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The particularity of the power network

incorporating with the aggregation of
distributed PV systems

Part 1:
General Considerations — Particularity of PV

Part 2:
Aggregation of a large number of PV systems

Part 3:
Bulk Systems — LSPV to VLSPV
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Particularity in Solar PV Power Generation

1. Irreqularity:

- Random fluctuation for seconds, minutes to
hours by cloud movement
can be equalized over a broader area
8 2. Reqgularity:

S

< - Daily change by earth rotation: day and night
can be equalized by east-west inter-tie
- Seasonal change by orbital motion
can be equalized by north-south intertie
- Limited capacity factor < 2800/8760 x100 %
~30 % terrestrially max

Broader

3. Universality:
- almost Everywhere Accessible: peaceful energy
- terrestrial max: 2800 kWh/m?2 in Sahara

- however, rather evenly distributed: e.g., 1400 k\Wh
y g
/m2in Japan; 1200 kWh/m? in Central Europe
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NEDO'’s City of Ota Project
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Residential PV Potential
Central Tokyo (23-\X/ards)

r’

Residential popg,g:;gn -
Roofs - Greater Tokyo

20%

. (8.5/11.8 Min)

T, LW
=i

PV area = 65.0 km?

PV capacity = 9.7 G\X/

yellow dots:
residential roofs

N
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Annual E. = 10.8 TWh/Y
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. PV2030 Roadmap

2002 2007 2010 2020 2030
| |
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Tech. Generation
Change
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New Material/
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Ex: Dye-sensitized 0
'F‘ http://www.nedo.go.jp/english/archives/161027/pv2030roadmap.pdf
8l T TeCH 7 kurochan3&

Electricity Cost-down

-t




Installable PV (6GW) up to 2030

8,000 |- ' | y 8,000GW .
2 trillion JPY/Y Market T | 7JPY
g "Nk JKWh
~ PV2030
S Base Case BUSInEss
§ @ Transport
o 10% approx. of .
> - Domestic Electricity ndisiiat| 14JPY
% 250 1 Use /kKWh
S 200) 202GW ]
f:g 150 |- \/ B
= o — 23JPY
B 94GW Single
R ) ' > Family /kVYh
0
Case 1 Case 2 Case 3 Potential

Case 1: Business as usual

Case 2: R&D and Market Penetration according PV2030 Base Case

Case 3: Accelerated R&D and Market Penetration with large—scale industrial use
Potential: Physical Limit by residential, public, industrial, unused land, etc.
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Equalization — An Example

1 PV House 516 PV Houses
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Fluctuation Energy by Frequency
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Fluctuation Energy by Time Period
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Expected Equaliztion for Broader Area

[

Expected
Overall _
PV Output

METI's Monitoring Plan

~200 sites over Japan

R ST [ S QY S Y T R e - e

Y
TOKYO TECH Source: Agency of Resources and Energy, METI, 9 Sept. 2008 17 kurochan%
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Average for All Reported Houses kWh/kW/Y
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Average Monthly Yield for All Reported Houses
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Seasonal Balance between PV and Electricity

GW
200

150

1

=0

1975 FY 1955 FY
1995 FY 2001 FY
— W 2004 FY :
152 relative to
EXcess 1a.2 PV Yield (h)
| N e IR by NEF

Source 1: Typical 5 electricity consumptions by 10 utilities in Japan
but 9 in 1975 reported by the Federation of Electric Power
Companies of Japan.

Source 2. Kurokawa added PV generation curve coincident to
monthly PV yield reported by NEF as on the previous slide.

| | l | | | l l |

& ra i g 12 11 12 1 = =
Month
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Daily Power Balance between PV and Electricity

Extreme Case A: 100 G\X/ PV

(B

GW |Introduction over Japan
200 —
31Jul 75 100GW 12
—— 29 Aug 85 .
—— 25 Aug 95 N R
feq == 24Jul 01 —
—— 20 Jul 04 iy Clear day N
o profile S
100 —-
e - T
50 [~ - L o
o 3z
0 | | | | | | | I l I | | | | | | | | I | | I
1 2 3 4 5 6 7 8 2 1011121531415 16 17 1812 2021 22 25 249
10 Utilities in Japan but 9 in 1975
Source: The Federation of Electric Power Companies of Japan + Kurokawa
WMl 700 7 21 kurochan3&
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Daily Power Balance between PV and Electricity
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Extreme Case C: 150—
cw ¥20 GW PV + Storage, Role of | 3
Battery
zZo0o [—
31 Jul 75 —__1¥ \dtorage|
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10 Utilities in Japan but 9 in 1975 ;==
Source: The Federation of Electric Power Companies of Japan + Kurokawa
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Issues:
Massive, Bulky PV Penetration and its
Integration to Power Systems

- In spite of large possibility for PVs in k\Wh, Solar
Power Peak In k\W tends to become much larger
than gross electric power system peak .

