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Current status of output forecasting for Photovoltaic systems
Takashi OOZEKI (National Institute of Advanced Industrial Science and Technology)

This paper reviews studies of the output forecasting method for photovoltaic (PV) systems. Most of the forecasting
methods are using numerical weather predicting data such as weather forecasting and grid value point. Confirming the
accuracy of forecasting data with actual monitored data have been not enough in Japan until now. And also, we should
focus on the relational output forecasting and develop the technologies. In order to improve the accuracy, the research
field of weather forecasting and PV system engineering should corroborate more and more.
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Keywords, Photovoltaics, solar cells, output forecasting, prediction method, weather forecasting, grid point value,
numerical weather prediction, renewable Energy, Power system management, Asset Planning
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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
order to investigate possibility to install MW to GW scale PV sys-
tems 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 written 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
time (EPT), and the CO, emission rate of the VLS-PV system were

* 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
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calculated with this method. These indices are defined by the fol-
lowing equations:
EPT [year]

_ Total primary energy requirement throughout its life-cycle [J]
B Annual power generation [J/year]

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

B Total CO, emission on life-cycle (g-C)
~ Annual power generation [kKW 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
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.
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Table 1
Case studies in this research.

PV module type sc-Si, mc-Si, a-Si/sc-Si, thin-film Si, CIS, CdTe
Array type Fixed flat plate system

Index Energy, CO, emissions

Installation area Gobi desert

s \ ' e )

Mining Manufacturing Transport J

\. J \. J \.

s \ s e \

Operation Transmission

Construction J

Fig. 1. LCA boundary for the VLS-PV system.

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-
ule’s VLS-PV system is the smallest energy requirement, which use
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45’000 41 ’047
40,000 3537326 34879

Other components
¥ Transmission
® Transportation
H Cable
¥ Foundation and trough
B Array support
H PV module
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a-Si/sc-Si
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Fig. 2. Energy requirement for the VLS-PV systems [G]J/MW].
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Fig. 3. Energy pay-back time for the VLS-PV systems [year].
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Fig. 4. CO, emissions of the VLS-PV systems [t-CO,/MW].
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Fig. 5. CO, emissions rate of the VLS-PV systems [g-CO,/kW h].

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.
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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-
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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 purpose of this study was to identify a suitable type of mega-solar system from an environmental viewpoint. The
authors evaluated six types of 20 different PV modules by life cycle analysis (LCA) with actual equipment data and output.
The types were single crystal silicon (sc-Si), amorphous silicon (a-Si)/sc-Si, multicrystalline silicon (mc-Si), a-Si,
microcrystalline silicon (uc-Si)/a-Si and CIS. The boundaries of LCA were from the mining stage to that of waste
management. Mining, manufacturing and waste management information was taken from an LCA database, while data on
transport, construction and amounts of equipment were obtained from actual systems. Since the irradiation figures and
electricity output were also actual data, we could avoid the difficulties of making assumptions for values such as the actual
output power of thin films. In addition, installation at a single plant provided suitable conditions for comparing PV systems.

The results showed an energy requirement ranging from 19 to 48 GJ/kW and an energy payback time of between 1.4 and
3.8 years. CO, emissions were from 1.3 to 2.7 t-CO»/kW, and CO, emission rates ranged from 31 to 67 g-CO,/kWh. The
multicrystalline (mc-Si) and CIS types showed good results because mc-Si and CIS PV modules have high efficiency and a
lower energy requirement. In particular, the CIS module generated more electricity than expected with catalogue
efficiency. The single crystal silicon PV module did not produce good results because, considering their energy
requirement, installed sc-Si PV modules do not have high efficiency. However, the operation data used covered only
1 year; data from a longer period should be collected to obtain long-term irradiation figures and clarify degradation.
Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION Science and Technology (AIST) and Hitachi, Ltd.
constructed a 2MW PV system in the Japanese city of
The New Energy and Industrial Technology Development Hokuto in Yamanashi Prefecture, as shown in Figures 1

Organization (NEDO) started a S5-year project called and 2. The installation site is well known as a sunny area of
“Verification of Grid Stabilization with Large-Scale PV the country.

Power Generation Systems” in 2006. The project focuses The aims of the group are:

on generating high-quality electricity, which does not

affect grid voltage, frequency, and waveform. Our group, (1) To develop a large-capacity PV power conditioner
consisting of Hokuto City in Yamanashi Prefecture, NTT considering grid stability.

Facilities Inc., the Tokyo Institute of Technology (Tokyo (2) To find suitable PV modules for the large-scale PV
Tech), the National Institute of Advanced Industrial system, including advanced PV modules.

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 1. The mega-solar system installed in Hokuto, Yamanashi, Japan. About 30 types of PV systems have been installed.

(3) To research system design, materials, and construction
methods from economic and environmental view-
points

For the purposes of (2) and (3), 600kW PV systems
were installed to allow research. A 10kW array was

assumed to be a single array unit using one type of PV
module, and 60 array units consist of 20 PV modules with

Area:-100,000m* -

2™ phase

1" phase:
Research field

different tilt angles, tracking systems, and concentrating
systems. This project will be concluded in March 2011.
The study reported in this paper is from (3) above, and
its main topics involve comparing the energy requirements
and CO, emissions of PV systems using the LCA
approach. Although papers on LCA are found in literature
(for example, Mason et al. [1], Fthenakis et al. [2] and
others [3-7]), it is difficult to find LCA studies comparing

THETE

Figure 2. An aerial photo of the mega-solar system installed in Hokuto City in Yamanashi Prefecture.

Prog. Photovolt: Res. Appl. (2011) © 2011 John Wiley & Sons, Ltd.
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this many PV system types at a single site. In addition, we
can avoid the difficulties of making assumptions for values
such as the actual output power of thin films by using actual
outputs.

2. METHODOLOGY
2.1. Indexes

To evaluate the systems, we applied the life cycle analysis
(LCA) methodology. This is an appropriate measure for
evaluating the potential of systems in detail because its
purpose is to evaluate input and output from initial
production to final disposal. In this study, the energy
payback time (EPT) and the CO, emission rate of the
systems were calculated using this method. These indices
are defined by the equations outlined below.

EPT (year)

Total primary energy requirement of the
_ PV system throughout its life-cycle [GIJ]
Annual primary energy reduction by
using PV system [GJ/year]

ey

The EPT represents the number of years taken to recover
primary energy consumption throughout the system’s life
cycle by its own energy production. Both the total primary
energy requirement of the PV system and the annual power
generation concern primary energy.

CO, emission rate (g-CO,/kWh)

Total CO, emissions throughout the system's
life-cycle (g-CO,)
Annual power generation
[kWh/year] x Lifetime [years]

(@)

The CO, emission rate is a useful index for assessing a
PV system’s effectiveness in relation to global warming.

2.2. Boundaries
The boundaries of the LCA here run from mining to waste

management, as shown in Figure 3. Mining, manufactur-
ing, and waste management information was taken from an

A comparative study on life cycle analysis

LCA database [8-10]. A summary of the NEDO database
[10] was also presented by Komoto [11] at the 23rd EU
PVSEC held in Valencia. The PV modules described in the
paper were assumed to have been produced in Japan, and
Japan’s electricity mix was used. Data on transport,
construction and amounts of equipment were obtained
from actual systems. As this project is for research
purposes, it is difficult to correct data on operation and
maintenance. However, these data are usually negligible.

The equipment evaluated in this study ranged from PV
modules to transformers to inverters. Accordingly,
transmission lines were not included in the scope of the
study. As there are many PV system types in the 600 kW
research field, it is difficult to create the same conditions
for each system. For instance, their cable lengths are
different. To resolve this problem, each PV module type
was assumed to be installed at 600kW for LCA.
Actual cable lengths, types, and areas were used for
evaluation.

2.3. Estimation

LCA calculation for the equipment was performed using
JEMAI-LCA software [9]. As it is difficult to open each PV
module’s inventory data, NEDO introduced a project to
build a PV module LCI database [10], to which secondary
data are written. After calculating the LCI of each piece of
equipment, the authors summarized the values in Microsoft
Excel.

3. SYSTEM DESIGN
3.1. PV modules

About 30 PV module types were installed at the site. The
single crystal silicon PV modules were from seven
companies, the multicrystalline silicon ones were from
eight companies, the a-Si ones were from three companies,
and the CIS ones were from two companies. The units were
mounted in frames, and 10kW PV modules made up one
array unit. There were various array unit sizes, as seen in
the research field shown in Figure 2. Large array units

Manufac

Mining :

ment

/ \
I Opera |
]

, thon I

Construc
tion

Figure 3. PV system life cycle flow.
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mean lower efficiency, and small ones mean higher
efficiency.

3.2. Array design

The array support structures were assumed to have simple
compositions by an architect from NTT Facilities, as seen
in Figures 4 and 5, and concrete was not used because the
steel pile foundation shown in Figure 6 is superior to
concrete foundation from an environmental viewpoint.
This was reported by authors at PVSEC-17 held in
Fukuoka in 2007 [12]. The array support structures
followed Japanese regulations. Wind velocity was assumed
to be 30m/s, which is the value stipulated by building
standards in the region. Figure 5 shows design drawings of
the standard array structure with earth screws. The array
unit is usually about 20-30m in width and 2.5m in
height for the 10kW system depending on efficiency.
The weights of the array and earth screws for the 10kW
array unit are 0.87t and 1.1t for a 3m depth. This depth
differs from place to place, but 3m is the average at this
site.

3.3. Inverters and wiring

For each 10 kW array, 10 kW inverters were installed at the
back of the array structure, and the outputs of the inverters
were collected at a transformer substation.

M. Ito et al.

4. PARAMETERS FOR THE LCA
STUDY

4.1. PV system yields

The yields of the PV systems were measured from
April 2008 until March 2009. The annual irradiation was
1725 kWh/m? at a 30-degree tilt angle during the period. To
understand irradiation, the authors checked the database of
the Japan Metrological Agency. The duration of sunshine
in Nirasaki City close to the Hokuto site was 2069 h/year in
2008. As the 10-year average is 1999 h/year, the period can
be considered average.

To consider a system’s lifetime yield, a degradation ratio
of 0.5%/year was used for the LCA study. However, this
number may be smaller for thin-film PV systems.
Osterwald et al. concluded in 2006 [13] that a figure of
0.5%/year for a crystalline module is reasonable as a rule of
thumb, while many thin-film modules have a ratio of higher
than 1%/year. Sensitivity analysis of the degradation ratio
was therefore performed.

