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The Limit to Growth?

* The Report for The Club of Rome in 1972
* By D. H. Meadows, D. L. Meadows, J. Randers, W. W. Behrens Il (MIT).

* “And we hope that it will lead thoughtful men and women in all
fields of endeavor to consider the need for concerted action

now if we are £O preserve the habitability of this planet for
ourselves and our children. «

» Compatibility to “the dimensions of our finite planet”

THELIMITS TO

Reducing emissions [AND] Growing economy,,,

1. How far is our target? 2. What will be our contribution?



JMA: Japan Meteorological Agency, https://www.data.jma.go.jp/cpdinfo/extreme/extreme_p.html

Days of daily precipitation of over 400mm
(1976-2021) by JMA data of extreme event

« Over 400mm/day: x1.8 (1976-2021) | [BETASR SemrosEan
« Over 50mm/day: x1.4 (1976-2021) *‘L”’g*“zz'f“a""“ﬁ}
» Hot day >35C: x3.3 (1910-2021)

+ Hot night >25C: x2.7 (1910-2021)
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Starting point

 Starting point to be shared:

* The impacts of global warming of —

1.5° C above pre-industrial level,, in the IPCC

Special report, 2018 responding to the invitation by
COP21, Paris, 2016.

* Objective
* Analyze the gap between present and target

* Analyze the contribution of power
electronics to filling the gap.

in the c

Global warmlng of 1 5 C
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IPCC special report 2018
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Agenda

- Review of 2030 target to NZE2050 (UNFCCC, IPCC, IEA)

 Analysis of the Gap: CAGR(CO2) vs. CAGR(GDP)

- Historical scatter plot analysis
» Target for 2020-2030 for advanced economy to the NZE2050

e Contribution of power electronics
« Efficiency to economic output
» Electrification of economic activity
* Flexibility to variable renewables

» Conclusion



Nationally determined contributions (NDCs),
the ambitions toward 2030 (for cop2s, uk)

2030 Targets, based on NDCs submitted to UNFCCC before COP26

5

* In conjunction with COP26 in

/ Reference year Reduction of Reduction by
Glasgow, UK in 2021, 192 —
; / Japan 2013 GHG emission 46%
parties to the Paris o 5005 O e e o
/ ina emission %
agreements submitted NDCs.
India 2005 CO2 intensity/GDP 33~35%

« NDCs are embodiments Russia 1990 GHG emission 70%
of efforts by each country EU 1990 GHG emission 55%
or region to reduce GHG UK 1990 GHG emission 68%

s e . . 2019 .. 278MtCO2Eq
emissions Saudi Arabia (622MtCO2Eq) GHG emission (eq. 44.6%)
(NDCs are in UNFCCC web page, link address see Us 2005 GHG emission 50-~525%
Ref. [9], original NDCs are freely accessible) Brazil 2005 GHG emission 43%

Does total of the reductions based on NDCs meet the 2030 target for Net Zero 20507



NDC synthesis report by UNFCCC secretariat
(Sep. 2021)

* Alar e ap between NDCs synthesis CO, Emission Reduction Challenge in 2030
impac zero emission at 2050, and UNFCCC prediction with NDCs at COP26
. Descrlbmg ‘an urgent need for either a Increase
significant increase in the level '°” Relative  Relative

of ambition of NDCS between . t02010  to 2020
now and 2030 or @ Sighificant

. 2] S o
overachievement of the latest -10% o 3
NDCs, or a combination of both, in order T N
o) attam cost-optimal emission levels -20% — N
suggested in many of the scenarios % z
considered by the IPCC for keeping -30% o < a8 O s report by UNFGCC
warming well below 2° °C or limiting it O = | e taiat (2021)
IEA Net Zero by 2050 A Roadmap
tO 1 5 C -40% & for the Global Energy Sector(2021)
Reduction IPCC Special Report on Global
Warming of 1.5C (2018)

-50%

Present level of ambitions dO Not meet 2030 target for NZE2050.
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AR6 WG3: Ipcc Contribution of Working Group Il to the Sixth
Assessment Report (April, 2022)

ipcc

NNNNNNNNNNNNNNNNNNNNNNNNN limate chanee

e Item C.1 in “Summary for Policymakers” Climate Change 2022

« Without a strengthening of policies beyond those Mg
that are implemented by the end of 2020, GHG
emissions are projected to rise beyond 2025,

leading to a median global warming of 3.2 [2.2
to 3.5] ° C by 2100 (medium confidence).