- In case of Nuclear Power Station: utilizing Pumping-
up Station for adjusting power balance.

- In case of the higher penetration of PV, some
energy storage may be introduced. What Kind,
\Xhere and How Large?

=
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b: a distributed small battery for each house

2b: aggregation of distributed small batteries Nucl PS
B: capacity of Battery station uciear

B: capacity of battery station for Bulk PV

Location of
Battery Storage

|

Pumping-up

Bulk PV +— B
Orderly
Flow — —
Control ‘ = rod
i xpected:
Adv. Distr. B << b
Substation | Substation
: Incl. Eq. Existing Distribution
B I | ! ;
PV ||PV || PV PV..b | [PV, . b
to minimize total cost to overcome voltage
N rise by reversal flow

8 T TeCH 25 kurochan 3
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MET-PV2
144 | '_ (Tokyo)

126 SRk

ey

0.72| Fh hﬂ '.

0.54
Number of Days

PV Energy
by 18% Efficiency (kW/m?)

0.36|
0.18
0.00
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Monthly-Averaged Hourly Domestic Energy

Consumption by A Fully Electrified Home

2.00

©
o

o
o

~
o

()
o

1.00 |

080 | &

060 | %

040 |

Demand Energy (kWh/h)

0.20

Note: Specified for year ar'ound 2030 by J yukankyo Research Institute Inc.
0.00 —

1 2 3 4 6 7 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

~ J apanese Standard Time (h)
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Optimized
Storage

w1 L20 kWh preferr'ed ?w kWh

A& (kwh)

1200 1400

TOKYOTELH

Ba‘r‘rer'y Capacity (kWh) |
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Key Innovative Energy Technologies toward “Cool Earth 50"

Efficiency improvement Low carbon Tech
Oil LNG Coal Nuclear Power Biomass Solar Wind

Power Efficient coal-fired Innovative Advanced
generation/ | power plant PhOtOVOltalcs nuclear power
transmission | g CCS ~ g f -

e AT -
Efficient S22 Superconducting ‘_':'g':
LNG-fired plants power transmission | * .

Blofuel

Innovative materials/

) = Steel-making process
manufacturing process

I with hydrogen

Efficient Efficient

e Fuel cells for
houses/bldgs. lighting

residential use

Super o -
heat pumps IJ devices/networks HEMS/BEMS/Regional EMS

Low energy IT

<Demand s»<5upply side>

Cross- * :
Sectlonal Hydrogen production/
Power storage Power electronics storage/transport

. TOKYO TECH 29 kurochan3&
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PV R&D Initiatives toward ‘Cool Earth 50’

ultra high efficiency
multi-junction cell

quantum nano-structure

others innovative

* Cool Earth
28 3rd Gen

thin-bulk ¢-Si
hybrid TF-Si
CIS

* PV2030

2nd Gen

dye-sensitized
p0|ymer R&D for
Tomorrow

-Si
o2 |1st Gen

Market Deployment -:
- Sunshine Project & Dissemination :

- New SS Project

Electricity [Jpn. Ye

Cost Target

n - ] ]
[KWh J 23 JPY/kWh 14 JPY/kWh 7 JPY/KWh

2000

>
2010 2020 2030 2050

TOKYO TELCH  English translation from http://www.iae.or.jp/research/result/ene_map_2008.html  3() kupochan%
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Considerations on storage in Cool Earth 50

@ High-Performance Power Storage

2000 _ 2010 2020 2030 2040 2050
(For vehicles) [ For Vehicles | | B " |
Energy density — 70 ~100 Wivkg ——————— 150 Whikg —— 200 Wivkg 500 Wh/kg >
Cost — 200,000 JPY/KWh 30,000 JPY/KWh =—— 20,000 JPY/KWh 5,000 JPY/kWh -
(For stationary use) i
. For Stationary 20 years :
Cost 40,000 JPY/RWh 1 5,000 JP Y/ k\X/h :
@Batteries with new concept/principle
Drastic performance improvement andEoSTIEauETon>
~Metal-air battery, etc.
- ) Drasric Drmance improvement and cosi reduction
Adv. Lision  Linetainisnse -
For Mobila device For Hybrd vehicle For Plug-in hybrid vehicle and electric vehicle - Li metal battery, LiS battery, etc.
@NAS battery, Redox flow battery Stabilization of wind power/photovoltaic power generation

