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Active power P [W]
-10% -5% 0% +5% +10%
Induction motor |  665.0ms 644.6ms 628.3ms | 702.8ms 637.8ms

Reactive power Q [Var]

-10%

Resonance circuit | 635.9ms 653.1ms 628.4ms | 653.7ms 674.2ms

Induction motor | Islanding 684.8ms Islanding | Islanding 726.6ms

-5%
Resonance circuit Islanding 802.3ms 691.1ms Islanding 758.9ms

Induction motor |  743.0ms Islanding | Islanding | Islanding | Islanding
0%

Resonance circuit 690.8ms Islanding | Islanding | Islanding Islanding

Induction motor | 702.8ms Islanding | Islanding | Islanding Islanding
+5%

Resonance circuit 649.3ms 643.4ms 632.4ms 660.9ms 652.0ms

Induction motor |  637.8ms Islanding | 650.8ms 621.6ms 619.6ms

+10%
Resonance circuit | 621.2ms 598.8ms 637.6ms | 610.1ms 625.5ms
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—&— Result of actual
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—=— Analysis of MATLAB
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IATHICHBLL 7= b D & R @) RT,

focss = K- Pogey + Ty + 2 f e (SOC, —0.5) (1)
focs = K- Pogsp + Ty + 2 4 (SOC, —0.5) )
focss =K Pogss + fo +2F (SOC3 — 0.5) -+(3)
focs2 = fecss -+ (4)
PPR (ch31 - chsz )K FP N (5)
Pors = Pocsi + Pecss — Por )
Pols = Pocsa + Pocss + Pocss + Prr e+ (7)

1 0 0 0 -k 0 0Y fpg fy +2f 4 (SOC, —0.5)

0 1 0 0 0 -k 0 foesp| | fy+2fu(SOC,—05)

0 0 1 0 0 0 —k|foess| | Fot2Fie (soc -0.5)

0 1 -1 0 0 0 0| Py |=

“Kep Kp 01 0 0 0 |Pyg, 0

0 0 0 -1 1 0 0 PPCSZ PPLl - Ppcs4

0 0 0 1 0 1 0 Ppcss PF'LZ - PPCSS
~+(8)

PRARIE & EBRE 2 b3 5 7=, PCS O FFEME
DIEZ k, JAREA 7Y b foteer, /ST —IL—H D
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k=—0.14
ot =0.14[Hz]
Kep=3333[W/Hz]
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F2HMOU AT A TRE/NNY — U RAR S —
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ZTCW5B, £, FAMLICHTZ I B K E 2
IR E T O O DOEFEMF 21T O LENH D &
EZTWDH, LT, ZDOXIREIRME OH M
PEOE, HillZ PO Ly AT ARERLER
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TEBHEEZTWD,

SE X
[1] 7= & %X, Fuji Sankei Business i. : ZEEfHIC 6 kM &
PEL . KIGHIEE 1 OfF BAETHE, http://www.business-i.jp/
news/ind-page/news/ 200808090048a.nwc, 2008/8/9
[21 NEDO #% fiir B 56 B i« KB O 38 FE B AT AT JE BH 98, TRy
WHARKG G E S AT LA EIFHFFER 5 T A A m A
KEGIEFEE > AT LS ENTIEH I ) F R 16 £ ~17 FF &

[3] O, Jiley, mim, @3, W, 8L, &%, K&,
AFE, B TEAERE N BRI KB RE S R T LI
}o LIE MM LT Lt,cu\z7~b7)/baanﬂﬁ

, Iﬁjz 21 - JEH AR KB R L ¥ — - AARJE ) =
*w%‘ Wb = & [F BF 28 96 £ &, %(ﬁ;@x% No.74,
p.321-324, 2009.11.6

&2 5 AERRDOERELERER

PL1 PCS4 PCS1 PR PCS2 PCS3 PCS5 PL2
IE%@{E P PLT P PCS4 SOC! P PCST f, PCST P PR S 002 P PCS2 7 PCS2 P PCS3 SOC& P PCS5 P PL2
kW kW % KW Hz kW % kW Hz KW % kW kW
BhEAL 1.00 0.00 50 1.00 49.86 0.00 50 1.00 49.86 1.00 50 0.00 2.00
®E [c1—=C2 0.00 1.00 100 0.44 50.08 1.44 1 1.53 49.65 1.53 1 0.00 4.50
C1<—C2 3.00 0.00 50 1.90 49.73 -1.10 100 0.55 50.06 0.55 100 0.00 0.00
BhEAL 0.00 1.00 50 -1.00 50.14 0.00 50 -1.00 50.14 -1.00 50 2.00 0.00
F*E [C1<C2 0.00 0.00 0 -0.62 49.95 -0.62 100 0.06 50.13 0.06 100 0.50 0.00
C1—C2 0.00 0.50 100 -0.09 50.15 0.41 0 -1.21 50.03 -1.21 0 2.00 0.00
PL1 PCS4 PCS1 PR PCS2 PCS3 PCS5 PL2
%Eﬁﬁs P PLI P PCS4 SOC 7 P PCST £ PCST P PR S OCZ P PCS2 7 PCS2 P PCS3 SOC 3 P PCS5 P PL2
KW kW % KW Hz KW % kW Hz KW % kW KW
BEEAL 1.00 0.00 50 0.98 49.98 0.02 50 0.99 49.84 1.05 50 0.00 2.00
®E [c1—>C2 0.00 1.00 100 0.35 50.20 1.26 1 1.71 49.67 1.68 1 0.00 4.50
C1—C2 3.00 0.00 50 1.96 49.76 -0.93 100 0.53 50.06 0.61 100 0.00 0.00
BEEAL 0.00 1.00 50 -0.94 50.19 0.02 50 -0.86 50.11 -0.90 50 2.00 0.00
FE [C1<C2 0.00 0.00 0 -0.44 49.94 -0.48 100 0.14 50.12 0.12 100 0.50 0.00
C1—C2 0.00 0.50 100 -0.01 50.20 0.27 0 -1.00 50.02 -0.99 0 2.00 0.00
PL1 PCS4 PCS1 PR PCS2 PCS3 PCS5 PL2
RE Ppyy P pese soc, P pesi feest Prr soc, P pesz foesz Ppess S0C; P pess Ppz
kW kW % kW Hz kW % kW Hz kW % kW kW
BhEAL 0.00 0.00 0.00 0.02 —0.12 -0.02 0.00 0.01 0.02 -0.05 0.00 0.00 0.00
®E [c1—C2 0.00 0.00 0.00 0.08 —0.12 0.17 0.00 -0.18 —0.02 -0.15 0.00 0.00 0.00
C1—C2 0.00 0.00 0.00 -0.05 -0.03 -0.17 0.00 0.02 0.00 -0.06 0.00 0.00 0.00
BhEAL 0.00 0.00 0.00 -0.06 -0.05 -0.02 0.00 -0.14 0.03 -0.10 0.00 0.00 0.00
FE [C1<C2 0.00 0.00 0.00 —0.18 0.01 —0.13 0.00 -0.09 0.01 -0.06 0.00 0.00 0.00
C1—C2 0.00 0.00 0.00 -0.08 -0.05 0.14 0.00 -0.21 0.01 -0.22 0.00 0.00 0.00
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Study on Battery Capacity for Grid-

connection Power Planning with

Forecasts in Clustered Photovoltaic Systems

Takae Shimada Member
Student Member
Member

Norihiro Kawasaki
Yuzuru Ueda
Hiroyuki Sugihara Member
Kosuke Kurokawa Member

(Hitachi, Ltd., takae.shimada.sv@hitachi.com)

(Tokyo University of Agriculture and Technology)
(Tokyo Institute of Technology)

(Kandenko Co., Ltd.)

(Tokyo University of Agriculture and Technology)

Keywords: clustered photovoltaic system, autonomy-enhanced PV cluster, simulation, insolation forecasting, battery

Most of the PV (photovoltaic) systems for residences spreading
rapidly are grid-connected type. Usually, since this system has no
electricity storages, demand/supply power gap is processed by the
utility grid. However, PV supply power depends on the weather,
current PV systems strongly depend on the utility grid. In the future
so that the PV systems may spread further, it is necessary to re-
alize the AE-PVC (Autonomy-Enhanced PV Cluster) concept with
electricity storage devices in the residential area with densely grid-
connected PV systems.

This paper aims to clarify the battery capacity required to real-
ize the AE-PVC shown in Fig. 1. This paper proposes a planning
method of tomorrow’s grid-connection power from/to the external
electric power system by using demand power forecasting and in-
solation forecasting for PV power predictions, and defines a oper-
ation method of the electricity storage device to control the grid-
connection power as planned. A residential area consisting of 389
houses consuming 2390 MWh/year of electricity with 2390 kW PV
systems is simulated based on measured data and actual forecasts.
The simulation results show that 8.3 MWh of battery capacity is
required in the conditions of half-hour planning and 1% or less

Fig.1. AE-PVC configuration
AC Storage Device
AC-DC Converter Battery ;
_Pst AC/ _Pst ;
) DC | T :
- Bi-directional - Capacity |
- Efficiency curve -S0OC |
Fig.2. Configuration of AC storage device
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of planning error ratio Rgc—.,» and PV output limiting loss ratio
Rpy_ioss. The results also show that existing technologies of fore-
casting reduce required battery capacity to 49%, and increase the
allowable installing PV amount to 210%.
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Study on Battery Capacity for Grid-connection Power Planning with Forecasts
in Clustered Photovoltaic Systems

Takae Shimada***, Member, Norihiro Kawasaki**, Student Member, Yuzuru Ueda**, Member,

Hiroyuki Sugihara***, Member, Kosuke Kurokawa™*-***, Member

=A
aff

X

WD

This paper aims to clarify the battery capacity required by a residential area with densely grid-connected photovoltaic
(PV) systems. This paper proposes a planning method of tomorrow’s grid-connection power from/to the external elec-
tric power system by using demand power forecasting and insolation forecasting for PV power predictions, and defines
a operation method of the electricity storage device to control the grid-connection power as planned. A residential area
consisting of 389 houses consuming 2390 MWh/year of electricity with 2390kW PV systems is simulated based on
measured data and actual forecasts. The simulation results show that 8.3 MWh of battery capacity is required in the

conditions of half-hour planning and 1% or less of planning error ratio and PV output limiting loss ratio. The results

also show that existing technologies of forecasting reduce required battery capacity to 49%, and increase the allowable

installing PV amount to 210%.
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In this study, the environmental load of photovoltaic power generation system (PV) during its life cycle
and energy payback time (EPT) are evaluated by LCA scheme. Two hypothetical case studies in Toyohashi,
Japan and Gobi dessert in China have been carried out to investigate the influence of installation location
and PV type on environmental load and EPT. The environmental load and EPT of a high-concentration
photovoltaic power generation system (hcpV) and a multi-crystalline silicon photovoltaic power gener-
ation system (mc-Si PV) are studied. The study shows for a PV of 100 MW size, the total impacts of the
hcpV installed in Toyohashi is larger than that of the hcpV installed in Gobi desert by 5% without consid-
eration of recycling stage. The EPT of the hcpV assumed to be installed in Gobi desert is shorter than EPT
of the hcpV assumed to be installed in Toyohashi by 0.64 year. From these results, the superiority to
install PV in Gobi desert is certificated. Comparing with hcpV and mc-Si PV, the ratio of the total impacts
of mc-Si PV to that of hcpV is 0.34 without consideration of recycling stage. The EPT of hcpV is longer than
EPT of mc-Si PV by 0.27 year. The amount of global solar radiation contributing to the amount of power
generation of mc-Si PV is larger than the amount of direct solar radiation contributing to the amount of
power generation of hcpV by about 188 kW h/(m? year) in Gobi desert. Consequently, it appears that

using mc-Si PV in Gobi desert is the best option.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuel depletion and global warming are serious environ-
mental problems in the world. It is predicted that the energy de-
mand will be increased rapidly in the near future. Therefore, a
new energy supply system which is different from the traditional
fossil fuels consumption systems is necessary to be developed. To
realize the challenge, many renewable energy technologies are
examined in the R&D stage. Among these technologies, high-con-
centration photovoltaic power generation system (hcpV) has the
advantage, which is over many other PV systems, of high power
conversion efficiency by small solar cell chip with the aid of solar
radiation concentration lens. However, all PV systems including
hcpV inevitably require the natural materials and energy in its
manufacturing, transportation, and installation stages and emit
the exhaust and scrap in the waste disposal stage. Therefore, it is
necessary to evaluate the overall environmental impact of PV sys-
tem during its entire life cycle quantitatively. In addition, due to

* Corresponding author. Tel./fax: +81 59 231 9747.
E-mail addresses: nisimura@mach.mie-u.ac.jp (A. Nishimura), ito@iri.titech.ac.jp
(M. Ito), k-araki@ac.daido.co.jp (K. Araki), eric.hu@adelaide.edu.au (E.J. Hu).

0306-2619/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apenergy.2009.08.011

the low intensity of nature solar energy, large land area is needed
for installation of large-scale solar systems, e.g. hcpV. Some
researchers have reported LCA of PV system on mono or multi-crys-
talline silicon cell, amorphous cell, and thin-film type [1-11]. Kato
et al. reported the result of LCA and CO, payback time evaluation on
Dye-Sensitized Solar Cell [12]. However, according to the literature
survey by the authors, there is no LCA research on hcpV, except one
paper on the energy payback time (EPT) evaluation of hcpV [13].

In this study, the environmental load of the large-scale PV sys-
tem during its life cycle is evaluated by LCA scheme. In addition,
EPT which is usually used for energy recovery evaluation of PV sys-
tem is also estimated. To investigate the influence of installation
location on environmental load and EPT, we assumed two installa-
tion locations for the study: one is Toyohashi in Japan and the
other is Gobi dessert in China. Toyohashi is a typical city where
there is relative good solar resource in Japan. Gobi desert has the
merits as follows; (1) installation stability of foundation (since
Gobi desert belongs to a gravel desert which are not sandy or rocky
place), (2) large amount of solar radiation, and (3) short distance of
power supply to northern cities area in China.

To build s large-scale hcpV, a desert area is usually thought to
be a good candidate for installation. However, it has demerits as

Please cite this article in press as: Nishimura A et al. Life cycle assessment and evaluation of energy payback time on high-con&gtMﬁﬁ%&ngPaic
power generation system. Appl Energy (2009), doi:10.1016/j.apenergy.2009.08.011 33
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Nomenclature
AP air pollution ND natural resource depletion
AR acid rain oD ozone depletion
CED cumulated energy demand at each stage or process (k]) P loader’s maximum allowable amount of a factor ex-
CEDsysytem cumulated energy demand of the system through the pressed in the physical unit (kg)
life cycle (primary energy base) (k]) Rprim conversion factor between electricity and primary en-
Einverter  €lectrical energy consumption of the inverter per year ergy (kJ/kW h)
(kW h/year) WP water pollution
Etracking  €lectrical energy consumption of the tracking motor per X; amount of the environmental factor i (kg)
year (KW h/year)
Eyear electrical energy of the system produced in one year Subscript
(kW h/year) i environmental factor
EcL eco-load (NETS)
ELM environmental load module (NETS/kg) Superscripts
EPT energy payback time (year) G global (environmental load relates to the global area)
FD fossil fuel depletion j impact category
GW global warming R regional (environmental load relates to the regional
LD landfill depletion area)
MEV maximum Eco-load value (NETS) 1 related area

well: (1) The PV’s electrical efficiency decreases because of high
ambient temperature, (2) Energy consumption by long distance
transportation of the parts of PV system to the desert area from
the manufacturing place, and (3) The PV’s electrical efficiency
decreases because of covering of the solar cell surface or lens
surface by sand. In this paper, these merits and demerits are stud-
ied to understand whether they have significant influence on the
life cycle of the system.

In this study, besides the influence of installation location, the
influence of PV system type is investigated as well. We select a
multi-crystalline silicon photovoltaic power generation system
(mc-Si PV), which is a flat plate type established on the roof usu-
ally, as the competitor for hcpV. The environmental load and EPT
of hcpV and mc-Si PV, which are assumed to be installed in Gobi
desert, are estimated.

2. Definition of goal and scope

The study is to evaluate the total impact including EPT of hcpV
(in different locations) and compare them with the mc-Si PV,
through their life cycles, using the impact assessment method
“LCA-NETS”, which has been developed by our research group
[14-17]. Two scenarios were set: (1) The hcpV are installed in Gobi
desert China and Toyohashi Japan, and (2) Both hcpV and mc-Si PV
are installed in Gobi desert. Fig. 1 shows the system boundary of
this study’s LCA, while Fig. 2 shows the system boundary for LCA
of PV system assumed to be installed in Gobi desert. In this study,
it is assumed that steel tower (power transmission tower), power
transmission cable and foundation are manufactured in China
(Tianjin). On the other hand, it is assumed that PV module and so-
lar radiation tracking system are manufactured in Japan. The func-
tional unit is set at 1 kW h. The input and output data at each stage
are measured in the amount needed to produce 1 kW h of electric-
ity. Useful life of all systems parts except inverter is set to be
20 years. The useful life of the inverter is set to be 15 years.

3. Inventory analysis

Table 1 lists the characteristics of two PV system units used in
this study. PV array of 100 MW is assumed to be built with these
units. To compare the units of different sizes, we set the functional
unit as 1kWh power output. The inventory data of power

transmission and interconnection stage are collected from a
100 MW power plant directly.

In Table 1, the mean electrical efficiency of hcpV in Toyohashi is
obtained from the real annual data of hcpV installed in Toyohashi.
According to the PV system manufacturer, the decrease ratio of
power output decided by ambient temperature is —0.06%/K based
on 273 K. In addition, the aged deterioration of electrical efficiency
of hcpV in 20 years is —0.8% which was also estimated from the PV
system manufacturer. Since the ideal electrical efficiency of hcpV
evaluated in this study is 20.0% and the annual mean temperature
in Gobi desert which is calculated by averaging the measured tem-
perature of whole day during 20 years from 1961 to 1980 is 279 K
[1], the mean electrical efficiency of hcpV in Gobi desert is assumed
to be 18.8%. The mean electrical efficiency of mc-Si PV in Gobi des-
ert, which is shown in Table 1, is adopted from the data in the LCA
paper on mc-Si PV assumed to be installed in Gobi desert [1].