KL ok %
Waorking Group lll contribution to the
-——@Ii} Sixth Assessment Report of the @
Intergovernmental Panel on Climate Change wMo  UNEP

No further action = 3.2° C by 2100
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Scatter plot of historical CAGRs of GDP and

l -B
CAGR(CO2)

, oxcopt for World
‘ z%
-4%
. " »
/ GDP level

or NZE2050 is completely outside of scatter plot trend.




y

Gap between NZE2050 target for 2020-2030

Historical GDP Growth Rate vs CO2 Emission
IncreaseRate 1996-2018
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GDP-CO2 CAGR offset model introduction

« “A” indicates achievable GDP growth
rate without increase of CO2 emission  cAGR(GDP)

» “B” indicates CO2 emission reduction o
rate under zero growth of GDP. .
G O AN B
CAGR(CO,) = —:-CAGR(GDP) — B /'\l .
A GDP level'
Solving the equation, we obtain,

. CAGR(CO2)

B cppla) . o5

“A” relates emission peak point, “B” determines speed of
emission reduction
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Model
B=3.1%, a=1.1
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Global model of CO2-GDP CAGRs

GDP in USD

« Four gnoups represent
hypothetical Global model

» Set initial GDP and CO2
emission condition for each

group
» Assume Gomperz curve for

GDP growth and set the :
initial position on the curve K

» Apply the GDP to the offset BE& o
model s o B ==

GDP values of the groups will be used for CO2 emission calculation



CO2 Emission Case 3
for 20 years from 2018

12345678 91011121314151617181920

m Groupl mGroup2 m Group3 m Group4

Calculated CO2 emission level at 2030

2020-2030 M8del fsqr Groups 1-4

—=—United States —s—China

Row data from Our World in Data
based on the Global Carbon Project

2020-2030 Target
for NZE 2050

GDP Growth Rate

Curves: 5 year average
except for “World”

Annual Increase Rate of CO2 Emission

éondition of Case 3 achieves -40% reduction in
Parameter B=8% for Group1.
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Efficiency, Electrification and Flexibility 17

Efficiency of a converter > Efficiency

of economic output

Electrification

Electrification in final energy use | ==/ 1" ctivity

Flexibility

Flexibility of a power system 5 to secure electrified
economic activity under high

VRE ratio




Contribution of power electronics

1. Increasing Efficiency of pewer CO?2 I
converters = economic output to ey - :
unit electricity Electrification |
2. Reducing CO2 emission intensity to unit
electricity & Flexibility to increase kWh
variable renewables ratio :
3. Increasing Electrification in final | .
energyuse & of @€CONOmic activity @~~~ 77777 =
. ‘¢ . [3) . . . Effici
e Economic output “efficiency” of unit electricity [xwwh] Z79"Y

Report,

o CO, emission of unit electricity [gcoz/kwh] Flexibility




Contribution of power electronics

1. gCOZc/i kWi(‘nj will increasingly COSt;kWh fgeEliiclency | qumm .
considered in energy pricing =»
VREf( are advantageous in energy ~ $CO02/kWh Demand
market

|‘ Electrification "'

2. Efficiency =» decrease in fossil
electricity demand

upply

3. Electrification = more VREs W L Fossil Energy
installation .
4. Flexibility = Balancing demand Flexibility L =lecii ey
and supply under high VRE ratio ¥ ) . _
Efficiency Electrification Flexibility
of economic output of economic activity to variable renewables
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[19] 32009L0028, found at https://eur-lex.europa.eu/
https://www.hptcj.or.jp/e/publication/tabid/368/Default.aspx

High Efficiency heating: 91
air-conditioners (residential use of heat pumps)

« Average efficiency improvement of 2.2% Inverter Alr-condifioner Efficiency, Frice
per year for 40 years (Toshiba Carrier) .

