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A Quantitative Analysis of Japan's Optimal Power Generation Mix towards 2050

- Analysis Considering Economic Percussion by Investment in Power Resources -
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Abstract

the environment and economic growth.

This study performs model analyses assuming the Japanese power supply portfolio in 2050 to evaluate the optimal generation
portfolios that contribute to both economic growth and low-cost power supply by 2050. The energy model developed in this
paper is an integrated model which combines an optimal power generation mix model and an evaluating econometric model.

Considering the economic ripple effect, portfolios that include zero emission power generation do not necessarily decelerate
economic growth, even if the portfolios raise the electric price due to higher system costs. A balanced energy mix using not
only zero-emission power generation but also an optimal amount of gas power generation can realize harmonization between
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1. Introduction

In response to internationally growing interests in global
warming prevention, a large number of countries have set national
targets regarding greenhouse gas emission cuts.

In June 2019, for instance, the United Kingdom passed a law to
reduce GHG emissions to net zero in 2050". In November 2019,
France enacted a law to upgrade its national target from a 75% cut
in GHG emissions from 1990 by 2050 to carbon neutrality by
2050?.

Japan as well has enhanced its initiatives to reduce future GHG
emissions. In June 2019, the Japanese government made a cabinet
decision on the Long-term Strategy under the Paris Agreement?,
proclaiming a “decarbonized society” as the ultimate goal and
aiming ambitiously to accomplish it as early as possible in the
second half of this century, while boldly taking measures towards
the reduction of GHG emissions by 80% by 2050. Japan then
became the first country among the Group of Seven industrial
democracies to make a decision to proclaim net-zero GHG
emissions. In his policy speech® in October 2020, Japanese Prime
Minister Yoshihide Suga stated, “We hereby declare that by 2050
Japan will aim to reduce greenhouse gas emissions to net-zero, that
is, to realize a carbon-neutral, decarbonized society.”

While major countries have set ambitious targets of cutting
GHG emissions to net-zero, some countries see growing concerns
about an increase in costs for global warming countermeasures.

In France, more than 10 citizens were killed with more than
1,000 citizens and police officers injured in citizens’ anti-
government protest called the “Yellow Vest Movement” which
grew from the second half of 2018 to the first half of 2019. One

of the factors behind the movement was citizens’ discontent with
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a carbon tax.

In Japan as well, business leaders have expressed concerns
about the economic impacts of some GHG emission reduction
measures including a carbon tax. In November 2017, the Japan
Business Federation known as Keidanren published an opinion on
carbon pricing”, indicating concern that explicit carbon pricing
could affect Japan’s international competitiveness.

These cases demonstrate a dilemma between the ideal of net-
zero GHG emissions and economic cost hikes accompanying the
achievement of the ideal, indicating how important it is to prepare
a specific strategy for ambitious GHG emission cuts while
minimizing economic impacts.

Given the above, initiatives to analyze the impacts of national
energy choices for net-zero emissions on the economy and
national burdens have been vigorously implemented at home and
abroad.

For instance, many researchers mainly in European countries
and the United States have assessed costs for integrating
renewable energy and other power sources into electric power
systems.

According to a report® by the Organization for Economic
Cooperation and Development and the Nuclear Energy Agency in
2012, the average cost for integrating variable renewable energy
for covering 30% of total power generation differs by country
within a 2-8 cents/kWh range. The OECD/NEA estimated the
average cost at 2.5-4.0 cents/kWh in a review in a report” released
in 2018 and at 2 cents’kWh in a model analysis® for Europe
released in 2019. Cost estimates thus range wide. Many similar
estimates have been made mainly in Europe (e.g., Van Zuijlen et
al. (2019)”) and the United States (e.g., Noel et al. (2017)!9),
Some groups including Jacobson et al. (2015)') and a
Lappeenranta University group (e.g., Ram et al. (2017) '?)
estimated and published such integration costs for most countries

and regions in the world.
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Multiple reports exist about VRE integration cost estimates in
Japan. For instance, the abovementioned Lappeenranta University
group (e.g., Ram et al. (2017) ') and WWF Japan (2017)'9
indicated that even if renewable energy covers all power
generation in Japan in 2050, total electric system costs including
the VRE integration cost would be lower than at present. In
contrast, reports by Matsuo et al. (2018)!¥ and Matsuo et al.
(2020)'> estimated that electric system costs would increase
substantially if fossil-fired power generation is unavailable in
2050 and that a combination of renewable energy and nuclear
power would contribute to holding down cost hikes. Ogimoto et
al. (2018) '© estimated that if VRE alone is used for power
generation, the unit electric system cost would be far higher than
at present.

There are thus numerous studies assessing the economy of the
power sector by energy choice. However, most of them focus on
the economy of total costs for overall electric system development,
maintenance and management. Studies are scarce on a wider
range of quantitative macroeconomic impacts including the
economic effects of investment in power generation equipment,
the economic burden of a carbon tax and the multiplier effects of
fiscal spending expansion based on carbon tax revenue.

