
Insulator 40 1210 0.39 Measurement
Rubber 1100 2010 0.13 Reference
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[3% 1-17] Boundary Condition

Zone name Type Boundary condition Remark
Inlet Velocity | - % : w‘-’r%k/“%“d@
inlet |- Y725 SA#
Outlet Pressure | AR Ape
outlet
- Heat transfer coefficient : 20.03W/m’ - K | = &+ & A
Concentration—1 - Free stream temperature : =7 3t ol A
- Wall - External emissivity : 0.94 o] WF
Concentration-8 - External radiation temperature : =4 %k A A
- Heat generation rate : QA} gl = %] T A&
Insulator Wall - Heat transfer coefficient : 2(»).()3\7\//m2 -K «
- Free stream temperature : =% %k
- Heat transfer coefficient : 20.03W/m* - K
Copper-1 o
~ - Free stream temperature : =4 3t «
Wall - External emissivity : 0.94
Copper-2 )

- External radiation temperature : =7 gt

(3) CFD =i+ A}
CFD &4 7Hd 58] £2 JAGA 2" 20/mind} 53HA| 289 3¢/minol|
= =

H
At stk siA W Ao 4T 4

o A9 4% 7L
58 AARACE Agdtel B4 @ F ET LnE HEAGn

(19 1571¢ sien e &7 exirolw [19 1581 A#dele wy
Pirew Rrolth §F emd W 3 LEb wase 45U ¢ 4 A
£RE A% AFWS ¢+ Atk [2Y 114 5 RIS AAHoE nH
YT L= FFEAA Ao LR AW 1 FAAG AN EHEL @
+ ek
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—+—Analysizs outlet temperature —®—fnalysis absorber efficiency
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3
— 45 1 0.8
w <]
o 0 1 0.7 g
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E %t {oe =
&
a0 A Y N Y T ST ST A 0.5
31 33 34 36 33 40 42 44 46
Inlet Temperature (°C)
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% 2¢/minel digF FAF K 0.0756m/s9F Y E 40,47CE
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[Z% 16119 [1® 1-62]= Y7o =7 @y 25 Fx2 7 duie 4
L AR YET 4047C] BEE Holy &7 2EE Tyo|x Fu
o8 F o %2 2% 2x7F A=A

7.656+01
7.400+01
7.150+01
6.800+01
£.64e+01
5.390+01
£.14e+01
5.88e+01
5.63e+01
5386401
5.12e+01
4.87e+01
4.62e+01
4.37e+01
4.11e+01
3.860+01
3.61e+01
3.360+01
3.106+01
2.850+01
2.600+01

L

Z;§Fe4m

7.656+01 WS
7.40e+01 :
7.150+01
6.80¢+01
6.640+01
6.39¢+01
6.140+01
5886401
5 636401

5.9pe+01

4626401
4.37e+01
4.11e+01
3.866+01
3.61e+01
3.360+01
3.106+01
2.850+01
2.600+01

L

Contours of Static Temperature (c)

Dec 09, 2012
ANSYS FLUENT 13.0 (3d, pbns, lam)

Contours of Static Temperature (c)

Dec 09, 2012
ANSYS FLUENT 13.0 (3d, pbns, lam)

=

=

[z

1-61] &=+ @49 2= &%

(29 1-62] 7 dH

M
b

(29 1-63]% [2¥ 1-64]= FAle &5 WdFoez FAUHY FPdHogA 2
2= F T olt}, Concentration-1°]4] Concentration-8 & B IoA =& &5 X
7FEAEA oS ¢ T, dFRUE 7 999X F Y B2 2k B

3.500+02
3476402
3.450+02
3.420+02
3.40e+02
3376402
3350402
3326402

299402

3506402 b
347e+02 :

3450402
3420402
3400402
3370402
3350402
3320402
3200402
3276402
32402
3226002

299402

Contours of Static Temperature (k)

Dec 12,2012
ANSYS FLUENT 13.0 (3d, pbns, lam)

Contours of Static Temperature (k)

Dec 12,2012
ANSYS FLUENT 13.0 (3d, pbns, lam)

- 81

(1% 1-64] 58WF 5% wwel
ex B¥

T EX 2 Concentration-8 F
dujA el QR AdEH = IS



nom, dujAe] 5o wef F9 WEo=w 3 o] ¢ HA
F Atk [29 1-66]& Concentration-8 939 24 ZFuH 2w EX

YA

- =

2 AARAF £ Bl L Bate] Zwat R do] AvHE FA4S
s}

5

7650401 7650401
7400401 7400401
7156401 7156401
5800401 5888401
s64erfi | / 6646401
6.39e+01 6308401
514041 6 146401
58801 — —_— 5886401
5631 ,,—-——1 —~—— 563e+01
5380401 5386401
5126401 5126401
| Y ————a— | e
4520+ 4526401
4376+ 4376401
411641 411601
3850441 3860401
| 3610401 3610401
3366401 3366401
3100401 3106401 {
2.85e+01 Z._% 2.85e+01 i_)(
25608401 2608401
Contours of Static Temperature (¢) Dec 12,2012 Contours of Static Temperature (¢) Dec 12,2012