 Average price reduction ratio of -2.7%

Data, photo from Toshiba Carrier Corp.

c
®
o
per year for 40 YEal'S (Toshiba Carrier) 50 - :
- :“: ‘ Invtyareralr— \ 5
 Countable as renewable energy gy S s s g
—e—COP —o—AP\ =
1 /| Heat in the air il -]
Eres = Qusabte " |1 — <57 2 2w T o B D =) &
SPF "ol [ ODP 0 ODP 0
EU directive [19] Eroct oes of sofa heal di:iare,‘ - GWP 2090 GWP 675

eeeeeeeeeeeeeeeeeeee e etc. 2000 2010 2020
3 Year

ERES: Heat from ambient
Qusable: Heat to the room, SPF: “Efficiency”

High performance heat pumps 2 ngh eff1c1ency to generate heat
by replacing conventional heaters. Counted as Renewable Energy.
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Cost comparison of renewable energies
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ne gy by high efficiency heat pump is the lowest cost level

P



ESG Investing and Climate Transition, Market Practices, Issues and Policy Considerations, OECD 2021

Generalization

Fig.16 Purchase prices of Japanese air conditioner

EU directive [19], modified 2.8kWair conditioners
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X: total output

ACost = Cost,,., — Cost 4

Cost includes installation cost, running cost

Efficiency: Direct / Indirect advantage to install

23



Heat pumps installation in industry replacing

boilers or heaters 24

Data and figure: Toshiba Carrier Corp.

e Heat pump installation in industry Target Replacement Spec. of heat pump System impact
/ . - Case 1: Cleaning Output 14kW : £ 40

Case 1: Replacement of electric process with hot Heater Cop3.5 (Catalog) Electric enersy -54%

r;:_ea.t.ers by heat pumps liquid €atpump ) iquid Temp 50-90°C on/year

1cienc i

( ff y) . Case 2: Preprocess to ity Output 14kW X2 iegtf;:g?ngf heat loss
e Case 2: Rep[acement of a bO] ler painting (shown in > Heat pump COP 3.5 (Catalog) T e

EY htea; putmp§ (Efficiency and figure below) Liquid Temp 45°C, 55°C reduction -62%

ectrijication
Z 7 -_?/Z_L\ Syst Sch ti Main heat exchanger

« Electric energy reduction by >50%, WE System Schematics

and which is equivalent to w2 Before

eff1c1enocy improve rate o

o M (55°C)
of >3.5% per year if the

system is operated for 20 years.

- RORHOTREMFIC
e P L Pl & E— Ay T TREKER

Boiler 2 Heat pump in room = Hot water + Cool
down room temperature) Heat exchanger for waste heat

Industrial application of heat pumps impact to both efficiency and
electrification
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Examples of efficiency challenge

« Compressed air systems
» 8.8 TWh or 3100 KtonCO2 per year in UK
» Consuming substantially large electricity in manufacturing plants in Japan
» Very low efficiency of 10% due to compressor, air leakage, pressure losses
» Can be replaced by electric actuators in some application

« Hydraulic systems AERE5=X-< E 1 )
» Efficiency 35% to 50% Nota  Mnew
 Large losses in fluid lines, pump, actuator and control valves X: total output

* High maintenance cost, oil leakage, fire risk
 Limit of downsizing
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Electrification projection by IRENA “REmap
(end use energy) e e

in final energy Electricity
2015 =» 2050 2015 = 2050

~ Electrification & High Flexibility


http://www.irena.org/publications

1018), Global Energy Transformation: A roadmap to 2050, download from www.irena.org/publications

_
Activity Increase and Energy Consumption
Shown in IRENA “REmap,, Data source: IRENA (2018), Global Energy Transformation: A roadmap

download from www.irena.org/publications
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http://www.irena.org/publications
http://www.irena.org/publications

lon and Steel industry  Cement industry

T 2. 6 G t C 02 Tracking report 2. 8 Gtoncoz
Iron and Steel =7% of the Cement =8% of the