An average lifetime of 30 years was also calculated. The
annual yields of the PV systems for this LCA study are
shown in Table I. The kW values in Table II are from flash
tests by PV manufacturers rather than catalogue nominal
outputs. The kW values for thin films are those after initial
degradation.

4.2. Lifetime

A 30-year lifetime was assumed for all equipment except
the inverters. The LCA guidelines [14] stipulate that the

Figure 4. Simplified array structures installed in Hokuto City.
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Figure 5. Front view of the basic array structure with earth screws.

lifetime of inverters for large PV power plants is 30 years
with 10% renewal every 10 years. However, the capacity of
the inverters installed at this 600kW site was 10kW.
Accordingly, a 15-year lifetime (the value for small plants)
was applied in this study.

4.3. Transport

Information relating to the transport of the PV modules and
inverters from the factory to the installation site was
obtained from actual data. The modules made in Japan
were transported by truck, while imported ones were

transported by truck and ship. Other components were
assumed to be transported over a distance of 100km
considering the location of their factories. Transport for
waste management was assumed in two parts — site to
intermediate site and then on to landfill. The distances
involved were assumed to be 100 km for each one.

4.4. Waste management

At the end of its lifetime, equipment will be treated and
disposed of as landfill. All items are assumed to be
industrial waste. No recycle stage is included at this time.

Figure 6. The ends of earth screws used in the mega-solar plant.
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Table I. Measured annual yield (AC) of each PV system.

Type Yield [kWh/kW]
Al:sc-Si 1412
A2:a-Si/sc-Si 1397
A3:sc-Si 1487
Ad:sc-Si 1319
AB:sc-Si 1420
AB:sc-Si 1428
A7:sc-Si 1383
B1:mc-Si 1338
B2:mc-Si 1426
B4:mc-Si 1419
B5:mc-Si 1500
B6:mc-Si 1451
B7:mc-Si 1404
B8:mc-Si 1440
C1:a-Si 1295
C2:c-Si/a-Si 1337
C3:a-Si 1333
D1:CIS 1538
D2:CIS 1494

4.5. LCI data used for the LCA study

Table III shows the assumptions made regarding LCI data
for equipment. The data for PV modules and inverters were
referred to from a 2009 NEDO report [10], which assumed
that the PV modules are produced in Japan and have
aluminum frames. However, since the report did not
consider a-Si, LCI data for a-Si was referred to from a 2001
NEDO report [6]. These reports provide one result for each

M. Ito et al.

type of PV module. The authors therefore assumed that the
energy requirements and CO, emissions of the same types
of PV module per area were identical, and that the same
energy requirements and CO, emissions per area applied to
the same types of module. On the other hand, inverters
were considered as a one-time replacement item.
Calculation for other equipment was performed by
analyzing the relevant materials using JEMAI-LCA
software [9] (Table 1V).

5. EVALUATION RESULTS

The six types of 20 PV systems with 20 different PV
modules were evaluated in terms of actual kWp and yield.
These types were sc-Si, a-Si/sc-Si, mc-Si, a-Si, pc-Si/a-Si,
and CIS. Figure 7 shows the results for energy requirement
and EPT. The energy requirement ranged from 19 to 48 GJ/
kW, and the EPT was from 1.4 to 3.8 years. The first group
with a larger energy requirement was A1 to A7, which were
the sc-Si type. The values were between 37 and 48 GJ/kW.
The second group consisted of A2, B1 to B8, and C1 to C3.
These were the a-Si/sc-Si, mc-Si, a-Si and pc-Si/a-Si
types, and their values were between 25 and 32 GJ/kW. The
lowest energy requirement was for CIS PV modules, which
were the D1 and D2 types, with values of 19 and 23 GJ/kW.
The transportation distances of A6 and A7 were much
longer than those of the others because the two modules
were imported from Europe, while the others were brought
in from Asia and Japan. The shortest EPT was 1.4 years,
which was obtained by the D2:CIS PV module because it
has a high efficiency level of 11.2%, even though it has a
lower energy requirement. The EPT increases to 1.5 or 1.8
years if the degradation ratio is 1%. On the other hand, the

Table Il. PV modules evaluated in this study.

Type Nominal power [W] Module efficiency [%] Capacity [kW]
A1l:sc-Si 84 13.2 30
A2:a-Si/sc-Si 186 15.9 30
A3:sc-Si 160 12.6 10
Ad:sc-Si 160 12.6 10
A5:sc-Si 150 11.8 10
AB:sc-Si 200 12.0 30
A7:sc-Si 173 12.0 30
B1:mc-Si 167 12.6 30
B2:mc-Si 179 14.0 100
B4:mc-Si 167 13.2 30
B5:mc-Si 180 12.3 10
B6:mc-Si 190 13.0 10
B7:mc-Si 240 12.4 30
B8:mc-Si 170 13.5 10
C1:a-Si 60 6.1 30
C2:pc-Sifa-Si 110 8.8 10
C3:pc-Sifa-Si 130 8.3 10
D1:CIS 70 8.8 30
D2:CIS 125 11.2 3
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Table Ill. Assumptions regarding system equipment LCA data.

Module efficiency in reference

Energy requirement CO, emissions

PV module [10]
sc-Si 14.3%
a-Si/sc-Si 16.6%
mc-Si 13.9%
a-Si (in 2000 [15]) —
a-Si/p.c-Si 8.6%
CIS 10.1%

10 kW inverter [10]
Cable, conduit [9]
Array (galvanized steel) [9]

3986 MJ/m? 193.5 kg-CO,/m?
3679 MJ/m? 178.0 kg-CO,/m?
2737 MJ/m? 135.2 kg-CO,/m?
1202 MJ/m? 54.3kg-COo/m?
1210 MJ/m? 67.8kg-CO,/m?
1105 MJ/m? 67.5kg-CO,/m?
0.57 GJ/KW 43kg-COo/kW
1068 GJ/600 kW 62.0t-CO,/600 kW
22.5GJ/t 1.91t-CO,/t

Table IV. References for LCA of the 20 PV system types.

PV module Other components
Mining NEDO database [10] LCA database [8,9]
Manufacturing NEDO database [10] LCA database [8,9]
Transport Actual data LCA database [8,9]
Construction Actual data
Waste LCA database [8,9] LCA database [8,9]
management

longest EPT was 3.8 years for A6:sc-Si due to the large
energy requirement of sc-Si and the long transport
distance. The average value was 2.6 years.

The results for CO, emissions shown in Figure 8 are
almost the same as those for the energy requirement. Large
CO, emissions were seen with Al to A7 except A2. The
second group consisted of A2, B1 to BS, C1 to C3, and D1.
D2 had the lowest CO, emissions in the same way as the
energy requirement. However, B8:mc-Si also showed good
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results compared to those for energy. The lowest CO,
emission rate was found with the D2:CIS PV module, and
the highest was for A6:sc-Si. However, A2:a-Si/sc-Si was
competitive with the other PV modules because its
efficiency was higher. Other sc-Si modules did not produce
such good results because the installed sc-Si PV module
did not offer high efficiency compared to the reference. The
CO, emissions ranged from 1.2 to 2.7 t-CO»/kW, and the
CO, emission rates were from 31 to 67 g-CO,/kWh. If the
degradation ratio is 1%, the CO, emission rate will increase
by about 5%.

For the energy requirement and CO, emissions, the PV
module occupied more than half of the total, followed by
the array support, the foundation and transport. Even for
the lowest energy requirement and CO, emissions of CIS,
the share of the PV module was half.

Fthenakis ef al. [2] obtained values of 30 to 35 g-CO,eq/
kWh for ribbon, mc-Si and sc-Si PV modules for a ground-
mounted system in southern Europe. de Wild-Scholten
et al. [5] also reported values of 33 to 41 g-CO,eq/kWh for
roof- and ground-mounted structures in southern Europe.
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Figure 7. The energy requirement and EPT of the Mega-solar system. Energy payback time is with 0.5 and 1% degradation ratio.
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Figure 8. The CO2 emissions and CO2 emission rate of the mega-solar system. The emission rate is that with a 0.56% degradation ratio
and a 1% degradation ratio.

The numbers here are smaller than those in this report, and
the authors attribute this to the efficiency of the PV
modules. The level of insolation at 30 degrees at the
Hokuto site is about 1725 kWh/mZ/year, which is almost
the same as the assumption of the reports. However, the
reference efficiency of sc-Si is 14.3%, which is higher than
the values for the other sc-Si PV modules installed at the
Hokuto site (from 11.8 to 13.2%). However, if a PV
recycling system is developed, silicon PV module
production can provide reduced energy consumption
[10]. The material toxicity of thin-film PV modules should
also be discussed.

6. CONCLUSIONS

This study evaluated the mega-solar system with 20
different PV modules using the LCA approach. Actual
equipment data were used, and 1-year output data were
taken to calculate the EPT and CO, emission rate.
Multicrystalline (mc-Si) and CIS types produced favorable
results because mc-Si and CIS PV modules have high
efficiency and a lower energy requirement. In particular,
the CIS module generated more electricity than expected
with catalogue efficiency. The single crystal silicon PV
module did not produce good results because the efficiency
of the installed PV modules was much lower than the
reference values. However, these results are based on only
1 year of operation data. For fuller discussion of the EPT
and CO, emission rate, operation data covering a longer
period, especially degradation data for thin-films, should
be included.
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Summary

Air-conditioning load takes 30% among the total electricity consumption of a building. It is important to know
the electricity consumptions for air-conditioning in detail to each building. However, it is difficult to measure the
consumptions of the existing building directly. This report proposed the estimation model for the power
consumption of air conditioning. The model uses two hourly data which are user's total electricity consumptions
and the ambient temperatures. The hourly electricity consumptions are divided to the air conditioning and the
others consumption. The model is written by MINLP, but is easily computed by practical conversion. In the case
study, the 13 user's hourly consumptions were estimated. And one of 13 users was compared with the measured
consumption for air conditioning. Its coefficient of determination (R?) was 0.84. It means this model is useful for
estimating the electricity consumption of the air conditioning.