For load leveling, improvement of power quality, load change compensation

@Ni metal hydride battery @ Advanced Ni hydrogen battery
Hybrid vehicle I “ I I l

Stabilization of wind poweir/photovoitaic power generation
Mobile devices

®capacitor Capacitor

Faor memary mainfenance, efc. Automaobile accessory assistance Automobile power train assistance
FPower guality improvement Stabilization of wind power/photovoltaic power generation
- Electric duallayer capacitor, Hybrid capacitor, etc.
- Hybrid with storage battery

@ Capacitors based on new concept

Drastic performance improvement and cost reduction

Supporting and related technologies
S HEMS/EEMS/Local-level EMS

| Introduction/diffusion scenario

Public vehicles,
. Commuters EV for limited-use > General Commuter EV > Full-spec EV >
For vehicles
Plug-in HY vehicle >
For stationary| | Load leveling Load change Stabilization of wind power > >
s Pmer qualily imgeavesient /photovoltaic power generation LocaHevei EMS
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Network Topic in Cool Earth 50
18 HEMS/BEMS/Local-Level EMS

2000 2010 2020 2030 2040 2050

Loca l_-l evel E M S L I.Local-level EMS (Energy Mar!agement System) ' !

- Application of HEMS/BEMS technology
- Organic combined technology with HEMS/BEMS and local heat/electricity supply

- Coordination with autonomous local energy demand and supply system
- Local area EMS

- Block-level EMS
- Cluster type (local-/city-level) EMS

H EM S @®HEMS (Home Energy Management System)

- Telecommunication hardware - In-house sensor network - Micro sensing technology
technology - Renewable energy integration - Energy (electricity/heat) storage system integration

- Middleware technology . Energy demand and supply analysis - Energy saving technologies such ad DC power supply
fforecasting technology

- Energy saving cooperation and control by living activity forecasting technology
B E M S @BEMS (Building Energy Management System)

- Application of HEMS technology

- High efficiency, power saving BEMS - Next-generation ultra energy saving BEMS
- Integrated/flexible BEMS

|

Supporting and related technologies

#Next-generation high- #Innovative photovoltaic power generation

efficiency Ilght"_‘g . . ®Advanced Li ion battery
€ Energy-conserving information

devices and systems #High heat insulation and shielding houses and buildings
#Power electronics

Introduction/diffusion scenario
| HEMS )
Individual development of communication hardware, ) | Local-level EMS connected distributed power supply, Photovoltaic power generation, etc. >
middleware and sensor technology \
| BEMS )
| Diffusion of ESCO’projects, Development in energy saving businesses such as EPS, Further efficiency and IT development in commercial and household devices >

mm TEEH * ESCO: Energy Service Company proposing business for energy conservation 32 kUFOChGn%
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Considerations on storage battery for PV

e Possible Locations of Energy Storage in
Grids with PV Systems (in summary)

In the case of bulk introduction of PV among
national electric grids

- Bulk storage with PV Power Plant

In the case of distributed approach of PV
aggregation in urban residential communities

- Battery Station beside distribution substation, as a
social infrastructure (its cost met by the society),
not for individual PV homes

Preferable Principle:
Social Cost Minimum to fulfill the balance of local
energy supply and demand with local storage.

Battery controller gives an additional value -
“Scheduled Orderly Power Flow”

TOKYO TECH 33 kurochan3&
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Proposal of

Autonomy Enhanced PV Clusters
The Main Objectives:

- Maximize PV installation into a residential community.

- Allow grid power flow downward and upward
equally.

- Stabilize the fluctuation of power flow specified by
| PV ~ Load | to raise added value for purchase & sale.

- Minimize storage capacity by community-scale
optimization.

- Extend to regional DES management in longer-term
view.

=
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Possible Solution: Storage Battery + PE

e Local Battery station for the community can be
provide for massive PV clusters in conjunction with
voltage distribution compensation by power
electronics (PE) to accept 100% reversal power flow.

e This battery station can control power between its
community and external utility to keep it in a pre-
specified pattern.