ANSYS FLUENT 13.0 (3d, pbns, lam) ANSYS FLUENT 13.0 (3d, pbns, lam)

[ 1-65] &7 < 559%F 4 [% 1-66] &7 @l 50mm
Fdd 2 BE A} 74 TEW 2= T

[2% 16712 AR subolz Aeke] o RER HF 998 AR 129 I
o] Fulo]ZE Folo] Ay« A4S HoFa o, [19 1-68]2 J+¢ =
T 2 JFEYe] &k BxE E7 F29] FJEdde] R JFIIEY
T S5V 3AES o 7 A [29 1-69]19F (1" 1-70]1 HEFFAY =&
WX E plotting 3 AR 5 WES we} 257t AA ASES 4 7 Adr
Ad H-2Ql Concentration g Hf 2EF 63.7Co|lar =7+ HF<

1
Concentration-8 &9 Hi 2%+ 73.8Co|t}.

7.656+01
740801
7.15e+01

6.89e+01 6.89e+01
6.64e+01 6.64e+01
6.3%e+01 £.3%e+01
6.14e+01 6.14e+01
5.88e+01 5.88e+01
5.63e+01 5.63e+01
5.38e+01 5.38e+01
5.12e+01 5.12e+01
- 4.87e+01 - 4.87e+01
4.62e+01 4.62e+01
4.37e+01 4.37e+01
4.11e+01 4.11e+01
3.86e+01 3.86e+01
| 3.61e+01 3.61e+01
3.36e+01 3.36e+01
3.10e+01 3.10e+01
2.85e+01 2.85e+01
2.60e+01 2.60e+01 {'x
Contours of Static Temperature (c) Dec 09, 2012 Contours of Static Temperature (c) Dec 09, 2012
ANSYS FLUENT 13.0 (3d, pbns, lam) ANSYS FLUENT 13.0 (3d, pbns, lam)
3T = = 37
[1¥ 1-67] &3to]iZ JotH &% (19 1-68] 4 &=+ < A3
B 31 i=Nhva
ok P 2& ¥
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0 mncenratm

7800401 35042 g
7608401 - ’ § =
348042 | H
: 4
T40e+01 ; M EE ;_.
7200401 . H Ei % & §
H £ 0
Static  7.00e201 | l ‘ Static ~ 34er2 4 g 4 S
Temperature . 4 B Temperature L 5
(¢)  sa0es01 (5] g
N P apedr o §
660401 - %
3.40e+02 =
6408401 o 43 @
6208401 T T T T T T T 1 330er02
08 07 06 05 04 03 02 01 0 08 07 08 05 04 03 02 01 0
Position (m) Position (m)
Static Temperature Dec 12, 2012 Static Temperature Dec12, 2012
ANSYS FLUENT 13.0(3d, pbns, lam) ANSYS FLUENT 13.0 (3d, pbns, lam)
. ~ . ~
[72¥ 1-69] Concentration—1 [2¥ 1-70] Concentration—8
ion—-4 2] x] e T H 3L 10N — _?4‘]9] Q - X 3x
Concentration-4 9 %9 =8 Concentration-5 ¢ % EE
O S ~3lo 31 hvalfe) — XY ¢ L= 3T
[28 17112 F53Q Azt Fafolz o] 2 ¥ola [O2d 1-72]+ 94 &
o] ot Hﬁ]r% = 4] o E_—:]_oq '6‘}\_757/]_ v} HQJ QT X ]E.‘o s 2=
Ud-/] = wX©° 1lx= &0 A= A rE A L_,_;{O‘___,QZ}JE.
[e3} 1;}.
AT
7.65e+01 7.65e+01
7.40e+01 7.40e+01
7.150+01 " 7.150+01
‘ | 6.89e+01 o v,f“ ‘ 6.89e+01
6.64e+01 4 6.64e+01
6.3%e+01 6.39e+01
6.14e+01 6.14e+01
5.88e+01 5.88e+01
5.63e+01 5.63e+01
5.38e+01 5.38e+01
5.12e+01 5.12e+01
F 4.87e+01 F 4.87e+01
4.62e+01 4.62e+01
4.37e+01 4.37e+01
4.11e+01 4.11e+01
3.86e+01 3.86e+01
3.61e+01 3.61e+01
3.36e+01 3.36e+01
3.10e+01 3.10e+01
2.85e+01 2.85e+01
2.60e+01 2.60e+01
Contours of Static Temperature (c) Dec 09, 2012 Contours of Static Temperature (c) Dec 09, 2012
ANSYS FLUENT 13.0 (3d, pbns, lam) ANSYS FLUENT 13.0 (3d, pbns, lam)

(79 1-71] g mwe e nw [ 1-72] @A FHAAM 2=
=4 - = T ard T - -

[2% 1-73]& 4 @i LRI 7 Inlet AAZXACE 493 0.0756m/s)
T3S £ BYXE HoFa gloy [ 1-74]+ &5 "dHe £ By =2 47
H HUE SYoRE 4eE S B J4e BT v, [1" 1-75]+
2 die] % BE¥olx [19 1-76]2 3 Wi LRI E BT Q).
AAA o ZE U2 @S EWA TALENYH Hojdss Se7F wapd s o & 2
I ET FAAE AT S5 g Es & o
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159201
151601
1.43e-01
| 135001

