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Sustainable Global Energy System
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Necessary$Technologies
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Solar power:

22 % evaporates water

48 % heats the ground
0.56% used for photosynthesis in plants (840 TW)
0.25% converted to wind  (380 TW)
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 The sun made all

Fossil Fuel
-saved sunlight 
energy

Renewable Energy
-current sunlight energy

Petroleum

Coal

Natural Gas

Indirect

Biomass Wind power

Hydropower Wave power

Direct

PV

Solar thermal

•Cost is very different from region to region
•Best mix also differs
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Human Use

14 x1012 W 0.8 x1012 W

1 x1012 W

0.3 x1012 W
2011

CO2

∝T4

US%Atomic%Energy%Commission%Publica4on%TID%EE25857,%1972

Energy%Flow%on%the%Earth

Light LightLight Potential 
Energy
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Barstow Scheme

Light into Electricity: PV
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PV Technology Options
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Individual Household
19
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→自律分散・自給自足型エネルギー源へと進化
　　　　　　　エネルギーコスト($/J)とは別の駆動力，ローカル



20

Mega Solar (PV Power Plant)

Under Construction

20

Thailand
DC 73MW

Business operator   'NED
Area                           '190ha(1.9km2)
Installation location'onshore facility
Startup target           '2011year-end

approx. 1()

approx.  2()

rendering

→GW/TW級大規模エネルギー源へと進化
　　　　　　　エネルギーコスト($/J)が全て，グローバル

Sunlight Concentrator (lens)

13

Puertollano�and Seville (Spain)

www.concentrix-solar.de



Sunlight Concentrator (mirror)
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UHE III-V 
Solar Cell

www.solarsystems.com.au

Sunlight Concentrator (tower)

4

JFE Engineering



Merits of CPV
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•PV conversion efficiency is the highest
•Cell cost reduced by factor of concentration
•Rare material usage reduced by a factor of 
concentration
•Copper wire usage very much reduced
•Energy Profit Ratio increased with concentration
•Easy to upgrade (optics and converter separated)

•Easy to maintain (optics and converter separated)

All are very advantageous for mega/giga 
solar plants

Area#Needed#for#1GW#Power#Gen

Power%of%Sunlight
1kW/m2

Thin%Film
Efficiency%~10%

3.2%km%sq.

CPV
Efficiency%~40%

1.6%km%sq.

24

Nuclear%Power
Plant

0.8%km%sq.

※U"lity'area'is'not'included



Global Insolation

19Source : ABB Technical Application Papers No.10 
 Photovoltaik plants  
 unit:kWh/m2/day 
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 Conversion Efficiency of Solar Cells

Sharp

28

The Solar Spectrum

O2

H2O

H2O
H2O,CO2

H2O,(CO2

Atmospheric(absorp&on

above(the(atmosphere

at(ground(level



Fundamental energy losses in solar cells
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•  Transmission loss 

•  Thermalization loss (hνaverage → Eg+kT) 

•  Nonradiative recombination loss (SRH, Auger)

•  Radiative recombination loss (Photon recycling and coupling)

•  Spatial relaxation loss (Eg+kT → qVm)

Solar radiation
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Transmission loss

2

Major Loss Mechanisms
1
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Hot'carriers

3 V

Mul"ple'junc"ons
(QW&QDEenhanced)

Eg

Intermediate'band
(QD%superlaUce)

Mul"ple'exciton
genera"on'(MEG)

3 I

nanoscale
formats

Innova&ve(PV(:(>(50%(Efficient(Solar(Cells

High Efficiency Structures

Tunnel junctions not necessary

  band3

band2

  band1

p n

I



Band Diagram of Multijunction Cell
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V2

V1

V3

I

I
I

������Tunnel Junctions

High energy (and thus short wavelength) photons are absorbed first

Multi-junction solar cells for high efficiency

Photon collection up to lower energies
Smaller photon energy loss by multi-step bandgaps

M. Yamaguchi et al.,
 Solar Energy 79 (2005) 78–85

! Current from the middle cell limits the total current output.



SHARP%Corp.

Press Release by

New World Record of 
Conv. Efficiency : 35.8%
(w/o concentration)

on October 22, 2009

42.1%@280x (IEEE PVSC 2010)

36

Achieving 1 sun conversion efficiency world record



	����	����(4mm x 4mm)

Metal

Si Handle Sub.

Metal
P-Electrode

InGaAs bottom

Buffer layer
Tunnel Junction

GaAs middle

Tunnel Junction
InGaP top

~1
2µ

m
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Intermediate-band solar cell

! Single-junction
! Multiple-wavelength absorption
! Energy up-conversion by 

multi-step excitation

28

  band3

band2

  band1

p n

I

! Multi-band implementation
!Mini-bands 
    by quantum-dots superlatticeTheoretical efficiency >60%
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Intermediate Band Solar Cell：Operation Principle

A.'Luque'and'A.'MarE,'Phys.'Rev.'LeK.'78,'5014'(1997)'

Conduc4on%Band%(CB)

Intermediate%Band%(IB)

p%–type%Host%Semiconductor

nEtype%Host
Semiconductor

IB%material

Valence%Band%(VB)
CurrentRmatching'
(material,'structure)