Table 2 lists the solar radiation data in Gobi desert [1,18] and
Toyohashi [19] used in this study which was measured and cor-
rected locally. As the annual average data of solar radiation is used
in this study, it results that the daily fluctuation of power genera-
tion is not involved in the evaluation overall. hcpV generates elec-
tricity from the direct solar radiation, while mc-Si PV is able to
generate it from the global solar radiation.

The input data at each stage are the quantities of metals, con-
crete, electricity, heavy oil, diesel oil, natural gas, coal and etc.
The output data considered in this study are gas emission of CO,,
CH,4, SO,, NO,, and solid wastes. Tables 3, 4, 7-9 and 11 list the
inventory data in each stage of hcpV, which are sourced from the
PV system manufacturer. The inventory data listed in Tables 5
and 6 are obtained from literatures [1,3,4,18]. The inventory data
listed in Table 10, are assumed by the authors with referring to
the other report [1]. From the inventory data listed in Tables 3-6
and 11, the treatment of materials and parts used for PV system
are classified into landfill depletion, incineration, or recycling to
evaluate the environmental impact of the stage after usage.

As the data of material mining and procurement, manufacturing
and assembling parts of PV module and tracking system in China
are not available, we assumed that PV module and tracking system
used in Gobi desert are also manufactured in Japan. Then, the
inventory analysis on the stages of manufacturing and assembling
parts of PV module and tracking system has been carried out by
using Japanese inventory data base [19,20]. Since the data of power
transmission, interconnection, installation stages in China are not

Please cite ﬁﬂrm%mrﬁigﬁ%ra A et al. Life cycle assessment and evaluation of energy payback time on high-concentration photovoltaic
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available either, we use the Japanese inventory data of materials
and parts for evaluation of their stages by assuming that Japanese
manufactures produce them in China. In addition, the materials
and parts manufactured in China are assumed to be treated as an
industrial waste without recycling after usage stage in this study
since the recycling industry in China is not well established yet
and no reliable datum is available. The impact of landfill depletion
has been evaluated with considering the remaining landfill capac-
ity of waste disposal filed in China.

In the assembling stage, the impacts of PV systems installed in
Gobi desert and in Toyohashi are assumed to be identical. From Ta-
ble 9, it can be seen that the power consumption with electric
screwdriver occupies most of the impact at this stage. However,
it can be ignored since the electricity consumed by electric screw-
drivers is very small.

At the transportation stage, the inventory data was collected for
the parts manufactured both in China and Japan. Distance of land
transport in China from Tianjin to Gobi desert is assumed to be
600 km, and the distance of marine transport from Japan to China
is assumed to be 1000 km [1]. In transportation by land, the 20 ton
truck with light oil mileage of 3.2 km/L is assumed to undertake
the job. Regarding the transportation by sea, the ship’s heavy oil

mileage is assumed to be 204 g/kW h. Loading ratios of truck and
ship are assumed to be 50%. The data base of JEMAI-LCA Pro [20]
is used for the calculation of the amount of fuel used.

For the usage and maintenance stage, it is assumed that the
electrical energy consumption of the tracking motor of hcpV in-
stalled in Gobi desert is same as that of hcpV installed in Toyohash-
i. According to Ito et al. [1], Gobi desert belongs to a gravel desert
that has little sandstorm. Therefore, this study ignores the influ-
ence of covering lens by sand on electrical efficiency. Useful life
span of all systems excluding the inverter is set to be 20 years, ex-
cept the inverter whose life span is set to be 15 years. For the pur-
pose of unifying useful lives of all system parts, we add the
environmental impact of the inverter in 5 years, which are calcu-
lated by multiplying the environmental impact of the inverter in
useful life of 15 years by 5/15, to the environmental impact of
the inverter in 15 years.

The main parameter differences of the PV systems installed in
Gobi desert and in Toyohashi are as follows: (1) amount of solar
radiation, (2) mean electrical efficiency, (3) amount of support
materials for hcpV decided by the supported maximum instanta-
neous wind velocity, (4) transportation distance from manufactur-
ing factory to installation location, (5) power transportation

Please cite this article in press as: Nishimura A et al. Life cycle assessment and evaluation of energy payback time on high-con&gtMﬁﬁ%&ngPaic
power generation system. Appl Energy (2009), doi:10.1016/j.apenergy.2009.08.011 35
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Table 1
Characteristics of evaluated PV system in this study.
System hcpV mc-Si PV
Cell type 1II-V multi-junction Multi-crystalline silicon (NE
152-AR)
PV maker Sharp Sharp
Output power of system 0.3 kW, class 500 kW, class
Voltage open circuit of module (V) 35.1 49.98
Current short circuit of module (A) 6.36 3.85
Module size Length: 0.65 m Length: 1.200 m
Width: 0.165 m Width: 0.802 m

Array composition 120 (series) x 3 (parallel)

Total array area (m?) (total power 109
generation area)

Lens type

Concentration ratio (%)

Concentration magnification

Tilt angle

Tracker

Tracking system

Energy consumption for tracking

Output loss due to tracking delay

90.7
550 times

3-axis azimuth

Tracking is adjusted by GPS system.
2% of generated power per year
About 2%

Fresnel lens (165 mm x 165 mm x4.5 mm)

Adjusted to the solar direction directly by tracking system

72 (transverse direction) x 6
(longitudinal direction)
3326

30° from ground

Output loss due to air pollution 13% (data of installed in Toyohashi; including Direct Normal Irradiation Loss of 4%, 5%
increased spectrum mismatching loss due to direct blue sun-beam scattering of 4%, loss
due to accumulation of dust on the Fresnel lens of 5%)
Decrease ratio of power output decided  0.06 0.49
by ambient temperature (%/K)
Aged deterioration of electrical 0.04 0.03
efficiency (%/year)
AC conversion loss (kW h/year) 3.19E — 02 1.06E + 04
Installation location Gobi desert Toyohashi Gobi desert
Mean electrical efficiency (%) 18.8 18.0 15.8
Eyear (kW h/year) 290.6 247.8 1.554E + 08
Supposed maximum instantaneous wind velocity (m/s) 42 60 42

Table 2
Solar radiation data of Gobi desert and Toyohashi.

mc-Si PV
Gobi desert

System installation
location

hcpV

Gobi desert Toyohashi

Amount of solar radiation per
solar cell area and a year
Direct solar radiation
(kW h/(m? year))
Global solar radiation
(kW h/(m? year))

1513 1263

1701

distance, (6) consideration of recycling (Recycling of parts and
products manufactured in China are not considered. Parts and
products manufactured in Japan are recycled in Japan after trans-
portation of waste from Gobi desert to Japan.), and (7) waste dis-
posal (Parts and products without recycling are wasted in the
country where they have been used.). In this study, only the elec-
trical efficiency change caused by temperature is considered. As
shown in Table 1, the supposed maximum instantaneous wind
velocity in Gobi desert is lower than that in Toyohashi [18,19],
resulting that the thickness of chassis and lens support bar of hcpV
assumed to be installed in Gobi desert becomes thinner than that
in Toyohashi from the strength calculation. Since these parts are
positioned at the outside of PV system, they are influenced by
the maximum instantaneous wind velocity strongly. In this study,
only the thickness change of chassis and lens support is consid-
ered. Table 12 lists the thickness of chassis and lens support bar
of hcpV assumed to be installed in Gobi desert and Toyohashi.

To investigate the influence of PV system type in Gobi desert
which is the second goal in this study, it is assumed the hcpV
and mc-Si PV are installed in Gobi desert. The main differences

between hcpV and mc-Si PV are: (1) type of solar radiation for
calculating the amount of power generation (direct solar radiation
for hcpV, and the global solar radiation for mc-Si PV), (2) existence
of tracking system for hcpV, (3) existence of solar radiation concen-
tration lens and system for hcpV, and (4) cell module area of PV
(Cell module area of hcpV is smaller than that of mc-Si PV.).

Table 13 lists the data used for calculating EPT of each PV sys-
tem. In this table, Ejyverter means the electrical energy consumption
of the inverter per year. In other words, it means AC conversion
loss. Since useful life of the inverter is set to be 15 years, Ejyyerter
of five another years are added to uniform EPT of all components
to 20 years. To calculate EPT, Ejyerter is subtracted from Eye,r, that
is, the electricity generated annually. CEDsysem does not include
Etracking and Einverter-

4. Methodology
4.1. Impact assessment method “LCA-NETS”

To evaluate the environmental load of PV system during its life
cycle, we use the impact assessment method “LCA-NETS” that has
been developed by our research group [14-17], and it is capable of
consolidating and quantitatively evaluating various environmental
impacts of different causes using the same standard. The standard-
ization was conducted from various statistical data and regulation
values published by public organizations such as the United
Nations [21] and IPCC report [22].

Table 14 indicates the type of environmental impacts that LCA-
NETS can handle in this study. This table also lists the factors
needed for calculating the consolidated standard impacts.

The LCA-NETS system sets a standard based on the “Loader and
Receiver’s tolerant balancing theory”. The Loader is the source of
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Table 3 Table 4

Inventory data list on material mining of module. Inventory data list on material mining of tracking system.
Parts Weight Treatment after usage Parts Weight Treatment after usage

(kg) (kg)
Chassis (bottom) 10.1 Recycling (removable) Basis of tracking system 235 Recycling (removable)
Chassis (side) 1.80 Recycling (removable) Base pipe 8.38 Recycling (removable)
Lens 5.32 Incineration (removable) Shaft bearing 2.09 Recycling (removable)
Lens support bar (center) 1.25 Recycling (removable) Cap 1.81E — 01 Industrial waste
Lens support bar (side) 1.58E — 01 Recycling (removable) Weldment 1.36 Recycling (removable)
Module base 2.70E — 01 Recycling (removable) Motor 2.7 Recycling (removable)
M2 bolt 6.00E — 03 Industrial waste Motor case 8.62 Recycling (removable)
M2 washer 1.00E — 03 Industrial waste Attachment parts 1.73E — 01 Recycling (removable) for
M3 bolt 1.10E — 02 Recycling (removable) motor case
M4 bolt 1.69E — 01 Recycling (removable) Attachment channel 9.81 Recycling (removable)
M5 bolt 3.10E — 02 Recycling (removable) Friction wheel 2.38E — 01 Industrial waste
M3 nut 4.00E — 03 Recycling (removable) Wheel guide 1.24E — 01 Industrial waste
M5 nut 1.40E — 02 Recycling (removable) Wheel guide attachment 1.77E — 01 Recycling (removable)
Metal mesh 2.35E — 02 Recycling (removable) SUS box 3.85 Recycling (removable)
Heat release silicon 2.00E — 02 Industrial waste Control circuit 5.40E — 01 Industrial waste
Sealing silicon 2.00E — 02 Industrial waste Motor power source 3.60 Industrial waste
Adhesion bound for lens  1.00E — 01 Incineration Support pipe 40.7 Recycling (removable)
Cable glant 1.60E — 02 Industrial waste Center pipe 11.7 Recycling (removable)
Cable 2.16E — 01 Incineration (removable) Center channel 7.47 Recycling (removable)
Connector 1.60E — 02 Recycling (removable) Corner builder 147 Recycling (removable)
Banding band 2.00E — 03 Industrial waste Circular arc 7.52 Recycling (removable)
Base plate 1.08 Recycling Stay 2.18 Recycling (removable)
Epoxide resin (1) 2.60E — 02 Industrial waste Center support 3.70E — 01 Recycling (removable)
Epoxide resin (2) 2.00E — 02 Industrial waste L angle for 1.77E — 01 Recycling (removable)
Metal backing 1.20E — 02 Recycling (removable) circular arc attachment
Backside electrode 2.40E — 02 Recycling (removable) Ball screw 3.70 Recycling (removable)
Surface electric power 2.30E — 02 Recycling (removable) Case for ball screw 4.80 Industrial waste
Bridge part 9.00E — 03 Recycling (removable) Attachment for support pipe 1.76 Recycling (removable)
Rosin-core solder 10 pl Industrial waste Scope basis 2.03E — 01 Recycling (removable)
Silicon (3 types) 5.00E — 04 Industrial waste Scope support 5.02E — 01 Recycling (removable)
Homogenizer 4.10E — 03 Recycling (removable) Scope attachment 8.52E — 01 Recycling (removable)
Cell - Recycling of only Ge after crush Foundation attachment L1 29.8 Recycling (removable)
Diode 6.40E — 03 Industrial waste Foundation attachment L2 44.7 Recycling (removable)
Column 1.25 Recycling (removable) Concrete 1.81E+02 Recycling (removable)
Homogenizer support 1.43E — 01 Recycling (removable) Washer 9.96 Recycling (removable)
Liquid epoxide 1.90E — 02 Industrial waste (after incineration) Shaft guard pipe 2.59 Recycling (removable)
Dazzle paint cover 1.94E — 01 Recycling (removable) M4 tapping screw 2.65E — 02 Recycling (removable)
Spacer 2.00E — 03 Industrial waste (removable) M5 bolt and nut 6.16E — 02 Recycling (removable)
M3 bolt (short type) 3.20E — 02 Recycling (removable) M6 bolt and nut 1.89E — 01 Recycling (removable)
M3 bolt (low head type) 5.00E — 02 Recycling (removable) M8 bolt and nut 1.73E — 01 Recycling (removable)
M10 bolt and nut 6.70E — 01 Recycling (removable)
M12 bolt and nut 7.70E — 01 Recycling (removable)
) . ) Anchor bolt for 2.77E — 01 Industrial waste foundation

pollution, i.e. power plants that emits CO, as a byproduct of pebbledash

combustion. The Receiver is the people in the local community Internal wiring 4.00E — 01 Industrial waste

and the ecosystem. The analysis of the environmental load was cal-

culated through the balance between maximum values that the

Loader could emit (CO,, NO, and SO,) or consume (fossil fuel or

natural resources) and the maximum tolerated values of the Recei- Table 5

ver. This approach has an additional feature of allowing a complete Inventory data list on material mining of power transmission.

quantitative evaluation of the various epwronmental loads in the Parts Wegh Treatmentatterusage

life cycle impact assessment (LCIA)’s unit as (NETS). (ton)

Tl_1e c9nver510n into a glngle mdei( (NETS) based on Loadgr and Power transmission tower 2204 zadins (Camevaiie)
Receiver’s tolerant balancing theory” can be conducted by a simple Foundation for power transmission tower 5093 Recycling (removable)
equation_ Power transmission line (Cable) 566 Recycling (removable)

Power transmission line (Cable drum) 638 Recycling(removable)
MEVY) = P/ x ELM,) (1)

In this equation, the subscripted “i” and superscripted “j” is
environmental impact factor and category, respectively. The super- Table 6
scripted 5" smeans.the area where the en.\llronl‘l‘lel‘l.tal load ll‘lﬂl_.l— Inventory data list on material mining of interconnection.
ences. MEVE‘) (maximum Eco-load value) in the unit of (NETS) is — -
the Receiver's maximum tolerant impact, P\’ (kg, kW h, m’, etc.) Parts R o e U e e
is the Loader’s maximum allowable amount of a factor expressed Inverter 3 s Industrial waste (only aluminum is recycled)
in the physical unit, ELM!® (environmental load module) (NETS/ Jlcush A Ll (o)
ke kW h. m?. et )is th . factor into NETS which is th Cable drum 218 Recycling (removable)
<g.‘ K , m?>, etc.) is me conversion factor into . whic 1.5 e Cable 368 Recycling (removable)
unit of Eco-load. ELM!®’ can also refer to the consolidated environ-
mental impact for unit emission or unit consumption.

For example, MEV; for global environmental impact (G) that the © 1

MEV;” =6.0 x 10" (NETS) (2)

world population is able to tolerate is defined as follows:
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Table 7
Inventory data list on module manufacturing.

Parts Number of
parts (—)

Electric energy
consumption (kW h)

Chassis (bottom) 1 1.07
Chassis (side) 2 8.94E — 01
Lens 40 5.62
9
2

Lens support bar (center) 1.57E — 01

Lens support bar (side) 3.48E — 03
Module basis 6 3.93E - 02
Base plate 40 3.23E - 01
Cell 40 206 MJ

Column 80 1.31E-01
Homogenizer support 40 2.56E — 01
Dazzle paint cover 40 2.56E — 01

Table 8

Inventory data list on tracking system manufacturing.

Parts Number Electric energy
of parts (—) consumption (kW h)
Foot part basis 4 1.31E - 02
Base pipe 1 4.82E — 03
Weldment 4 7.20E — 02
Motor case 3 1.93E — 02
Attachment parts for motor case 4 6.58E — 03
Attachment channel 2 1.62E — 02
Friction wheel 2 4.25E — 03
Wheel guide 2 3.58E - 03
Wheel guide attachment 2 3.26E — 03
Support pipe 4 3.92E - 02
Center channel 1 3.26E — 03
Stay 8 1.88E — 01
Center support 1 7.20E — 02
L angle for circular arc attachment 2 6.46E — 03
Case for ball screw 2 6.53E — 03
Attachment for support pipe 4 1.30E — 02
Scope basis 1 3.27E - 03
Scope support 2 6.64E — 03

The superscripted “G” in this equation indicates that global
scale impact. If the environmental impact in the restricted area,
i.e. acid rain, is considered, the population in the restricted area
is used for calculating MEV;. In such case, LCA-NETS uses the super-
scription character “R” to indicate the region scale impact. The
total population of the world in year 2000 was equal to
6.0 x 10° assuming that the basic tolerable value for a person
was equal to 100 NETS. The tolerable value for a person was deter-
mined as 100 NETS due to the tolerable level as set to be 100% for
the standard of living that people could enjoy. For example, people
in countryside are satisfied when they can breathe the fresh air
without pollution. The quality of life can be measured using NETS
impact values. The less environmental impact value, the better the
quality of life people have.

The total consolidated impact value EcL (Eco-load) with the unit
of (NETS), which summarizes impacts along all stages of the life cy-
cle, is calculated by

EcL=>" S ELM® x ¥ (3)
j i

where x; (kg, kW h, m®, etc.) is the emission amount or the con-
sumed amount of the related environmental impact factor “i".