127601
1.190-01
111001
1.036-01
9520-02

714602

159201
1.51e-01
1.43e-01
1.356-01

1.27e-01
1.190-01
111001
1.036-01
9520-02
8.726-02

7.93e-02

P

635002 635002
556002 556002
476002 476002
— | 397602
| 348002 - | | 318002
230802 230002
1.606-02 \A 1.606-02 V‘
8.036-03 Z 1l X 8.036-03 ZI* X
1.080-04 1.080-04
Velocity Vectors Colored By Velocity Magnitude (m/s) Dec 12, 2012 Velocity Vectors Colored By Velocity Magnitude (m/s) Dec 12, 2012
ANSYS FLUENT 13.0 (3d, pbns, lam) ANSYS FLUENT 13.0 (3d, pbns, lam)

(17 1-73] 4 @de) =

159201
151601
143001
| 135001

1.276-01
1.196-01
1.11e-01
1.036-01
9520-02
8.720-02
7.930-02
F 714602
6.356-02
5568-02
4.76e-02
3.976-02

i 3.18e-02
2:306-02
1.606-02
8.038-03
1.086-04

i
b

(29 1-74] =7 &@He &£

159201
151601
1.43e-01
13501

fex

1.27e-01
1.196-01
1.11e-01
1.036-01
9520-02
8.726-02

7.93e-02

6.356-02
5568-02
4.76e-02
3.976-02
3.180-02
2:306-02
1.606-02
8.036-03
1.086-04

i
e

Velocity Vectors Colored By Velocity Magnitude (m/s) Dec 12,2012

ANSYS FLUENT 13.0 (3d, pbns, lam)

Velocity Vectors Colored By Velocity Magnitude (m/s)

ANSYS FLUENT 13.0 (3d, pbns, lam)

Dec 12, 2012

(29 1-75] 54 @9e) &5 Px

9 o4 AnE Fde) mw QT 4047C) AvAZ FHa] 3
A W F A 4245C WEEW, A Adole

Concentration-5 & oA ol )7} thr] 2718k

%% H3ge SR aud U@ f49 ex BEE [0
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HAraeat SGAade] 58 vas fs) viak go] FAAadolA 7H
adol F2 % 2¢/minol 3 BEI} SFALE] K 30/mindl I EE &
(27 1-78]0] Z1gfzel mlaiste] gAjshoivh. HAA~Fe] H B&2 73%,
Fax"e] 9 g8 60%2 JE Aeuhs nlushd JAA Ago] EAgk 23t
A 2=EE CPY Aol o3k =S 266 Ao R 9t 58 8

= jAbgorber efficiency of concentration system(ZL/min)
# Cell efficiency of coeeneration system(3L/min)
1.0 # Absorber efficiency of cogeneration system(3L/min)

/
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NN\

7
EE
"

NN

Efficiency (n)

3B 38 a0 41 44 45 17 49
Inlet Temperature (C)
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e
2=
ﬁi

O 3% AY T2 PV A2 ZAFA NS (600mm) olske] wubd e
Yaboll ol F4H™, AL g (800nm) ©]3tel A= InGaAs BFEFel

=)

InGa

flo

==

p e
ofsf FEar, Ao A (1600nm) ©]ske] A Ge Hbupel ol FETh. o]
ol A FaE A X =N BHup 22 ouxE 22 Ul FaEus de
Ak, & doluAE ®o] xshsta A= 19X (780nm~2500nm) o] A UJO]
FA gl AR YA = A2 EAEY, AREEA &= 1600nm ] o] v
= ORE dolluAz HgEo] sl wddor dgdn. AgAbe] 1 [2-22]

fz

o 2 ¢ B
e,
RN

= g olgale] Aoy HAS Held UK BAwe e 2AAA
5 afl W gl AS @ 5 Qv B Ay BaaAsge] $ ade] ¥
A ver Qag 449d = & A

AAR PV Aol ALgEE B4 B, 4% x, dARARE 9 eaAe
(Texturing) <)%, AATE 5 & e W5l oJs) & WA vsh)Zo] depgle

2 o g ngi X4719‘r Ol Lol dans B Axdony veld

ftfo
o
'S
o,
rlr
=
it
=
o
>,
I,
2 rf =

=
Adtete] B ~ElS 1A B

Direct radiation for normal Direct radiation for normal Direct radiation for normal

Fresnel lens
l
\

.r//
\

Fresnel lens

Fresnel lens . _

\ A\ - CPVcell - CPVell
_Blackbody " _Cellbase - Cell base
painting P A
%-A"
—— Working fluid —— ERARARIRIR
~v Heat dissipation -
Copper pipe -~ et e
s h. cpv ceII
(Absorption — [Absorption
efficiency) + - \efficiancy) \efficiency))
Solar radiation Solar radiation Solar radiation