Sufficient'photoabsorp"on'
Par"ally'(half)Rfilled'(doping)
Long'carrier'life"mes
(type'II'SL,'control'of'EF,IB)
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Intermediate Band Solar Cell：Theoretical Efficiencies

η%=%47%%(1sun)
η%=%63%%(Maximum%concentraLon)

Maximum concentration1sun
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S.%Yagi%and%Y.%Okada,%2nd%Innova4ve%PV%(Tsukuba,%2009)%
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Intermediate*Band*Realized*with*Quantum*dot*Superla6ce

VB

CB

miniband

InAs%QD

GaAs

VB

CB

InAs%QD

GaAs GaAs

GaAs

InAs'QD

Single%QD %QD%SuperlaRce

Theoretical Conversion Efficiency Limits

44

by courtesy of M. Green (UNSW)
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InGaP
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43.5% Cell @304 suns
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Roadmap of concentrator photovoltaics
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2015 20302012
Conversion efficiency (cell)

43%
(x400)

45%
(x1000)

48%
(x1000)

>50%
(>x1000)

InGaP
GaAs

InGaAs

sub.

Inverted 
mismatch 
growth

InGaP

Ge

(In)GaAs

Ge

AlInGaP

Improvement

GaInNAs or
Quantum structure

Improvement

40%
(x1000)

Multi-junctions

Intermediate-band

Dissemination

Low-cost module R&D

7₡/kWh 4₡/kWh
GW-scale installation

2₡/kWh

World-wide 
energy networkQuantum dot
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University of Tokyo

Necessity of “energy storage”
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University of Tokyo

Strategy 1: Word-wide grid connection

! Overcoming fluctuation in renewable power generation by a 
large-area grid and multiple methodology.

7

http://www.desertec.org/

University of Tokyo

Strategy 1’: Word-wide energy transport

! Energy “delivery” to isolated countries.
! Storage media required: high energy density & stability

8

Solar-fuel 
generation

Consumption

Solar-fuel 
generation

Solar-fuel 
generation

Transport

Transport



power supplier consumer
countries

Energy transportation

   oxide

solid fuel

heat engine

direct combustion

battery

electrochemical
reaction

motivity/heatelectric power

transportation
solid fuel

thermal or
photochemical
reduction

electrochemical
reduction

high efficiency
PV system

transportation

University of Tokyo

Strategy 2: Autonomous distributed system

! Small-scale autonomous power grid
!Minimized fluctuation in power in/out from/to larger grid.  

9

Solar cell 270 m2, efficiency15%
Power generation120 kWh/day �peak 40kW	

Power consumption 100 kWh/day 
(peak 30 kW)

Power manager

Power storage

Grid
(optional)

Averaged



University of Tokyo

Strategy 2’: New infrastructure in developing 
countries

! New electricity infrastructure 
!PV + DC power storage + LED + EV: all DC system
!Low-cost, autonomous system: no need for grid
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Low-cost
concentrator PV 

Power 
manager

Power storage EV
(also for battery)

LED

University of Tokyo

Requirements to energy-storage media

! Global scale
!High-energy density
!Easy to transport

! Miniature scale
!Medium-high energy density
!Safety in stockade
!Easy to handle

11



University of Tokyo

Energy density in various storage media

! Metal redox reaction
!High energy density, ready for transport

! Hydrocarbon combustion
!The same as existing fossil fuels
!Solar synthesis of hydrocarbons is highly demanded.
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Energy density
 (kWh/kg)

10-3 10-2 10-1 1 10

H2

combustion

CHxOy

Redox rxn.

Super 
capacitor

x10-4 smaller
on volume basis

Li ion battery

Metal
Redox rxn.

CHxOy

combustion.

University of Tokyo

Solar thermal reduction of metals
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Zn
Zn2+

Metal electrode

Metal oxide
Consumtion

2ZnO → Zn + O2

heat
Direct transition by heating

Energy storage system by metal reduction using direct heating

Transportable



University of Tokyo

Solar-electrochemical metal reduction
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Zn2+

Zn
Zn
Zn2+

Metal electrode

Metal oxide
Storage Consumption

Transportable

Electrochemical 
metal reduction 

by solar generation

Electrode exchangeable 
battery (electrochemical 

power generation)
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Use as electricity

Surplus electricity

Energy storage system by metal oxidation and reduction using electricity

University of Tokyo

Photochemical hydrocarbon generation
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H2
O2

CO2

Electrochemical and 
photoelectrochemical 
energy storage

Fuel with 
C-H bond

Petrochemistry
C1-chemistry
Metal refining
etc…

High efficiency, low cost engine generation

Storage
Rainy days
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Consume electricity

Energy storage system using direct conversion 
from sunlight to C-H chemicals



University of Tokyo

PV + thermal co-generation

Out Future Vision

18

2010 2030 2050
50% efficiency solar cell

Global-scale grid network

Solar electrochemical 
H2 generation

Metal redox energy transport

Solar photochemical 
hydrocarbon generation

Global-scale 
solar-energy transport

Novel infrastructure in developing countries

PV + metal redox power generation
PV + solar hydrocarbon 

power generation

Grid system with autonomous elements

PV +
LNG engine

Zn
Zn2+

energy 
storage

grid connection grid connection

energy 
storage

consumption

energy 
storage

grid connection

grid connection

OUR GOAL: Carbon-free, clean, and fully-recyclable
global energy system based on large-scale PV plants
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