Some studies including the Asia-Pacific Integrated Model
(2009) ' by the Japanese National Institute for Environmental
Studies have used applied general equipment models to analyze
overall macroeconomic impacts. They base estimation on
economic growth assumptions and can express the
macroeconomic impacts of carbon tax and other policies as
distortions from the equilibrium for a case in which these policies
are not introduced. As far as they depend on an assumption that
each economic entity would conduct rational behavior based on
price information under complete information, however, they fail
to indicate recession, market disequilibrium and other gaps. If
carbon tax and other constraints are imposed, GDP would
decrease under these models. There are some constraints on their
applications.

For instance, full employment is assumed for the labor market
under the applied general equipment models. Even if the
government implements a green new deal to stimulate the
economy during a recession, such deal’s impacts on GDP would
be difficult for these models to analyze.

Given such a situation, this study uses an energy economy
model into which we integrated an optimal power generation mix
model using linear programming and a macro econometric model
to analyze the impacts of energy choices for Japan’s electric

system on total electric system costs and macroeconomic

indicators such as GDP.

Here is the composition of this paper: Chapter 2 describes an
overview of the model used in this study and major assumptions.
Chapter 3 outlines model analysis results. Based on the results,
Chapter 4 considers an optimal power generation mix to balance
decarbonization with economic growth and describes this study’s

policy implications.

2. Assessment method
2.1 Integrated energy economy model

This study developed an integrated energy economy model for
estimation to assess the impacts of Japan’s energy choices on total
electric system costs and macroeconomic indicators through 2050.

The model developed for this study is an integrated energy
economy model combining a top-down econometric model and a
bottom-up cost-minimizing optimal power generation mix model.
The top-down econometric model was developed by Murota et al.
(2005)'® and improved in Yanagisawa (2008)'”) and Komiyama
et al. (2012)?. The bottom-up cost-minimizing optimal power
generation mix model is a Japanese optimal power generation mix
model that was developed by Fujii and Komiyama (2017)?) and
improved in Matsuo et al. (2019)*? and Matsuo et al. (2020)!%.

2.2 Econometric model

The econometric model estimates economic indicators based
on assumptions for overseas factors such as global trade,
economic policies such as public investment, demographics, and
fossil fuel and other energy prices.

As shown in Figure 1, the econometric model focuses on gross
domestic product and its components such as investment, imports
and exports and calculates fund flows in the national economy.

The model consists mainly of the real expenditure module, the
wage-price module, the income distribution module and the labor
module and can estimate the impacts of changes in exogenous
variables on the economy. See Komiyama et al. (2012) 29 for

details of the model.
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2.3 Optimal power generation mix model

This study used the optimal power generation mix model to
simulate and analyze cost-minimizing electricity supply under
multilateral constraints for Japan’s power sector in 2050.

The optimal power generation mix model uses linear
programming to simulate a country’s energy system to determine
energy supply and demand and the economically rational size of
energy technologies. The target function is discounted total
system costs during the computation period. The constraint
equation covers constraints on resources, energy supply and
demand, etc.

In a geographical division, Japan excluding Okinawa is divided
into nine according to the service areas of nine former general
power utilities. These areas are assumed as connected through

direct or alternating current interconnection cables.

—— Directcurrent Hokkaido

—— Alternating current H
Hokuriku Tohoku

Chugoku — Kansai [—| Chubu [ Tokyo

Kyushu Shikoku

Figure 2 Geographical division

This study computed and assessed annual electricity supply and
demand on an hour-to-hour basis (dividing a year into 8,760 hours

by multiplying 24 hours by 365 days).

2.4 Integrated energy economy model structure

The abovementioned optimal power generation mix model can
estimate the most efficient cost-minimizing power generation mix
under constraints by using linear programming. While a country’s
energy demand is required to be given exogenously as an
assumption, the demand itself is influenced by power source
choices.

While heavy dependence on cheap fossil fuels for power
generation is likely to be an optimum solution to minimize power
supply costs under the optimal power generation mix model, for
instance, national wealth outflow through massive fuel oil imports
may exert downward pressure on GDP and domestic electricity
demand.

While a power generation mix using massive nuclear and
renewable energy capacity requires higher total electricity system

costs than that depending heavily on fossil fuels under the optimal

power generation mix model, a curb on national wealth outflow
through fossil fuel imports and an increase in private capital
investment in domestic power generation equipment may exert
upward pressure on GDP and electricity demand.

To conduct an analysis considering mutual relations between
the impacts of changes in the power generation mix on
electricity supply costs and macroeconomic indicators, this study
developed an integrated energy economy model in which the
econometric and optimal power generation mix models share
exogenous variables as assumptions and analyzed how energy
choices for the electricity system would impact total electricity

supply costs and the whole of the Japanese economy.

Exogenous (multiple cases)
Overseas factors: Global trade, exchange rate levels, etc.

Economic policy: Public invesment, tax burden, social security, etc.
Population factors: Population, aging, households, labor force, etc.

—
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Energy prices: Crude oil, LNG and coal import prices
Social acceptability: Fossil fuels, nuclear, etc.
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Econometric model

Bottom-up type Top-down type
. |While providing power generation mixes based
on past correlations between explanatory

% |variables as the optimal power generation mix
model does, the model can get

= |macroeconomic variables such as GDP
components, deflators, prices and industrial
production functions.