4.2. Energy payback time (EPT) evaluation method

In this study, EPT is calculated by the following:

CEDsystem
(Eyear - Etracking) X Rprim

EPT = (4)
where Ryrim means conversion factor between electricity and pri-
mary energy. This factor is usually used to represent the electricity
produced by power plant by means of converting the amount of
consumed primary energy like coal, oil, nuclear, etc. for producing
the electricity into the same energy unit equivalent to crude oil.
In Japan, to produce the electric power of 1 KW h, primary energies
0f 9.00 x 10° k] are consumed in power plant on the average. Then,
Rprim is set at 9.00 x 10% kJ/kW h in this study.

In the calculation of EPT, the waste disposal and recycling stages
are not considered as the same way is carried out in the other stud-
ies generally.

5. Results and discussion
5.1. LCA and EPT investigation on the difference of installation location

Fig. 3 and Table 15 show the LCA results and CED (cumulated
energy demand at each stage or process) of hcpV if installed in
Gobi desert. In Fig. 3, the negative impact value means that this im-
pact can be reduced from the total impacts of life cycle. The impact
of transportation stage is omitted in Fig. 3, since it is very small
compared with the impacts of other stages.

It can be seen from Fig. 3 that the impact of tracking system
manufacturing process is the largest among the impacts of all
stages in life cycle. Without consideration of recycling stage, the
ratio of the impact of tracking manufacturing process to that of
all stages accounts for 68.1%. Especially, natural resource depletion
is the main impact of tracking system manufacturing process.
However, the metal materials used to manufacture the tracking
system can be recycled, resulting that the impact decrease effect
by recycling is high as indicated by (9) and (10) in Fig. 3. It should
be noted that the impacts of power transmission and interconnec-
tion stage just accounts for 12% of the total impacts of life cycle
without recycling stage, which is smaller than previously thought.

Fig. 4 and Table 16 show LCA results and CED of hcpV if installed
in Toyohashi.

The impact of transportation stage is calculated under the fol-
lowing assumptions:

(1) Transportation method is 20 ton track.
(2) Load factor is 50%.
(3) Distance of transportation is 400 km.

In the calculation of impact of transportation stage, treatments
of the parts and products composing hcpV are classified into incin-
eration disposal, landfill disposal and recycling by inventory data
collected in the material mining and procurement stage. However,
the impact of transportation stage is omitted in Fig. 4, since it is
very small compared with the impacts of other stages. Although
the distance of transportation to Toyohashi is shorter than that
to Gobi desert, the comparison of transportation stage between
two locations is not significant in this study.

Again, the impact of tracking system manufacturing process is
the largest among the impacts of all stages in life cycle for hcpV as-
sumed to be installed in Toyohashi. Without consideration of recy-
cling stage, the ratio of the impact of tracking manufacturing
process to that of all stages accounts for 71.8%. The LCA results
are similar for the hcpV if installed in Gobi desert. The results also
show that the recycling of hcpV would reduce significantly the im-
pact in both Toyohashi and Gobi desert.

Fig. 5 shows LCA results of hcpV installed in different locations,
i.e. in Gobi desert and Toyohashi. From this figure, total impacts of
life cycle without recycling stage for HVPV if installed in Gobi des-
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Table 9
Inventory data list on module assembling.
Parts Tool Manufacturing way Input

Electric energy consumption: 70 W s
Electric energy consumption: 70 W's
Electric energy consumption:1000 W s
Electric energy consumption: 105 W s

Chassis (bottom) Electric screwdriver Bolt champing

Chassis (side) Electric screwdriver Bolt champing

Lens Dispenser Bonding

Lens support bar Electric screwdriver Bolt champing

(center)

Lens support bar

(side)

Module basis Electric screwdriver

M2 bolt Used for assembling lens support bar (center)
— Electric energy consumption is included lens support bar (center) manufacturing

Electric screwdriver Bolt champing Electric energy consumption: 30 W s

Bolt champing Electric energy consumption: 60 W s

M2 washer Used for assembling lens support bar (center)
— Electric energy consumption is included lens support bar (center) manufacturing
M3 bolt Used for assembling lens support bar (side)
— Electric energy consumption is included lens support bar (side) manufacturing
M4 bolt Used for assembling chassis (bottom, side)
— Electric energy consumption is included chassis (bottom, side) manufacturing
M5 bolt Used for assembling module basis
— Electric energy consumption is included module basis manufacturing
M3 nut Used for assembling lens support bar (side)
— Electric energy consumption is included lens support bar (side) manufacturing
M5 nut Used for assembling module basis
— Electric energy consumption is included module basis manufacturing
Metal mesh Bonding Silicon: 5g
Heat release silicon Dispenser Coating Silicon: 20 g
Sealing silicon Dispenser Coating Silicon: 20 g

Adhesion bond for lens

Used for lens assembling

Cable glant Cutting machine Attachment Electric energy consumption: 10 W s
Cable Cable cutting machine Attachment Electric energy consumption: 100 W s
Connector Clump machine Attachment Electric energy consumption: 100 W s
Banding band Cohesion machine Attachment Electric energy consumption: 100 W s
Base plate Cleaning bath Cleaning Water: 80 cc, Sulfuric acid: 10 cc,
Electric energy consumption: 15W's
Epoxide resin (1) Bar Cutting Electric energy consumption: 100 W's,
PET removement film: 24 cm?
Epoxide resin (2) Bar Cutting Electric energy consumption: 100 W s,
PET removement film: 24 cm?
Metal backing Reflow furnace Solder Electric energy consumption: 72 kW s
Backside electrode Reflow furnace Solder Electric energy consumption: 72 kW s
Surface electric power Reflow furnace Solder Electric energy consumption: 360 kW s
Bridge part Soldering gun Solder Electric energy consumption: 14 kW s

Rosin-core solder
Silicon (3 type)

Dispenser
Syringe, needle, heater

Used for solder

Coating, softening by heater

Electric energy consumption: 1 MW s
Syringe: 0.2 piece, dispenser: 0.2 tube

Homogenizer - Attachment -
Cell Laminating machine Lamination Electric energy consumption: 7 MW s
Diode Soldering gun Solder Solder: 80 mg

Electric energy consumption: 14 kW s
Column Electric screwdriver Attachment Electric energy consumption: 160 W's
Homogenizer Syringe, needle, Bonding Syringe: 1 piece, dispenser: 1 tube,
Support dispenser Electric energy consumption: 100 W s
Liquid epoxide Used for homogenizer support manufacturing
Dazzle paint cover Electric screwdriver Attachment Electric energy consumption: 400 W s
Spacer - Attachment -

M3 bolt (short type)
M3 bolt (low head type)

Used for column manufacturing
Used for column manufacturing

Table 10
Inventory data list on transportation of parts and products.

Name of parts or products Manufacturing Load factor (%) Transportation distance from Transportation distance from Japan

location Tianjin to Gobi desert by land® (km) to Tianjin by sea® (km)
PV module Japan 50 600 1000
Tracking system Japan 50 600 1000
Interconnection Japan 50 600 1000
Basis China (Tianjin) 50 600 -
Power transmission tower and basis China (Tianjin) 50 600 -

of transmission tower

Data base of JEMAI in 2000 was used for calculation of the amount of consumed fuel.
4 Method: 20 ton track, fuel: light oil, fuel consumption: 3.2 km/L.
> Method: valcour, fuel: heavy oil, fuel consumption: 204 g/kW h.

that in Toyohashi by about 250 kW h/(m? year). In addition, the
amount of support materials required for hcpV assumed to be

ert is smaller than that in Toyohashi by 5%. This is partly because
the amount of direct solar radiation in Gobi desert is larger than
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Table 11
Inventory data list on installation of electric equipment.

Parts Weight (kg) Treatment after usage
Electric cable 2.29E - 01 Recycling (removable)
Connector 4.56E — 02 Recycling (removable)
Junction box 1.02E — 01 Recycling (removable)
Electric cable relay box 1.63E — 02 Recycling (removable)

Table 12
Thickness of chassis and lens support bar of hcpV assumed to be installed in Gobi
desert and Toyohashi (unit: mm).

Number Size
of parts (—)

Parts

Gobi desert
1652 x 1136 x t1.8

Toyohashi
1652 x 1136 x t2.0

Chassis (bottom) 1

Chassis (side) 2 245 x 684 x t1.8 245 x 684 x t2.0
Lens support bar 7 662 x 20 x t4.5 662 x 20 x t5.0
(center)
Lens support bar 2 654 x 15 x t2.7 654 x 15 x t3.0
(side)
Table 13
Data used for calculating EPT of each PV system.
System hcpV mc-Si PV
Cell [II-V multi-junction Multi-crystalline silicon
Output power (kWp) 0.3 500
Installation location Gobi desert Toyohashi Gobi desert
Mean electrical efficiency (%) 18.8 18.0 15.8
Eyear (kW h/year) 290.6 247.8 1.554E + 08
CEDsystem (KJ) 5.15E + 06 5.76E + 06 242E+12
Etracking (KW h/year) 4956 4956 0
Einverter (KW h/year) 3.19E — 02 3.19E - 02 1.06E + 04
Rprim (KJ/KW h) 9.00E + 03 9.00E + 03 9.00E + 03

Table 14 )
Some examples of P} and ELM, used in this LCA study.

installed in Gobi desert is smaller than that in Toyohashi where the
maximum instantaneous wind velocity is higher than Gobi desert.
For these reasons, the superiority to install PV system in Gobi des-
ert is certificated. However, if the recycling stage was considered,
the total impacts of life cycle for HVPV installed in Gobi desert
would be larger than that in Toyohashi by about 6%.

The EPT of hcpV if installed in Gobi desert and that in Toyohashi
is 2.00 year and 2.64 year, respectively, while the CEDsystem 0of hcpV
in Gobi desert and that in Toyohashi is 5.15 x 106k], and
5.76 x 106 k], respectively. Although the extra energy of power
transmission, interconnection and transportation is needed to in-
stall hcpV in Gobi desert, its CEDsystem Of hepV is still lower than
that in Toyohashi, because the amount of support materials of
hcpV required for Gobi desert is smaller than that for Toyohashi.
Consequently, the superiority to install PV system in Gobi desert
is also certificated from the point of energy recovery.

5.2. LCA and EPT investigation on the difference of PV system type

Show LCA results of mc-Si PV and hcpV assumed to be installed
in Gobi desert. In the evaluation of mc-Si PV, the impact of instal-
lation stage was not considered since there was no inventory da-
tum about installing mc-Si PV in China.

From Fig. 6, it is known that the impact of array field manufac-
turing process is the largest among the impacts of all stages in life
cycle. A lot of natural resource like silicon and aluminum is con-
sumed for manufacturing array field. Therefore, recycling plays
an important role in reducing the impact as indicated by (8),
(10), and (11) in Fig. 6. According to Fig. 7, it can be seen that
the ratio of the total impact of life cycle for mc-Si PV to that for
hepV is 34% without consideration of recycling stage. In addition,
it can be seen that the ratio of the total impact of life cycle for
mc-Si PV to that for hcpV is 43% with consideration of recycling

Impact categories (j) Selected factors (i)

Related values (6 = G or R)

Data source

Number Example of selected p/l (kg, m3, (NETS/kg, m>, etc.)
species mg/L, etc.)
Fossil fuel depletion 4 Petroleum 1.4E + 14 (kg) 4.2E — 03 (NETS/kg) Statistical white book, United Nation
(FD)
Natural gas 1.1E + 14 (kg) 5.5E — 03 (NETS/kg)
Coal 9.8E + 14 (kg) 6.1E — 04 (NETS/kg)
Uranium 3.9E + 09 (kg) 1.5E + 02 (NETS/kg)
Natural resource 42 Iron 7.1E + 13 (kg) 8.5E — 03 (NETS/kg) United Nation, USGS mineral commodity
depletion (ND) summaries
Copper 6.5E + 11 (kg) 9.3E - 01
Bauxite 2.4E — 02 (NETS/kg) 2.4E — 02 (NETS/kg)
Global warming (GW) 6 CO, Total 1.2E — 03 (NETS/kg) IPCC report, White papers on environment
CHy 6.7E+ 14 2.1E — 02 (NETS/kg)
N,0 (kg-CO,, eq) 2.7E — 01 (NETS/kg)
Ozone depletion (OD) 96 CFC-11 Total 1.2E + 01 (NETS/kg) Motreal protocol on substances that deplete
the ozone layer
CFC-12 5.2E+10 1.2E + 01 (NETS/kg)
HCFC-22 (kg-CFC-11 eq) 6.4E — 01 (NETS/kg)
Water pollution (WP) 24 Cd 0.01 (mg/L) 1.1E — 01 (NETS/kg) Environmental agency
Pd 0.01 (mg/L) 1.1E — 01 (NETS/kg)
Air pollution (AP) 6 NO, 2.1E+11 (kg) 1.7E — 02 (NETS/kg) Environmental agency, National astronomical
observatory WHO
S0, 1.7E+11 (kg) 2.2E — 02 (NETS/kg)
Acid rain (AR) 2 NO, 2.9E + 08 (H" mol) 2.8E — 01 (NETS/kg) Environmental agency, National astronomical
observatory
SO, 2.0E — 01 (NETS/kg)

Landfill depletion
(LD)

Industrial solid waste

1.3E+11 (kg)
(Japan)

5.3E + 09 (kg)
(Tianjin in China)

9.9E — 02 (NETS/kg)
(Japan)

4.1E — 03 (NETS/kg)
(Tianjin in China)

Environmental agency, Chinese statistics map
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Fig. 3. Life cycle impacts of hcpV assumed to be installed in Gobi desert.

Table 15

CED of hcpV assumed to be installed in Gobi desert.
Stage CED (K]) Ratio (%) Table 16
PV module manufacturing process 2.19E + 06 425 CED of hepV assumed to be installed in Toyohashi.
Solar radiation concentcratlon lens and 6.85E + 05 133 Stage CED (K) Ratio (%)

system manufacturing process

Tracking system manufacturing process 2.14E + 06 41.6 PV module manufacturing process 2.89E + 06 50.2
Assembling stage 2.73E+ 04 0.530 Solar radiation concentration lens and 6.85E + 05 11.9
Power transmission stage 8.10E + 04 1.57 system manufacturing process
Interconnection stage 2.90E + 03 0.0563 Tracking system manufacturing process 2.14E + 06 37.2
Installation stage 1.69E + 04 0.328 Assembling stage 2.73E+04 0.474
Transportation stage 6.69E + 03 0.130 Installation stage 1.69E + 04 0.294
Usage stage (Etracking) 8.92E + 05 No count Usage stage (Eiracking) 8.92E + 05 No count
Total (CEDsystem) 5.15E + 06 100 Total (CEDsystem) 5.76E + 06 100
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(1) PV module manufacturing process, (2) Tracking system manufacturing process, (3) Installation stage, (4) Usage stage, (5) Waste disposal stage,
(6) Total impacts without recycling stage, (7) Recycling stage, (8) Total impacts

Fig. 4. Life cycle impacts of hcpV assumed to be installed in Toyohashi.

Please cite this article in press as: Nishimura A et al. Life cycle assessment and evaluation of energy payback time on high-con&gtMﬁﬁ%&ngpaic
power generation system. Appl Energy (2009), doi:10.1016/j.apenergy.2009.08.011

41



http://dx.doi.org/10.1016/j.apenergy.2009.08.011

12th Photovoltaic System Think-In

10

Fossil fuel depletion
Ozone layer depletion
Acidrain

Natural resource depletion
Water pollution
Landfill depletion

Global warming
Air pollution
1.60E-03
1.40E-03
1.20E-03
E 1.00E-03
Z. 8.00E-04
é 6.00E-04
£ 4.00E-04
2.00E-04
0.00E+00

kwh]

Gobi desert Gobi desert Toyohashi Toyohashi
(without recycling stage) (with recycling stage) (without recycling stage) (with recycling stage)

Fig. 5. Comparison between life cycle impacts of hcpV assumed to be installed in
Gobi desert and that in Toyohashi.

6.00E-04

5.00E-04

4.00E-04

3.00E-04

2.00E-04

1.00E-04

Impacts [NETS/kWh]

0.00E+00

m@ @ & 6 6 o

-1.00E-04
-2.00E-04
-3.00E-04

Fossil fuel depletion
Global warming
Water pollution
Acidrain

A. Nishimura et al./Applied Energy xxx (2009) XxX—Xxx

stage. Therefore, mc-Si PV is more environmental friendly than
hcpV. The main reason of hcpV’s inferiority to mc-Si PV is the big
impact of tracking system manufacturing process which is
necessary for hcpV. However, recycling is more significant to re-
duce the impact for hcpV than that for mc-Si PV. Therefore, it is
necessary to promote the recycling for hcpV systems.

The EPT of hcpV and mc-Si PV is 2.00 year and 1.73 year, respec-
tively, while the CEDsysiem Of hcpV and mc-Si PV is 5.15 x 10°K]
and 2.42 x 10'2 k], respectively (The CEDgystem Of hcpV is 5.15 GJ
(=5.15 x 10° k]) as shown in Table 13.). To consider the difference
in output power of each PV system, CEDyscem is converted by divid-
ing Eyear into CEDsystem. The converted CEDgygrem Of hepV and mc-Si
PV is 1.77 x 10* (k] year)]kWh and 1.56 x 10* (K] year)/kW h,
respectively. Consequently, the energy recovery characteristic of
mc-Si PV is better than that of hcpV, due also to another reason
that the mc-Si PV uses the global solar radiation while hcpV just
uses the direct solar radiation.

M ® 9 () (@11
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Landfill depletion

(2) Array support manufacturing process, (2) Interconnection manufacturing process, (3)Array field manufacturing process,

(4) Power transmission manufacturing process, (5) Transportation stage, (6) Usage stage, (7) Waste disposal stage,

(8) Tota impacts without recycling stage, (9) Recycling stage, (10) Total impacts, (11) Total impacts without PV module recycling

Fig. 6. Life cycle impacts of mc-Si PV assumed to be installed in Gobi desert.