Key words : Air conditioning, Saving of energy, Electricity consumption, Estimation method, Building
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Development of the Electric Vehicle’s Infrastructure System for Renewable Energy Maximization
Masakazu Ito", Norihiro Kawasaki”, Takuya 0Oda", Kosuke Kurokawa"
Shinya Yokoyama"*, Masahide Yamaguchi"", Yasuhiro Nakai" ", Takehiro Hara"", Hiroyuki Noguchi"

Abstract - The Electric Vehicle (EV) is clean and environmental friendly vehicle. However, its power source, electricity still
contains fossils. To reduce the fossil utilization, the authors established the Renewable Energy for Electric Vehicle (RE-EV)
project. In this paper, two research topics are studied. One is a study of actual operation data to obtain the potential of the EV
with PV electricity. An EV (i-MiEV) manufactured by Mitsubishi Motors Corporation was operated for 1 year. In this project, a
charging station consisting of a 2.6 kW Photovoltaic power generation (PV) system with a 9 kWh battery system and measuring
equipment was installed in Ookayama campus in Tokyo Institute of Technology. This system maximizes the PV electricity and
minimizes grid electricity while charging the EV. Second is a statistical study to estimate CO, emissions for various kinds of
driving patterns. In this paper, 6 driving patterns from statistical data and 1 actual data were studied by Life-Cycle Assessment
(LCA) approach to estimate CO, emissions. As a result, 80% of charging electricity is from PV from actual operation data.
Regarding the LCA, CO, emissions of EV with PV electricity are same with utility electricity at short distance driving pattern
and much better at long distance driving patterns, even when the system uses lead acid battery. And CO, emissions of all EV
driving patterns are smaller than those of a gasoline vehicle.
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ABSTRACT: 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. 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. The performance of PV modules based on seven different PV
technologies has been compared. This paper describes quantitative analysis results of output loss for PV modules to
clarify the behavior of seven PV technologies in the field. As a result, annual performance ratios varied from 97% to
82% among the different modules. Spectral dependence of the amorphous single and tandem modules and irradiance
dependence of CIS modules are confirmed. It is shown that quantitative analysis method is useful how the
characteristic of PV modules gives the influence to the amount of the energy generation.

Keywords: PV Module, Module Performance

1 INTRODUCTION

“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 photovoltaic (PV) systems and the evaluation
of the advanced PV technologies. Twenty four kinds of
PV systems are installed in the research area. Single
crystalline silicon PV modules, multi crystalline silicon
PV modules, amorphous silicon PV modules, compound-
semiconductor PV modules and spherical solar cells are
selected from all over the world. The typical array
capacity is 10kW and all the systems are grid connected.
I-V curves of the 24 different PV modules are also
measured for every 5 min since 2008. Meteorological
data including spectral distribution are measured at the
meteorological station. The performance of a PV module
at Standard Test Conditions (STC) is important for
comparing the peak performance of different module
types. It does not, however, give enough information to
evaluate how the characteristic of PV modules gives the
influence to the amount of the energy generation. This
paper describes quantitative analysis results of output loss
for PV modules to clarify the behavior of seven PV
technologies in the field.

2 TESTING PROCEDURES

2.1 Indoor measurement

The performance of PV modules based on seven
different PV technologies has been compared. These are;
single crystalline silicon (c-Si), multi-crystalline silicon
(mc-Si), amorphous silicon (a-Si), a-Si/u-Si multi-
junction(a-Si/p-Si), sc-Si backside contact (c-Si(BSC)),
a-Si/sc-Si hetero-junction (c-Si(HJ)) and cupper indium
(gallium) di-selenide (CIS) modules.

The spectral response (SR) and current-voltage (/-V)
curves of the each module were measured at AIST before
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exposure. Spectral response (SR) is important
characteristics for evaluating the spectral mismatch
correction of indoor measurement under standard test
conditions (STC) and outdoor characterization. Recently,
AIST developed the spectral response measurement
system for various PV modules [1]. The I-V curves at
STC were measured with long pulse solar simulator, and
using appropriate reference cells calibrated by AIST.
Additionally, three I-V curves were measured under
(1SUN, 65degC, AM1.5G), (OSUN, 25degC) and (OSUN,
65degC) for calculation of temperature and irradiance
dependence. In order to control the module temperature,
the modules were placed at a thermostatic chamber with
multi-flow system. Nine PT temperature sensors were
applied to the back surface of a PV module. Module
output power under STC is not always same in the
amorphous and the CIGS modules. Therefore, SR and I-V
curves were measured at indoor after two month
exposure at HOKUTO site.

2.2 Outdoor measurement

The modules under test in this study are mounted on
a south facing test bench. /-V curves of each PV module
were measured by an /-V curve tracer at 5 min intervals.
Module temperatures are measured at the back side of the
modules using Type T thermocouple sensor. The PV
modules have been under open-circuit conditions
between the measurements. Meteorological data
including spectral distribution are measured at the
meteorological station. Figure 1 shows a picture of the
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PV module test bench.
3 EVALUATION METHOD

3.1 Model of temperature and irradiance dependence

There are some reports for measurement of
temperature and irradiance dependence [2]. Many
measurements under several irradiance (G) and

temperature (7) are necessary. As it discussed in the
previous section, four I-V curves under (1SUN, 25degC,
AM1.5G), (1SUN, 65degC, AM1.5G), (OSUN, 25degC)
and (OSUN, 65degC) were measured at indoor.
Translation model (IEC60891 correction procedure 3)
was used to calculate desired conditions. The benefits of
using this method are to minimize the number of
measurement, and this method is also applicable to most
kinds of PV technologies [3, 4].

3.3 Loss/gain analysis
Performance ratio (P.R) is calculated by using
equation (1)

2h

z P. X —mea
src
GSTC

K= x100 )

where, K is P.R. Gg¢ and G,,, are standard and
measured irradiance respectively. P,,, is the measured
maximum power under outdoor condition Pgrc is the
measured maximum power under STC.

Performance losses are quantitatively calculated
using following method. This method can calculate the
module performance loss into 6 loss factors which are;

1. Temperature dependence of Iy (i)
. Spectral mismatch (spy)
3. Optical and I, degradation, shading, angle,
error of I, calculation, etc. (o)
4. Irradiance dependence of P, (1p)
5. Temperature dependence of P, (tp)

6. Miscellaneous loss (Degradation, recovery,
model error, etc.) (o).
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Fig. 2 Energy flow and loss factor of PV modules.

P.R can be described as a sum of the loss factors as
shown in equation (2).
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The loss due to the temperature dependence of I.is
calculated using equation (3).

Q

P . —mea

STC

(1-(+a-(,, -25)) 3)

Q

where, [y is the loss [W] due to the temperature
dependence of I, Pgyc is the maximum power under
STC, T,,., is the measured module temperature[degC]
and o is the temperature coefficient of I, [1/degC].

The loss due to the spectral mismatch is calculated using
equation (4).

G 1
ISPM = PSTC : Gmm : (l ta- (Znen - 25)) (1 - S_FJ C)]
sTC

where, [gpy, is the loss[W] due to the t spectral mismatch.
Spectral factor (SF) is given by

IGSTC (ﬂ')SR(ﬂ')dﬂ- ) _[Gmeu (l)dﬁ“
IGrnea (ﬂ )SR(]')d’1 ) IGSTC (ﬂ)d/l

SF = ®)]

where, Ggre(4) and G, (1) are standard and measured
spectral irradiance respectively and SR(Z) is the spectral
response of the module. Z is the wavelength in [nm].

loie 1s difference between measured I, (Iyepe.)and
calculated 7, using a and spectral mismatch factor.
Therefore, degradation, shading and incident angle
dependence are also included.

G 1 I,
lone = Fyge o2 (+a-(1,,-25) S5 P
STC scSTC

©)

The loss due to the irradiance dependence of P ,is
calculated using equation (7).

L =Fye 7

scSTC

where, [ is the loss [W] due to the irradiance
dependence of P, P.IT, I] is the maximum power
under desired temperature and short-circuit current
calculated using the /-V curve correction model described
at section 3.1. P.y[25, Iy means the calculated
maximum power under 25[deg C] and /.-

The loss due to the temperature dependence of P, ,is
calculated using equation (8).

s.r.,. - pulL L,

mea® " scmea

ln):P‘

al (®)
where, Irp is the loss [W] due to the temperature
dependence of P,,,.

Finally, the miscellaneous loss is calculated using
equation (9).
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l,=P, [T I ]_

mea> Lscmeal ™ Frea ®
where, [;p is the miscellaneous loss [W]. [, is difference
between measured and calculated power. Therefore,
degradation, recovery and model error are also included.

4 RESULTS AND DISCUSSIONS

4.1 Indoor measurement results

Figure 2 shows the relative spectral responses used in
this study. Table 1 shows the indoor measurement results.
Four hours of the light soaking at 1[kW/m’] are
performed for the CIS modules before the measurement.
All the crystalline silicon technologies (pc-Si, c-Si(HJ),
me-Si and c-Si(BSC)) have initial power that are
marginally within +4%. The CIS, a-Si and tandem
module have an initial measured power at STC that is
nearly 11%, 36%, and 19% over the nominal power
respectively. After two month exposure, the STC power
of a-Si and tandem module is nearly the nominal power.
On the other hand, the CIS module has a power after
exposure which is equal to its initial value.

Figure 3 shows the result of irradiance dependence at
a module temperature of 25 [deg C] calculated by using
translation model (IEC60891 correction procedure 3).
Crystalline silicon and amorphous modules show a broad
range in efficiency decrease. The highest decrease in
efficiency can be seen for CIS_A module. This module is
pilot production. CIS_B module is the latest production
made in 2009 as a mass production. The irradiance
dependence of the module shows the same tendency of
crystalline silicon modules.

13
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Figure 2. Spectral response of c-Si(upper) and thin-
film(lower) PV modules.
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Table 1 Comparison between measured power before
exposure and measured power after two month exposure
vs. nominal power on the nameplate.

Before After
Type exposure|exposure
[%] [%]
pc-Si -1.5 -
a-Si/c-Si(HJ)[ 3.8
mc-Si 21
a-Si/uc-Si | 19.4 33
a-Si 36.1 -0.1
CIS 114 12.3
mc-Si(BC) | -1.4

Iy
R il il el ot il —-T----r -
L |
=
L) |
QOB — g ] 1
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- | —a—csiBC) ||
= | —O—a-Si
1/ I | —=—a-SiucSi | |
0.6 I | i | | 1 i | —o-CIS A
] | | | | | | | ° ClSiB
05 —
0 01 02 03 04 05 06 07 08 09 1 11 12

Effective irradiance (l/lestc)

Figure 3 Irradiance dependence calculated from indoor
measurements.

4.2 Outdoor measurement results

Data from March 2009 to December 2009 are used
for the analysis. Loss calculation results and nearly
annual performance ratios are summarized in Figure 4
and 5 respectively. Six losses are illustrated individually.
The positive value means the loss and negative value
means the gain in the loss analysis. Figure 5 includes
both he P.R, calculated using the measured maximum
power for each module, and the P.R calculated using
nominal power for each module.