[2" 1-79] SdAIAF e 74 Al &4t 38
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+ CPV module efficiency

03 r Cell efficiency of cogeneration system{3L mind
= y = BE-05%+0.2105
> Rz = 0.8308
5 0z r
'S PR EppE— == g R
b y = 9E-05x+0,1118
Fe=08217
0,1 i i i
TO0 750 800 850
Solar Radiation (4/m2)

[729 1-80] Aol e A= A 383 CPV 289 &

o
i3
=1

+ CPY module efficiency

Cell efficiency of cogeneration system({3L/min)

03 r
= v = 0,0008:+ 0,2525
c Rz = 0,8026
o oz |
E JPRPOT it d
w w=0,0017x+0,1747
Re= 08017
O.‘I I I i i i
0 3 & ] 12 15

Ambient Temperature (C)
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4 2AG @ Aol 2HAI} FobAW YAzl Frkehs] Wi &
go| gashd, BgAsde A= Aozl el Azhe 25°, CPV RE¢] A9
Zol Aol AR 21°% 4° Fw Aolsk AW YAtz whE EE A ad=
£ Agale] AFAow Atel mA &% Aol 1% ootk Ed W7 wA o
Aol Ao e Aol olojiH T Axdel Au FWE AoH LEAE of
gokel Zgs) B A of 20C olske] Aolwrg melth mebd exwol wE T
aezE o Ase] Agany Qv 500Mel A 65Tk 0T wE Aolzh of
206 AEYOoE B AZFANE PP ga Foli 2% o|sz stepHrt. 7]
B A9l Ags 9% WA Aolsk dAW BEL wws] el E Aol gl
om WA HAsUT CPV RES && Aol 27 A=e) B3 oo A7
2 Qe W ow B % itk %, CPV RECIA ASE BK2 Ade] A=
WYgol o HUAEE FelA Qo] oo g% Aol7k b F AOE melAw,
g BgAsge JHE Y A9 ZAde ANYAEE ol gl FUF
HEetel 2R, 2AANE AFHA BE S UES lmm A HAZ Y
wAEd Aol goh e 2AADE JUA 24T F JEF Sl F o
ABgol B AE B8 Aolo) @ Aol

(3) A 2=l¥} CFD 814 A% v
CFD &4 Z2Z17Q) FluentE ©]&38t HAA LM 7 a8 F2 %
20/minel] gk AHAA SHs JF2%, A SRl = o
= AAste] e dPsdn. M F =7 9o B 252 ks
A9 Axpel vuste] [ 1-82]0] FAIEHATH. 4 Auteo] o g
3 21[1-39]5 %A 83}o] RMSE(Root Mean Square Error)E
44

EREEEEELZ IR C

RMSE = \/%ﬁ(n?ﬁ [1-39]

ol71A N = "I’ e, v, = Afgk, v, = sME
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S 224 4 FUAA duE 3 F7te] AT AdeE Fd AEZSE
e [ 3117 2o AEAe (19 3-1]17 2o
[ 3-1] T AEZH ALY
Model TS-MPPT-60
Maximum Battery Current 45amps~ 60amps
Peak Efficiency 99%

Nominal System Voltage

12, 24, 36 or 46 volts DC

Max. Solar open Circuit Voltage

150 volts DC

Battery Operating Voltage Range

8-72 volts DC

Maximum Self-consumption 4 Watts
Transient Surge Protection 4500 Watts/port
Charging algorithm 4-stage
Temperature Coefficient -5mV/C/cell(25°ref)

Compensation Range -30C to +807TC
Dimensions 291mmx*130mmx142mm
Weight 4.2kg
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Model P-1407308-2
Measured fluid Gas and Liquid
Range ability 10 0 1
Press. range Max. 10 kgy/cm®G
Temp. range Max. 120 C
Allowable Thermal Shock Max. 80 C
Accuracy 2 % F.S
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(h) 717328 8 ooy ALk
HAE AddabsS 20149 11E5H 20169 3€7h4] A= =34 Zddigh4l,
dddieta sPAREAsthet 1598 SAAA 4R A5 ARE EURE thio 4
(8-6)oll olall e Fd Lol o3 oA ALES ALkstaL, [ 3-12]0 HER AT
Q = Total,,; x E,;; X A (3-6)
o1 714
Q = A A ik (keal)
Total,,;, = =3% % A2 LA F(kcal/m?)
Evol E}‘ L= %%HL/\]—/:% F’Hoo]:% %ﬁgg(%)
A=t EE 2FA2Y PP WEm)
[32 3-12] g & oldA Ak
MAE 2g AL _
b Hd e e S o (0o A A 2E
712— W/m2 kcal/m2 E—g(ﬁ) Oﬂ"‘]zl g QS O(kcal)
2014.11.1 ~ 2015. 03.31 686.10 2,117,108.57 25 1,951,127.26

EE D R R S E R
of LhERi e

*gﬂ'%k% /\](8 7)01] -/]OH 73”)\]'01‘)%-1— [.u. 3- 13]