Fossil fuel depletion
Global warming
Water pollution
Acid rain

1.50E-03
1.30E-03
1.10E-03
9.00E-04
7.00E-04
5.00E-04

3.00E-04

Impacts [NETS/kWH

1.00E-04

-1.00E-04 HCPV
(without

recycling stage)

HCPV
(with recycling

-3.00E-04 sage)

-5.00E-04

Natural resource depletion
Ozone layer depletion

Air pollution
Landfill depletion
me-Si PV mc-Si PV mc-Si PV
(without (with recycling (without PV
recycling stage) stage) module recycling
stage)

Fig. 7. Comparison between life cycle impacts of hcpV and that of mc-Si PV.
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6. Conclusions

A hypothetical case study on LCA of hcpV and mc-Si PV has been
carried out in this study. The conclusions drawn from the results of
LCA and EPT of hcpV and mc-Si PV assumed to be installed in Gobi
desert, China and Toyohashi, Japan, can be summarized as below:

(i) The impact of tracking system manufacturing process is the
largest in all stages of life cycle for hcpV in both Gobi desert
and Toyohashi cases. Without recycling stage, the ratio of
the impact of tracking manufacturing process to that of all
stages in Gobi desert and Toyohashi accounts for 68.1%
and 71.8%, respectively. Therefore, developing the recyclable
structure of tracking system is important for hcpV from the
viewpoint of environmental harmonization.

(ii) The impacts of power transmission and interconnection
stage of hcpV if installed in Gobi desert account for about
12% of total life cycle impact without considering the recy-
cling stage.

(iii) Total impacts of life cycle without recycling stage for HVPV if
installed in Gobi desert is smaller than that if installed in
Toyohashi by 5%.

(iv) The superiority to install PV system in Gobi desert is certif-
icated without recycling stage by the study in the aspects
of environmental friendliness and energy recovery.

(v) The mc-Si PV is superior to hcpV for Gobi desert as hcpV

requires tracking system that has huge environmental

impact in its manufacturing process.

The energy recovery characteristic of mc-Si PV is better than

that of hcpV.

(vi
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Performance and loss analysis of residential photovoltaic (PV) systems are conducted using the
sophisticated verification (SV) method. Performance of the various system configurations is
quantitatively analyzed and compared in this paper. The south-oriented systems have approximately
22% more reference yield than the systems that are not oriented south. Difference of the module
manufacturers shows more than 10% differences of the performance ratio whereas array configuration
shows less difference. Imbalance of the string voltages causes system peak power loss and MPP
mismatch. This loss cannot be minimized by the DC/DC converter in most of the systems.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Grid-connected residential photovoltaic (PV) system is one of
the main applications in the Japanese PV market. Approximately
50% of single houses are expected to have PV systems by the year
2030 [1]. “Demonstration research project on clustered PV
systems” has been conducted since December 2002 in Ota, Japan
[2] to investigate the issues of PV systems that are intensively
grid-connected in urban areas. Approximately 2.1 MW of PV
systems composed of 553 residential PV systems are installed in
the demonstration research area. All the PV arrays are add-on-type
PV arrays that installed on top of the roofs. Since the roof designs
are not always optimized for the PV systems, various kinds of
system configurations are used in the research area. System
performances of each PV systems are quantitatively analyzed
and comparison results of different system configurations are
summarized in this paper.

2. Analysis method

Data from July 2006 to June 2007 are used for the analysis.
Array output current and voltage, PCS output current, voltage and

* Corresponding author. Tel./fax: +8142 388 7445.
E-mail address: yzrueda@cc.tuat.ac.jp (Y. Ueda).
1 Tel./fax: +8142 388 7445.
2 Tel.: +81364207214; fax: +813 5745 3042.
3 Tel.: +81344313486; fax: +81344313499.

0927-0248/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.solmat.2008.11.021

power and module temperature, which are measured at a few
selected systems, are used for the analysis along with the
irradiation data measured at the meteorological stations using a
pyranometer. Around 1 min averages of secondly measured data
are used for the analysis.

Performance ratio is used as the performance index. A
numerator of the performance ratio’s calculation is the energy
production (kWh) and a denominator is the measured irradiation
(kWh/m?) divided by the STC sunlight (kW/m?) and multiplied by
the system nominal power (kW) on the nameplate. Since the sum
of the nominal power on the PV module’s nameplate is used as the
system’s nominal output power, this comparison is more like a
quality comparison than the technology comparison, which
usually requires precise in-house measurement for the PV
module’s nominal output power [3].

The sophisticated verification (SV) method [4,5] is employed
for loss analysis. The SV method can quantitatively separate the
system performance loss into 12 loss factors, which are as follows:

. Inverter.

. Module temperature.

PCS capacity shortage.

. Grid voltage.

. Operating point mismatch (high voltage side).
. Fluctuation.

. PCS Off/PCS standby.

. Reflection.

. DC circuit resistance.

. Shading.
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11. System peak power loss.
12. Miscellaneous loss.

Inverter loss Ipcs (KWh) is calculated using the following
equation:

Ipcs = Epcs — Ea (M)

where Epcs (kWh) is an output energy of the inverter and E4 (kWh)
is an output energy of the PV array. Since E4 is measured before
the DC/DC converter, which is used in some of the systems, Ipcs
may include the loss due to the DC/DC converter.

Loss due to the module temperature Iy (kWh) is calculated by
Egs. (2) and (3):

IT:EAT_EA (2)

1+ (@pmax(Tmod — 25))

where Er is the temperature-corrected PV array output (kWh),
dpmax the temperature coefficient of the PV module’s maximum
power (°C) and T, the measured PV module temperature (°C).

Some of the systems use the smaller capacity of the PCS than
the PV array’s capacity in order to maximize the total system
performance including the cost performance [6]. Loss due to the
PCS capacity shortage will occur in such systems. The SV method
quantifies this loss; however, this loss is not the major loss factor
in the annual performance analysis because this loss will occur
only with enough irradiation, which can generate around the
rated peak power of the PV array.

Loss due to the grid voltage is an intentional output regulation
of the PCS in order to prevent the over-voltage at the power
distribution line. Especially in the case of clustered PV systems,
grid voltage will be raised by the injected electric power from the
PV systems to the grid. PV systems, as a distributed generator,
must prevent the over-voltage at the power distribution line.
Thus, all the PCS will regulate its output power if the grid voltage
becomes higher than its starting voltage of the output regulation.
During the output regulation, PCS will regulate the input current
from the PV array. Thus, the operating point on the current-vol-
tage (I-V) characteristics of the PV array will be shifted toward the
open circuit voltage (Voc). The SV method can quantify the loss
due to the grid voltage using the input DC current and input DC
voltage along with the PCS output terminal voltage.

Loss due to the operating point mismatch is usually called an
MPP mismatch. However, PCS will regulate its output intention-
ally if the temperature of the PCS becomes high. Partial shading
and imbalance of the string voltages are also the causes of the
MPP mismatch. The SV method classifies all these losses as the
loss due to the operating point mismatch but not including the
MPP mismatch due to the fast fluctuation of the irradiance. This
calculation also uses the DC input current and voltage; thus this
loss cannot be quantified in the systems without the DC
measurement such as the systems with a multiple DC/DC
converter, the loss will be classified as miscellaneous losses in
such systems.

Under the fast fluctuation of the irradiance or PV output power,
data would be affected by the moving clouds or other accidental
shading. Since there is some distance between the pyranometer
and PV systems, either the pyranometer or PV systems could be
shaded when the fluctuation is too fast, and this situation will be
an error of the analysis result. On the other hand, MPP tracking
sometimes takes a few seconds or minutes to find MPP when the
fluctuation is too fast. All these errors or losses will occur under
the fast fluctuation. The following conditions are used to calculate
the loss due to the fluctuation in the SV method:

Kurokawa Laboratory
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e Minute fluctuation of PV array output power is more than 3%
(kW) of the PV array’s peak power.
e Minute fluctuation of global irradiance is greater than 0.03 kW/m?.

Typical commercial PCS uses PV array output power for its
control circuit. When the incoming irradiance is too weak to start
up the PCS, there will be no output power from the PCS even
though the PV array is receiving irradiation. This loss is quantified
as the loss due to the PCS off. Intentional disconnection of the PV
systems for the research purpose is also included in this loss.

Reflection loss is the incident light reflection at the PV
module’s surface. The SV method calculates this loss using the
geometrical optics theory [7,8].

Loss due to the DC circuit resistance includes both output
power loss due to the DC wiring and voltage drop at the blocking
diodes.

System peak power loss includes soiling, degradation and
imbalance of the PV module’s I-V characteristics within the array.
System peak power is calculated as the most frequently observed
system peak power. The differences between this peak power and
the system nominal powers under the measured irradiances are
quantified as the system peak power losses.

The definition of the shading in the SV method is the situation
that the pyranometer does not have any shading but the PV array
has. Only the static sunlight-blocking objects are considered,
moving clouds or other accidental shadings are not included.
Systems that have significant shading loss are excluded from the
comparison in this paper.

3. System configuration

To compare all the different system configurations, array
configurations are classified into three types, i.e. single-array-
oriented south as type1, multiple array-oriented south and/or east
and/or west as type2 and array(s) not oriented south as type3.
Examples of each type are shown in Fig. 1. Manufacturers of the
PV modules, those of the PCSs, presence of the DC/DC converter
before the PCSs’ input and number of the PV module type are also
used for the system configuration’s classification. Definitions of
the classification and number of systems are summarized in
Table 1. An average PV array capacity is 3.87 kW. Within the
array type 1, configurations from 1 to 4 are the comparison of
the different module manufacturers with their own PCS.
Configurations from 5 to 8 have a similar comparison but only
for modules because PCSs are from manufacturer E. The same
comparison can be seen in array type 2. Type2 also includes the

Typel

Type2 Type3

SINGLE array
oriented SOUTH

MULTIPLE arrays
oriented SOUTH
and/or EAST
and/or WEST

Array(s) NOT
oriented SOUTH

H-A

2 types module:

Fig. 1. Example of each array type.
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Table 1
Definition of system configuration classification.
Configuration Array type Module PCS With DC/DC No. of module No. of systems Performance
number manufacturer manufacturer converter type ratio (%)
1 1 A A No 1 43 77.7
2 1 B B No 1 41 81.6
3 1 C C No 1 35 77.3
4 1 D D Yes 1 23 711
5 1 A E No 1 38 78.1
6 1 B E No 1 27 81.4
7 1 C E No 1 31 76.8
8 1 D E No 1 35 74.7
9 2 A A No 1 7 76.6
10 2 A A Yes 1 17 73.3
1 2 B B No 1 16 79.3
12 2 C C No 1 15 76.9
13 2 C C Yes 1 11 76.4
14 2 C C Both 2 6 75.2
15 2 D D Yes 1 3 71.2
16 2 D D Yes 2 31 66.1
17 2 A E No 1 9 781
18 2 B E No 1 28 791
19 2 C E No 1or2 11 76.4
20 2 D E No 1or2 14 75.1
21 3 All All Both 1 25 74.9
comparison for the presence of the DC/DC converter (9-10,12-13) | A e viduale A v v Id|
[ -
and number of module type (15-16). verage o Individual + Average eference Yie
100 1800
F e R =
g 90 \_\J\A/&_wh;——&ﬂ/—‘\’ 1500 %
. . el 8 g =
4. Results and discussions = 80 § o &g 0 8] 1200
o g 1 oo Mg § =
) 8 70 i = s dl 900 2
Average annual performance ratios of each system configura- = b 8 $ 3 >
tion, annual performance ratios of individual systems and average E 50 o 8 8 500 §
reference yield for each configuration are summarized in Fig. 2. £ ° o
. . < ()
Average performance ratios are also added in Table 1. As a result, & 50 1300 ©
array type 1 generated approximately 11% more electricity than : x
the array type 2 and 22% more than the array type 3 whereas the 40 MECHeEDBRREOOREREIEE o

performance ratios did not show any significant differences
between the array configurations. Differences of the performance
ratios were much clear between the module manufacturers;
manufacturer B showed the best performance ratio in the entire
array type whereas the configurations with the module from
manufacturer D showed the worst.

Loss analysis results using the SV method are summarized in
Fig. 3. PCS, module temperature, reflection and system peak
power loss were the major loss factors that distinguished the
performance ratios of each system configuration. Annual loss
ratios of each system configuration and those of individual
systems are summarized in Figs. 4-8. These figures show the
results of PCS, module temperature, reflection, system peak power
loss and miscellaneous loss, respectively.

Since the PCS loss includes the loss at the DC/DC converter,
system configurations with a DC/DC converter such as 4, 10, 13, 15
and 16 tend to have more PCS loss as shown in Fig. 4. From Fig. 5,
it is clear that the system configurations with manufacturer B’s PV
modules resulted in a smaller loss ratio of temperature. This is
because of the smaller value of the temperature coefficient of
module B. Differences between array types are also seen in this
figure. Array type 1 has more loss than the others because array
type 1 receives more irradiation than the others and this makes
module temperature hotter. On the other hand, array type 1 has
less reflection loss than the others as shown in Fig. 6. The incident
angle of the sunlight around noon is smaller in array type 1 but
other array types have east- or west-oriented arrays and the
incident angle become larger in these arrays.

1234567 89101112131415161718192021
System Configuration Number

Fig. 2. Performance ratios and reference yields for each system configuration. Bar
chart is the average performance ratios and diamond plots are performance ratios
for each system on the left Y-axis. Line plot is the reference yield on the right Y-
axis. Different color of the bar represents the PV module manufacturer.

System peak power loss represents the loss that always exists.
Two systems, which have the lowest performance ratio in Fig. 2,
have the largest system peak power loss in Fig. 7. One is in the
configuration number 16 and the other is in 10. Both systems use
the DC/DC converter and have a large difference within the string
voltages. The worst system in configuration number 16 has five
strings. Two are south-oriented and Vpc are 154 and 179 V. One is
east-oriented with a Voc of 128V and the other two are west-
oriented with Vyc of 194 and 167 V. The second bad system in
configuration number 10 has three strings for each azimuth, Vpc
are 288, 115 and 192 V. Different string voltages caused contin-
uous MPP mismatch even with the DC/DC converter in these
systems. These systems also have a lot of miscellaneous losses,
which are shown in Fig. 8. Configuration number 16 has the
largest average and the variation of miscellaneous loss, and this
configuration has two type modules with different string voltages.
Since this configuration uses a DC/DC converter, DC measurement
is not available; thus, most of the miscellaneous loss comes from
MPP mismatch. Consequently, different string voltages with a DC/
DC converter cause much MPP mismatch, specially in configura-
tion number 16.
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Fig. 3. Summary of the loss analysis results.
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Fig. 4. Analysis result of PCS loss ratios for each system configuration.

Temperature Loss Ratio [%)]
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Fig. 5. Analysis result of temperature loss ratios for each system configuration.

5. Conclusions

Detailed performance and loss analyses are conducted, and
comparison among the various system configurations is summar-
ized in this paper. South-oriented arrays generate 11-22% more

electricity than the other array configurations but differences of

the performance ratio arose from other reasons, such as module
manufacturer and DC/DC converter with different string voltages.
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1234567 8 9101112131415161718192021

Fig. 6. Analysis result of reflection loss ratios for each system configuration.

|-Average o Individual « Average
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15

20

System peak power Loss Ratio [%)]

123456 7 8 9101112131415161718192021
Fig. 7. Analysis result of system peak power loss ratios for each system
configuration.

The DC/DC converter increased PCS loss and imbalance of the
string voltages caused system peak power loss and MPP mismatch
even with the DC/DC converter. Although two type modules and
DC/DC converter increase the flexibility of the array configuration,
this kind of performance loss needs to be avoided in the system
design.
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Fig. 8. Analysis result of miscellaneous loss ratios for each system configuration.

Performance ratio is not only the value of the PV system.
Appearance, price and reliability are also very important
criteria. Thus the system configuration, which has the lowest
performance ratio in this analysis, does not mean the
lowest quality or lowest value; however, differences of the
performance ratios between manufacturers are more than 10%
in well-optimized configurations and a nonoptimized configura-
tion will have less than 50% of the performance ratio in the
worst case. This difference needs to be considered for system
design.

Acknowledgements

This research is performed as a part of “Demonstrative research
on clustered PV systems”, which is a project of New Energy and
Industrial Technology Development Organization (NEDO). The
authors would like to acknowledge the financial support of NEDO
and cooperative discussions with project members.

References

[1] New Energy and Industrial Technology Development Organization, PV Road-
map Toward 2030(PV2030), 2004.

[2] Kandenko Co., Ltd., FY2002 NEDO Report, Demonstrative Research on
Clustered PV Systems, 2003.

[3] M. Grottke, P. Helm, A. Kiessling, G. Friesen, A. Realini, K. Gehrlicher, PV
enlargement: PV module technologies in performance comparison—results
of a 3 years project programme, in: Twenty-first European Photovoltaic Solar
Energy Conference Proceedings, September 2006, pp. 3263-3266.

[4] Y. Ueda, T. Oozeki, K. Kurokawa, T. Itou, K. Kitamura, Y. Miyamoto, M. Yokota, H.
Sugihara, Quantitative analysis method of output loss due to restriction for
grid-connected PV systems, IEE Japan 125-B (12) (December 2005) 1317-1326.

[5] Y. Ueda, K. Kurokawa, T. Itou, K. Kitamura, K. Akanuma, M. Yokota, H. Sugihara,
A. Morimoto, Advanced analysis of grid-connected PV system’s performance
and effect of battery, IEE Japan 127-B (1) (January 2007) 247-258.

[6] S. Nishikawa, Optimum capacity of inverter in PV system with dispersed PV
array, in: Proceedings of the JSES/JWEA Joint Conference, 2000, pp. 21-24.

[7] T. Yamada, H. Nakamura, T. Sugiura, K. Sakuta, K. Kurokawa, Refection loss
analysis by optical modeling of PV module, Solar Energy Materials and Solar
Cells 67 (2001) 405-413.

[8] Yuzuru Ueda, Kosuke Kurokawa, Takamitsu Itou, Kiyoyuki Kitamura, Yusuke
Miyamoto, Masaharu Yokota, Hiroyuki Sugihara, Performance ratio and yield
analysis of grid connected clustered PV systems in Japan, in: 2006 IEEE Fourth
World Conference on Photovoltaic Energy Conversion, Hawaii, USA, May 2006,
pp. 2296-2299.