The main loss factor in the all modules is temperature
loss. The loss values depending on the temperature
coefficient and module temperature varied from 8.8% to
4.2%. The temperature loss of c-Si(BSC) module was
higher than that of c-Si module because the average
temperature of c-Si(BSC) was about 5 [deg C] higher
than that of c-Si module. This behavior was caused by the
open-circuit conditions between /-V curve measurements.
We are planning to improve the measurement system
such as the static road resistance or MPPT system. The
difference of the performance ratio between amorphous
single junction and tandem module was the spectral
mismatch loss. The performance ratio of the CIS_A
module was relatively lower than the others. Irradiance
dependence of the CIS_A module is smaller than that of
the other modules, thus absolute amount of the irradiance
dependence loss was higher. Figure 4 and 5 also shows
the estimation results of CIS_B module. The performance
ratio and the loss value of CIS_B showed similar findings
to ¢-Si module.
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Figure 5 Ten months’ performance ratio for each module,
based on nominal and measured power.

4.3 Seasonal trend

Monthly performance ratios are summarized in
Figure 6. 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
almost the same in all of the technologies. Higher
temperature caused more loss in summer and colder
temperature resulted less loss or even gain in winter.
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. 7.
Figure 8 shows the monthly spectral mismatch losses.
The spectral mismatch losses factors were stable through
the evaluation period in the single and the multi
crystalline silicon and the CIS technologies. The spectral
mismatch loss of amorphous module is approximately 7-
8% gain in summer and approximately 1% loss in winter.
However, the seasonal loss of tandem module is smaller
than that of amorphous module. This is caused by the
current mismatch effect of the component cells. Figure 9
shows the monthly average spectral match (as defined by
IEC 60904-9) of solar spectrum under noon clear day.
The spectral match in the short wavelength range was
higher in summer and lower in winter, whereas the
spectral match in the long wavelength range showed
opposite trend. Seasonal changes of short wavelength
range were caused by air mass, and that of long
wavelength range were caused by water vapor absorption.
Therefore, the /. of the tandem module is limited by the
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bottom cell in summer, and contrary behavior can be seen
in winter. This behavior also depends on the device
design of the component cells and meteorological
condition in the field.
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Figure 6 Monthly performance ratios.
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5 CONCLUSION

Performance analysis results of the crystalline silicon,
amorphous silicon and CIS technologies were
summarized and quantitative analysis method based on
indoor measurement was proposed in this paper. As a
result, ten months’ performance ratios varied from 97%
to 82% among the different modules. Spectral
dependence of the amorphous single and tandem modules
and irradiance dependence of CIS modules were
confirmed in the analysis. It was shown that quantitative
analysis method is useful how the characteristic of PV
modules gives the influence to the amount of the energy
generation. Additionally, we also investigate the
performance comparison between the PV systems and I-
V measurements of the module [5]. The project is
currently evaluation the performances of the advanced
PV technologies. Suitable PV technology for each
climate condition will be clarified in this project.
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A COMPARATIVE STUDY ON LIFE-CYCLE ANALYSIS OF 20 DIFFERENT PV MODULES
INSTALLED AT A HOKUTO MEGA-SOLAR PLANT
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ABSTRACT: The purpose of this study is to obtain the suitable type of the Mega-solar system from environmental
viewpoint. The authors have evaluated 6 type of 20 PV modules by the Life-cycle analysis (LCA) with actual
equipment’s data. They are single crystalline silicon (sc-Si), amorphous silicon (a-Si)/sc-Si, multi crystalline silicon
(mc-Si), a-Si, micro crystalline silicon (pc-Si)/a-Si and CIS. The boundary of the LCA is from mining to waste
management. Mining, manufacturing and waste management were from LCA database. Transport, construction and
amount of equipments were obtained from actual systems. Because irradiation data and output electricity were also
actual data, we can avoid difficulties of assumptions, such as actual output power of thin-films. In addition, they were
installed at one plant, it is suitable for comparing PV systems.

As a result, energy requirement was from 18 to 48 GJ/kW. Energy payback time was from 1.4 to 3.8 years. CO,
emissions were 1.2 to 2.7 t-CO,/kW. CO, emissions rate were 31 to 67 g-CO,/kWh. Multi-crystalline (mc-Si) and
CIS got good result. Because the mc-Si and the CIS PV module have high efficiency and lower energy requirement.
Especially, the CIS module generate more electricity than expected electricity with catalogue efficiency. The single-
crystalline silicon PV module did not get good result. Because considering its energy requirement, it is not high
efficiency, especially the PV modules installed in this site. However, if we think about the CO, emissions rate, it is
much smaller than fossil power plant. Therefore, it has potentials to mitigate global warming.

Keywords: Environmental Effect, Large Grid-connected PV systems, LCA, Energy payback time, CO, emissions
rate, Mega-solar

1 INTRODUCTION find a LCA study comparing such a many types of PV
systems in one site. Especially, we can avoid difficulties
of assumptions such as actual output power of thin-films,

because irradiation and output is actual data.

New Energy and Industrial Technology Development
Organization (NEDO) has started a S5-year project
‘Verification of Grid Stabilization with Large-scale PV
Power Generation Systems’ in 2006. This is focusing on
generating high quality electricity, which does not affect
grid voltage, frequency and waveform.

Our group consisting 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 a 2 MW PV system in
Hokuto city in Yamanashi prefecture in Japan as shown
in figure 1. The installation site is famous for sunny area
in Japan. The purposes of our group are;

(1) Develop a large capacity PV power conditioner
considering grid stability,

(2) Find suitable PV modules for a large scale PV system
including advanced PV modules,

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

For the purposes of (2) and (3), 600 kW PV systems
were installed for research. 10 kW array was assumed
one array unit using one type of PV module. And 60
array units were consisted of more than 20 PV modules
from different companies. And also they have different
tilt angle, tracking system and concentrating system.
Almost equipment had been installed, and we are
collecting data of the systems. This project will finalize in
March 2011.

The study on this paper belongs to (2) above, and the
main topic is comparing the energy requirement and the
CO, emissions of the PV systems by the LCA approach.
We can find papers on LCA for example Moore [1] and
Fthenakis [2] and so on [3-7]. However, it is difficult to
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Figure 1 The Mega-solar system installed in Hokuto,
Yamanashi, Japan. About 30 types of PV systems were
installed.

2 METHODOLOGY

2.1 Indexes

For evaluation of the systems, we applied the Life-
Cycle Analysis (LCA) methodology. It is an appropriate
measure to evaluate the potential of the systems in detail,
because the purpose of this methodology is to evaluate its
input and output from cradle to grave. In this study,
energy payback time (EPT) and the CO, emission rate of
the systems were calculated with this method. These
indices are defined by the following equations:
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_ Total primary energy requirement of the PV systemthroughout its life - cycle[GJ]
Annual primary energy reduction by using PV system[GJ/year]

eq. 1

EPT (year)

EPT means years to recover primary energy
consumption throughout its life-cycle by its own energy
production. Both the total primary energy requirement of
the PV system and the annual power generation
concerned primary energy.

Total CO, emissions throughout its life - cycle (g - CO,)
Annual power generation [kWh/y ear] x Lifetime [year]

eq. 2

CO, Emission rate (g - CO,/kWh) =

The CO, emission rate is a useful index to know how
effective the PV system is for global warming.

2.2 Boundary
The boundary of the LCA is from mining to waste
management as shown in figure 2. Mining,

manufacturing and waste management are from LCA
database [8,9,10]. And summary of the NEDO database
[10] were presented by Komoto [14] at the 23rd
EUPVSEC held in Valencia. The PV modules written in
the paper were assumed to be produced in Japan.
Transport, construction and amount of equipments are
obtained from actual system. Because this project is for
research, it is difficult to correct data of operation and
maintenance. However, they are negligible usually.

Equipments evaluated in this study are from PV
modules to transformer through inverters. Therefore,
transmission lines does not included in this study.
Because there are many types of PV systems in the 600
kW research field, it is difficult to make same conditions
for each PV system. For example, cable lengths are
different. Therefore, to avoid this problem, each type of
PV modules was assumed to be installed 600 kW for
LCA. Actual cable length, type, and area were used for
evaluation.

Waste
manage

Construc
tion

Manufac
turing

Minin
| s ments

construct PV module LCI database [10]. Secondary data
are written in the database. After calculating LCI of each
equipments, the authors summarized them by Microsoft
Excel.

3 SYSTEM DESIGN

3.1 PV modules

About 30 types of PV modules were installed in the
site. The single crystalline silicon PV modules are from 7
companies, the multi crystalline silicon PV modules are
from 8 companies, the a-Si PV modules are from 3
companies, and the CIS PV modules are from 2
companies. They are with flame. D2 type PV module is
only 3 kW. But, we assumed they were installed whole
array, and evaluated considering actual system output.

Table 2 PV modules evaluated in this study

Nominal Module .
Type power efficiency Ca[ll};)%(;;ty
W] [%]

Al: sc-Si 84 13.2 30
A2: a-Si/sc-Si 186 15.9 30
A3: sc-Si 160 12.6 10
A4: sc-Si 160 12.6 10
AS5: sc-Si 150 11.8 10
A6: sc-Si 200 12.0 30
AT: sc-Si 173 12.0 30
B1: mc-Si 167 12.6 30
B2: mc-Si 179 14.0 100
B4: mc-Si 167 13.2 30
B5: mc-Si 180 12.3 10
B6: mc-Si 190 13.0 10
B7: mc-Si 240 12.4 30
B8: mc-Si 170 13.5 10
Cl:a-Si 60 6.1 30
C2: pc-Si/a-Si 110 8.8 10
C3: pc-Si/a-Si 130 8.3 10
D1: CIS 70 8.8 30

D2: CIS 125 11.2 3

Figure 2 Life-cycle flow for the PV systems

Table 1 References for LCA of the 20 types of PV
systems

PV module Other components
Minin NEDO database LCA database
& [10,14] [8,9]
Manufacturin NEDO database LCA database
g [10,14] [8.9]
LCA
Transport Actual data database] 8,9]
Construction Actual data
Waste LCA database[8,9] LCA database
management [8,9]

2.3 Estimation

The LCA calculation of equipments was done by
JEMAI-LCA [9]. Because each PV module’s inventory
data are difficult to open, NEDO had a project to
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3.2 Array design

The array support structures were assumed simple
structures as shown in figure 3. Steel pile showing in
figure 4 were applied for foundation, because it is better
than concrete foundation from environmental view point.
This was reported by authors in PVSEC 17 held in
Fukuoka in 2007 [11]. The array support structures are
followed Japanese regulations, for example, wind
velocity was assumed 30 m/s in the region. An interval of
2 m for it was designed to optimize requirement of
materials. The array unit is 20 m width and 2.5 m height
for a 10 kW system usually. They are depends on its
efficiency. Weight of the array and the earth screw per 10
kW unit are 0.87 t and 1.1 t for 3 m depth. This depth is
depends on position of hole. They are considered yield
ratio.
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Fie ipliﬁed array structures installe at the

Hokuto city

1 <. . ¢ "~ BACLRY N
Figure 4 The end of earth screw used at the Mega-solar
plant

3.3 Inverters and wiring
10 kW inverters were installed for each 10 kW arrays.
The inverters were installed at backside of array
structures, and the outputs of the inverters are collected at
a transformer substation.