Q = TOtalmd X Ethermal x A (3-7)
o] 7] A
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Ethermal E]— _‘Jj__"g:_r %%L}\]i}%] H]o]:oﬂ E%(%)
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[3% 3-13] BFE o= AikF
} BHEATeA S 2(06) | oA A4FHkeal)
711k ‘ 85(% U x| AAksF(keal
] W/m* kecal/m® = e
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=9z 600,000 8% 9z 600,000 6%
B =44 | 2,000,000 27% Bk F2444 | 2,000,000 20%
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zy 9 % Y 4
4] 500,000 7% . 500,000 5%
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T RN =1
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[%3-16] #7714

& AF Opinet 7]

e A 3 (<) s ()
20101074 1,518.18 1,077.39
2010094 1,499.16 1,069.73
2010114 1,518.01 1,093.23
2011101¢ 1,621.73 1,196.03
2011103€ 1,755.92 1,302.79
201105€ 1,772.88 1,362.42
20111074 1,754.36 1,351.12
2011909€ 1,746.28 1,339.58
2011114 1,788.03 1,365.43
2012+101¢ 1,805.14 1,378.07
20121034 1,853.55 1,409.77
2012:905€ 1,839.61 1,411.04
201211074 1,726.59 1,360.80
201219094 1,836.55 1,407.41
20121114 1,777.65 1,393.19
20131014 1,749.59 1,373.84
20131034 1,785.96 1,399.99
20131054 1,699.44 1,356.16
20131074 1,729.69 1,356.93
20131094 1,734.29 1,359.26
20131114 1,692.86 1,350.13
2014101¢ 1,705.09 1,352.66
201411034 1,696.03 1,345.04
20141054 1,680.90 1,327.66
20141074 1,661.47 1,316.23
20143094 1,618.07 1,289.12
20141114 1,534.25 1,227.02
20151014 1,330.47 1,039.71
2015034 1,326.82 983.17
20151054 1,343.53 967.66
20151074 1,354.65 967.9
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= o~

o HgHolAE IPCC B4 WME AFE [¥ 3-17]17 gon, ¥ o mE 2§~
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RaEO)e X0 BE 2FAsHe oux 4K f7

[3£ 3-17] IPCC ¥4 wj= A4 (Carbon Emission Factors) < oY A A A A<

d R TR g e A
C Kg/GJ C Ton/TOE*
A st A5 129 = 9 20.00 0.829
i - 17.20 0.630
229 =5 3 o f 18.90 0.783
Avi-Gas 18.90 0.783
5 19.60 0.812
g T 19.50 0.808
A 20.20 0.837
= 1 21.10 0.875
LPG 17.20 0.713
AL 20.00 0.829
Bitumen 22.00 0.912
+ & f 20.00 0.829
PetroleumCoke 27.50 1.140
RefineryFeedstock 20.00 0.829
IA S AE 1295 5o g 26.80 1.100
4 5 g 25.80 1.059
A =5 g 25.80 1.059
Z & 27.60 1.132
E & 28.90 1.186
229 = BKB & Patent 25.80 1.059
Fuel
29.50 1.210
Coke
ZIA A AR LNG 15.30 0.637
H} O] @l 2ok A vpo] o w2 29.90 1.252
oA wfo] 9 ufj ~ 20.00 0.837
7| A ¥po] @ wj 2~ 30.60 1.281

# oYX [IPCC Guidelineo| A A AatL gl €58 A4s F&

w5 QAR D ZlEh(ubol 2uf ) oA US] AaE AT COZNEFS F7h COZME

B Afo A o mE FEAAg ga wEA /1A [E 3-18]3 o] 20154
= A !
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[ 3-18] W=7 Ag 7+4

*sKRX | &= H A A =

-4 %7H8)
2015-08 10.300
2015-07 10,300
2015-06 10,300
2015-05 10.300
2015-04 10,100
2015-03 10.100
2015-02 9.960
2015-01 8640

(AhH o BE SgA A" F oyA] RN A

e drs 9%t mE B A 2015 7€ WASFFHA (0159 7Y
169 715 G AR-FY) v A7 FA B Ags dgd dHdEee] 55
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A ade] ggg 2d 2 gSd JE9S @3 Az F 492 SHUH 532450
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SH(AaA) S (duh) 75 (H A 7 F ()
710.009/L | 967.904/L | 1000.009/L | 710.00¢0/L | 1354.65/L | 1400.00¢ /L
154,782 211,005 218,003 153,072 292,055 301,332