20 March 2010
59



12th Photovoltaic System Think-In

Kurokawa Laboratory
60



papers

20 March 2010
61



12th Photovoltaic System Think-In

Kurokawa Laboratory
62



papers

20 March 2010
63



12th Photovoltaic System Think-In

Kurokawa Laboratory
64



papers

20 March 2010
65



12th Photovoltaic System Think-In

Kurokawa Laboratory
66



papers

20 March 2010
67



12th Photovoltaic System Think-In

Kurokawa Laboratory
68



papers

20 March 2010
69



12th Photovoltaic System Think-In

Kurokawa Laboratory
70



papers

20 March 2010
71



12th Photovoltaic System Think-In

Kurokawa Laboratory
72



papers

20 March 2010
73



12th Photovoltaic System Think-In

Kurokawa Laboratory
74



papers

20 March 2010
75



12th Photovoltaic System Think-In

Current Applied Physics xxx (2009) XXX—XXX

Contents lists available at ScienceDirect

Current Applied Physics

journal homepage: www.elsevier.com/locate/cap

Life-cycle analyses of very-large scale PV systems using six types of PV modules

Masakazu Ito®*, Keiichi Komoto?, Kosuke Kurokawa?

2Tokyo Institute of Technology, Tokyo, Japan
 Mizuho Information and Research Institute, Tokyo, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 30 November 2008
Accepted 3 June 2009
Available online xxxx

PACS:
88.05.Hj

Keywords:

VLS-PV

LCA

Desert

Energy pay-back time
CO, emissions rate

The authors have been studied the life-cycle analysis of the VLS-PV systems installed in desert area using
sc-Si, mc-Si, a-Si/sc-Si, a-Si/pc-Si, CdTe, and CIS PV modules. The sc-Si and a-Si/sc-Si, a-Si/jic-Si are new
items from the last studies [1]. It is assumed 1 GW system in Gobi desert including transmission lines. We
estimated energy requirement, energy pay-back time, CO, emissions, and CO, emissions rate. Concerning
the energy requirement, the CIS is the smallest, and biggest energy requirement is the sc-Si. The mc-Si, a-
Si/sc-Si, thin-film Si and CdTe are average. The energy pay-back time of the CIS’s VLS-PV system is
approximately 1.8 years, and sc-Si is 2.5 years. The others are approximately 2.0-2.3 years. Characteris-
tics of the CO, emissions rate are almost same as energy pay-back time. The CO, emissions rate is 43—
54 g-CO,/kW h. The mc-Si, a-Si/sc-Si, and CIS shows lower CO, emissions rate.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The VLS-PV systems have been studied in IEA/PVPS Task8 in or-
der to investigate possibility to install MW to GW scale PV systems
in desert from 1998. They have studied about Mediterranean region,
Middle East region, Asia region and Oceania region including project
proposals, energy product, generation cost and so on. They are writ-
ten in published two books called Energy from the Desert [2,3].

In Asia team, we focused on the life-cycle analysis, which is a
tool to estimate environmental effect through its life time. We
have studied the life-cycle analysis of the VLS-PV systems using
mc-Si (multi-crystalline silicon), a-Si (amorphous silicon), CdTe
(cadmium telluride), and CIS (copper indium selenium) [1]. In this
paper, we also studied other types of PV modules, sc-Si (single-
crystalline silicon), a-Si/sc-Si hetero junction type, thin-film Si (a-
Si/micro-crystalline silicon). In addition, LCA data of mc-Si and
CIS module were updated. Therefore, this study shows possibility
of the VLS-PV systems using current PV technologies.

2. Methodology of the life-cycle analysis

The life-cycle analysis (LCA) methodology is an appropriate
measure to evaluate the potential of the VLS-PV systems in detail,
because the purpose of this methodology is to evaluate its input
and output from cradle to grave. In this study, energy pay-back

* Corresponding author. Fax: +81 3 5734 3559.
E-mail address: ito@iri.titech.ac.jp (M. Ito).

1567-1739/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2009.11.028

time (EPT), and the CO, emission rate of the VLS-PV system were
calculated with this method. These indices are defined by the fol-
lowing equations:

EPT [year]
__ Total primary energy requirement throughout its life-cycle [J]
n Annual power generation [J/year]

CO, emissions rate [g-CO,/kW h]

_ Total CO, emission on life-cycle (g-C)
~ Annual power generation [KW h/year] x lifetime [year]

EPT means years to recover primary energy consumption
throughout its life-cycle by its own energy production. And the
CO, emission rate is a useful index to know how much the PV sys-
tem can mitigate global warming.

3. Assumptions
3.1. System configurations

The VLS-PV system assumed 10 of 100 MW system, which con-
sists of four sets of a 25 MW unit field. The 25 MW unit consists of
50 sets of a 500 kW unit system which include inverter and trans-
former. South-faced fixed flat array structures and foundations
were designed. Wind pressure and earthquake are also taken into
account. Land preparation is considered. Array support and
foundation are produced in installation site, and other system

doi:10.1016/j.cap.2f"6.11.028
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Table 1 3.0
Case studies in this research. e
PV module type sc-Si, mc-Si, a-Si/sc-Si, thin-film Si, CIS, CdTe )
Array type Fixed flat plate system 2.0+
Index Energy, CO, emissions 154
Installation area Gobi desert
1.0
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Fig. 1. LCA boundary for the VLS-PV system.

components such as modules, cables and inverters are manufac-
tured in Japan. All the components are transported to the installa-
tion site by marine and land transport. A 100 km transmission line
is also considered.

PV modules were assumed six types; they are sc-Si, mc-Si, a-Si/
sc-Si, thin-film Si, CIS, and CdTe as shown in Table 1. They were as-
sumed to be installed on fixed ground mounted structure.

3.2. Performance parameters

The VLS-PV systems were assumed to be installed in Gobi desert
which have abundant irradiation, 1702 kW h/year. Performance
Ratio was assumed around 78% which was considered Gobi desert
condition and coefficiency of temperature of PV modules.

3.3. LCA boundary and life-cycle inventory data

This life-cycle analysis studied mining transportation, manufac-
turing, construction, and operation, i.e. from beginning to opera-
tion. Decommission stage does not include at this time. Fig. 1
shows the boundary of the LCA.

The life-cycle inventory data of PV modules are referred to
NEDO report [4,5].

4. Result of energy requirement and energy pay-back time

Fig. 2 shows the energy requirement of the VLS-PV systems.
Their energy requirements are from 30 to 42 TJ/MW. The CIS mod-

50,000
45 000 A1 '0/17
40,000 37,265
35,000 433.068 i 3,309 34879 w Other components
30:000 g 29,637 = Transmission
25,000 - B Transportation
20,000 = Cable
15,0007 = Foundation and trough
10,0001 ® Array support
5,000
0+ = PV module
[ B w2
g ° 8

aSi/sc-Si
Thinfilm Si

Fig. 2. Energy requirement for the VLS-PV systems [G]/MW].
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Thinfilm Si
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Fig. 4. CO, emissions of the VLS-PV systems [t-CO,/MW].
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CdTe

Fig. 5. CO, emissions rate of the VLS-PV systems [g-CO,/kW h].

ule’s VLS-PV system is the smallest energy requirement, which use
30 TJ/MW. The energy requirements of PV modules are the biggest
in any cases, and second majority is array support.

Fig. 3 shows the energy pay-back time. They are 1.8-2.5 years.
The CIS module’s energy pay-back time is the shortest too, and
the single-crystalline silicon’s energy pay-back time is biggest.
However, it is short, 2.5 years.

Fig. 4 shows CO, emissions of the VLS-PV systems through its
life-cycle. The multi-crystalline Si’s VLS-PV system shows smallest
CO, emissions. And the a-Si/sc-Si and CIS shows also lower CO,
emissions. The VLS-PV systems of three modules; mc-Si, sc-Si, a-
Si/sc-Si, have higher efficiency, that cause small amount of array.
And the others need big amount of array, because of their
efficiencies.

The CO, emissions rate of the VLS-PV systems are shown in
Fig. 5. They are 43-54 g-CO,/kW h, and they are almost same level.
But, mc-Si and a-Si/sc-Si shows smallest CO, emissions rate.

doi:10.1016/j.cap.2009.11.028
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5. Conclusions

In this paper, the authors studied environmental aspects; they
are energy requirement, energy pay-back time, CO, emissions,
and CO, emissions rate.

Concerning the energy requirement, the CIS is the smallest and
biggest energy requirement is the sc-Si. The mc-Si, a-Si/sc-Si, thin-
film Si and CdTe are average. Especially, the energy pay-back time
of the CIS module is shorter than the others. It is approximately
1.8 years. And energy pay-back time of sc-Si is 2.5 years. The others
are approximately 2.0-2.3 years.

Characteristics of CO, emissions rate are almost same, but big-
gest CO, emissions and CO, emissions rate is the thin-film Si PV
module. CO, emissions rate is 54 g-CO,/kW h. The mc-Si, a-Si/sc-
Si hetero junction type and CIS shows lower CO, emissions rate.
It is approximately 43 g-CO,/kW h.

Concerning the energy pay-back time and CO, emissions rate,
the VLS-PV systems using CIS PV module is the most environmen-

tal friendly PV module for the VLS-PV systems in deserts. However,
the other modules are also low carbon emission and short energy
pay-back time when they are compared with conventional fossil
fuel plants.
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Abstract: The Electric Vehicles (EV) still use fossil fuels which the grid electricity include. The Renewable Energy for
Electric Vehicle (RE-EV) project has been established to be realized a zero emission vehicle. In the project, charging
station including a 2.6 kW home PV system, a 9 kWh battery system, and measuring equipments were installed in
Ookayama campus in Tokyo Institute of Technology. This paper studied a preliminary analysis to clear the potentials of
EV powered by photovoltaic (PV) systems. Three types of vehicles, a gasoline vehicle, a electric vehicle, and a electric
vehicle powered by PV system, were compared by using statistical data of vehicle utilization and Life-Cycle Assessment
(LCA) database from environmental view point. Vehicles are used for many ways. Therefore, 6 driving patterns were
made with the statistical data. As a result of typical vehicle use, 70 % and 95 % CO2 emissions can be reduced by EV
and by EV with PV utilization by simple calculations. In addition, considering driving pattern, the EV with PV has
potential to reduce 80 % CO2 emissions comparing to electricity grid, and 95 % comparing to the gasoline vehicle.

Keywords: Electric Vehicle, Renewable Energy, Photovoltaic system, Battery, CO2 emissions

1. INTRODUCTION

The world is moving towards becoming a renewable energy (RE) society. However, if we cannot find a solution to the
problem of RE fluctuation, the potential of RE will be limited. One of the solutions is a battery which can normalize RE
fluctuations. Such kinds of battery are currently expensive but if electric vehicles (EV) become popular, the price of
such batteries will decrease with mass production thereby increasing their numbers further. Then it may be possible to
use EV batteries to stabilize RE fluctuations so that EV themselves can be expected to play a key role in realizing the
renewable energy society.

The battery can stabilize short time fluctuations, and it can also stabilize daily fluctuations. Fig. 1 shows the image of
renewable energy community with batteries. And Fig. 2 shows the daily electricity curves of 10 utility companies in
Japan, and average photovoltaic (PV) output normalized as 100 GW and 150 GW. In the figure, 100 GW PV can reduce
peak demand, and, if there are 150 GW PV systems and large numbers of EV in use, PV can reduce peak demand, and
EV can facilitate the movement of the surplus PV output to evening demand. Given the fact that there are 75 million
vehicles in use in Japan, this is not simply the story of a dream.

Bulk RE B
Orderly/\/«‘
Flow

Control

Adv. Distr.

Substation

Existing Distribution

to minimize total cost| B << Zb to overcome voltage
rise by reversal flow

Fig. 1 The image of renewable energy community. Location of Battery Storage, PV, Wind, etc.
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Fig. 2 Daily Power Balance between PV and Electricity

2. THE RE-EV PROJECT

Electric Vehicles (EV) are attracting people'§ attention because they do not use gasoline or diesel fuel, and do not emit
exhaust gases. Therefore, the vehicle is actually a clean vehicle, and it is possible to reduce CO2 emissions. However,
there is still a problem. The electricity running EVs is partly generated from non-sustainable energy, for example, oil,
coal, natural gas, and uranium. One way to solve this problem is to use renewable energies (REs). There are already
some projects targeting EV with renewable energies. Examples are a PV charging station and a fuel cell station but we
have developed an advanced project to create a solution to global warming. Our project named the ,Renewable Energy
for Electric Vehicle Project (RE-EV project) was started in July 2008. It is operating under the umbrella of the
Advanced Energy Systems for Sustainability (AES) in the Integrated Research Institute in the Tokyo Institute of
Technology. The project members are Mitsubishi Corporation, TOSTEM Housing Institute, GS Yuasa, and the Tokyo
Institute of Technology.

Fig. 3 RE-EV project Electric Vehicle, the i-MiEV, manufactured by Mitsubishi Motors Corporation

2.1 Equipments

The system components of the project are: 1) the electric vehicle, i-MiEV as shown in Fig.3; 2) a 2.6 kW photovoltaic
system (PV), a 9 kW battery, a concentrated solar power system (CSP), and a charging controller on the Ookayama
campus in Tokyo; 3) a model house with a photovoltaic system in Katsushika ward in Tokyo; 4) charging stations on the
Suzukakedai and Tamachi campuses; 5) a wind power system. When the EV is charging on the Ookayama campus,
electricity comes from the PV system and the CSP system. If that combined output is not enough, the battery provides
the required electricity. When the EV leaves the Ookayama campus, the battery recharges with electricity from the PV
system and the CSP system. Wind power systems are not connected to the Ookayama campus directly. The wind power
system sends its output and output data to the power station in real time, and the power station provides electricity to the
battery and/or the EV in proportion to the wind power system'S output. This means that the fluctuating amount of

Kurokawa Laboratory
82



International Conference
World Renewable Energy Congress 2009 - Asia
The 3" International Conference on “Sustainable Energy and Environment (SEE 2009)”
18-23 May 2009, Bangkok, Thailand

electricity generated by the wind power systems can go to the EV directly. In addition, there is a plan to install a rapid
charger in the Ookayama campus. The Suzukakedai campus and the Tamachi campus also have power stations. The
model house can charge the EV by PV electricity.

I/ """" ‘I \Wind Power
. Bl, __SolarPower E
| AT ReHT | y -,
— .l So¢ =5
I I E CSP e
1 | <J

- - T N\

1 1

| [PS] |

\ 7

| ‘—‘T |

1 1 Ookayama Campus

| |

- - - - - -
Tamachi Campus Model House

Takasago, Katsushika

Fig. 4 The equipments and installation places of the project

2.2 Measuring equipment

The EV contains many measuring instruments such as GPS, speedometer, thermometer, revolution measuring device,
battery level measuring device, etc. The data generated by these instruments can be accessed through the project web
site. In addition, equipment has been installed to manage and correct irradiation, PV output, battery input and output,
and EV input and output.

2.3 Research topics in this project

The target of the project is a low carbon infrastructure for EV and the proposal of possible system configurations.
Experiments should enable the identification of the system with the lowest CO2 emission, reductions in renewable
energy fluctuations, increases in kWh values and the maximum installable capacity as well as the extraction of EV
battery values. If all the electricity for EV can be supplied by renewable energy, EV can become a real zero emission
vehicle while in operation.

On going research topics relating to the RE-EV project are: 1) charging optimization according to EV usage patterns
and equipment; 2) RE-EV life-cycle analysis aiming to determine how much RE-EV systems can reduce CO2
emissions; 3) offset charging using renewable energy which seeks to utilize RE-EV systems to reduce power
fluctuations taking into account that a small number of EV will have no impact but that large numbers of EV can charge
or discharge at least the same amount of electricity as wind power systems; 4) on-off control devices which will be
critical equipment in homes because EV use 15 A when charging and a controller to monitor and adjust electric power
demand to avoid power breaker tripping.

3. PRELIMINARY ANALYSIS ON CO2 REDUCTION POTENTIALS
3.1 Purpose in this study
For this project, it is important to study on potentials of CO2 reduction by photovoltaic system. Driving patterns were
prepared by using statistical data of vehicle utilization. Then, three types of vehicles, a normal electric vehicle, an
electric vehicle with PV, and gasoline vehicle, were compared by evaluating CO2 emissions. The electric vehicle used

in this study is based on a same type of gasoline vehicle, “i” manufactured by Mitsubishi Motors Cooperation. A
boundary of this evaluation is an operation stage only.

3.2 Data for evaluating CO2 emissions
These data were used in this study.
(1) CO2 emissions rate of electricity grid
425 g-CO2/kWh from LCA database [1] was used in this study.
(2) Electric vehicle, i-MiEV
Electricity consumption (Fuel consumption) is 10 km/kWh from a catalogue.
Weight of vehicle is 1080 kg.
(3) The PV system
CO2 emissions rate is 58.6 g-CO2/kWh. This was referred to report of NEDO [2]. It was assumed that life-time
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was 20 years except for inverter which was 10 years, and multi crystalline PV module were assumed.

(4) The battery
The batteries used in RE-EV project were 32 of SLC70-4V, which was 4V 70Ah and 10 years life-time. The CO2
emissions rate of another type of battery S5D23L/R is 0.420 kg-CO2 written in the LCA database [1]. Comparing
their weight of 14.5 and 11.0 kg, the SLC70-4V was assumed to be 10.2 kg-CO2.
A cabinet of batteries were assumed that it is made by stainless steel. Therefore, 48.2 kg cabinet was 40.1 kg-CO?2,
and 50.3 kg-CO2 totally.
Discharge and charge efficiency were assumed to be 0.8.

(5) A gasoline vehicle
A gasoline vehicle were assumed “i” which was a base vehicle of i-MiEV. Fuel consumption is 19.2 km/l. CO2
emissions rate of gasoline is 277.827 g-CO2/1 in manufacturing stage [1], and 2321.66 g-CO2/1 in driving. By
using the fuel consumption, 135 g-CO2/km was used.

3.3 An evaluation by using average data
In research survey of Japan Automobile Manufacturers Association (JAMA) [3], average driving distance is 5160 km
per year. The three type of vehicles were evaluated by using this number.