4. PARAMETERS FOR THE LCA STUDY

4.1 Yield of the PV arrays

The yields of the PV systems were measured from
April 2008 until March 2009. To consider yield of its
life-time, 0.5%/year degradation ratio was considered for
LCA study. And average of the life-time, 30 years was
calculated. Annual yield of the PV systems for this LCA
study are shown in table 3. The kW in table 3 is not same
as label on the backside of PV module, but we calculated
actual capacity by using data sheet of each PV modules.
The output of Thin-films are after initial degradation.

4.2 Life-time

30 years life-time of the equipments were assumed
except for inverters. The LCA guide line [13] says the
life-time of inverters for large PV power plant is 30 years
with 10% renewal every 10 years. However capacity of
the inverters installed in this 600 kW site is 10 kW.
Therefore, 15 years life-time which is for small size
plants was applied to this study.

4.3 Transport
Transport of PV modules and inverters from factory

3]9000 1

to installation site were obtained from actual data. The
PV modules made in Japan were transported by truck.
Other PV modules imported from overseas were
transported by truck and ship. And other components
were assumed 100 km considering its factories. Transport
for waste management was assumed for two parts; site to
intermediate site and to landfill. They were assumed 100
km each.

4.4 Waste management

After their lifetime, they will be treated and landfilled.
All equipments were assumed as industrial waste.
Recycle stage is not included at this time.

4.5 LCI data used for the LCA study

Table 4 shows assumptions of LCI data of
equipments. The LCI data of PV modules and inverters
were referred to NEDO report in 2009 [10]. However, the
report did not study on a-Si. Therefore LCI data of a-Si
was referred from NEDO report in 2001 [6]. In the
reports, one result is available for each PV module.
Therefore, the authors assumed that energy requirement
and CO, emissions of same type of PV module “per area”
are same. Same energy requirement and same CO,
emissions per area were applied to same type of PV
modules. On the other hand, the inverter was considered
one time replacement. Other equipments were calculated
by analyzing its materials by JEMAI-LCA [9].

Table 3 Annual yield of each PV systems. They are
actual observed data considered 30 yeas lifetime and
0.5%/year degradation ratio

Type Yeild [kWh/kW]
Al: sc-Si 1412
A2: a-Si/sc-Si 1397
A3: sc-Si 1487
Ad4: sc-Si 1319
A5: sc-Si 1420
A6: sc-Si 1428
AT7: sc-Si 1383
B1: me-Si 1338
B2: mc-Si 1426
B4: mc-Si 1419
B5: me-Si 1500
B6: mc-Si 1451
B7: me-Si 1404
B8: mc-Si 1440
Cl:a-Si 1295
C2:c-Si/a-Si 1337
C3:a-Si 1333
DI1:CIS 1538
D2:CIS 1494
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Table 4 Assumptions of LCA data of the system
equipments
Mf)dule . En.ergy CO,
efficiency in  requiremen s
emissions
reference t
PV module [10]
. 3986 193.5 kg-
- 0,
se-Si 14.3% MJ/m? COy/m’
. . 3679 178.0 kg-
- - 0,
a-Si/sc-Si 16.6 % M/m? COy/m?
. 2737 135.2 kg-
_ 0,
mc-Si 13.9% MJ/m2 COz/mZ
a-Si (in ] 1202 54.3 kg-
2001[12]) MJ/m? CO,/m?
. . 1210 67.8 kg-
! - 0,
a-Si/pc-Si 8.6 % MT/m? CO/m?
1105 67.5 kg-
0,
cIs 10.1% MJ/m? COy/m?
10 kW inverter 0.57 43 kg-
[10] GI/kW CO2/kW
. 62.0 t-
Cable, conduit 1068 :
[9] GI/600kW CO?\/?SOOk
Array 1.91 t-
(Galvanized 22.5 Gt COMt
steel) [9] 2

5. EVALUATION RESULTS

The 6 types of 20 PV systems with 20 PV modules
from different companies were evaluated with actual
kWp and yield. They are sc-Si, a-Si/sc-Si, mc-Si, a-Si,
pc-Si/a-Si and CIS. Figure 5 shows result of energy
requirement and energy payback time. The energy
requirement was from 18 to 48 GJ/kW. Energy payback
time was from 1.4 to 3.8 years. First group of larger
energy requirement was Al to A7 which was sc-Si. They
were between 37 and 48 GJ/kW. And second group was
A2, B1 to B8 and C1 to C3. They were a-Si/sc-Si, mc-Si,
a-Si and pc-Si/a-Si. They were between 25 and 32
GJ/kW. The smallest energy requirement was CIS PV

modules, which was D1 and D2. It was 19 and 23 GJ/kW.

The transportation of A6 and A7 is much larger than the
others, because, the two modules were imported from
Europe. The others were imported from Asia and
Japanese products. The shortest energy payback time was
1.4 year which was obtained by D2:CIS PV module.
Because it is high efficiency, 11.2 %, even it is lower
energy requirement. On the other hand, largest energy
payback time was 3.8 years by A6:sc-Si. Because large
energy requirement of sc-Si and long transport. Average
was 2.6 years.

The results of CO, emissions showing figure 6 are
almost same as result of energy requirement. The large
CO, emissions were obtained by Al to A7 without A2.
And second was A2, Bl to B8, C1 to C3 and D1. D2 was
the smallest CO, emissions as same as energy
requirement. But B8:mc-Si was also good result
comparing to result of energy. The smallest CO,
emissions rate was obtained by D2:CIS PV module. And
the highest was A6:sc-Si. However, A2:a-Si/sc-Si was
competitive between other PV modules, because its
efficiency was higher than others. Other sc-Si did not be
obtained as good result, because the installed sc-Si PV
module was not high efficiency comparing to reference.
The CO, emissions were 1.2 to 2.7 t-CO,/kW. And CO,
emissions rate were 31 to 67 g-CO,/kWh.
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For the energy requirement and CO, emissions, the
PV module occupied more than half, and next was array
support, foundation or transport. Even in the lowest
energy requirement and CO, emissions of CIS, the share
of PV module was half.

V. M. Fthenakis et al in 2008 [2] have been obtained
30 to 35 g-CO,eq/kWh of Ribbon, me-Si and sc-Si PV
modules for ground mounted system at Southern Europe.
And M.J. de Wild-Scholten et al [5] have reported 33 to
41 g-CO,eq/kWh for roof and ground mounted structure
at Southern Europe condition in 2007. They are smaller
than this report. The authors think the reason is
irradiation. The irradiation at installation site, Hokuto is
about 1360 kWh/m%/year. This is smaller than the
southern Europe 1700 kWh/m?/year.
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Figure 5: The energy requirement and the
payback time of the Mega-solar system
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ABSTRACT: The outdoor I-V curve measurements and the output monitoring of the real operating systems are
widely used in the research area. The outdoor I-V curve measurement of the single module is a useful technique
to characterize the PV modules. However, the I-V curve measurements are intermittent measurements so the
deployed conditions are not exactly the same as the real operating conditions. HOKUTO Mega-Solar Project has
been conducted in Hokuto city, Japan since 2006. One of the objectives is the evaluation of the advanced PV
technologies in the outdoor condition. Single crystalline silicon, multi crystalline silicon, amorphous silicon and
compound thin-film are compared in both I-V measurements and 10kW systems. Higher module temperature
than the real operating condition are observed in the -V measurements because the modules are under the open
circuit condition between the I-V measurements. CIS module had performance drop in low irradiance level but
this is improved in the latest mass production. The a-Si and the a-Si/puc-Si modules showed better performance in
the I-V measurements but relatively poor performance in the 10kW systems.

Keywords: I-V measurement, System Performance, c-Si, a-Si, CulnSe,

1 INTRODUCTION

An energy production of the PV system is depending
on the climate conditions. Different PV technologies
have different characteristics in the outdoor, i.e. different
temperature coefficient, different spectral response and
so on. The appropriate choice of the PV technology is an
essential for the designing of the PV power plant.

In order to evaluate the PV modules and the systems,
the outdoor I-V curve measurements and the output
monitoring of the real operating systems are widely used
in the research area. The outdoor I-V curve measurement
of the single module is a useful technique to characterize
the PV modules. However, the I-V curve measurements
are intermittent measurements and the module is in the
open circuit condition between the measurements in
some cases. The real operating modules in the grid
connected systems are series and/or parallel connected
and continuously generating the electricity during the
daytime thus the PV module is not in the same condition
between the I-V curve measurements and the real
systems.

This paper describes the comparison results of the PV
system performances and I-V curve measurements of the
different PV technologies.

2 SYSTEM CONFIGURATIONS

2.1 HOKUTO Mega-Solar Project

“HOKUTO Mega-Solar Project” has been conducted
by NEDO in Hokuto city, Japan since 2006. The main
objectives of the project are the evaluation of the
advanced PV technologies and development and
demonstration of the grid stabilization technology for
large scale PV systems. Approximately 2 MW of PV
power plant was constructed in this project.

2.2 PV modules
Twenty four kinds of PV modules are installed in the
first phase of the installation. Single crystalline silicon
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(sc-Si) PV cells / modules, multi crystalline silicon (mc-
Si) PV cells / modules, amorphous silicon (a-Si) PV
modules, compound thin-film PV modules and spherical
solar cells are selected from all over the world. The
imported cells were encapsulated in Japan. Fig. 1 shows
the photo of the demonstration area and Table.l
summarizes the types and manufacturers of the installed
PV modules.

2.3 I-V curve measurement

Each type of the modules is mounted on the I-V test
bench. The orientation is due south and the tilt angle is
30 degrees. I-V curves of each module are measured for
every 5 min. and each module are under the open circuit
condition between the measurements. Meteorological
data such as irradiance and spectral distribution and the
module temperature are also measured.