[¥ 3-20] Az BFE 594 24
Bl ()
SH0EA) S (L) ZAH(AA) (D)
710.009/L | 967.9099/L. | 1000.0091/L | 710.0094/L | 1354.65<9/L | 1400.00% /L
377,668 514,853 531,927 373,495 712,613 736,470
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[ 3-22] AEAAT WARCEH, A% dl & DA NPY)
o 2 aela ] EAA ()
51 (710.009¢/L) 737 (710.00€4/L)
0 -3,292,550 -3,298,433
1 -2,858,948 -2,870,407
2 -2,447,951 -2,464,696
3 -2,058,330 -2,080,135
4 -1,689,119 -1,715,623
8 -1,339,108 -1,370,113
6 -1,007,345 -1,042,616
7 —692,877 —732,193
8 -394,803 -437,952
9 -112,268 -159,051
10 155,537 105,310
11 409,381 355,889
12 649,991 993,405
13 878,058 818,539
14 1,094,234 1,031,936
15 1,299,141 1,234,207
16 1,493,366 1,425,934
17 1,677,465 1,607,666
18 1,851,967 1,779,923
19 2,017,371 1,943,200
20 2,174,152 2,097,965
(% 3-23] ¥ SAY-WARCER, AH) Aol =@A7HANPY)
RO i = A (D)
s (710.009/L) 73 #(710.0091/L)
0 -4,567,550 -4,573,433
1 -4,157,645 -4,169,104
2 -3,769,109 -3,785,854
3 -3,400,829 -3,422,584
4 -3,051,748 -3,078,252
5 -2,720,865 -2,751,871
6 -2,407,233 -2,442,505
7 -2,109,951 -2,149,267
8 -1,828,167 -1,871,316
9 -1,561,073 -1,607,856
10 -1,307,904 -1,358,131
11 -1,067,933 -1,121,424
12 -840,472 -897,058
13 -624,369 -634,388
14 -420,507 -482,806
15 —226,798 -291,732
16 —43,183 -110,620
17 130,850 61,050
18 295,815 223,771
19 452,180 378,009
20 600,393 524,206
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[3E 5-2] 9AE A8t 31415
A AFE FAHA E
Mgt s EEA Y Az AR, Aiked S9H) SR

A7 3AEAA 5 2 A S
Fabs g HdAaE AN T4 Ass 75

At s A F7] 2 EGFA AR ZpA AL
S AR/ ALFAAA gE
FAHAAAE AA =
Ao 2 W74 TE S AF A &R
oY A RFA QL AL A Al A3t

Ah 3H2A)) 7l A2Ae7], B8 vjdA] 2 owjao] 34, Support Frame
& Channel A}A)| A3 Ak
Z}iﬂ*g’\} F#9 ohgEst g 2 Ay st 31
OEM 2] =i g4 AF +3

AFd 3H3AF) n = J%7]JJF(SRCC) N5 85 2 BEdA~Y 5 F1
AR FR 2T 2 A #A4E S8l AEEE g9s)

A 24 7=

1. =&tz A

A5 8 AANE AT

37

7F. M. Imtiaz Hussain, Gwi Hyun Lee. 2014. Thermal Performance evaluation of

a conical solar water heater integrated with a thermal storage system.

Energy Conversion and Management 87: 267-273. (SCIE)

L}, M. Imtiaz Hussain, Gwi Hyun Lee. 2015. Parametric performance analysis of

a concentrated photovoltaic co-generation system equipped with a thermal

storage tank. Energy Conversion and Management 92: 215-222. (SCIE)

t}. M. Imtiaz Hussain, Gwi Hyun Lee. 2015. Experimental and numerical studies

of a U-shaped solar energy collector to track the maximum CPV/T system

output by varying the flow rate. Renewable Energy 76(2015): 735-742.(SCIE)

2. =9tz

671

7}. M. Imtiaz Hussain, Gwi Hyun Lee. 2014. Experimental evaluation of conical

solar concentrator for water heating

system under different operating
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conditions. Proceedings of the 7th International Symposium on Machinery and

Mechatronics for Agriculture and Biosystems Engineering (ISMAB): 120-126.

1}, M. Imtiaz Hussain, Gwi Hyun Lee. 2014. Numerical modeling and experimental

g},

validation of concentrating photovoltaic/thermal system with SOG Fresnel lens.
Proceedings of the 7th International Symposium on Machinery and
Mechatronics for Agriculture and Biosystems Engineering (ISMAB): 127-133.
M. Imtiaz Hussain and Gwi Hyun Lee. 2014. Numerical and experimental
analyses of solar energy collector for concentrating photovoltaic
co—generation system. Proceedings of International Conference of Agricultural
Engineering. Ref: CO151.

M. Imtiaz Hussain and Gwi Hyun Lee. 2014. Numerical thermal analysis of
helical-shaped heat exchanger to improve thermal stratification inside solar
storage tank. Proceedings of International Conference of Agricultural

Engineering. Ref: CO152.

M. Imtiaz Hussain, Gwi Hyun Lee. 2015. Performance assessment and
economic analysis of the CPV/T system for greenhouse air heating in South
Korea. Proceedings of the Seventh Annual International Conference on
Global  Business, Engineering, Energy, Agriculture and  Health
(ICGBEEAHZ2015), Paper Number, P013: 137-150.

Joon Yeal Hwang, M. Imtiaz Hussain, Sung Jin Kim, Gwi Hyun Lee. 2015.
Performance analysis of concentrated cogeneration system under different
operating conditions. Proceedings of the Seventh Annual International
Conference on Global Business, Engineering, Energy, Agriculture and Health

(ICGBEEAH2015), Paper Number, P014: 151-163.