(1) The i-MiEV powered by electricity grid

5160 km+10 km/kWhx425 g-CO2/kWh=219.3 kg/year
(2) The i-MiEV powered by PV electricity

5160 km+10 km/kWhx58.6 g-CO2/kWh+0.8=37.8 kg/year
(3) The gasoline vehicle “i”

5160 kmx135 g-CO2/km=697 kg/year

In the simple calculation, the i-MiEV can reduce 70 % of CO2 emissions, and the i-MiEV with PV can reduce 95 % of
CO2 emissions.

3.4 An evaluation considering driving patterns

Table 1 shows driving patterns, which were made by authors. Average and percentage of patterns were referred to
statistical data [3]. Basically, if the vehicle can charge in daytime, they charge from the PV system, but in night, they
charge from the battery. However, considering weather condition, half of electricity is from the PV system, and another
half is from the battery in case of charging in daytime. In case of long driving which are larger electricity consumption
than the battery capacity, the EV is charged by the grid electricity. Table 2 shows result of CO2 emissions rate
considering these assumptions.

Table 1 Driving patterns and system configurations

.. . Frequency | Annual L. Weekday Holiday
Driving patterns Distance Day/week | distance Charging time Daytime Night | Daytime Night

Pattern 1: Short distance A. Weekday:
10 to 15km Night . .
Commute to office or school. 12.5 5 3,250 Holiday: n.a. Battery | Possible Possible
Home PV anytime
Pattern 2: Short distance B.
10 to 15 km. 8.4 6.6 2,883 Anytime PV Possible | Possible Possible
Daily shopping. Home PV
Pattern 3: Short distance C. Weekday:
10 to 15km daytime . . .
Commute to office or school. 12.5 5 3,250 Holiday: PV Possible | Possible Possible
Office PV Anytime
Pattern 4: Middle distance. Weekday:
35 km Night . .
Commercial vehicle. Office 40 5 10,400 Holiday: n.a. Battery | Possible Possible
PV Anytime
Pattern 5: Mid-long distance. W;?ik?l?y:
70km. Delivery vehicle. 70 5 18,200 g n.a. Battery | Possible Possible

Holiday:
Office PV .

Anytime
Pattern 6: Long distance. 200 \Ziekgiy: Depend Battery and
km 200 1 10,400 Yme | possible  Possible | Dcpends  Batterya

. Holiday: on grid
Leisure use. Home PV .
Night

n.a.: not appricable
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Table 2 CO2 emissions and CO2 emissions rate considering driving patterns

Driving CO2 emissions rate of chareing electricit EliCtr;:lltg N CO2 emissions Only grid use Gasoline vehicle
pattern CHIISSIONS fate Of charging electrcity EISV\;E/ yf) oM | kg-CO2/10yr kg-CO2/10yr kg-CO2/10yr
Charging from battery 73.3 1,381 4,388
Pattern 1 only ¢-CO2/kWh 323 288 (x4.8) (x15.2)
Considering the
weather, half is from 65.9 1,225 3,892
Pattern 2 PV, another half is g-CO2/kWh 288 240 (x5.1) (x16.2)
from battery
Considering the
weather, half is from 65.9 1,381 4,388
Pattern 3 PV, another half is ¢-CO2/kWh 325 265 (x5.2) (x16.6)
from battery
Charging from battery 73.3 4,420 14,040
Pattern 4 only 4-CO2/kWh 1,040 812 (x5.4) (x17.3)
Charging from battery 73.3 7,735 24,570
Pattern 5 only ¢-CO2/kWh 1,820 1,383 (%5.6) (x17.8)
Half is from quick
charger by grid, 249.1 4,420 14,040
Pattern 6 another half is from g-CO2/kWh 1,040 2,641 (x1.7) (%5.3)
battery

As a result, comparing to the charging from electricity grid, PV electricity utilization can reduce 80 % CO2 emissions in
case of pattern 1 to 5. Even in case of pattern 6, 40 % CO2 emission can be reduced. If we compare EV with PV to the
gasoline vehicle, they have potential to reduce 95 % CO2 emissions. However, it should be considered that these result
does not include vehicle's manufacturing stage.

4. CONCLUSIONS
The Renewable Energy for Electric Vehicle (RE-EV) project have been established, and the many research topics have
been launched. One of the research topics in the project was studied and reported in this paper. It was CO2 reduction
potentials for the electric vehicle by the PV system. As a result, 70 % and 95 % CO2 emissions can be reduced by EV
and by EV with PV utilization from simple calculation. In addition, considering driving pattern, the EV with PV has
potential to reduce 80 % CO2 emissions comparing to electricity grid, and 95 % comparing to the gasoline vehicle.
The authors are continuing this study, and will include actual data by experiments. It will show more precise results.

5. REFERENCES
[1] LCA database FY2009 1st Edition (2009) Life Cycle Assessment Society of Japan
[2] Research and development of fabrication technologies for Life-Cycle Assesment of PV systems, Mid-term report
(2008) New Energy and Industrial Technology Development Organization
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ABSTRACTS

The Life-Cycle Analysis (LCA) including
decommission stage of the VLS-PV system with six types
of PV modules was studied in this paper. They were
assumed to be installed in Gobi desert in China, where
there are abundant sunshine and land area. Output
electricity of the system is consumed in city by 100 km
transmission line.

Concerning the Energy requirement, the CIS was the
smallest, and biggest energy requirement was the sc-Si.
mc-Si, a-Si/sc-Si hetero junction type, thin-film tandem and
CdTe were average. Especially, the energy payback time
of the CIS PV module was much shorter than the others. It
was approximately 1.8 years. And energy payback time of
sc-Si was 2.5 years. The others were approximately 2.0 to
2.3 years.

Characteristics of CO2 emissions rate were almost
same, but biggest CO2 emissions and CO2 emissions rate
was the thin-film hybrid PV module. CO2 emissions rate
was 71 g-CO2/kWh. The mc-Si and a-Si/sc-Si hetero
junction type shows lower CO2 emissions rate. It is
approximately 51-53 g-CO2/kWh.

BACKGROUND

Nowadays, world energy demand has been rapidly
expanding due to the world economic growth and
population increase, especially in developing countries. If
world energy demands continue to increase, the primary
energy will dry up in this century. In addition, too much
energy consumption causes a Vvariety of serious
environmental problem such as global warming, acid rain
and so on. On the other hand, renewable energies are
expected to resolve both the energy problem and the
environmental problem. Photovoltaic power generation
system is one of promising renewables. Because it need
no fuel, no maintenance and no emission when it's
generating. Although the solar energy is of low density by
nature, it has a large potential by assuming that world
deserts can be utilized. Therefore the authors have been
investigating very large-scale photovoltaic power
generation (VLS-PV) systems on deserts. Even the Gobi
desert that locates on high latitude has higher irradiation
(4.7kWh/m2/d) than Tokyo (3.5kWh/m2/d). Furthermore,
the Sahara desert has more irradiation as 7.4kWh/m2/d.
Theoretically, PV systems installed in the Gobi desert with
50% space factor, has potential to generate energy as
much as recent world energy supply.
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OBJECTIVE

The VLS-PV systems have been studied in IEA/PVPS
Task8 Team in order to investigate possibility to install
huge PV systems in desert from 1998. They have studied
about Mediterranean region, Middle East region, Asia
region and Oceania region including project proposals,
energy product, generation cost and so on.

In the Asia team, we have studied the Life cycle
analysis of the VLS-PV systems using mc-Si, a-Si, CdTe,
and CIS. In this paper, we studied other types of PV
modules, sc-Si, a-Si/sc-Si hetero junction type, thin-film Si
tandem. In addition, LCA data of mc-Si and CIS PV
module were updated, and also decommission stage was
considered. Therefore, this study shows possibility of the
VLS-PV systems using current PV technologies through its
life cycle.

Fig. 1 Image of the VLS-PV system
METHODOLOGY OF LCA
LCA scheme

The six steps of the LCA of the VLS-PV systems are
discussed.

1. The first step begins with the designing of the array
and foundation. We assumed the system should be
installed in gravel desert. And 42 m/s reference wind
speed was assumed.

2. The second step is an estimation of an in-plain
irradiation. Basically, it is difficult to get a detailed
irradiation database in a desert area. Therefore, in-



plain irradiation for PV system output and transmission
loss is estimated.

3. The third step is the calculation of output. It is
calculated by the irradiation and performance ratio
which considers module degradation, soil degradation,
array mismatch, MPPT mismatch, inverter efficiency

and module temperature depending on installation land.

4. The forth step is the calculation of transmission loss.
This is a difficult step because it is calculated by
(current)zxregistance. Therefore, the  average
calculation of irradiation data is not enough. The rate of
sunshine is calculated, and output differences of day,
year and weather are considered.

5. The fifth step is the LCA. Inventory data of all
equipment and other items of the systems are
evaluated. This study considered waste management.
Therefore, the LCA of this evaluation includes the
whole life-cycle of the VLS-PV system.

6. The final step is sensitivity analysis. LCA boundary of
step 5 and 6 is shown in Table 1. Only the boundary of
PV system is from mining to waste management. The
others are from material manufacturing to waste
management. However, CO2 emissions and energy
requirement of the mining does not large part in the
result.

Table 1 LCA boundary

Cable, Inverter,

PV Steel, Concrete
(tapan) (China) Other components
(Japan)

‘ Material' ‘ ok ok ok
manufacturing

‘ Equipmen}t ‘ ok ok ok
manufacturing

Construction, O&M | ok ok ok

8
Waste management ok ok ok

Energy pay-back time and CO2 emissions rate

In this study, Energy Payback Time (EPT), and the
CO2 emission rate of the VLS-PV systems are evaluated
with the LCA method. These indices are defined by the
following equations:

EPT (Year) = 1)
Total primary energy requiremen t of the PV system throughou t its life - cycle [kWh]

Annual power generation [kWh/year]
CO, Emission rate (g - CO,/kWh) = )
Total CO, emission of its life - cycle (g - CO,)
Annual power generation [kWh/year] x Lifetime [year]

The abbreviation, EPT, means the years it requires to
recover the primary energy consumption throughout its
life-cycle by its own energy production. The CO2 emission

International Conference

rate is a useful index to determine how effective the PV
system is for global warming.

SYSTEM CONFIGURATION

Total capacity is approximately 1 GW consisting 10 of
100MW. It consists of four sets of 25MW unit field. A
25MW unit consists of 50 sets of 500kW unit system. They
are showing in figure 2. South-faced fixed flat array
structures and foundations showing in figure 3 are
designed. Wind pressure and earthquake are also taken
into account. Land preparation is considered. Array
support and foundation are produced in installation site,
and other system components such as modules, cables
and inverters are manufactured in Japan. All the
components are transported to the installation site by
marine and land transport.

Fig. 2 Concept design of Very Large-Scale Photovoltaic
Power Generation System

rrrrrrr

[— [ O

,,,,,,,, Side view (30 degroe it angl)

Fig. 3 An array design for mc-Si PV module

Table 2 Assumed PV modules for the study

Nominal power Efficiency of module

Cell type W) (%)
mc-Si 186 13.9
sc-Si 165 14.3

a-Si/sc-Si 195 16.6

Thin-film Si 375 8.6
CIS 80 10.1
CdTe 65 9.0
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Table 3 Equipments for one GW VLS-PV systems

PV module mc-Si sc-Si a-Si/sc-Si Thin-film Si CIS CdTe
Piece (thousand) 5,760 6,144 5,184 27,360 12,800 16,000
Capacity (MW) 1071 1024 1021 1036 1034 1050
Annual power generation [GWh] 1687 1596 1592 1615 1604 1621
Land requirement (km?) 23 21 18 35 30 34
Array support structure (10° ton) 93 88 83 199 152 187
Foundation (10° m’) 513 546 463 798 683 819

Six types of PV modules were evaluated in this study.
They are Single crystalline silicon (sc-Si), Multi crystalline
silicon (mc-Si), Amorphous silicon/single crystalline silicon
hetero junction (a-Si/sc-Si), Amorphous silicon/micro
crystalline thin-film silicon (Thin-film Si), Cupper Indium di-
Selenide (CIS). They are shown in Table 2 and Table 3.

The site of the assumed installation is in Huhhot in the
Gobi Desert in China’s Inner Mongolia. The assumed
irradiation is 1702 kWh-m?yr. ™", in-plain irradiation at 30
degree tilt angle is 2017 kWh/m™yr.™. The annual average
ambient temperature is 5.8 °C.

Table 4 Energy consumption and CO; emission data of an
average power plant (in kWh of Electricity, in MJ of
primary energy)

Data preparation for this case study

For Life Cycle Analysis of VLS-PV systems, energy,
and CO2 emissions data in China and Japan were
collected. Table 4, 5 and 6 show energy consumption and
CO2 emissions of each materials and products. The
inventory data of PV modules are referred to NEDO report
in 2008 [4], and in 2000 [5] for CdTe PV module.

Table 5 Energy consumption and CO, emission data of PV
modules

Product (Japan) Energy contents  CO; contents

Item Unit Value
Japan
Primary energy consumption for MJ/KWh 10.38

power generation

Average CO; emission rate of g-C/kWh 114

utility
China
Ecr)l\;vn;r)é:::rrécljgocnonsumptlon for MJ/KWh 12.01
s(,:tilr?égrcdvcil)gle of Chinese II[\/IJ/SCE 29302
Common
Coal Calorific value MJ/t 25,643
CO; emission rate  g-C/MJ 24.7
Oll Calorific value MJ/t 45,000
CO; emission rate  g-C/MJ 19.2
Diesel oil Calorific value MJ/l 38.5
CO; emission rate  g-C/MJ 18.7
Heavy oil Calorific value M/l 40.6
CO; emission rate  g-C/MJ 194

(MJ) (kg-CO2)
mc-Si PV module 2737 135.2
[m?] .
sc-Si PV module [m“] 3986 1935
a-Si/sc-Si PV module 3679 178.0
[m?] _
Thin-film Si [m*] 1211 67.8
CIS PV module [m?*] 1105 67.5
CdTe PV module 1269 68.0

[m’]

Table 6 Energy consumption and CO2 emission data of
products and disposal used in this study

Decommission stage

This study assumed disposal. After their life-time, all
equipment is transported to a wrecking yard and
transported to reclamation land. The estimated disposal
transport is 300 km each and 600 km totally.
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Product Energy CO2
contents contents (t-
(GJ) )
Japan Silicon steel 134 0.321
(tonne)
Aluminium 227 2.13
(tonne)
Copper (tonne) 46.5 0.771
HDPE (tonne) 15.8 0.264
PVC (tonne) 294 0.373
Epoxy resin 40.5 0.754
(tonne)
FRP (tonne) 81.6 2.74
Ceramics 0.8 0.02
(tonne)
China Steel (tonne) 26.6 0.657
Zinc-plated steel 53.1 1.31
(tonne)
Cement (tonne) 5.3 0.270
Disposal wrecking yard 0.027 0.0061
(tonne)
Reclamation 0.060 0.0013
(tonne)




RESULT AND CONCLUSION

The LCA of VLS-PV systems with six types of PV
modules have been evaluated. Concerning the Energy
requirement, the CIS was the smallest, and biggest energy
requirement was the sc-Si. mc-Si, a-Si/sc-Si hetero
junction type, thin-film tandem and CdTe were average.
Especially, the energy payback time of the CIS PV module
was much shorter than the others. It was approximately

1.8 years. And energy payback time of sc-Si was 2.5 years.

The others were approximately 2.0 to 2.3 years.

Characteristics of CO2 emissions rate were almost
same, but biggest CO2 emissions and CO2 emissions rate
was the thin-film hybrid PV module. CO2 emissions rate
was 71 g-CO2/kWh. The mc-Si and a-Si/sc-Si hetero
junction type shows lower CO2 emissions rate. It is
approximately 51-53 g-CO2/kWh. They are higher than
recent paper such as Fthenakis et.al or Mason et.al.
Reason is that efficiency of manufacturing steel and
cement in China. If the efficiency gets same level as
developed country, the CO2 emissions rate should be
same level as the papers.

Concerning the energy payback time and CO2
emissions rate, the VLS-PV systems using CIS PV module
was the most environmental friendly PV module for the
VLS-PV systems in deserts. However, the other modules
were also low carbon emission and short energy payback
time when they are compared with conventional fossil fuel
plants.

50,000
45,000
40,000 -
35,000 -
30,000 -
25,000 -
20,000 -
15,000 -
10,000 -
5,000 -

= Disposal

= Transmission
Construction

® Transportation

= Othercomponents

= Conduit

= Cable

= |nverter

= Foundation
0 © = Array support
5 ® PV module

O

a-Si/sc-Si
Thin film Si

Fig. 4 Energy requirement of six types of PV modules
[GIIMW]

4,000
3,500 3177
3,000 2,752
2,500
2,000 -
1,500 -
1,000 ~
500 -

H Disposal

= Transmission
Construction

® Transportation

® Othercomponents

¥ Conduit
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Fig. 5 CO2 emissions of six types of PV modules [t-
CO2/MW]
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ABSTRACT: HOKUTO Mega-Solar Project has been conducted in Hokuto city since 2006. One of the objectivesis
the evaluation of the advanced PV technologies in the outdoor condition. Single crystalline silicon PV cells and
modules, multi crystalline silicon PV cells and modules, amorphous silicon PV modules, compound-semiconductor
PV modules and spherical solar cells are selected from all over the world. Southerly orientated fixed frames with the
tilt angle of 30 degree are mainly used for the system evaluation. The typical array capacity is 10kW and all the
systems are grid connected. Annual performance ratios and loss are analyzed in this paper. As a result, annual
performance ratios varied from 95.3% to 69.3% among the different systems. The main reason of the higher
performance ratio was the higher system peak power. Monthly system peak power |osses factors were stable through
the evaluation period in the single and the multi crystalline silicon and the CIS technol ogies whereas the amorphous

modules showed degradation and recovery.

Keywords: Large Grid-connected PV systems, System Performance, c-Si, aSi, CulnSe,

1 INTRODUCTION

Large scale PV systems for the electric power
generation become popular in Japan. Most of the
Japanese electric power companies have a plan to install
mega-watt scale PV systems in their area. Since each of
the area has different climate condition, the choice of the
suitable PV technologies is very important for the higher
energy yield of the PV power plants. Different PV
technologies have different characteristics, i.e. different
temperature coefficient, different spectral response and
so on, thus the appropriate PV technology should be
selected for each location to maximize the energy yield.
“HOKUTO Mega-Solar Project” has been conducted by
NEDO in Hokuto city, Japan since 2006. The main
objectives of the project are the development and the
demonstration of the grid stabilization technology for the
large scale PV systems and the evaluation of the
advanced PV technologies. Twenty six kinds of PV
systems are installed in the research area. Single
crystalline silicon PV cells and modules, multi crystalline
silicon PV cells and modules, amorphous silicon PV
modules, compound-semiconductor PV modules and
spherical solar cells are selected from all over the world.