2.4 10kW PV systems
Southerly orientated fixed 30 degree frame is used
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Table I: List of the installed modules (1st phase)

Type Manufacturer ICapacity
[kW]

single- SHARP 30
crystalline
silicon SANYO 30
multi- SHARP 30
crystalline KYOCERA 100
silicon

Mitsubishi electric 30
amorphous KANEKA (single) 30
silicon

KANEKA (tandem) 10

Mitsubishi Heavy Industries 10

Fuji Electric Systems 10
spherical SST 20
cqmpound Showa Shell Solar 30
thin-film Honda Soltec 3
single- MOTECH 10
crystalline KPE 10
silicon

E-TON 10

Isofoton 30

GE 30

Sun Power 50
multi- Q-Cells 10
c'r}fstalllne ErSol 10
silicon

Suntech 30

BP Solar 10

Day4Energy 30

Schott Solar 30

for the grid connected systems. The typical array
capacity and the inverter capacity are 10kW. 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.

3 EVALUATION METHODS

3.1 Photovoltaic energy conversion loss model of PV
systems

PV cells and modules are rated under the standard
test condition (STC) which is a light intensity of 1
[kW/m?*] with an A.M 1.5G spectral distribution and 25
degrees Celsius of the cells/module temperature.
However, the solar irradiance and the temperature are not
always the same as this condition in the outdoor. Those
are always changing and STC is rarely observed in most
of the climate conditions. Thus the performance losses or
gains occur due to the difference of the irradiance level,
spectral distribution and temperature. Soil accumulation,
degradation and efficiency drop or gain also occur on the
outdoor deployed PV modules.

PV modules are connected in series and/or parallel in
the array and the array is connected to the inverter by
cable through the connection box with blocking diodes in
the typical system configuration. Performance losses
occur due to the imbalance of the I-V characteristics of
each module, cabling and diodes in this configuration.

Power conditioning subsystem (PCS) of the grid
connected PV system usually has a function of the
maximum power point (MPP) tracking and grid
protection in addition to the inverter function. The MPP
tracker is controlling the operating point (current and
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) Stepped |-V curve
| Emor | PCS Fast fluctuation
System (Inverter)  Start-up / Low irradiance
output *PCS protection
+Grid voltage
*PCS capacity shortage

Figure 2: Photovoltaic energy conversion loss model
of PV systems

voltage) of the array in order to pull the maximum output
power from the array under the given condition.
Performance loss occurs if the MPP tracker misses the
MPP during the operation. The inverter also has some
loss during the inversion from DC to AC.

The input energy of the PV module/array need to be
measured for the performance analysis, pyranometer is
commonly used to measure the incoming solar irradiance.
The sensor measures the irradiance at the installed point
whereas the PV array is deployed in the wide area. Thus
the shading may occur on the PV array even when the
pyranometer is not covered by the clouds. Incident angle
dependency of the pyranometer is different to the PV
panel. This makes a difference between the measured
irradiance by the sensor and the received irradiance by
the solar cells in the module.

Fig. 2 shows the photovoltaic energy conversion loss
model of PV systems in the outdoor. All the mentioned
loss factors and gain factors are aligned in the order of
their occurrence.

3.2 Performance ratio
Overall performance is evaluated using performance
ratio (P.R). P.R is calculated by using equation (1).

P, E
PR:Z PV . GS _Zrr GS (1)
Pnom ZGAg Pnom HAg

where Ppy [kW] is a measured DC output power, P,,,
[kWT] is a nominal power on the nameplate, G [kW/m?]
is the STC sunlight, G4, [kW/m?] is a measured global
irradiance at the PV modules’ plane, Epy [kWh] is a DC
output energy during the evaluation period and H,,
[kWh/m?] is a total global irradiation at the PV modules’
plane. Sum of the nominal powers on the nameplates of
the PV modules are used as the system rated power.

3.3 Analysis of the I-V measurement data
The four I-V curves were measured prior to the
outdoor exposure in indoor testing facility under the
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following conditions. [1, 2]

A. 1SUN/25degC/ AM1.5G

B. 1SUN/65degC/ AM1.5G

C.  OSUN /25degC

D. O0SUN/65degC

Four hours of the light soaking are performed for the
CIS modules before the measurement. The second
measurements are also performed for the a-Si (single and
tandem) and CIS module after approximately two months
of the outdoor exposure along with the sc-Si module as a
reference.

The indoor measurement results of the condition A
are used as the output power under the STC (Pgsrc) for
each module. The second measurement results are
applied for the a-Si (single/tandem) modules and the first
(initial) measurement results are applied for the rest.

The IEC60891 (correction procedure 3) translation
model is used to calculate the I-V curves under the
desired conditions. Measured 1-V curves are compared
with the calculated I-V curves under the same irradiance
level and temperature. The difference of the I-V
characteristics are assumed as the losses and the gains
and these are separated into the following factors. [3]

1. Shading, optical degradation, reflection, error
of short circuit current (I.) calculation
Spectral mismatch
Temperature dependence of I,

Irradiance dependence of Py,

Temperature dependence of P,
Miscellaneous loss (degradation, recovery,
model error)

Sk WD

3.4 Analysis of the system monitoring data

Performance losses of the systems are quantitatively
calculated using Sophisticated Verification (SV) method
[4, 5]. The latest version of the SV method can separate
the system performance loss into 12 loss factors which
are;

1. Shading ()

2. Effective array peak power (4p)

3. Reflection ()

Module temperature (7)

PCS capacity shortage (ps)

Grid voltage (¢y)

Operating point mismatch (high voltage) (54)
Fluctuation ()

9.  DC circuit (p¢)

10.  PCS (Inverter) (pc)

11.  PCS Off/ PCS Standby (po)

12.  Miscellaneous loss and error ().

e

P.R can be described as a multiplication of the loss
factors (K) as shown in equation (2).
PR=K; K, Ky Ky Kpg Ky - Ky -
Ky Kp - Kpe - Kpe - Kpg @
Effective array peak power is one of the unique
factors in this analysis method. It is defined as the modal
value of the ratio of the PV output to the irradiance
which appeared most frequently in the clear and stable
data-set during the evaluation period. The effects of
rating error, degradation and recovery, [-V imbalance
and spectral mismatch are reflected in this factor.

4 RESULTS AND DISCUSSIONS

4.1 Performance ratios comparison

Data from March 2009 to December 2009 are used
for the analysis. Performance ratios and losses are
calculated for each month and for ten months. Fig.3
shows the comparison result of the 10 months’
performance ratios of seven different types of modules.
Both the results of the I-V measurements and the 10kW
systems are depicted in the same figure along with the
losses. The negative value on the left Y axis means the
gain and the positive value means the loss.

According to the loss model, it is natural to expect
slightly  higher performance ratios in the I-V
measurements than the systems’ because the losses of
array I-V imbalance, operating point mismatch and DC
circuit will not occur in the I-V measurement.

As a result, performance ratios of the I-V
measurements were higher in sc-Si, sc-Si (hetero
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-30%
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[ Spectral mismatch (I-V)
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0 DC Performance ratio (system)
‘
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80%
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Figure 3: Ten months’ performance ratios and loss analysis results of I-V measurements and 10kW systems
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junction), a-Si and a-Si/pc-Si tandem types whereas the
mc-Si showed almost the same values and sc-Si (back
contact) and CIS showed opposite.

4.2 Temperature loss analysis results

Performance losses due to the module temperature
were larger in I-V measurement in most of the module
types. This means the module temperature of single
module for I-V measurement is higher than that of the
modules’ in 10kW array. Since the modules for the I-V
measurements are under the open circuit condition,
incident sunlight is not converted to electricity in these
modules. [6] On the other hand, the modules in the 10kW
systems convert the energy according to its efficiency.

Fig. 4 shows the monthly average temperatures of the
modules. The X axis is the module conversion efficiency
and the Y axis is the temperature. As a result, modules
with the higher efficiency tend to have bigger
temperature difference between the I-V measurement and
the 10kW system. Module temperatures of the higher
efficiency module in the systems are lower than the
others. This is reasonable result because the higher
efficiency module can convert more input energy to the
electricity thus the rest of the input energy which become
the heat is less than others.

4.3 Low light performance

Non-linearity characteristics to the irradiance level
are mainly observed in the open circuit voltage and the
fill factor whereas the short circuit current is almost
proportional to the input irradiance level. Particularly at
the very low irradiance level, most of the module shows

performance drop compared with the ideal linear
characteristics of the irradiance dependency.
Some CIS type module has relatively larger

performance drop than the others, thus the loss due to the
low light is larger in the analysis result of the CIS
module in the I-V measurement. However, according to
the in-house measurement, low light performance is not
the same among the modules and the module which is
used for the I-V measurement is one of the worst
modules in the low light performance. Fig. 5 shows the
low light performance of the three different CIS modules
in the outdoor. Calculated results of the Pilot A are also
depicted. In-house measured four I-V curves are used for
the calculation. Pilot A & B are relatively old module
which are the products of the pilot line and the third
module was made in 2009 as a mass production. Low
light performance is significantly improved in the latest
module. The expected performance ratio will be
approximately 9% higher than the worst one based on the
simulation.

4.4 Degradation and annealing

Differences of the performance ratios between -V
measurements and the 10kW systems are more than 10%
in both single and tandem a-Si. According to the loss
analysis results, effective array peak powers of the 10kW
systems are lower than the nominal power. Fig. 6 shows
monthly performance ratios of each module type.
Modules in the 10kW systems and I-V measurements are
installed in late 2008 to early 2009 except the a-Si (single
and tandem) modules. These are installed in September
2009 to confirm the initial degradation in the outdoor.

As a result, both a-Si and a-Si/pc-Si modules resulted
higher performance ratios in the first month and the
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values dropped in the second month. Modules are then
removed and sent to the indoor test facility to measure
the STC output. Performance ratios of the 10kW systems
are seasonally changed with some continuous
degradation. Single modules for the I-V measurements
also showed similar change after the re-installation but
absolute values are higher than the systems’.

Total outdoor exposure time is almost one year

shorter in the modules for the I-V measurements. This is
the biggest reason why the I-V measurements showed
higher performance ratios than the systems in a-Si and a-
Si/uc-Si. However, performance ratios of the -V
measurements are still higher than the 10kW systems
even in the comparison of the first year result of each
measurement.
Slightly higher average temperature in the I-V
measurements might have some effect for the annealing
recovery. Lack of the photo current also makes some
difference of the long term performance in the thin film
PV technologies. I-V imbalance within the array also
suspected as the reason of the low performance ratios in
the 10kW systems.