= —

. Conclusion [ comparisonand
(Paying attention to power generation| ification ,

and transmission costs’

For the target function of minimizing power
generation and transmission costs, the model
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Conclusion
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Figure 3 Integrated energy economy model

The integrated energy economy model used the optimal power
generation mix model to estimate cost-minimizing power
generation mixes and total system costs under multiple assumptions
set for constraints on power source choices.

Then, the model computed variables including total power
generation and transmission costs covering capital investment, fuel,
carbon tax and other costs for the optimal power generation mix
estimated by the optimal power generation mix model and
exogenously put the variables into the econometric model to
estimate real GDP and other macroeconomic variables. We
compared and verified the two models’ conclusions and conducted
additional case analyses regarding variables, as necessary.

The amount of capital investment refers to NEDO (2014) ), Ishii
(2014) 29, TEPCO (2020) 2%, the government’s Procurement Price
Calculation Committee (2020) 29 and Mitsubishi Research Institute
(2020) 2. As a result, the domestic production rate for the total
investment of equipment costs and construction costs will be 95%
for nuclear power, 50% for coal / gas-fired power, 40% for batteries,
27% for solar PV, 23% for onshore wind, and 22% for offshore

wind. In addition, all carbon tax revenues shall be returned to the
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domestic economy as government consumption expenditures such
as environmental measures. When a large amount of carbon tax is
introduced in Japan, changes in the international competitiveness of
imports and exports due to differences in environmental policies

with other countries are not taken into consideration.

2.5 Estimation cases

To consider a wide range of constraints on the electricity
system in 2050, this study first developed, compared and
developed six basic cases as shown in Figure 4. Numbers in Table
1 indicate case numbers. The six cases indicate whether the use of
fossil fuels for power generation, a carbon tax or new nuclear
power plant construction would be socially accepted.

After comparing and verifying the six cases, this study input
five more cases into the two models to clarify gaps between the
optimal power generation mix model and econometric model
assessment results. A total of 11 cases were thus compared and

verified, as discussed in Chapter 3.
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/\
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tax nuclear plant A ted
Not accepted | introduction censtruction ceepte 5) Nuclear,
be accepted :zc?:l(l:;’fted ﬁ renewables,
socially? : 7 batteries
Not d
Accepted naturally accepted | 6) Massive
renewables,
batteries

Figure 4 Estimated cases

Table 1 Presence or absence of basic power sources

in estimated cases

Case 1yl 3 | 4| 5 |6
Carbon tax Present $120-CO2 *
level
Existing coal @) O X X X X
Gas @) O O O X X
New nuclear @) X @) X @) X

% World Bank “State and Trends of Carbon Pricing 2020 12p. Japan’s carbon tax is assumed to reach
the Swedish level of $119/5-COo, the highest in the world as of April 1, 2020. Under the optimal
power generation mix model, coal-fired power plants will disappear completely at this carbon tax

level. The exchange rate is 110 yen/dollar.

2.6 Assumptions

(1) Nuclear power generation

The power generation costs and performances of existing large
nuclear reactors are used for the estimation. The maximum
available nuclear power generation capacity for 2050 covers
existing reactors other than those to be decommissioned and
under-construction reactors as of October 2020, totaling 42.5 GW.
Given a service life of 60 years, 17.0 GW out of the existing
capacity will be subjected to decommissioning by 2050. If new
reactors are profitable and accepted socially, however, reactors
subject to decommissioning will be replaced with new ones with
the same or less capacity. Construction costs for existing and
under-construction reactors (hereinafter referred to as existing
reactors) within 60 years from the launch of operation were
deducted as sunk costs for nuclear plant operators from capital

costs at the time of estimation.

Table 2 Power generation cost and performance

assumptions (large existing and new reactors)

Unit construction cost [1,000 yen/kW] 420
Years of operation 40

Full cost rate 1.00
Captive consumption rate 0.04
Fuel cost [yen/kWh] 1.8
Maximum output growth rate 0.02
Maximum output decrease rate 0.02
Maximum annual capacity factor 0.80
Minimum output level 0.80

(2) Renewable energy power generation

Renewable energy power generation cost reduction targets
given by the government’s Procurement Price Calculation
Committee in February 2020%% call for cutting the unit power
generation cost to 7.0 yen/kWh for solar PV and 8-9 yen/kWh for
wind by 2025 or 2030. Since these targets deviate far from the
past cost reduction trend in Japan. Therefore, we assumed the unit
cost in 2050 at 7.0 yen/kWh for solar PV and at 8.5 yen/kWh for
onshore wind. The offshore wind power generation cost is
assumed to decline as much as the onshore wind cost. (as shown
in Table 3.)
Table 3 Power generation cost assumptions (solar PV

and wind power generation)

In each case, we set assumptions for Japan’s energy mix for
2050 according to IEEJ (2018)?D and IEEJ (2019)??. In line with
the objective of this study, however, we set some exclusive

assumptions for this study as follows:

Standard
Unit construction cost [1,000 yen/kW] 102
Solar PV | Years of operation 30
Full cost rate 0.014
Unit construction cost [1,000 yen/kW] 190
Onshore .
) Years of operation 30
wind
Full cost rate 0.021
Unit construction cost [1,000 yen/kW] 286
Offshore .
) Years of operation 30
wind
Full cost rate 0.044
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Maximum available solar PV and wind power generation
capacity was assumed as shown in Table 4. Although Matsuo et
al. (2019)* as cited above used potential assessment data by the
Ministry of the Environment, this study used estimates in Obane,

etal. (2019)?® from the viewpoint of realistic constraints.