@ Not on track ® Not on track

global total global total

1.4 tCO2/tlron — (0.6tCO2/tCement

Fe203+3CO=>2Fe+3C02
3(12+2X16)/2x55.8=1.18

CaC03 =& Ca0 + CO2
(12+2X16)/(40+16)=0.78

Tons of production = Tons of emission



UK Cove / 7
rnmnet, Industrial Decarbonisation Strategy, 2021

https:/ /worldsteel.org/

ONA https://www.frompollutiontosolution.org/hydrogenuseinindustry

lon and Steel industry

e Carbon capture and storage
(CCS)
ronandste » Electrolysis in ironmaking
* Hydrogen (H2)-based
ironmaking

i -
——  Fe203+3H2=>2Fe+3H20,

i
« Huge electricity

* Maximizing scrap use, the
electric arc furnace

Cement industry

https://www.carbonbrief.org/ga-why-cement-emissions-matter-for-climate-change
Technology Roadmap Low-Carbon Transition in the Cement Industry, IEA, 2018

» Carbon Capture and Storage
(CCS)

* Alternative “Novel” Cements
* Clinker substitution

environment

* In Sweden, CemZero project to
electrify cement production.

lon and Cement industries can be big consumers of renewable
energy toward 2050


https://worldsteel.org/
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Learning rates of renewables, expansion of
installation

Item Learning Rate Source CAGR of Installation
(o) 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
PV module  20% ) A . i
. o oomberg New Energy Finance SR Data for calculation is from Our
Onshore wind 194) 10% 4+ S0 U lae . World in Data “Solar PV module
oD S~ prices vs. cumulative capacity”
A o) Hannah Ritchie, Our world in o ) =&
Li-ion Battery 19% data, 2021 )
d Agora report, Fraunhofer ISE, -10% +.
PV inverter )

\ 7% 9 1 9% / Curll;(ra]nt and thure Cost of
otovoltaics, 2015,

20% 1.
30% 1

CAGR of Price

-50% - S — >
- Learning rates ¢
Doubling installation High learning rate of 19-20% for renewable installation cost

Price .

Installation growth >20% =»Price down 10% + Market CAGR>10%




HVDC Transmission: Technology Review, Market Trends and Future Outlook Renewable and Sustainable Energy Reviews 112 (2019)

Assessing HVDC Transmission for Impacts of Non-Dispatchable Generation, 2018, US-EIA

Review of investment model cost parameters for VSC HVDC transmission infrastructure, Electric Power Systems Research 151 (2017)

RENEWABLE POWER GENERATION COSTS IN 2020 , IRENA, 2021 / U.S. Solar Photovoltaic System and Energy Storage Cost Benchmark: NREL, Q1 2020

Raw data from, Review of investment model cost parameters for VSC HVDC transmission infrastructure, Philipp Hartel et al., Electric Power Systems Research 151 (2017), Tables3sands4
U.S. Solar Photovoltaic System and Energy Storage Cost Benchmark: Q1 2020, NREL

Cost of flexibility? 33

per GW installation cost comparison Utility scale PV USD/W  NREL(2020)
(M euro/GW)
0 500 1000 1500 2000
PV module cost [ e ‘
PV system |

Learning rate of 19-20% ' I

PV + Storage | (100MWPV+60MW/240MWhBatt.)
] ]

On-shore wind

HVDC 1200km (saharapj) [ pb———
[ ]
]
[

1.08 1.08 (g5 .04
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
m Additional Costs from Model Updates*
& Soft Costs - Others (PII, Land Acquisition, Transmission Line, Sales Tax, Overhead, and Profit)
@ Soft Costs - Install Labor
O Hardware BOS - Structural and Electrical Components

| nverter
O Module

Nordstream 1250km 32.5GW-eq
VSC-HVDC converters (interconnector)
VSC-HVDC converters (offshore)

Cost of flexibility: Learning rate of 20%?



[17] “Status Report on Power System Transformation, A 21st Century Power Partnership Report,” NERL Technical Report, NREL/TP-6A20-63366, 2015

[30] “Status of Power System Transformation 2018, Advanced Power Plant Flexibility,” IEA 2018
[31] “Status of Power System Transformation 2019, Power System Flexibility” IEA 2019, https://www.iea.org/reports/status-of-power-system-transformation-2019

[*]Projected Costs of Generating Electricity,2020 Edition, IEA and NEA

Flexibility for responding to increased 14
variable renewables

{3 3
2 De m a n d a n d S U p p ly: ngll)tamcamzeg Energy strategies

O System operation protocols 4 Legal frameworks

Sym m et rl C in fleXi b] l]ty O Connection codes O Policies and programmes
O Regulatory frameworks
O

