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Abstract of Praxis

System Dynamics Modeling of Residential Solar Program Use Case
in Japan to meet Greenhouse Gas Emissions Target

Japan’s current energy policy goal is to meet or exceed a greenhouse gas (GHG)
emissions reduction target of 26% by 2030. With over 70% of its landmass covered in
forests, as an island nation Japan has limited availability of land and natural resources in
both fossil fuel and renewable energy. Island nations are also more susceptible to world
trade agreements, the global political climate, and shipping constraints due to their
isolated nature. Such isolation is a strong motivation to become self-sufficient, whether it
is for energy independence which is an underlying assumption of this research, or other
essential societal needs such as food security.

While Japan investigates re-starting nuclear power plants, investing in hydrogen
technology, and developing offshore wind generation, this research highlights the
emissions reduction potential of installing residential photovoltaic (PV) and battery
storage systems. A system dynamics model is used to simulate the impact of PV systems
specifically in the residential sector as a cost-effective option that could reduce and meet
Japan’s GHG emissions goal by 2030. Results are that the PV residential sector
implementation can cost effectively offset greenhouse gas emissions by over a million
tons each year, while potentially improving social equity amongst the prefectures, which

in and of itself could have positive compounding effects for Japan as a nation.
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Chapter 1—Introduction

1.1 Background

On March 11™, 2011 the Great East Japan Earthquake rocked the country at a 9.0
magnitude inflicting significant damage to the country’s eastern coastline. Since this
momentous disaster Japan’s energy policy has been redefined and driven by economic
efficiency, environment, energy security and safety or simply “3E+S” (Kifune 2019). By
2015, Japan was ranked fifth globally for greenhouse gas (GHG) emissions, and
simultaneously committed to reducing 26% of its GHG emissions by 2030 — from a
starting baseline at its 2013 emissions levels (Wieczorek, 2019).

At roughly 1.25 billion tons of carbon dioxide (CO.) emissions in 2013, a 26%
reduction by 2030 equates to a target for the country to produce no more than 927 million
tons of carbon dioxide annually (Wakiyama and Kuramochi, 2017, p.2). Yet on April 22,
2021, Prime Minister Suga committed Japan to an even more aggressive target of 46%
reduction by 2030 (Takemoto and Takenaka, 2021), and carbon neutrality by 2050 (Japan
Times, 2020a). The Prime Minister announced this commitment despite published
sources (Wieczorek, 2019 and Dong et al, 2017) that predict Japan will not meet its
original annual target of 927 million tons of GHG, or a reduction of 323 million tons of
carbon dioxide annually by 2030. The aim of this research was to develop a system
dynamics simulation model and examine use cases to identify potential renewable
resources that have been overlooked in Japan’s drive to reduce GHG emissions. While
GHG emissions comes from all industries, this research focuses on the electrical utility

industry and the potential replacement of its fossil fuel usage.



1.2 Research Motivation

This research identifies a multi-pronged opportunity to increase Japan’s
renewable portfolio in a niche sector that could directly reduce GHG emissions, while
also building a foundation for social equity through the energy industry amongst the
different prefectures. The goal of this research is to identify photovoltaic (PV) solar
technology, specifically residential distributed energy resources, as a viable and abundant
renewable generation source that Japan has overlooked, and an option that could
potentially contribute to reducing GHG emissions.

Currently Japan uses about 2% of its total generation from nuclear power, while
prior to the Great East Japan Earthquake it made up 26% of the country’s generation
portfolio (Kifune, 2019). In 2019 Japan’s energy plan was to utilize nuclear power at 20-
22% of the portfolio (Kifune, 2019), inferring that nuclear power plant would be
restarted. The new pressure to meet an even more aggressive reduction of GHG
emissions while also reliably delivering electricity could likely motivate the Japanese
government to increase the use of its nuclear power plants which are considered carbon-
free resources. In addition to increasing the use of nuclear power plants, the Japanese
government announced its commitment to invest in offshore wind farms and hydrogen
fuel as key pathways to meet the GHG emissions target. The renewable source that has
not gained any momentum in Japan’s plan is distributed energy resources such as
residential PV systems.