Table 4 Maximum available solar PV and wind power

generation capacity assumptions

Unit: GW Solar PV Onshore Offshore
wind wind
Hokkaido 14.7 16.4 1771
Tohoku 24.8 2.8 33.9
Tokyo 54.4 0.6 38.8
Hokuriku 9.3 0.2 0.1
Chubu 355 0.5 23.3
Kansai 26.0 0.6 0.04
Chugoku 24.2 0.8 0.1
Shikoku 13.1 0.5 1.9
Kyushu 37.5 2.2 2.0
Total 239.3 24.6 277.2

(3) Batteries

Lithium-ion Dbatteries were adopted for a battery cost
assumption. The median case of US$150kWh of Cole and Frazier
(2019) 2 is assumed as a standard case (Table 5). In line with
Matsuo et al. (2019)?? as cited above, pump-up power generation

capacity is separately assumed at the existing level of 163 GWh.

Table 5 Battery cost assumption

Table 6 Power generation cost assumptions (coal- and

gas-fired plants)

Standard

Battery [US$/kWh] * 150

X Calculated at 110 yen/dollar and input to all models.

(4) Fossil-fired power generation

This study assumed the use of existing coal- and gas-fired
power plants without giving consideration to hydrogen or CCS-
fitted thermal power plants. Table 6 shows assumptions for fossil-

fired power plants.

Coal Gas
Unit construction cost [1,000 250 120
yen/kW] 40 40
Years of operation 0.037 0.024
Full cost rate 0.48 0.57
Thermal efficiency 0.06 0.02
Captive consumption rate (Table 7) (Table 7)
Fuel cost [yen/kWh] 0.26 0.44
Maximum output growth rate 0.31 0.31
Maximum output decrease 0.90 0.95
rate 0.80 0.80
Maximum seasonal capacity 0.00 0.50
factor 0.30 0.30
Maximum annual capacity
factor
DSS (daily start-stop)
operation rate
Minimum output level

Fuel cost assumptions in IEEJ (2019) 3% were used as shown

in Table 7.

Table 7 Fuel cost assumptions

Standard
Coal [US$/t] * 123
LNG [US$/MMBtu] * 10.5

X Calculated at 110 yen/dollar and input to all models.

3. Assessment results
3.1 Power generation mix minimizing power generation
and transmission costs under optimal power
generation mix model

The optimal power generation mix and its power generation
and transmission costs under the optimal power generation mix
model are shown in Table 8.

Carbon tax levels will exert great influence on coal-fired power
generation. In cases in which the current petroleum and coal tax
level will be maintained (see Cases 1) and 2)), the existing coal-
fired power generation capacity will be maintained to the
maximum extent. Meanwhile, renewable energy power
generation capacity in these cases will be far less than in the other
cases, losing to cost-competitive coal-fired capacity.

In cases in which the carbon tax will increase substantially (to
$120/t-CO2 in Cases 3) to 6)), optimal power generation mixes
will differ far from the above ones. Coal-fired capacity affected
by the carbon tax will disappear completely. In its place, gas-fired,
solar PV and wind (onshore and offshore) capacity will increase
substantially.

Nuclear power generation capacity will be close to the
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maximum available level in all cases in principle because of its
cost competitiveness. In Case 1) in which the carbon tax will
remain at the present level, new nuclear capacity will be 2 GW
lower because of coal-fired plants’ even higher cost
competitiveness.

Under the optimal power generation mix model of which a
target function is the minimized power generation and
transmission cost level, Case 1) represents the optimal (cost-
minimizing) power generation mix. Power generation and
transmission costs will rise in cases of curbs on new nuclear plants,
higher carbon tax levels and greater restrictions on fossil fuels or
any other power source. In Case 6) which represents the toughest
restrictions, the costs will be the highest at 18.96 trillion yen

(assessed as the worst from the viewpoint of lower costs).

Table 8 Optimal power generation mixes and ranking

of power generation and transmission costs

Table 9 Real GDP ranking for same cases as in Table 8

Econometric model (Unit: 1 trillion yen)

Case No. 1H | 2 [ 3 | 4 5) 6)

Real GDP | 8126 | 8105 | 8140 | 813.7 | 813.9 | 8129

GDP ranking 5 6 1 3 2 4

Private
consumption
expenditure

4136 | 4138 | 4158 | 4154 | 4149 | 4139

Govemment
consumption
expenditure

99.7 | 997 | 1008 | 1011 | 99.7 | 997

Private
nonresidential
investment

1048 | 1075 | 1085 | 1082 | 1149 | 117.0

Fossil fuel

mporls | 351 | 317| 307 | 317| 276| 276

Overall unit
electricity
price 2472 | 3760 | 3796 | 38.28

4443 | 47.59

(yen/kWh)