This paper describes the over view of the project and
summarizes the first year result of the evaluation of the
advanced PV technologies.

2 SYSTEM CONFIGURATION

2.1 Array configuration

Southerly orientated fixed frames with the tilt angle
of 30 degree are mainly used for the system evaluation.
Tilt angles are varied from 15 to 45 degree in some of the

Figure 1: Photo of the demonstration site
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systems in order to verify the difference of the soil and
temperature which may affect the degradation and
recovery for the amorphous type module. The vertical
single axis tracking and the two axes tracking with the
concentrator are also installed. Some of the manufacturer
provides only the cells. Their cells are encapsulated in
Japan. The typica array capacity is 10[kW] and al the
systems are grid connected. Fig. 1 shows the photo of the
demonstration site and Table | summarizes the installed

Tablel: List of theinstalled modules and systems

Type Manufacturer (Capacity
kW]
single- SHARP 30
crystalline
silicon SANYO 30
multi- SHARP 30
crystalline KYOCERA 100
silicon — -
Mitsubishi electric 30
amorphous KANEKA 30
silicon KANEKA 10
Mitsubishi Heavy Industries 10
Fuji Electric Systems 10
spherical SST 20
compound- Showa Shell Solar 30
semiconductor Honda Soltec 3
single- MOTECH 10
crystalline KPE 10
silicon
E-TON 10
Isofoton 30
GE 30
Sun Power 50
multi- Q-Cells 10
crystalline Ersol 10
silicon
Suntech 30
BP Solar 10
Day4Energy 30
Schott Solar 30
Systems SHARP 3
DAIDO METAL 3
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modules and systems.

2.2 Data acquisition

Output of the system is measured every minute at
both DC and AC side. Module temperatures are
measured at the back side of the modules using
thermocouple sensor. 1-V curves of the 24 different PV
modules are also measured for every 5 minutes at the
module test bench. Meteorological data including
spectral distribution are measured at the meteorological
station.

3 EVALUATION METHOD

3.1 Performance ratio

One-minute data are used for the system analysis.
Overall performance is evaluated using performance ratio
(P.R). P.Ris calculated by using equation (1).

% :{is )

nom Ag

where Epcs [KWh] is a PCS (inverter) output energy, Pnom
[KW] is a system nominal power, Gs [KW/m?] is the STC
sunlight and Hpg [kWh/m?] is atotal global irradiation at
the PV array’s plane. Sum of the nominal powers on the
nameplates of the PV modules are used as the system
rated power.

Module manufacturers test each module output and
attach the test result to the shipped module. Fig. 2 shows
the summary of the manufacturer’s test results. Modules
A to H are the single crystalline, | to Q are the multi
crystalline and R to W are the amorphous silicon and the
compound-semiconductor PV modules. Each data point
represents the normalized flash test result of the
individual PV module by manufacturers. The lower
boundary of the box indicates the 25th percentile, a black
line within the box marks the median, the red line shows
the average, and the upper boundary of the box indicates
the 75th percentile. Ticks above and below the box
indicate the 90th and 10th percentiles, respectively. Data
below the 10th and above the 90th percentiles are plotted
individually.

These flash test results will not guarantee the module
output, and thus these values are not used for the
performance analysis. Most of the manufacturer’s flash
test facilities are not complying with the traceability
standards. They guarantee the module output based on
the nominal power on the nameplate.
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Figure 2: Manufacturer’s flash test results
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3.2 Lossandysis

Performance losses are quantitatively calculated
using Sophisticated Verification (SV) method [1, 2]. The
latest version of the SV method can separate the system
performance lossinto 12 loss factors which are;
Shading (g
System peak power 10SS (sp1)
Reflection (;)
Module Temperature (1)
PCS capacity shortage (pcc)
Grid voltage (or)
Operating point mismatch (high voltage) (vnv)
Fluctuation (g)
DC circuit resistance (pc)
PCS (Inverter) (pcs)
PCS Off / PCS Standby (pco)
Miscellaneous 10ss ().

BOooNoak~wNE

e
NP O

P.R (K) can be described as a multiplication of the

loss factors (Ky) as shown in equation (2).
K:KS'KSPL'Kl 'KT'KPCC'KOR'KMHV'
KF 'Ko'KDc'KPCS'KPco @

The SV method calculates the shading loss for each
sun’s position in an increment of 5 [Deg] for both
azimuth and height angle. In order to improve the
accuracy of the calculation, clear day’s data are required
for each sun's postion. Thus monthly analyses are
conducted in this paper.

System peak power is calculated as the most
frequently appeared system peak power during the
evaluation period. Each system output data are divided
by the corresponding irradiance data and the mode value
of the results of the division is used as the system peak
power loss factor Kepy .

Output energy loss due to the reflection of the
incoming irradiance at the PV module’'s surface is
calculated using geometrical optics theory [3]. Cover
grass, EVA and anti reflective coating are assumed as a
single layer and the effective refractive index of 1.8 is
used for the calculation.

An output power loss due to the module temperature
riseis calculated using equations (3) and (4).

lT = EAT - EA (3
Ea.

E, =
T L G (T - 25)

where |+ isthe loss [kWh] due to the module temperature,
Ear isatemperature corrected PV array output [KWh], Ex
[kWh] is a DC output energy of PV array, apmax IS @
temperature coefficient of the PV module’s maximum
power [1/degC] and T.og iS @ measured PV module
temperature [degC].

4 RESULTSAND DISCUSSIONS

4.1 Annual performance ratio

Data from April 2008 to March 2009 are used for the
analysis. Annual performance ratios and loss calculation
results are summarized in Fig. 3. System peak power 10ss,
shading loss, temperature loss and PCS loss are depicted
individually and the other losses are illustrated together
in the upper graph. The negative value means the loss
and the positive value means the gain in the loss analysis.
Fifty seven systems' results are grouped by the type of
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Figure 3: Annual performance ratios and loss analysis results

technology and results are sorted from the higher
performance ratio to the lower performance ratio within
each group.

As aresult, performance ratios varied from 95.3% to
69.3% among the different systems. The main reason of
the higher performance ratio was the higher system peak
power. This means the actual peak power was higher
than the system rated power. This was specialy seen in
the CIS modules. One of the CIS modules are tested
under the STC after 4 hours of the light soaking using
solar simulator, and resulted approximately 10% higher
output than its rated power on the nameplate. On the
other hand, the biggest loss factor of the poor
performance ratio was the shading. Some of the systems
including the worst one are intentionally installed at the
location with shading by the tree. This is aiming to
clarify the short term and long term effect of the shading.
Excluding the shading loss, most of the crystalline silicon
modules resulted more than 80% of the annual
performance ratio. An average annual performance ratio
of the amorphous silicon module was relatively lower
than the others. Amorphous is including both single
junction and tandem type, but there was no clear
difference between the two types. Difference of the
manufacturer was dominant.

4.2 Seasonal trend

Monthly performance ratios are summarized in Fig. 4.

Effects of the Kpco and Ko are excluded in the P.R
calculation. Performance ratios were lower in summer
and higher in winter in the crystalline silicon and the CIS
modules whereas the single junction amorphous module
showed opposite trend and the tandem showed less
seasonal change.

Seasonal trend of the loss due to the temperature was
amost the same in &l of the technologies. Higher
temperature caused more loss in summer and colder
temperature resulted less loss or even gain in winter.
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mc-Si a-Si CIs

Temperature coefficient of the amorphous type is
relatively smaller than that of the crystalline silicon’s,
thus absolute amount of the temperature loss was fewer
in the amorphous type modules which is shown in Fig. 3.

Monthly system peak power losses are summarized
in Fig. 5. The system peak power loss factors were stable
through the evaluation period in the single and the muilti
crystalline silicon and the CIS technologies whereas the
amorphous modules showed degradation and recovery
which are known as the Staebler-Wronski effect and the
annealing effect respectively. System peak power loss
factor of the single junction amorphous silicon PV
module was 1.08 in the August 2008 and changed to 0.76
in the February 2009. This is about 30% of the peak
power change through the year.

Within the amorphous modules, system peak power
change of the tandem type was smaller than that of the
single junction’s. Since temperature loss and system peak
power loss change reversely in the amorphous type
modules, tandem modules performance ratios didn’t
change a lot through the year. Both single junction and
tandem are showing degradation so far. However, initial
stabilization was probably not enough in April 2008 so
we need to consider the effect of theinitial stabilization.

One of the CIS modules showed very high system
peak power. Thisis mainly due to the under-rating of the
module which is mentioned in section 4.1. Light soaking
effect need to be clarified in the outdoor condition.

4.3 Accuracy of therating

As it is discussed in the previous section, module
output power under the STC is not always the same in
the amorphous and the CIS modules. Over-rating will
cause the insufficient system yield. System owner will
lose their profit from the PV systems and manufacturer
will lose credibility from the market. On the other hand,
under-rating will be the benefit of the system owner but
manufacturer will lose their potential profit. Moreover,
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Figure 4: Monthly performance ratios

unexpectedly high power from the PV array will damage
the electric circuit or inverter. Thus appropriate rating
need to be done for the amorphous and the CIS modules.

5 CONCLUSION

Annual performance anaysis results of the
crystaline silicon, amorphous silicon and CIS
technologies are summarized in this paper. More than
80% of the performance ratio can be expected in the most
of the systems, performance ratio may vary afew percent
due to the accuracy of the rating. Seasonal change of the
amorphous’ peak power and light soaking effect of the
CIS modules are confirmed in the analysis. The project is
currently evaluating the performances of the advanced
PV technologies. Suitable PV technology for each
climate condition will be clarified in this project.
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ABSTRACT: New Energy and Industrial Technology Development Organization (NEDO) has started mega-solar
projects, approximately 5 MW system in Wakkanai and approximately 2 MW system in Hokuto. In the research team
of the 2 MW system, authors studied on life-cycle analysis. Approximately 600 kW system with 24 types of PV
modules were installed in the first phase. Detailed data, such as number and weight of steel, cable length, were
obtained and added to calculation of the LCA. 6 types of PV modules were selected and evaluated. As a result, each
systems of the energy requirement were 24 to 39 GJ/kW. And 2.2 to 3.6 years operation can recover the energy
consumption throughout its life cycle. The CO2 emissions were 1.6 to 2.1 t-CO2/kW. And CO2 emissions rate were
47 to 61 g-CO2/kWh. It is much smaller than fossil fuel power plant, and it has big potential to mitigate global

warming.

Keywords: Environmental Effect, Energy Pay-back Time, Life-Cycle Inventory Analysis

1 INTRODUCTION

New Energy and Industrial Technology Development
Organization (NEDO) has started a 5-year project
‘Verification of Grid Stabilization with Large-scale PV
Power Generation Systems’ which is focusing on
generating high quality electricity which does not affect
grid voltage, frequency and waveform. And energy
demand peak cut is another purpose.

Our group consists of Hokuto city in Yamanashi
prefecture, NTT Facilities Inc., Tokyo Institute of
Technology (Tokyo Tech), National Institute of
Advanced Industrial Science and Technology (AIST) and
Hitachi, Ltd. is constructing an approximately 2 MW PV
system in Hokuto city in Yamanashi prefecture in Japan.
The installation site is famous for sunny area. Purposes
of our group are;

1) Develop a large
considering grid stability,
2) Find suitable PV modules for a large scale PV system
from advanced PV modules,

3) Research on a system design, materials and
construction methods from economic and environmental
view points.

This paper will be discussed about a LCA study from
environmental view points.
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Figure 1: Conceptual system image of the large-scale P
system.

Approximately 600 kW PV systems were installed in
2008. And the others will be installed soon. Figure 2 and
3 shows the system.
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Figure 2: A photo of the Hokuto mega-solar system
taken in 2008

2nd system 1000 kW

will be
installed in
FY2009 >

1st system
600kW

X
Figure 3: System installation layout

In the first phase, 24 types of PV modules were
installed to obtain their characteristics. It includes single
crystalline silicon PV module, multi crystalline silicon,
amorphous silicon, cupper indium serene, ribbon silicon,
spherical silicon, heterojunction, 1 axis tracking, and
concentrating systems.
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After the experiments in the first phase, some types

of PV modules were selected and installed in the other
field. Total capacity will be approximately 2 MW. It was
connected to 6.6 kV and will be connected to 66 kV grid
line of electric company.
The project also has a development of new large capacity
inverter which Hitachi take charge of. They are targeting
cost effective inverter for large scale PV system with
consideration of regulations.

2 PURPOSE AND APPROACH

The purpose of this study is to obtain the potential to
mitigate global warming by the Mega-solar system. The
authors evaluate the Mega-solar system with actual
equipment’s data by the Life-cycle analysis. And for a
comparison, the system has many kinds of PV modules.
In this study, six systems with six types of PV modules
were evaluated. To avoid differences between positions
of PV arrays, each type of PV module was assumed 600
kW and was installed in the same field.

The boundary of the LCA is from mining to waste
management. Mining, manufacturing and waste
management were from database [1, 2]. And transport,
construction, amount of equipments and operation and
maintenance were obtained from the actual system. In
addition, irradiation data and output electricity were also
observed data. PV system capacity for the LCA was not
calculated by catalogue number but certification of
analysis of each modules.

LCI data of materials were calculated by JEMAI
LCA, and others were by Microsoft Excel.

3 SYSTEM CONFIGURATION

6 types of PV modules were selected and evaluated.
Table 1 shows selected PV module specifications. Other
18 PV modules are going to be evaluated soon. And
Figure 4 shows annual output of each module. They are
from observed data, and considered 30 years lifetime and
0.5 %/year degradation ratio.

Table 1: Installed PV modules

Nominal Module
power efficiency

sc-Si 84 W 132 %
a-Si/sc-Si 186 W 15.9%
me-Si 100 W 14.0 %
a-Si 60 W 6.1 %
pc-Si/a-Si 110W 8.8 %
CIS 70 W 8.8 %

4210

Figure 4: Annual power generation using output in first
year and considering 30 year life time and 0.5%/year
degradation ratio

The array support structures were assumed simple
structures, and do not use concrete. Because steel
foundation, earth screw is better than concrete foundation
from environmental view point. This was reported by
authors in PVSEC 17 held in Fukuoka in 2007 [3].

Figure 5: Simplified array structures installed in Hokuto
city

4. ENVIRONMENTAL ANALYSIS OF THE MEGA-
SOLAR SYSTEM

4.1 Boundary of LCA evaluation

This preliminary study evaluated the PV system’s
life-cycle stages, which are from mining to waste
management as shown in Figure 6. Life-time of the
systems was assumed as 30 years.
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Figure 6: LCA boundary of this LCA study
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4.2 Equipments and its LCI data used for the mega-solar
system

Table 2 shows assumptions of LCI data of
equipments. PV module and inverter LCI data were
referred to NEDO report in 2009 [4]. However, the report
did not study on a-Si. Therefore LCI data of a-Si was
referred from NEDO report in 2001 [5].

And the inverter is considered one time replacement.
Other equipments were calculated by analyzing its
materials by JEMAI-LCA.

Table 2: Assumptions of LCI data of the system
equipments

qurgy CO, emissions
requirement
PV module [m?]
sc-Si 3986 MJ 193 kg-CO2
a-Si/sc-Si 3679 MJ 178 kg-CO2
me-Si 2737 M1J 135 kg-CO2
a-Si 1202 MJ 54 kg-CO2
pe-Si/a-Si 1211 MJ 68 kg-CO2
CIS 1105 MJ 68 kg-CO2
Inverter [kW] 0.57 GJ 43 kg-CO2
Cable, conduit
[600 kW] 1068 GJ 62.0 t-CO2
Array
(Galvanized steel) [t] 225G) 191 t-CO2

4 RESULT

By calculating with the LCI data, Energy
requirement and CO2 emissions were obtained. Figure 7
shows result of energy and Figure 8 shows result of CO2.

Energy requirement of CIS was the smallest, and pc-
Si/a-Si was same level. sc-Si was the largest number of
energy requirement. 2.2 and 2.3 year EPT were obtained
by CIS and pc-Si/a-Si. sc-Si was largest EPT, but it is
still 3.6 years.

CO2 emissions were competitive. The results of mc-
Si, pe-Si/a-Si, and CIS were smallest. And a-Si/sc-Si was
also same level. CO2 emissions rate of the systems were
in the range of 47 to 61 g-CO2/kWh.

Figure 7: Energy requirement [GJ/kW] and Energy
Payback Time [year] of 600 kW system with 6 types of
PV modules

Kurokawa Laboratory
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Figure 8: CO2 emissions [t-CO2/kW] and CO2
emissions rate [g-CO2/kWh]

5 CONCLUSIONS

In this paper, the Mega-solar system with six types of
systems has been evaluated by LCA approach. Each
systems of the energy requirement were 24 to 39 GJ/kW.
And 2.2 to 3.6 years operation can recover the energy
consumption throughout its life cycle. The CO2
emissions were 1.6 to 2.1 t-CO2/kW. And CO2
emissions rate were 47 to 61 g-CO2/kWh. It is much
smaller than fossil fuel power plant, and it has big
potential to mitigate global warming.

REFERENCES

[1] JEMAI LCA Pro, Japan Environmental Management
Association for Industry.