Orderly Anchored to centre
Flow

N
\— PE*
Pre- 7
specified| ——

rofile — SE3ES NSRS NSEES EESES NBEES §GRES GEEES ESEES GEEEn  EeEEn
S 1' a 1' | O n [ [ [ [ ]] [ [ [ [ ]] [ [ [ ][] | [ [ ][] [ [ [ ][] [ [ [ ][] | [ [ ][] [ [ [ ][] [ [ [ ][] l.l.l.l.l.
PE*. power electronic controller

=
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Orderly Strategy for External Utility

: ® Battery Storage
Discharge f\or' Load Autonomy-Enhanced

PV Cluster (AE-PVC)

100

| PV Gen . | Function Following
i | . | Fast Load Orderly
| M‘f PW Purchase

L . . &1 ® Necessary Info
Chargg or Profile | Next Day Load

- : e Next day PV Gen
i w e “ ! Battery SOC

Next Day

Shortage

Power Pool Trends

Load

BIHNEN (%)

Discharge

Zannn !
8 12 > 16 20
P/Q Zero Connection or Isolating Submit Purchase

(Winter Term: PC P Shortage) Plan to power pool
prior to 24 hours
before

Orderly Purchase from outside "

TOKYO TECH 36 kurochan
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Autonomy-Enhanced, Community-base
PV Cluster Concept by employing Active Control

~.

o P\ P\/ N
:_ESS gl Series PV}  Series |
nteractive: .1 Power Device Power Device|——

Inter-Utility Community | ¥ Inter-Eeeder BV
Connector - . i
(Router) || Substation e Router (LPC) Shunt

. 7 v Power Device

= i T BV Series

= ! orage Power Device s

- . | Device Iavlg'l nlg'.

© :

\ Inter-Feeder

= 100% PV Clusters |

@ \ ™~ Shunt |4 outer (LPC) o

0 . Power Device [Py
Autonomy P -
Enhanced Bul Pl

Community AC Storage| LoVl
Grids = § Device | [N
—
mmmry 37 kurochan3
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Decentralized, Autonomous, Asynchronous

Power Router - Basic Concept

AVa= AVe=
Va-Vao | Compare Ve-Veo
i-controlled Afy= J A fg = i-controlled
P gw\éfA-on :z—commcmc[ fB-fBQg i
JPpv “Power Py
Router |
_ 19 Ps
= |JQB
Area A Area B

Power Router: Asynchronous, i-controlled AC-AC converter
Ppy: Current controlled PV Inv.,
P,., Pg: autonomously balanced by freq.-droop for each town.,)

Q.. Qg: autonomously balanced by voltage-droop for each town,
P.gs: (Qp): adjusted according to Af,~Af; (and = V,~ = Vg)

— Source: K. Kurokawa: Further considerations on solar PV community concept consisting of
' P| massive roof-top PVs and domestic loads, 22nd EU-PVSEC, Milan, 3-7 Sept. 2007, PL2.

8l T TeCH 38 kurochan3&
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Decentralized, Autonomous Power Router

Expected Basic Control Functions

- Router Functions realized by Asynchronous Power
Conditioners such as BTB, Matrix Converters, etc.

* Current control on individual PVs and droop V/F control on
battery station(s).

 Power Flow Control by localized sensing on router
terminals, including zero P/Q control.

- Local Voltage Control.
- Local Frequency Control independent from External Grids

- Local Frequency adjusted according to supply/demand
balance.

 The possibility of Next Generation Power Electronics by
SiC Technology for reducing size/cost. (BTB, Matrix C.)

39 kurochan%
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Our Future Directions toward 2100

1,600 | wBGU: German Advisory Council on Global Change - Geothermal

I Other REs
1,400 | 4 [ Solar heat
-
= 1,200 F |
IEI )
Solar
_2 1,000 F 4 L electricity
o)
S
O 800 | ]
>
o [ ] Wind
0 600 - |
L] [_1 Biomass adv
% 400 | [ Biomass trad
- 5 Hydro-PW
= Nuclear PW
Q. 200 [ Gas
Bl Coal
0 I I I I L1 oil
2000 2010 2020 2030 2040 2050 2100

YEAR
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- —Pnroposed Scenarios toward 2030-2050 & beyond 9

1974 2000 2010 2030 2050 kk-Ver.f08829 2100

PV module Technology

e

Developing Region Scenario
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Recommendations
Solar PV is not a niche energy source: it is clearly a

major contribution for the 21st century energy
portfolio.

Residential PV rooftops are the first option -
meaningful for urban communities; they also play a
part of the earlier investment in industrial applications
for stations.

Improvements in the distribution grids are required to
integrate massive aggregation of residential PV and
must be part of urban planning.

Higher Penetration requires the modification of grid
operation for balancing demand/supply and the
deregulation of power systems.

Bulk PV systems will require substantial social support
to move forward in the 21st century.

Power grid modification by the principle of Social Cost
Minimum and its cost shared by the whole society with
consensus.
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