3.3 Comparison between optimal power generation mix
model and econometric models
Table 10 extracted and compared the power generation and

transmission cost ranking under the optimal power generation mix

Optimal power generation mix model (Unit: GW)
Case No. 1) 2) 3) 4) 5) 6) model in Table 8 and the GDP ranking under the econometric
Existing coal 40 40 - - - - model in Table 9, indicating clear differences between the results
Gas 82 o7 | 1201 1% . - under the two models.
Fossil total 122 137 120 137 - -
Existing nuclear 26 26 26 26 26 26
New nuclear 15 ) 17 i} 17 . Table 10 Power generation and transmission cost
Nuclear total 41 26 43 26 43 26 ranking vs. real GDP ranking
Solar PV S| Ay 188 ) 239 | 231 | Optimal power generation mix model
Onshore wind 25 11 11 12 25 25 Case No. 1) | 2) 3) | 4) | 5) | 6)
Offshore wind - z . N 155 250 Carbon tax Present level $120/t-CO,
Geothermal/biomass 16 16 16 16 16 16 Power
Renewables total 18| 197 | 197 | 215| 435| 521 tgaene@ﬁqn/
Hydro 20 20 20 20 20 20 nz;nsltSSSIOH 8.68 8.74 10.30 10.78 16.07 18.96
Generation capacity 201 380 380 398 497 567 (1 trillion yen)
Batteries (GWh) 02| 01| 02| 03| 173| 150 Sa{;:slfv?,ﬁ‘)"’e 859 | 866 | 1013 | 1061 | 1541 | 1818
Generation (GWh) 1,010 | 1,009 | 1,017 | 1,016 | 1,043 | 1,043 Cost ranking 1 2 3 4 5 6
Carbon tax Present level $120#-CO, ]

Power generalon | g | 674 | 1030 | 1078 | 1607 | fage | Eocmomercmode | | | | | |
and tr‘acgngSSIon Real GDP 8126 | 8105 | 8140 | 8137 | 8139 | 8129
(1 trillion yen) GDP ranking 5 6 1 3 2 4
Sag)g naﬂjve\’,?]‘)"’e 859 | 866 | 1013 | 1061 | 1541 | 18.18 (Reference) CO, emissions (As coal-fired 0.80kg-CO2/kWh, gas-fired

Cost ranking 1 2 3 4 5 6 0.43kg-CO2/kWh
CO,emissions
- . o (MtCO,) 3209 | 3665 | 1283 | 1697 - -
3.2 Power generation mix to maximize real GDP under 2
€0z saving 4 5 2 3 1 1
econometric model ranking

Table 9 shows the results of inputting each case’s power
generation mix into the top-down econometric model developed
by the IEEJ. Case 3) represents the optimal power generation mix
model to maximize Japan’s real GDP. Cases 1) and 2) that posted
the first and second lowest costs are ranked fifth and sixth under

the econometric model.

(1) Comparing Cases 1) and 2) with Cases 3) to 6)
Under the optimal power generation mix model, coal-fired
power generation will be highly competitive as far as the carbon
tax level remains at the present level. In Case 1), it will appear to
be a promising power source, with solar PV limited to zero and
with new nuclear plant construction restricted. Under the
econometric model, however, GDP will fail to grow due to carbon
tax revenue’s failure to be used for government consumption

expenditure, private nonresidential investment’s failure to
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increase amid low unit investment cost and massive existing
capacity for coal-fired power generation and massive fossil fuel
imports representing national wealth outflow in Cases 1) and 2).
Eventually, coal-fired power generation will be given low ratings
under the econometric model and run counter to climate change

countermeasures.

(2) Comparing Case 1) with Case 2), Case 3) with Case
4), Case 5) with Case 6)

Under the optimal power generation mix model, power
generation and transmission costs for nuclear energy will decline
(with higher ratings given) in all cases if existing capacity (26
GW) is combined with capacity addition and replacement (17
GW). Even under the econometric model, nuclear capacity
addition and replacement will surely push up GDP through
massive construction investment, high domestic contents for
nuclear equipment and curbs on fossil fuel imports. Therefore,
nuclear capacity addition and replacement will be given high

ratings under both models.

(3) Comparing Cases 3) to 6)

If the carbon tax assumption is the same for all cases under the
optimal power generation mix model, gas-fired power generation
will achieve the lowest power generation and transmission costs
in Case 3) (massive gas-fired power generation capacity around

120 GW) in which gas-fired capacity will be increased beyond the

existing capacity of 83 GW in the Survey of Electric Power
Statistics (2020) 3V by the Agency for Natural Resources and

Energy. Case 3) will indicate the greatest significance of gas-fired
capacity as a power supply-demand balancer among the cases.
Under the carbon tax imposition, Case 3) may achieve both the
lowest costs for power utilities under the optimal power
generation mix model and the highest GDP under the econometric
model.

By the way, CO2 emissions are added as reference information, but
Case 3) is superior to Cases 1) and 2), which have many coal-fired
power plants, in terms of COz saving, and is inferior to Cases 5) and
6), which do not emit COz. The purpose of this study is to compare
power generation cost and GDP, and three comparative verifications

including decarbonization will be the subject of future study.