3. wet= 3 A 147

7}

A4, AFEE, oW, 2013, CPV AL ol 43 19 2 04 B s &
FEA B4 2013 R AtE/ARAR RG24 201380 EATE
gt 3] =aF 113-114

&
off
o
o)

=

Ad, o] g 2013, ¥EF FFUVIE o8& zZHd Bgd 7]
o<
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N, gEEdlAse/dn s R 2dss 20134 FAFE
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23

rob

2o HFA 2" el e e
5 J71ATE 2013 FA =3 =% Vol 18, No. 2t 103-104.
M. Imtiaz Hussain, Gwi Hyun Lee. 2013. Experimental validation of a solar
thermal collector model for CPV/T system to find optimal thermal and
electrical power. 3+=5<%] 7] A18t3] 20139 F4 &3] =FF Vol 18, No.
2 109-110.
B, olHld. HYF-E 5 FHFAI="Ee odyA EEEA. 2013 FHES
71A8E3] 2013 FA] =i 3]=F Vol. 18, No. 2! 265-266.
M. Imtiaz Hussain, Gwi Hyun Lee. Transient numerical analysis of heat
exchanger inside the solar tank at different flow rates. 2013. 3t=& 7] Al st
5] 2013 FA gEoisl=E 5 Vol 18, No. 2t 269-270.
ol7ld, NET. HEF-d Hdrlade] A Y= B el mE AR
AL 2014 S=EdIAEE 2014d A dheEdis =&F- Vol 19, No. Lt
222-223.
o7, NET. 2014, 24 S AT HFE-A7] $A] AL EFAAE e
A AR 248 20149 = E=AIst e R 3] =83 23(1): 219-220.
M. Imtiaz Hussain, Gwi Hyun Lee. 2014. Performance analysis of concentrated
photovoltaic thermal system for heating and cooling of greenhouse. %F=r A&
St 2483 20149 %= F=AISt e R 3] =85 23(1): 249-250.
M. Imtiaz Hussain, Joong Seok Park, Gwi Hyun Lee. 2014. Thermal analysis
of concentrated solar collector equipped with different storage capacities. k=
FA7IAE 2014 A steH3E] =w4 Vol 19, No. 2): 37-38.

3}, M. Imtiaz Hussain, Da Hyun Kim, Joon Yeal Hwang, Gwi Hyun Lee. 2014.

Outdoor performance analysis of linear solar thermal collector for greenhouse
heating. 3t=r&A71A1E3] 20143 FA4 F=dg =F Vol 19, No. 2
173-174.
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o] ZFol A AAHANA LY wEAle 3t £xo] FQ3F AAEA FIA ] FHLL
2 (6-1)& Fo] At}

(6-1)

sin?(¢, —¢,)  tan®(¢, — ) }X [1 sin®(¢;—¢,)  tan’(¢;— ¢,)

2sin®(g,+¢y)  2tan(¢, —o,) 2sin®(¢5 +¢,)  2tan’(¢5—¢,)

A71M ¢ w7k =R AAWMAAM Y A, ¢ TSk =d o FAH
Mol =47 g2 =2 g7l BAEANA L AA, o2 =2 FTle] BAW
o Aol =dzolth(dH =, 2012).

%

Ejf Ao A A gu = H2o] d=EE groove in WAl o ® AA S| ofsl Zd
=9 28l FAldlA e v, Az ALgEE Ed] FU)d dd FHE, 24
g, A= FA, =¥ Zo tpal kA Wl o3 grooved 71E717F AA € h

G zhol PP F Wit YAHE Az
Wze] Z47be] facet spacing® 71&718 UEtWE 7147 Zolth [1¥ 6-21% 7
719 7wl =2d7 Atelo] #AE vERATL

_

(19 6-2] Zed d=o a2y 718 7]zt

WA QArE o] Eoje s W) graAE 02 AoEd lense A WA W& B3
3lo] APw= o FAZS g stz 1 Wo] thA] lens ¥ WA WS X} F7)

o8 AN Yk F HA Wl oig xS 17, 24420 o8 Hod
t}. Snell's Lawel wh i i" ¢ 6, 0" 9 #AAL 2(6-2)¢ ZH(FFA 5
2010).

sin(@) _ sin(¢)
sin (i) sin (i)

(6-2)

3
I
|
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=313 o] mjHoA F7|E2 YJAlskE YA o] oF 41°H Tk AW
= o] gud =g ReA B¢ ¢ 5 Ak e

Rbabe] o3t &S A= Fo)7] 93 2449 slope angles =43 oF Fhtt.