[2] JLCA-LCA database 2009 Fy 1st Edition

[3] M. Ito, M. Kudo, K. Kurokawa, A Preliminary Life-
Cycle Analysis of A Mega-solar System in Japan,
Proceedings of PVSEC-17 (2007) 508

[4] NEDO, Research and development of fabrication
technologies for Life-Cycle Assesment of PV systems
(2009)

[5] NEDO, Development of Technology
Commercializing Photovoltaic Power Generation System,
Research and Development of Photovoltaic Power
Generation  Application System and  Peripheral
Technologies, Survey and Research on The Evaluation of
Photovoltaic Power Generation (2001)



24th European Photovoltaic Solar Energy Conference, 21-25 September 2dBderpatiegat Genfgrence
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ABSTRACT: The objective of IEA PVPS Task8 is to examine and evaluate the potential of Very Large Scale
Photovoltaic Power Generation (VLS-PV) Systems on desert areas, which have a capacity ranging from multi-
Megawatt to Gigawatt, and to develop practical project proposals for implementing the VLS-PV systems in desert
regions. The Task8 started in 1999. Based on the results since 1999, we’ve come to the conclusion that desert regions
contain an abundant and inexhaustible source of clean energy and that very large scale solar electricity generation
provides economic, social and environmental benefits, security of electricity supply and fair access to affordable and
sustainable energy solutions. In the future, VLS-PV systems would be able to become an option for many large
remote and desert regions in the world. In this paper, a VLS-PV roadmap towards 2100 was proposed.

Keywords: Large Grid-connected PV systems, Sustainable, Desert, VLS-PV

1 INTRODUCTION

The objective of IEA PVPS Task 8 is to examine and
evaluate the feasibility of Very Large Scale Photovoltaic
Power Generation (VLS-PV) Systems on desert areas,
which have a capacity ranging from over multi megawatt
to gigawatt, and develop practical project proposals for
implementing the VLS-PV Systems in the future. Our
study has achieved a comprehensive analysis of all major
issues involved in such large scale applications, based on
the latest scientific and technological developments and
by means of close international co-operation with experts
from different countries [1][2][3].

MW-scale and VLS-PV systems would be one of the
promising options for large-scale deployment of PV
systems. In the future, VLS-PV systems among others
would be able to become an option for many large remote
and desert regions in the world. Based on the facts, we
developed a VLS-PV roadmap toward 2100.

2 PROPOSAL OF GLOBAL PV DEPLOYMENT

For a higher definition of a VLS-PV roadmap, future
directions of an energy forecast and an entire PV
deployment was discussed. By referring a projection of
world’s total primary energy supply (TPES) up to 2100,
given as an IPCC SRES-ALT scenario and its
interpolation by IEA, and the WBGU’s scenario, a
required energy supply due to solar electricity and a
cumulative capacity of PV systems toward 2100 was
supposed.

Starting from the present level, i.e. 0.7 GW in 2000
and 7.8 GW in 2007 [4], the projected PV capacity
reaches a stable level of 133 TW in 2100, which
corresponds to 23.7% of the SRES-ALT TPES [5], and
33% of WBGU'’s [6] TPES or 50% of solar electricity.

To identify a share of VLS-PV, three major sectors,
e.g. urban and community grid, rural and mini-grid, and
VLS-PV were assumed. The share of urban and
community application is assumed to be maximised at an
early stage. Rural and mini-grid applications will have
the second share until 2050. Large and very large
applications (VLS-PV) are growing gradually from a few

4475

percent of share in the 2010s to 20% in the 2050s. Finally,
in the latter half of the 21% century, the share of VLS-PV
will rapidly increase and attain a major position in world
energy supply of around 50% in 2100, as shown in
Figure 1.

Trends in share of these sectors were checked by
annual production in total and by sector, which was
evaluated by plural interactions of trials so that annual
growth rate would become smooth. Also, PV systems
renewals were considered by assuming its lifetime to be
30 years. As a result, it was obtained that annual world
PV installation including replacement would be about
120 GWl/year in 2030, 1,000 GW/year in 2050 and
stabilise in 4.5 TW/year in 2100.

Also, it is assumed that the average system cost
gradually falls from 4.50 USD/W in 2010 to a stable
value of 0.75 USD/W finally in 2100 regardless of
system types. The world PV market will be extended to
56 BUSD/year in 2020; 160 BUSD/year in 2030; 0.9
TUSD/year in 2050; and stable 3.4 TUSD/year in 2100.

Further, a difference of PV capacity per capita among
those regions would be reduced toward 2100. For
example, by considering future perspectives of GDP and
population growth in the world, it might be assumed a
PV capacity per capita in developed region would be
only two or three times of that in developing regions.
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Figure 1: Global PV Deployment by PV Application
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3 VLS-PV ROADMAP: TOWARD 2100

Taking into account the global PV deployment and
the cost and market projection, a VVLS-PV roadmap was
proposed.

3.1 Cumulative Installation

VLS-PV installation will appear clearly within a
decade and accelerate hereafter. The VLS-PV capacity
installed in the world will be 100 GW in 2030, 2 TW in
2050, 30 TW in 2075, and will reach 67 TW in 2010
corresponding to 50% share of world total cumulative PV
capacity (see Figure 2).
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Figure 2: Cumulative VLS-PV installation

3.2 Annual Installation

Annual production tendencies for VLS-PV including
replacement is calculated as indicated in Figure 3.
Annual VLS-PV installation will be about 2.2 GW/year
in 2020, extended to 17 GW/year in 2030, 15 times larger
again to 236 GW/year in 2050, 10 times larger to 2.2
TWl/year in 2075 and stable. New VLS-PV installation
will maximize around 2075, and a VLS-PV installation
by replacement will appear before 2050. The replacement
will be a majority of VLS-PV installation toward 2100,
and about 85% of annual installation will be by
replacement in 2100.
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VLS-PV

net installation and replacement of

3.3 Market and Investment

It is assumed that average system cost will gradually
drop from 4.50 USD/W in 2010 to a stable value of 0.75
USD/W finally in 2100, potentially regardless of system
types. Here, the cost-down curve was drawn by assuming
a progress ratio to be 0.8 by 2030, 0.9 by 2050 and 0.95
by 2100. The system cost becomes a market size by
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multiplying by annual PV installation. Then, the VLS-PV
market will increase to 22.8 BUSD/year in 2030; 214
BUSD/year in 2050; 1.7 TUSD/Y from 2075 through
2100, as shown in Figure 4.

Taking into account conditions such as average solar
irradiation yield in deserts (~ 2000 hours a year),
averaged performance ratio considering degradation (=
0.78), system life time (=~ 30years), interest rate (=
4%]/year), salvage value rate (~ 10%), operation and
maintenance (= 0.5% of construction), property tax
(1.4%lyear), overhead (5% of construction), transmission
(= 0.01USD/kWh), decommission (= 3% of construction),
annual expenditure was analysed. Annual expenditure for
VLS-PV will increase to 13.4 BUSD/year in 2030; 182
BUSD/year in 2050; 2.25 TUSD/year in 2075, and 4.76
TUSDl/year in 2100 (see Figure 5).
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Figure 5: Annual expenditure for VLS-PV (including
replacement)

3.4 VLS-PV Installation by Region

In developed region, a cumulative PV installation
will be accelerated in the field of the urban and
community grid, during a few decades. In developing
region, during a first half of 21 century, a main stream
of PV installation will be PV applications for rural and
mini-grid. However, in a latter half of the century, PV
installation in developing region will shift to other
applications, especially, VLS-PV systems.

It is assumed a ratio of average VLS-PV capacity per
capita in both developed and developing regions would
be 3:1 in 2100. The averaged VLS-PV capacity in the
developed regions would increase to 0.05 kW/capita in
2030, 1.4 kW/capita in 2050 and 17.7 kW/capita in 2100.
On the other hand, the capacity in the developing region
would be 0.01 kW/capita in 2030, 0.04 kW/capita in
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2050 and will reach 5.9 kW/capita in 2100. As a result, in
2100, the averaged capacity in the world will become 7.4
kW/capita.

In 2050, an annual installation of VLS-PV in
developed region will be around 200 GW/year and most
of VLS-PV systems will be operated in developed region,
e.g. 1.7 TW. Thereafter, in 2100, cumulative VLS-PV
installation will be 20 TW. In the latter half of the 21
century, VLS-PV installation in developing regions will
greatly-exceed the developed region and will reach 18
TW in 2075 and 47 GW in 2100, as shown in Figure 6.

In 2100, the cumulative VLS-PV capacity in the
developed region will be a share of 30 % of the world’s
total VLS-PV capacity. The share will correspond to a
share of GDP in 2100, under the IPCC SRES-A1 family
scenario.
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Developing region: 18 TW
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4
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Figure 6: Cumulative VLS-PV installation by region

4 TOWARDS VLS-PV IMPLEMENTATION

PV systems with a capacity of more than 10MW are
already constructed and operated, and this demonstrates
that VLS-PV systems are already feasible. A capacity of
MW-scale PV system is expanding year by year, and the
capacity would reach 100 MW in the near term (a few
years). After the stage, GW-scale PV plant consisted
from several 100MW-scale PV systems would be
realised toward mid- 21% century. However, to further
deploy those and to implement real VLS-PV projects, the
main challenge is to make excellent project proposals and
to convince local governments, energy companies and
financing institutions to be positively involved in
realising ambitious projects for the large scale generation
of solar electricity. As technical issues, various technical
options including scenarios for storage and for reliable
integration of VLS-PV systems into the existing
electrical grid networks would be discussed. Not only the
technical issues on PV, but also connected issues with
VLS-PV projects, such as water desalination, irrigation,
agriculture, community development and socio-economic
development should be covered.

The considerable stakeholders for implementing
VLS-PV projects will be decision makers for the projects
in desert countries, which may include policy people
from governments, utilities, industries, investors, banks,
NGOs, international institutions and organisations, media,
etc.

Based on the viewpoints mentioned, we’ll develop
VLS-PV proposals which would be useful for
stakeholders and propose our recommendations for the
future.
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ABSTRACT: The IEA PVPS Task 8 was established to examine and evaluate the potential of VLS-PV Systems on
desert areas. In the 3™-phase, past 3 years, an extended number of specialists joining the task have studied and
proposed more detailed, practical approaches toward the realization of VLS-PV. The purpose of this work is to
announce that VLS-PV is coming true as soon as realistic, sustainable solutions for world energy throughout the
century. In addition, this paper explains the studies in the 3™-phase. They are Ecological Footprint, new analysis on
global potential and VLS-PV roadmap toward 2100.

Keywords: VLS-PV, Ecological Footprint, Global Potential Analysis, Roadmap

1 INTRODUCTION Table 1: Table of Contents: Energy from the Desert:
Very Large Scale Photovoltaic Systems, Socio-Economic,
The objective of the IEA PVPS Task 8 is to examine Financial, Technical and Environmental Aspects
and evaluate the potential of VLS-PV Systems on desert 1. Introduction

areas, which have a capacity ranging from multi-MW to 2. World Energy and Environmental Issues
GW, and to develop practical proposals implementing the 3. PV and other Renewable Energy Options
VLS-PV systems in desert regions. 4. Socio-Economic Considerations
This Task8 was set up in 1999. In May 2003 and 5. Financial Aspects
January 2007, IEA PVPS Task8 published 2 volumes of 6. Recent and Future Trends in PV Technology
their extensive reports respectively [1][2], both of which 7. MW-Scale PV System Installation Technologies
are titled “Energy from the Desert” concerning Very 8. Future Technical Development for VLS-PV Systems
Large Scale Photovoltaic Power Generation Systems 9. Environmental and Ecological Impacts of VLS-PV
(VLS-PV) on deserts. It is well known that the books 10. Analysis of Global Potential
showed that VLS-PV is not a simple dream story but is 11. Case Study on the Sahara Desert
getting more realistic recently. Further for the past 3 12. Case Study on the Gobi Desert
years, an extended number of specialists joining the task 13. VLS-PV Roadmap
have studied and proposed more detailed, practical 14. Conclusions and Recommendations

approaches toward the realization of VLS-PV. The
purpose of this work is to announce that VLS-PV is
coming true as soon as realistic, sustainable solutions for
world energy throughout the century.

These new works is published in September 2009 as
the 3"-phase report of Task 8 [3]:, as shown in Table 1
and Figure 1, as well as the overall view of their
approaches for 10 years or more. It is well known that the
team of this Task has been studying on a wide range of
scope by really mutual-collaborative approaches as a
whole.

2 ECOLOGICAL FOOTPRINT ANALYSIS:

ECOLOGICAL POTENTIAL
Figure 1: Energy from the Desert: Very Large Scale

To evaluate the real value of sustainability, modified Photovoltaic  Systems, Socio-Economic, Financial,
ecological footprint approach has been introduced. Technical and Environmental Aspects

The present balance between Ecological Footprint
and Biocapacity is compared. Both are measured by To save this difficult situation of world environment,
global hectare (gha)/capita. Global hectare is defined by we are proposing to utilize VLS-PV on deserts without
bioproductivity-weighted —area. Figure 2  shows consuming any high bioproductivity lands. This approach
Ecological Footprint and Biocapacity per capita. drastically improves the balance between Ecological
According to this figure, it is obvious our present Footprint and Biocapacity showing Figure 3.
situation has already entered in the side of ,,NOT
sustainable®.
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Figure 3: The possible ecological impact of the VLS-PV
project on the Gobi desert

3  GLOBAL POTENTIAL ANALYSIS

More reliable remote sensing model has been
developed to evaluate solar energy resource potential by
utilizing satellite images. Figure 4 shows outline of the
developed method.

Figure 5 explains PV system's output with typical
specification installed in suitable land in the world
representative 6 deserts including Sahara and Gobi. It has
become clear that they can supply world energy twice as
much as the primary energy around 2100.

Landsat 7 NOAA
Satellite images NDVI Data set
¥
Conversion by
reflection ratio

‘Jr—l—'l'

Ground cover Undulating hills
classification classification

Vegetation index

Weight and integrate

Figure 4: Outline of the global potential analysis method

Figure 5: Annual generation of the world's arid areas by
PV resource analysis (PWh/year)

4 PROPOSAL OF VLS-PV ROADMAP TOWARD
2100: SCENARIO TOWARD 2030-2050 & BEYOND

At the 3"-phase, VLS-PV Roadmap has been
developed as one of important conclusions.

In order to estimate a world total demand for PV
systems, one of major assumption is to fulfill 1/3 of needs
of the world primary energy supply (TPES) around 2100,
specified by the German Advisory Committee on Climate
Change (WBGU) [4], where the other 1/3 is considered
to be supplied by CSP. The following scenario describes
the transition of the supply side of PV and 3 kind of
major PV applications: developing regions, urban
communities and global scale. They are explained in
Figure 6.

To specify VLS-PV share according to the total PV
demand, market deployment scenarios are also provided
for 3 application areas showing Figure 7. At the early
stage of VLS-PV, its share is kept down compared with
other applications and finally gives about 50% of the PV
cumulative demand toward 2100.

Note: TPES in GW-pv-equivalent -
g omesponam 0T [z T ees,
IPCC A1T-TPES. L
whole by PV oo Elec 2100 \ 133TW|
olar Elec_:
fooTw (WBGU)x1/2 :
10TW
1w | B
=
100GW §
(=3
o
~ .
10GW = £
e = Recycle
16w = ]
0.7 < S
! o
—
0.1GW "
2000 2050

Figure 6: Proposed long-term sustainable scenario
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Figure 7: The assumed outlined scenarios towards
2030-2050 and beyond

5 CONCLUSIONS

- VLS-PV on the road is a promising option for mass-
deployment of PV in the world.

- Desert regions contain abundant and inexhaustible
sources of clean energy.

- Very large scale solar electricity generation provides
economic, social and environmental benefits, security of
electricity supply, and fair access to affordable,
sustainable energy solutions.

- Connected areas are power storage and transmission,
irrigation, agriculture, water desalination and hydrogen
economy.

The proposals developed in this study may motivate
expected stakeholders to realize VLS-PV project in the
near future. Moreover, a series of these practical project
proposals from different viewpoints and directions will
enable us to provide essential knowledge or detailed
practical instructions in order to realize the sustainable
implementation of VLS-PV development in the future.
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Quantification the Clearness Index Using Fuzzy Inference for Irradiation Forecasting
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Yohei Komiyama Ken Nagasaka

been improved than the conventional method.

This paper presents a study on quantification of weather clearness index using fuzzy inference for irradiation forecasting.
As the PV generations change greatly by the weather conditions, it may exert a harmful influence on the power systems.
Therefore, it is necessary to construct a system that combines PV with some sort of power storage facility to reduce such
power fluctuation problem. In addition, the system can operate more efficiently in economy and environmenta if the PV
generation is estimated some times ahead. Thus, it becomes necessary to reduce the vagueness of weather condition
information for the prediction precision improvement. In this study, quantify the degree of weather clearness index using
fuzzy inference to deal with such vagueness in weather condition. As aresult, it is shown that the new proposed method has

Keywords: Irradiation forecasting, PV system, Fuzzy, Humidity, Temperature, Clearness index
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6FEEEMD LED & LI-HE V-5 22 L—F DR

Development of New Solar Simulator Using Six Types of LED

= O i

Yusuke Ishizaki

Ken Nagasaka

measurement cost and price become expensive.

research can follow the J'S standard.

Technologies of measuring solar cell performances are very important from the viewpoint of determining its price and
system design. Generally, evaluation of solar cell performances is measured by solar simulator using Xe lamp. However,
simulation of consecutive standard sunlight spectrum is difficult, because Xe lamp has emit line spectrum at infrared band. At
present, solar simulators strikingly similar to standard sunlight are developed, but they have several problems, such as for
example, they consume lots of power when using some optical filters. Also, the life time of the lamp is short. Therefore, the

In this study, a solar smulator facilitated with six types of LED, as a source of light, is developed. LED is going to be
widely use as a source of light for various purposes. In this matter, present study enable us to determine to what extend our

Keywords: PV, LED, Solar Simulator
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K3 BEKITEITS LED REOKFBESGLS & FHMSRE

&) &H(2) EH(3)
WHEBESALS | TFHURHBE |REBESALS| TURNEBE |REBESFLS| THURNEE
[%] [mW/cm? [96] [mW/cm?] [%] [mMW/cm?]
&5 0.84 11.56 0.68 15.64 0.68 15.64
% 0.71 12.42 0.63 16.78 0.63 16.78
i 0.86 4.12 0.42 5.61 0.41 12.83
FH4(750) 1.32 6.73 1.46 9.14 1.18 11.37
F44(870) 1.24 24.06 0.95 32.65 0.95 32.65
FRo1(940) 1.59 12.78 1.19 17.40 1.19 17.40
TR 0.64 71.68 0.46 97.21 0.41 106.67
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