3.4 Deriving final results through additional case
studies

Under the econometric model, however, gas-fired capacity
features low construction investment and fossil fuel imports and

is expected to produce a relatively smaller GDP-boosting effect

than other power sources. Therefore, we thought that additional
case studies would be required to verify whether Case 3) may
maximize GDP. Then, we set up five gas-fired capacity cases with
20 GW increments between Case 3) (gas-fired capacity at 120
GW) and Case 5) (no gas-fired capacity) that indicated the first
and second largest GDP in Table 11 and put the five new cases
into the optimal power generation mix and econometric models
for additional estimation. Table 12 indicates additional estimation
results.

The comparison of the seven cases between Cases 3) and 5)
found that Case 3)-2 may maximize GDP while holding down an
increase in power generation and transmission costs for power
utilities by mixing gas-fired capacity around 80 GW (close to the
existing level of 83 GW) with renewable energy and batteries in
a balanced manner. The finding indicates that gas-fired,
renewable and battery capacity shares in the power generation
mix may differ between Case 3) for the lowest costs for power
utilities and Case 3)-2 for the largest GDP.

Case 3)-2 for gas-fired capacity at 80 GW will maximize GDP
mainly because this gas-fired capacity level will be more useful
for maintaining power supply in the absence of wind and sunshine
than lower gas-fired capacity cases. If gas-fired capacity is cut to
40 GW or less, renewable energy and battery capacity levels will
be far higher, resulting in frequent renewable energy output
suppression that would boost costs for power utilities to affect
their business performance. In the cases of higher gas-fired
capacity, GDP may fail to rise due to low gas-fired capacity
construction costs and fossil fuel import expansion, as noted
above. Therefore, Case 3)-2 in which renewable energy and
batteries will diffuse while refraining from triggering frequent
output suppression that could lead to unnecessary power cost
hikes would be one of the optimal solutions regarding the best

power generation mix for the Japanese economy.
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Table 11 Final results

Cited Cited
A New . New : New : New : New A
Case No. a%a)m 3}1 312 3)}3 3)4 3)5 agsa;m
Existing coal - - - - - - -
Gas 120 100 80 60 40 20 -
Fossil total 120 100 80 60 40 20 -
Existing
nuclear ®| % 6 % %6 B %
New nuclear 7| 7 A7 77 17|17
Nuclear total 43 43 43 43 43 43 43
Solar PV 71| 189 197 209 208  239| 239
Onshore o n 12 1 19 25| 25
Offshere - . - 21 e 13| 185
Geothermall | 45| 16 16 16 16 16| 16
Renewables | 197|215 224 260 303 32| 43
Hydro 20 20 20 20 20 20 20
Generation :
capacity 380| 378 367 383 406 465| 497
Batteries : : :
(GWh) 02| 24 4 72 M0 160 173
Generation
(GWh) 1017 1018° 1020: 1,024 . 1,030 . 1,039 1,043
Power
generation/
transmission | 10.30] 1037| 1048] 1068 1127  1283| 16.07
costs
(1 trillion yen)
Same as
above 10.13] 10.18] 1027] 1043: 1095: 1235 1541
(yen/kWh)
Cost ranking 1 2 3 4 5 6 7
Real GDP 8140| 8144] 8146] 8142: 8137: 8136| 8139
GDP ranking| 4 2 1 3 6 7 5
Private
consumption | 4158 4160 4161 4159 4154  4152| 4149
expenditure
Government
consumption | 100.8| 100.7: 100.7: 1005: 100.1 99.8 997
expenditure
Private non
residential 1085| 1087: 1088: 109.7: 111.1: 1131| 1149
investment :
Fossil fuel
imports 30.7 30.3 30.2 293 282 278 276
Overall unit
oleclio | a79| 310 3803 3050 4136 4319| 4443
(yen/kWh) :
(Reference) CO, emissions (As coal-fired 0.80kg-CO2/kWh, gas-fired
0.43kg-CO2/kWh)
CO,emissions :
(MCO,) | 1283| 1192 1140 844 433 120 -
CO;, saving
ranking 7 6 5 4 3 2 1

4. Conclusion

This study finally put 11 scenarios for Japan’s power sector in

2050 into the integrated energy economic model combining the
optimal power generation mix model adopted by power utilities
for considering the best mix of coal-fired, gas-fired, nuclear and
renewable energy power generation and batteries with the
econometric model used widely for considering energy policies,
quantitatively indicating that an optimal solution for minimizing
power utilities” power generation and transmission costs differs
from that for maximizing Japan’s GDP.

Comparison between data within the two thick frames in the

lower part of Table 11 indicates that a transition from Case 3) to
Case 3)-2 boosts Japan’s real GDP by about 600 billion yen and
power utilities’ power generation and transmission costs by about
200 billion yen. On the contrary, a transition from Case 3)-2 to
Case 3) reduces power utilities’ costs by 200 billion yen and real
GDP by about 600 billion yen. This means that policymakers and
power utilities have different optimal solutions regarding the best
power generation mix and can cooperate in handling energy and
economic policies adequately to produce Japan’s virtuous
economic cycle.