. €€ SOftwa re 9 to maximize Market rules, Finance, Pricing
the flexibility SupPly

Demand

O Integration with heating and cooling

{3 - .
the Contr]bUtlon to O Transmission-distribution boun aryg ISrlg?cigchtli(c)jndW:ahmtircaFc?ggrt
costeffectively secure the O Flexble generalien 1 cle AP
7 / . O Transmission system [0 Mcrogrids Item and keyword
electrified economic activity O Distribution system from [17) and [31]

under high renewable share” R dware”

for balancing


https://www.iea.org/reports/status-of-power-system-transformation-2019

Efficiency, Electrification and Flexibility 35

Efficiency of a converter > Efficiency

of economic output

Electrification

Electrification in final energy use | ==/ 1" ctivity

Flexibility

Flexibility of a power system 5 to secure electrified
economic activity under high

VRE ratio




Conclusions

f 1.5 C above pre-industrial

lize higher reduction rate of

ic activity under high VRE ratio
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Emission in years of 1998, 2008, 2018 and the
2030 target for NZE2050

CO2 Emission per Capita vs Population

 High CO2 intensity countries 'S e —2hs 2010
reduced the emission in 20 years g 20

from 1998 to 2018, but, i
- The emission levels far % ﬂt\j
exceed the 3.5 ton per i %l targetg2030

capita target to be reached | & |
in 2030 for NZE2050 scenarios. R

How wide the gap between the reducing and the growing?



Constants A and B in the GDP-CO2 CAGR
offset model

(o2}

GDP-CO2 CAGR Offset Model Gompertz growth model
/ a=1

=
< 0.7 | €=0.05
A 8 0.6
o=B/A =
<05
157 O 0.4
B L 0.3
v 0 % 0.2
CAGR of CO2 Emission 0

ol

B=20¢
¥ A=3% .

D

B=3%

CAGR of GDP

N

20 years
—)

B=4%

CO2 Emission per Capita
w

=

Environmental Kuznets Curve

o

0.2 04 0.6 0.8 1
GDP per Capita (a.u.)

B
co, = K - Gpp(@) . ¢~Bt

(@)

0] 20 40 60 t{0)
Year

GDP(t) =a-e”°

B
CAGR(CO;) = CAGR(GDP) — B .

“A” relates emission peak point, “B” determines speed of emission
reduction



GDP-CO2 CAGR offset model with UK data

...... ey 40% U n -I t e d K-I n g d o m
| Model 500 Electricity from coal in
0% 1 B=35%, a=13 | GDP UK (TWh)
0% - ——Electricity from coal (TWh)
150
10%
100
0%
e 1999 2004 009 2014 2019
-10% ' 50
CO,(Model)
(&
-20% . 0
30% 1999 2009 2019
CO,(Actual)
-40%
Yea




Case 1

Case 1l

——United States ——China 12% ——Japan ——Germany
‘0
—e—India ——France ‘

‘ Indonesia —e—Brazil
—=—World « United Kingdom |« Denmark ——Saydi A
10%
——Norway
. /‘( o

8% .

Row data from Our World in Data : ‘»
based on the Global Carbon Project ===
e ]

2020-2030 Target
for NZE 2050
(World)

GDP Growth Rate

-6% 4% 6%

Curves: 5 year average
except for “World”

-4%

4E+10
3.5E+10
3E+10
2.5E+10
2E+10
1.5E-F1{0
1E+10
5E+09
0

-

CO2 Emission Case 1
for 20 years from 2018

123 45 6 78 91011121314151617181920
m Groupl mGroup2 mGroup3 mGroup4



Case 2

Case 2
——United States —=—China 129% ——Japan ——Germany
——|ndia ——France « Indonesia —e—Brazil
—e—World « United Kingdom| «

10%
——Norway °

8%
Row data from Our World in Data i
based on the Global Carbon Project

3 0
&  2020-2030 Target £
e for NZE 2050

- (World)

: .

) .