100 T T T
Al ]

_% 0.80 \

= =3t 3719
0.60 -

g AA Mool

- NN )

1]

E o | 2719} o)
' AAHOLM ol
0.00 AR

0 10 20 30 40 50 60 70 80 90

Angle of Incidence(degree)

[ 6-3] A=) Arzba Fahg (714, 2009)

Zy gz A glolM WAL 7 ringel FE FHol P FAE AAN]
Jozwele At e wel gagths Aotk 7H 442 AAHD
% Byl 2L Hol WA RS AuaA 7 950 W Fjop dr) =

dadaze] EAdEF o Mo od] ZF v el W3li= visible image?d] S H3IA|Z
Al

TE Jormz 7} groover ol wlg AU A B LEEF Awlx ool g}, F
FAE T2 FAES o]&sd e, 2 FHL FEAY o8 annular section
MM veE FHaEe] F5E WE oAy 7HA] HlA DA FTFH FAE 7

dutxo g Zydalzs HPWS I8 groovert YL, 23S 3| plano side
b e e 2 ORAD, ZYddze 2 F kA 492 A7 F g
o] F 7} A= oA A zydalzo EHS AA A= Step oo A2
7 =

T A

Groove out<> 3 33‘%‘% el grooveZt $1aL, 23S sl plano Side’l 3= 7
24, olufell= ¥ Wl =Ho] 54 v dojdtth Groove ine WHtHe] 7
oz BES Lu}a} ﬁg iAW st= FagWlo]l sl Plano SideolA =do] %
& dolupA] Fe=rh3d 5. 2010).

9 F 7HA 2S99 7bE 2 AbolE, groove in Aoll, @] mpg EHo] 9lE
groove’} T X groove out @A X T} plano surfaced] sl X ¢ #o Zhn
= o]Ett= Aol dukshd, plano surface$t o] F& Z=7E Atid oz #dAl =<
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A= A Hgd AR g AAE w7 Aok BEFES o] &5t
HHlS 3dA7]e b 283 SV A= FA =

thermal electricity)o]al, ©Ef%Fdl(photons)S HF=A|Q] AAS o] &3lo] A7|oy
A2 AN 7= A7 ejFHA A Eok(photovoltaic solar cells) o]tf. ©Ejok3d
A9 Asdels A7l AE W dUAZ WA 7= g tho] 2 =(lighting
emitting diode, LED)Y} #|o]# t}o] Q. =(laser diode)} whe}ar Ayztahd =),
(13 6-6]S Efjdzxxo] W3l YglE HoAFa )

1 F-ok(solar

M

antireflection coating
# — 3 ! front contact
o emitter
sunlight
external
load o * base

electron-hole
pair

I rear contact

[27 6-6] BlFd=19] Fd W o

B FHA el A Hlel o3t M7 A2 F o|Folxtt. A WA H
A2 YAFFA(incident photon)®] Fol <s+ HA-A-F4F(EHP:Electron-Hole
pair) AAolvt. dARFALS] ol|YA 7} wk=A ] e Z(band gap) Kt & F-F A
A-Agagol AAAEG(FrA S, 2008)

a8y ol HAAp-d =42 e A9 Sl
(meta-stable state)ol]l om=z AATs7] Hol| BHHor Aol F=HATF
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A o] omE e} Hlo]~7F MR AdE e BI(dE =
o] A= A7), Hel e AE AMol(Ee AL dF)= oF F=o A
CRERls

A, HEHAE AL o il p-F ARE FFFAE ARESET, oA
Axpe] ol g7t A7) wiEel p-FolA AR AAVE HEAA ke o R
AA A n-Po= o]Fdl 7k HlEo] F7] wiielth. 2Ejal W o) A
A Aol 5 2 Ao RE dAYe AT (k. dAgs Akt 9
A= ARENE obyEl A= A ojof vkl BjFHAAl WelA Frid™ &
(photovoltaic effect)2} &&{z Aol o) #qto] wHAyE T}

F71A9 a3 SA4Y Fo Eg\_]_ TE5E-REA 2 pn A HE ZAMAA

Ftol BV (= x%ﬂx})o] WAshE Aol HYdA FHARY S48
o] e wpoloj o e WEkelm | FHFe Hdark) Al AAE I 5=
© oW ARl gkt

Yol Fouo Agols AAdste AAHS F o A AHEY v 2o
HHE A FWo] AtE = AR Bl WRAREA] ko WA ¢Fo . FE A
U FaEm ) S Fxtel] o At bAoA HEWE o] Fgth. FArt
EFUAY EREEXE ARsE MA @9le Faol oux|o|th. FApo A
(E,)7F MEAANGA(E) R A4 5 WAkl 45 vkgo] wfg ofato]
REEA 7L A F ek AAT SR, FRAURA(E),) 2k MERHANAA(E)
7b 2 ASE stue] AA-AET S AT AR JUAR wg E&HoR
wrdr. aea v e s FARAUA(E,)7F NEYAUA(E) Y & F5=
FAEe] W At FEY JhaAd e At 2y dae e A
A3 METGo R o)FsiA dAAE YEet.

e Fae gy Arwe FAol wel depin. 5 ol Hol x7] A7
o] 36%% =o' WA AR Hom AT o3t AdE YEdH odUuATt =
& W oy v dHn spdo] o e duA|7t W We & F47F
A @3 F Ao g A, [19 6-7] ¥EA A5 mE FFzlolE HolF

1t} (Christiana Honsberg, Stuart Bowden, 2006).
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(KENSUKE NISHIOKA et al., 2010).

Antireflection

coat

Front grids —

nip GalnP top cell
E,=185¢eV
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Au back contact
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