This study is designed to provide recommendations about
power sources that Japan should focus on from now towards 2050
based on feasible technologies and costs at present. In addition to
power generation technologies covered by this study, hydrogen
and ammonia power generation, and CCS (carbon capture and
storage) and CCUS (carbon capture, utilization and storage)
technologies are conceivable for the future. However, we have
intentionally refrained from considering these new technologies.
This is because these new technologies are in the demonstration
phase rather than in the commercialization phase, leaving great
uncertainties about their commercialization before 2050, their
costs and capacity levels for power utilities and their spillover
effects on the Japanese economy. The uncertainties could
destabilize estimation. If these new technologies’ costs
conceivable in the demonstration phase are assumed, these
technologies, like coal-fired power generation under a high
carbon tax, could disappear from a power generation mix through
model computation. Given that Japan has shifted the target from
a low-carbon society to a decarbonized society as indicated by the
prime minister’s latest policy address®, however, these new
technologies will become key factors for considering the future
power generation mix. As soon as capacity levels, costs and
targets for these technologies’ commercialization are clarified, we
would like to subject them to consideration and comparison.

As for the effect of boosting GDP, if the price of fossil fuels
rises, the superiority of gas-fired power generation will decrease.
And if renewable energy and batteries become cheaper, their
superiority will increase. In these cases, GDP will be maximized
to the right of Case 3) -2, that is, to Case 3) -3. The same is true
in the opposite direction, and the evaluation results may change.

In addition, the domestic production rate of capital investment
is set with reference to the current rate. For this reason, if the rates
of various power generations and batteries become higher than
expected in the future, private capital investment will increase and
GDP will increase according to the amount of their composition

ratio, and if the rate decreases, GDP will decrease.
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Furthermore, although we assume that a large amount of carbon
tax will be levied, we do not currently assume international
competitiveness adjustment of products called "border adjustment
measures", but we will consider it in the future.

As far as we know, no earlier study has used specific figures to
comprehensively discuss correlations between power utilities’
cost-based optimization of a power generation mix and economic
indicators including real GDP. Therefore, we hope that this study
would help provide a useful direction for both power utilities and
the Japanese economy. We will continue to consider the
relationship between the power generation mix and economic

activities from different angles.

Reference

1)  Gov.UK; UK becomes first major economy to pass net zero
emissions law (2019).

https://www.gov.uk/government/news/uk-becomes-first-

major-economy-to-pass-net-zero-emissions-law (Accessed
on 2020/11/30)

2) République frangaise Direction de l'information légale et
administrative; Loi du 8 novembre 2019 relative a I'énergie

et au climat (2019). https:/www.vie-publique.fr/10i/23814-

loi-energie-et-climat-du-8-novembre-2019  (Accessed on

2020/11/30)

3) Prime Minister’s Office, Long-term Strategy under the Paris
Agreement, June 11,2019

https://www.kantei.go.jp/jp/singi/ondanka/kaisai/dai40/pdf/

senryaku.pdf (Accessed on 2020/11/30)
4) Prime Minister’s Office, Policy Speech by the Prime
Minister to the 203rd Session of the Diet, October 26, 2020

https://www.kantei.go.jp/ip/99 suga/statement/2020/1026s

hoshinhyomei.html (Accessed on 2020/11/30)

5) Japan Business Federation, “Opinion on Carbon Pricing”
October 13, 2017
http://www.env.go.jp/earth/ondanka/cp/arikata/conf05/cp05
_mat_keidanren.pdf (Accessed on 2020/11/30)

6) Organisation for Economic Co-operation and Development
(OECD)/Nuclear Energy Agency (NEA); Nuclear energy
and renewables system effects in low-carbon electricity
systems (2012), OECD/NEA, Paris.

7)  Organisation for Economic Co-operation and Development
(OECD)/Nuclear Energy Agency (NEA); The full costs of
electricity provision (2018), OECD/NEA, Paris.

8)  Organisation for Economic Co-operation and Development

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

(OECD)/Nuclear Energy Agency (NEA); Nuclear energy
and renewables system effects in low-carbon electricity
systems (2019), OECD/NEA, Paris.

B. Van Zuijlen, W. Zappa, W. Turkenburg, G. Van der
Schrier, M. Van den Broek; Cost-optimal reliable power
generation in a deep decarbonisation future, Applied Energy,
253 (2019), 113587.

L. Noel, J.F. Brodie, W. Kempton, C.L. Archer, C.
Budischak; Cost minimization of generation, storage, and
new loads, comparing costs with and without externalities,
Applied Energy, 189 (2017), pp.110-121.

M.Z. Jacobson, M.A. Delucchi, G. Bazouin, Z.A.F. Bauer,
C.C. Heavey, E. Fisher, S.B. Morris, D.J.Y. Piekutowski,
T.A. Vencill, T.W. Yeskoo; 100% clean and renewable wind,
water, and sunlight (WWS) all-sector energy roadmaps for
the 50 United States, Energy and Environmental Science, 8
(2015), pp.2093-2117.