5 CONCLUSION

Performance analysis results of the crystalline silicon,
amorphous silicon and CIS technologies are summarized
in this paper. I-V curve measurement is the useful
technique to evaluate the different PV technologies.
However, deploying the single module with the open
circuit condition makes different performance to the real
operating systems. So far, the crystalline silicon modules
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Figure 6: Monthly performance ratios

are stable with a seasonal change of the performance
ratios due to the temperature. The differences between
the I-V measurements and the 10kW systems are
relatively smaller than that of the other thin film
modules’. CIS module had performance drop in low
irradiance level but this is improved in the latest mass
production. The a-Si and the a-Si/puc-Si modules showed
better performance in the I-V measurements but
relatively poor performances in the 10kW systems.
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A study on the effective irradiance
for prediction of real-time PV power generation
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ABSTRACT

The effective irradiance was examined from analyses of
observation results of the solar irradiance. We have carried out
observations of the global and the spectral solar irradiance from
August 2009 to July 2010. Differences of effective irradiances from
global solar irradiances were estimated about 200W/m” for a light
observation cut wavelength of 710nm and 100W/m® for a light
observation cut wavelength of 1161nm. Dependence of the solar
elevation and the weather on the average photon energy of the solar
spectral irradiance was indicated. We have also discussed prediction
of the effective irradiance.
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A Study on Evaluation of the Smoothing Effect of Irradiance Fluctuation

Using Spatial Interpolation in Hokuto City
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Short time fluctuations of solar irradiance will become an important issue with regard to future embedded

photovoltaic (PV) systems. However, when a large number of systems introduce in certain area intensively, the

output of the systems will be stable by the equalization of irradiance fluctuation. In this study, authors are

evaluating the smoothing effect for area of about 10km square. In this paper, the interpolation method for

irradiation of not measured point is described.
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Fig.10 Measured irradiation and calculated irradiation each fluctuation cycle (2009.2.9)
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Table.2 Relation between j and fluctuation cycle
. | Fluctuation cycle Fluctuation cycle
J [sec] [min]
1 2 ~ 4] 0.0333 ~ 0.0667
2 4 ~ 8 0.0667 ~ 0.1333
3 8§ ~ 16 0.1333 ~ 0.2667
4 16 ~ 32 0.2667 ~ 0.5333
5 32 ~ 64 0.5333 ~ 1.0667
6 64 ~ 128 1.0667 ~ 2.1333
7] 128 ~ 256 21333 ~ 4.2667
8| 256 ~ 512 4.2667 ~ 8.5333
9[ 512 ~ 1024 8.5333 ~ 17.0667
10| 1024 ~ 2048] 17.0667 ~ 34.1333
11] 2048 ~  4096] 34.1333 ~ 68.2667
12| 4096 ~ 8192] 68.2667 ~ 136.5333
13| 8192 ~ 65536] 136.5333 ~ 1092.2667

Correlation coefficient

1 2 3 4 5 6 7 8 9 10 11 12 13

11 ZEEJE o0 FERIME & FHEE O AHBIAR S
Fig.11 Correlation coefficient of measured data and

calculated data each fluctuation cycle
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Table.3 Analysis patterns

i s TG | AR | BAEE | HAEEOLH
[km] [#] | km?] | [kmZ/H#im]
Pattern 1 4.0 9 0.10 10.22
Pattern 2 3.0 13 0.14 7.07
Pattern 3 2.0 26 0.28 354
Pattern 4 15 42 0.46 2.19
Pattern 5 1.0 93 1.01 0.99
Pattern 6 05 371 4.04 0.25
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[author’s note] Y = 50 X0:351
i 1MW  1.00 50.0 %/AN
10 MW  0.446 22.3 $/W
[ 1976 PR=78.4%I<#8% 100 MW 0.199  9.91 $/W
| e 1000 MW  0.0885  4.43 $/W
10000 MW  0.0394 1.97 $IW
69200 MW  0.0200 1.00 $/W
100000 MW  0.0176 0.879 $/W
1990
Cost | _Cost/m* _ ProcessCost | * 2005
Watt  Watt/m?  CellEfficiency T
1 10 100 1,000 10,000
Cumulative Capacity (MW)
Gregory Nemet (University of Wisconsin) : Learning Curves for
Photovoltaics, June 2007, International Energy Agency 27 Kurochans-not
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£ (Heat) \.
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g S\ o0 8olar Cell '
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L : u : - &5 c e
c - 3 : ‘
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e u
& \L
A 0
0 0.5 1.0 15 2.0 2.5
Wave Length A (um)
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A
n <93.3%(direct) = 73.7%/(global)

G circulators
0,
12848 tandem (n=+) <4=m
hot carrier
tandem (n=6) <=
74%— thermal, thermo PV,
68%— thermionics
tandem (n=3) <=
58%— impurity PV & band,
4%~ up-converters
ﬁgég; impact ionization
3004— tandem (n=2) <mm
3196 down-converters
0 single cell
0%

T [Source] Martin Green, UNSW: Photovoltaics — Electricity from Sunlight 30 .o chans-net
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NEDO s Ota City Project

e 3-4kW/house —70-80% kWh-delivery to domestic loads
e Approx. 10 Years Payback Time, now!
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World PV Cumulative Capacity

http://www.iea-pvps.org/products/download/Trends-in-Photovoltaic_2010.pdf
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Ecological Footprint by Component, 1961-2007
Source: Living Planet Report 2010, World Wide Fund for Nature.
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0 || watt = Wattym?  CellEfficiency T
Market Expansion
0.001
1 10 100 1000 10000
A®S Rel. Cumulative Production
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: Progress

Technology ‘ Period ‘ Rt is
Model T Auto 1909-1923 87% <:
Integrated Circuits 1962-1968 67% X
CFC Substitutes 1988-1999 93%
Scrubbers 1987-1995 89%
Photovoltaic 1971-2000 80*-72% ==
Magnetic Ballasts 1977-1993 97% <:
Electronic Ballasts 1986-2001 88% -
Refrigerators 1980-1998 88%
Freezers 1980-1998 78%
Gas Clothes Dryer 1980-1998 90%
Dishwasher 1980-1998 84%
Room Air Conditioner 1980-1998 85%
Selective Window Coatings 1992-2000 83%
Concentrated Solar Power* -- 85%* (==

3

Ags Cited from "http://en.wikipedia.org/wiki/Learning-by-doing“; * modified by Kurokawa 39
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(Exaarianiezs for 1 91e-200)5)

g i 1976 Progress Ratio = 2-0351
3 . = 78.4 %
g 10-0-351= 44.6 %
&
S 10
o
Q
E ® 2005
o
=
>
o
$1

1 10 100 1,000
Cumulative Capacity (MW)

Gregory Nemet (University of Wisconsin) : Learning Curves for
Aﬁs Photovoltaics, June 2007, International Energy Agency

OO

10,000
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100GW+66GW/Y &1 H

A

10 Ver.2011-2 ~6.1¥/kWh#H &
=&
DARMEBEIE
= JRAREH#E PR,=0.800 / 20305 | |
;IE 20055 % / pR —0.785<«—— 53GW
& / PR =0.720 84GW
B 100GW
2 - SGW
ﬁ \\,\ —— L
= GP1#8& ™~ I3GW
8
ol GP218 &4 030
| T T T 100GW-+30GW/Y &
0.1 T~
1 100 1000
GE)GP: Grid Parity ZIEEAE (GW)
-Es GP1=23, GP2=14, GP3=7¥/kWh 100GW~+66GW/Y i
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Report from IEA PVPS Task 8 :
- Study on Very Large Scale
Photovoltaic Power Generation Systems
http://www, iea-pvps. org/products/download/Energy%20from%20the%Z0Desert%20Summary09, pdf

FROM THE DESERT

-

Task 8 OA (up to 2008)

Prof. Kosuke KUROKAWA
Tokyo Institute of Technology

v
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<Backscene> http://www.nationalgeographic.co.jp/environment/photos/photo_environment.php?
GALLERY_VignVCMId=53f14adf655b1110VgnVCM100000ed02a8cORCRD&nN0=7
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1,300,000 km?

E-=14% O KI5EMTH/N—
RR—=2T7550%

8 6007()0/0lkm2 (=107 PWh/y =107 X 102kWhy)

384 EJlyear PV
EEEIRILT—

{Z (1 EJ = 108J)

2002F HF—R
IRV —fita
379 EJ/year
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Indicative Generation Cost (USD/kWh)

Gobi Sonora Sahara-Ouarzazate

| Negev Thar Great sandy Sahara-Nema
20.0 |
=
_\% Module Price
o ® 43/W
et A 3$/W
3 10.0
m2%/W
S
5 * 1$/W
T 5.0 s
(0]
=
(&}
O
0.0
2000 2200 2400 2600 2800
AR is Annual Irradiation(kwh/m?2/year)
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Our ruivre Dirsciions toweayrc 271 OO0

[ 1 Biomass adv

| [ Biomass trad
Bl Hydro

[ Nuclear
[ Gas
Hl Coal
1 oil

2000 2010 2020 2030 2040 2050 2100
. YEAR

#-'ggn 193

1,600 | wsau: German Advisory Council on Global Change - Geothermal
I Other REs
1,400 4 [ solar heat
> |
) 1,200 - { Possively CSP
_ Solar
= 1,000 | | L thermal
o electricity
>
0p) N PV
> 800 = electricity
> 1/3 _
o [ ] Wind
c
Ll
>
©
£
o

0 | | | |
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1974 2000 2010 2030 2050 kevercoorzs 2100
IJ A A

SHS + BE ~
| " Mini-Grid I\
T D

! i |

B8 EPV RE-EV + BT | |
| Sa=T1 %% H
P YELENE %4 % I

KRB K ISPV ERVLS-PV R

| ER R R L)
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Version
0902205 ' o
O Annual World 4,52 TWIY
— Total PV 4.36 TW/Y
3,000 /

4,500
2,500 = 7/¥-.21

4,000

3,500

2.25 TW/[Y
TWIY.

VLS-PV

Annual PV Installation [GW/Y]

2,000 ‘
*Note: PV2030+ / J Replace
1,500 A _.'
/L 1ooTwiyy)/ g
1.000 I JP=330GWIY*—/ T
500 122 GWIY =
= * - y
0 P 40%%/“\[\”\/ 236 GW/Y
o o o LT .'-I-o\.:l VVIOI o - o 5 5
- N @ < wn © = D R Pt