S

[a 8 = s

()]

S

6% 4% 4% 6% 8%

Curves: 5 year average
except for “World”

-4%
Annual Increase Rate of CO2 Emission
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Case 3

——United States ——China 12% ——Japan ——Germany
0
—e—India ——France ‘ « Indonesia —e—Brazil
—e—\World « United Kingdom |-«
10%
——Norway

8%
Row data from Our World in Data °
based on the Global Carbon Project

6%

2020-2030 Target
for NZE 2050
(World)

4%

6%

Curves: 5 year average
except for “World”
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CO2 Emission Case 3
for 20 years from 2018
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- “World Air Conditioner Demand by Region,”, Japan Refrigeration and Air Conditioning Industries Association, 2019,
/ https://www.jraia.or.jp/english/statistics/index.html

Air Conditioner shipment, inverter ratio

Region Millon units in  Million units Inverter Ratio
g 2005 in 2015

6.2
2.9
8.3
19.8
7.6

5.4
54
8.9
39.2
15.1
1.1
14.3
7.3
110 (2018)

81.60%
13.10%
99.90%
74,00%
36.10%
95.80%
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7

CAGR of Efficiency of economic output,
the Impacts

n: Efficiency of Economic output to unit electricity

/ L Yearly saved energy cost by efficiency "Costreturn
/ EU directive [19], modified improvement, by multiplying cost of energy

1 1 W
Epps = X - ( 7 ) _ Yearly reduction of CO2 emission, by

Nota M 2 7 7 Z ESG: Envi tal social and
/ ) multiplying carbon intensity to kWh used Y

X: Economic output governance
1\ X A .
AEgps = —X - A = = ~ Contribution to demand - supply "Flexible source

~ balancing

Efficiency: Direct / Indirect advantage to install



_ Transmission: Technology Review, Market Trends and Future Outlook Renewable and Sustainable Energy Reviews 112 (2019)

Sing HVDC Transmission for Impacts of Non-Dispatchable Generation, 2018, US-EIA
evie of investment model cost parameters for VSC HVDC transmission infrastructure, Electric Power Systems Research 151 (2017)
FWABLE POWER GENERATION COSTS IN 20207, TRENA; 2021/ U.S. Solar Photovoltaic System and Energy Storage Cost Benchmark: NREL, Q1 2020

Cost of flexibility?

N-Gas Electricity Remark
Wc.)rld N-Gas,  Electricity | e ot 750 mile,
wide 4400 bcm 7200GW | 1000USD/mile/MW (EIA)
: .2600GW 1400Meuro for 1300km 5GW
capac1ty (eq ) (SaharaWind)
. . : : 2000Meuro for 2000km 6GW
Plpe Ilne, P]pe line HVDC Natural Gas pipeline, 1250km,
HVDC 230M >250M 55bcm/y = 32.5GW, Generation
Euro/GW Euro/GW efficiency=0.45, 7.40G Euro,
Cost (Fact Sheet, Nord Stream by
Example (1250km, (1200km, numbers, 2013)
55bcm) 6GW)

» Learning rate of 19-20% and,

* PV module cost 200-400Meuro/GW

« PV system installation cost 900Meuro/GW
« PV + Storage installation cost 1750Meuro/GW (100MWPV+60MW/240MWhBatt.)
* On-shore wind installation cost 1400Meuro/GW

VSC-HVDC Converter Cost in MEuro/GW

Converter cost per Power
(MEuro/GW)

1000

100

B

Lo hewini~g

Offshore wind connection project

Interconnector project
BorWin3

BorWin2 o e SytWint

DolWin2
) NorthSeaLink

IFA2 \/.
|

NordLink

Skagerrakd ~m 2 00Meuro/GW

Raw data from,
Review of investment
model cost
parameters for VSC
HVDC transmission
infrastructure, Philipp
Hartel et al., Electric
Power Systems
Research 151 (2017),
Table 3 and 4.

0.5 1
Rated Power(GW)

1.5



Flexibility

« “the ability of a power system to reliably and costeffectively manage the
variability and uncertainty of demand and supply across all relevant
timescales, from ensuring instantaneous stability of the power system to

supporting long-term security of supply”[31]

PE-segment G

» “the contribution to costeffectively secure the electrified economic
activity under high renewable share”

Flexibility

to secure electrified economic
activity under high VRE ratio




Share of electricity in total final energy

Share of electricity in total final energy
consumption 2020

Data from
https://yearbook.enerdata.net/electricity/share-
electricity-final-consumption.html
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