M. Ram, D. Bogdanov, A. Aghahosseini, A.S. Oyewo, A.
Gulagi, M. Child, H-J. Fell, C. Breyer; Global energy system
based on 100% renewable energy — power sector (2017).
http://energywatchgroup.orGWp-
content/uploads/2017/11/Full-Study-100-Renewable-

Energy-Worldwide-Power-Sector.pdf
2020/11/30)

WWF Japan, “Long-term Scenario for the Creation of a

(Accessed on

Decarbonized Society (2017)
https://www.wwf.or.jp/press/475.html
2020/11/30)

Y. Matsuo, S. Endo, Y. Nagatomi, Y. Shibata, R. Komiyama

(Accessed on

and Y. Fujii; A quantitative analysis of Japan’s optimal
power generation mix in 2050 and the role of CO»-free
hydrogen, Energy, 165 (2018), pp.1200-1219.

Y. Matsuo, S. Endo, Y. Nagatomi, Y. Shibata, R. Komiyama
and Y. Fujii; Investigating the economics of the power sector
under high penetration of variable renewable energies,
Applied Energy, 267 (2020), 113956.

K. Ogimoto, C. Urabe, T. Saito; Japan’s Energy Supply and
Demand towards 2050: Possibility and Challenges of 100%
Renewables, Papers for 34th Conference on Energy Systems,
Economy and Environment, 31-5 (2018)

National Institute for Environmental Studies, AIM Model
Analysis: Considering Candidates for 2020 Emission
Options (2009)
https://www.kantei.go.jp/jp/singi/tikyuu/kaisai/dai07kanky
0/03-1-1.pdf (Accessed on 2020/11/30)

Y. Murota, M. Koshikuni, K. Ito; Guide to Economic




19)

20)

21)

22)

23)

24)

25)

IEEJ May 2021© IEEJ2021

Forecasts with Personal Computers for Macro Interindustry
Analysis (2005), 275, Toyo Keizai Inc.

A. Yanagisawa; Japan’s Long-term Energy Supply and
Demand Outlook — Outlook through 2030 under
Environmental Constraints and Changing Energy Markets
(2008), Energy & Resources, 29(6), ppl13-17

R. Komiyama, K. Suzuki, Y. Nagatomi, Y. Matsuo, S.
Suehiro; Analysis of Japan’s energy demand and supply to
2050 through integrated energy-economic model, Journal
of Japan Society for Energy and Resources, 33-2 (2012),
pp-34-43.
http://www.jser.gr.jp/journal/journal_pdf/2012/journal2012
03_5.pdf (Accessed on 2020/11/30)

R. Komiyama and Y. Fujii; Assessment of post-Fukushima
renewable energy policy in Japan's nation-wide power grid,
Energy Policy, 101, (2017), pp.594-611.

Y. Matsuo, S. Endo, Y. Nagatomi, Y. Shibata, R. Komiyama
and Y. Fujii; A Study on the Feasibility of “Complete
Decarbonization” of Japan’s Power Sector in 2050: The
Effect of Changes in Meteorological Conditions, Journal of
Japan Society for Energy and Resources, 40-3 (2019),
pp-49-58.

NEDO; NEDO Renewable Energy Technology White Paper
2nd Edition(2014).
https://www.nedo.go.jp/library/ne_hakusyo_index.html
(Accessed on 2020/11/30)

S. Ishii; Efficiency of nuclear power generation and
industrial policy -domestic production and improvement
standardization- (2014), pp.28.
https://www.rieti.go.jp/jp/publications/summary/14050002.
html (Accessed on 2020/11/30)

Procurement Price Calculation Committee; Opinion on

10

26)

27)

28)

29)

30)

31)

Procurement Prices in FY2020 (2020))
https://www.meti.go.jp/shingikai/santeii/pd{/20200204001
_L.pdf (Accessed on 2020/11/30)

Tokyo Electric Power Company Holdings, Incorporated;
Look at TEPCO by a mathematical table -Overview of each
nuclear power plant- (2020).

https://www.tepco.co.jp/corporateinfo/illustrated/nuclear-

power/nuclear-plants-j.html (Accessed on 2020/11/30)

Mitsubishi Research Institute; Ministry of Economy, Trade
and Industry st Stationary Power Storage System Spread
and Expansion Study Group “Awareness of the current
situation regarding power storage systems” (2020).

https://www.meti.go.jp/shingikai/energy environment/stora
ge_system/pdf/001_05_00.pdf (Accessed on 2020/11/30)

H. Obane, Y. Nagai, K. Asano; Evaluating technical
potential of ground-mounted solar and on-shore wind
energy in Japan, Central Research Institute of Electric
Power Industry report Y18003 (2019)
https://criepi.denken.or.jp/jp/kenkikaku/report/detail/Y 180
03.html (Accessed on 2020/11/30)

W. Cole and A.W. Frazier; Cost Projections for Utility-
Scale Battery Storage (2019),
https://www.nrel.gov/docs/fy190sti/73222.pdf (Accessed
on 2020/11/30)

Institute of Energy Economics, Japan; IEEJ Outlook 2020
(2019). https://eneken.ieej.or.jp/data/8645.pdf (Accessed
on 2020/11/30)

Agency for Natural Resources and Energy, “Survey of
Electric Power Statistics 1-(1) Number and capacity of
power stations of electric power utilities (July 2020))
https://www.enecho.meti.go.jp/statistics/electric_power/ep

002/results.html (Accessed on 2020/11/30)

Contact :report@tky.ieej.or jp