A:g Source: IEA PVPS Task 8 3rd Rgport "Energy from the Desert” 56 | urochans-net



arsio Net Stock 800 GW 10 TW 75TW 133 TW
AV AV AV V

e Lal P, 120 GW/Y 1070 GW/Y 4.26 TWIY 4.56 TW

40 TSIY
World PV S A1 TS/Y (0.7528/w

Market |\ / 0.782sw) 373JKAIY

3,500,000

. 3,000,000

3753k H/Y

2,500,000

1Y
Y

1.69T

2,000,000
170JKF

Investment for PV Installatio_n [M$/Y]

1,500,000 1.73 T$/Y
: 1703k /Y
1,000,000
500,000
203k A/Y (1% - 100Y)
0
o 2.3kM/Yg g 3 2 o 2 S 3
& & I & I I & N
A S Source: IEA PVPS Task 8 3rd Report "Energy from the Desert” 57 e e
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e

-=---'-==---_,.;l.’ﬁ’9100 !

d:'l.."—i_ = g 1{"" - - R
- / s L ; =,
B e, * WS L - — o e
e - -
u_“..r‘_ i el

: * cemcmmmen g '
SCE (20yrs RPS)«First Solar-"=i ~== .~ ~ (c)ecool/DOI|
_ Silver State South 250 MW Plant, Primm, Nevada (2014part=2017full)
AES.
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[ Regional society e conormical IMPENG

conomy Stimulation, E
- Education & Trainin try, &M Company,
Better Life 1 - g || Infrastructure for Other Local Industry,
by Green Development Field Survey, Statistical Data, Electricity Export
Food Supply, Farm Product Trading, J Resources Analysis,
Creation, Moderate Living Condifi Scenario Analysis;
Movement for Better Living
A

Sustainable Community

R, £ T

Communlty-lntegrated Approach
Sustainable PV Stations

Forest, Glassland, Farmland 5

arm Conservation,

Effective Water Use

Desert Greening, Anti-Desertification,
Biological Diversity Conservation;
Abundant Solar Energy & Vast Land
for saving Man-caused Desertification
7%) Soll Survey, Material Flow Model

—— \/LS-PV (Very Large Scale-PV)
#\Wind, Other Renewables

Soil PI’OCG Abundant Solar Energy;
w VLS-PV Concept, Solar & Wind
Desalmatlo w

Energy Resources Survey, Regionally
Friendly Design; Electricity Export,
Local Industry & Jobs, Shelter Effect,
Low Environmental Impacts

Water Flow Model,
Soil Improvement Facmty, pr——
A\ Sustainable
Sustainable Farm Rich Electricity Energy Production

‘ ’ Water Processing, Sun Shade,
-, Wind Shelter, Land Temperature Control

AE)S ' A i
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Large Possibilities in Semi-Arid or Arid
By Combination { PV + Agriculture }

ump

] Desalma‘red
Water

Brin
Water

TUAT Team proposed ... PV power to agriculture in the desert

AE)S %
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' A Example (in operation): AC and DC lines

S\ AC 230 kV
S0 MW

|_Nelson River/CAIﬂ

vry Peter Kirchesch: Long Distance Bulk Power Transmission in both UHVAC and UHVDC, FEAST Canberra/AUS, 12 Nov. 2008 ;s

o Aichi Pref. 21 Feb 2011
=MNAVLR I DESEHEE (HVDC)

HVDC HVDC Light
Classic (subsea, underground)

Transmission capacity (MW) Transmission capacity (MW) j

4.000 r s
Technology .
leaps =
significantly =

2.000 increase e -
=) transmission
capacity
1970 1990 2010 2000 2010
Power N, Losses W ABB
A' S P. Terwiesch: http://www.mwp.org/proceedings/dokument/ld_163_dok1.pdf 71
ﬂ.‘gm 201 kurochans-net
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DC transmission BIRIRA 2 /N —43 (R IR 1)
Stacking up: HVDC Light «— HVDC Classic
IGBT Transistor IGBT Chip Press-Pin Unit Submodule StakPak Module
4l «_  |6000 pes.
— —_— PR SN
100000 pcs. 4pcs_ o . ad )
~ 30cm

e

[

BEBEPWMA v /N\—4—ex. PV, $fEdis

21 billion transistors=+
playing in concert

i

Cables Converter Station
e | LT, HTSCA—TILEBADHAFF!. ... ? ABB
Ag s P. Terwiesch: http://www.mwp.org/proceedings/dokument/ld_163_dok1.pdf 72 %
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B Hydro power
' Solar power

=€ Wind power

& Distributed generation
by regenerative fuel cells

. Gas (hydrogen)
distribution

300 GW
25 000 km sq
5000 x 10 km

8000 km sq
90 x 90 km

-

A S P. Terwiesch: http://www.mwp.org/proceedings/dokument/ld_163_dok1.pdf 73
,ﬁ'gm, 202 kurochans-net



[B)

A Vision for Photovoltaics in a Arnulf Jiger-Waldau and Magda Moner-Girona

Mediterranean Grid European Commission, DG JRC, Ispra
Institute for Energy
Renewable Energies
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O Solar (CSP)

k. Solar (PV) —
HOVC necessary before 2020

4 Wind based on analysis of
current grid limitations
/7 Hydro

[l Biomass
HDVC after 2020

Geothermal

o

5 EUROPEAN COMMISSION
| 22072008 - c50F 208, Brcoona |

Picture source: TREC

© Renswabls Ensrgles

AE)S %
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Example: UHVDC known prospects 600kV - 800kV

Russia - Europe
multiple schemes
2015 onwards

Irkutsk
(Russia)
-Beijing:
2015

Lights
2014-2020

Chicken Neck
multiple
schemes

2012 - 2020

AAHRYENI-E /
2014
|
2012

In-service dates

/ Yunnan-Guangdong: 2009
Xiangliaba-Shanghai: 2011
Jingping-East China: 2012
Xiluodu-Hunan: 2014
Humeng-Shandong: 2015
Nuozhadu-Guangdong: 2015
Xiluodu-Hanzhou: 2015
Humeng-Tianjing: 2016
Jinsha River I-East China: 2016

WestCor WestCor Humeng-Liaoning: 2018
4 terminal each 3 terminal Jinsha River II-Fujian: 2018
North 2018 South W 2012

Hami-Central China: 2018
South E 2013 insha River Il-East China: 201

urv Peter Kirchesch: Long Distance Bulk Power Tra@@3ission in both UHVAC and UHVDC, FEAST Canberra/AUS, 12 Nov. 2008 ¢
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o

g

REBIENEE /

*i‘:“:‘:lib-ir:il
BHBEER

2 B XL 18 & E
(FACTS, HVDC)

i EHEBESERG
(FACTS, HVDC, #K)

w DAEER =  BRABERS

% RER | — Y—3, &BESt, HVDC-Lite)

RS = Eeem R B

ﬂ"' — | ASa=T1& 3 <=5

3 CEMS | = | (W9IL, EES) NEABEEERHK

7 -U-_l\ A A | A I A I A I

it HEMS o d— o
=EEE=EE=

B £ 9 & KT =y =

kX ¥d HEMS-BEMS : BV

PV, FC, HP, PH-EV,
RE-EV, Super-HP
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H#, 29 Nov: 2010

22KV

Wind Power Grid V\—lln_dPower
990KWx2; 900kWx2
600kWx1

ruﬁ e R e - A e B B L = R e I R e I e e R ANl e

Layer 3
Lo =
Substation;

6KV it %Zl
Dist. Grid lﬁ“asmw"uww %’E‘éﬁ‘ O /@Wj!é}’jw

I.
:
E
;
-s
E i
: Layer 2|k Smart Controller VG :
E o5 || _EER | | _EEx | _RER | |
E {mE=snzE i 7'EI‘5'QB ?'EI‘?’?C | | 70v9D | i
= 7 PV PV Systems :
E i = NAS: NaS Battery |
E i | v [LiB LiB: Litium-ion Battery |
i T50kW 150KW  4KW 4KW  BKWh SVR: Step Voltage Regulater |
E oz ] SVC: Static Voltage Compansator i

Source : NEDO/Okinawa Electric Po%%r C. “Next Generation System Proj.”
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Possible GLOBAL NETWORK CONCEPT

Murai & Honda Univ. T()kyo : World Vegetation Map drawn by data source from NOAA / GVI

Each dot represents 1% of humanity (55 million people)

@ Less than 1000 kWh/capita — Regions in Emergency
O 1000 - 2000 kWh/capita — Regions in Transition
@ Over 2000 kWh/capita — Developed Regions
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V—S5—J -5 —KimRAEY S UA

000

800

600

400

200

= |nstalled PV power
| = PV power to supply the grid
— Power needed to operate the facility

| |
Local PV I\_/Iodule moggll\g\?;cmty )
Factories _-- A

50MW
module facilit / L

Reglonal Jobs= 25 700 man-Y
Induced Production=3.5 times
of initial investment

| end-of-life modules | /|

Total production scale of A
manufacturing facilities

Period [years]

Lifetime: PV system=30yrs., facility=10yrs.
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Solar Power Plant Extracting Silica Afforestation

21 Feb 2011

N =g
Technology Transfer 2 CZiiA
initial - Imported > Si Process | —>| Si Process H S
Import  cells R
¥ ¥ yy
> Cell Fab > Cell Fab e e
; : i
Module | Module | =
Elec] Module Module Module | R
7l Fab > Fab L > Fab X i i
Ny A ‘ AR S I:Q(:a: :

PV‘EE> E>LH T o

Gradual PV Power Plant Installatlon

Job Creation; Equalized Cash Flow

Water Treatment; New Agriculture; New Indutries

T
S

National Energy; Excess Energy Export C
— /
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21 HIEDKEARE—FLELER

CGRIK #tabtsbe) BRI %8
Solar Photovoltaic Technology in the 21st Century — Our Hope and Responsibility (SSR, Tokyo
Tech) KUROKAWA Kosuke
Abstract : The author is appealing to his colleagues that our human society can become truly
sustainable by relying on the incoming solar energy to the globe. In this principle, the
photovoltaic technology is one of the best solutions to get our energy on a meaningful scale from
the sun. To realize that, we still should be going forward to develop such an integrated society. It’s
our responsibility!
Keywords : Photovoltaic; PVV2030: Ecological Footprint; Biocapacity; Global Hectare
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(1) Results from National Footprint Accounts 2010 edition,
http://www.footprintnetwork.org/images/uploads/2010_NFA data_tables.xls , Extracted on

October 13, 2010
(2) K. Komoto, et al: Energy from the Desert, Earth Scan (UK), 2009.
K. Kurokawa, et al: Energy from the Desert, Earth Scan (UK), 2007.
K. Kurokawa, et al: Energy from the Desert, James & James (UK), 2003.
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