Utilities in Japan have installed a minimal amount of distributed energy resources
due to their transmission and distribution electric lines’ strict voltage requirements in

their regions. The model used in this research does not exhaustively account for all the



technical hurdles of solar generation resources, but it aims to assess the solar generation
potential and GHG impacts resulting if a majority of Japan households were to install
distributed solar generation on their roof. A key assumption in the model is that the
residential solar systems are set in a “self-consumption” mode that does not export
energy back to the electric grid, and a small PV system (2 kW) and storage system
(approximately 8 kWh) are installed at each residence. The reason for such assumptions
is to ensure the electric grid is not critically impacted by distributed energy exported back
to the electric grid. The assumption made here is that all generation from the small PV
system is being consumed and used by the tenant of the house.

This research recognizes the reality that government assistance and equity, not
just in Japan, but worldwide, play a significant role in a successful deployment of
distributed energy resources at the proposed scale. Currently 25% of Japan’s population
is over the age of 65 (Sze-Yunn and Arivalagan, 2020), and will need government
subsidies to offer “equitable” programs rather than “equal” programs to different
prefectures. Said another way, equitable programs means that different programs will not
have equal subsidies. This is to ensure all prefectures including those with a lower GDP
ranking, have a chance to survive and prosper from a renewable energy market. The
proposed new energy policy model developed assumes the need for government
subsidization supports the assumption of smaller PV systems in order to build upon
critical infrastructure in which customers have a choice to expand their system while

contributing to Japan’s reduction of GHG emissions.



1.3 Problem Statement
Japan’s energy policy to reduce carbon emissions is behind schedule (Hof, et al
2016), and predicted to fail meeting its greenhouse gas emissions target of 26%

reduction by 2030 (Dong, et al 2017).

1.4 Thesis Statement
A system dynamics model can be used to analyze the impact of residential solar
systems and assess the cost-effectiveness of residential solar in reducing and meeting

Japan’s greenhouse gas emissions goal by 2030.

1.5 Research Objectives

In the United States every state has the liberty to design its own solar program.
Japan’s national policy, on the other hand, does not allow solar programs to be developed
based on the needs and situation of each prefecture. Currently Japan’s solar programs are
designed by the national government and the price for solar generation is ubiquitous.
Therefore, the new energy policy model proposed in this research continues to utilize
Japan’s existing national energy policy structure for implementation.

The goal of this research is to create a model that each of the 47 prefectures or the
10 major electric utilities in Japan can use to develop individualized strategic plans that
contribute to meeting the national GHG emissions goal. The model may also provide a
tool to assess how government subsidies in the prefectures would correlate to reduction in
GHG emissions. The vetting and validation of the proposed use case model for Japan
could potentially be broadened and optimized for other island nations throughout the
world that are also searching for increased renewable portfolio options that are equitable

to all of their residents.



1.6 Research Questions and Hypotheses
Listed below are three Research Questions (RQ) identified for this research and a
Hypothesis (H) directly linked to each of the Research Question. The direct links are
identified by numeric association.
RQ1: How does solar irradiance vary by geographical region (prefectures) within
Japan? (e.g. less than 20% difference from statistical mean)?
RQ2: How much aggregated solar generation from the residential sector is
needed to reduce Japan’s greenhouse gas emissions by 1%?
RQ3: Are the proposed newly designed residential solar programs more cost
effective (BCR>1.0) than alternative carbon reducing solutions?
H1: Solar irradiance has a percentage variance of less than 20% from the mean of
the 47 prefectures.
H2: Participation in solar programs by at least 70% of the residential sector could
reduce Japan’s 2030 greenhouse gas emissions by 1% of the goal.
H3: The residential solar programs proposed in this research can achieve a BCR

of 1.2 or greater versus the other renewable projects such as hydrogen.

1.7 Scope of Research

While Japan’s de-regulated energy sector continues to move towards one that is
market-driven, this research focuses on the potential impact the ten major utilities could
have in reducing the country’s GHG emissions and accelerating the energy sector’s
integration of renewable energy. The scope of this research is to provide an assessment
of Japan’s entire energy sector and not just one solution for a particular utility or region.

A key objective is to specifically assesses the GHG emissions reduction impact of



Japan’s residential sector if it allows prefectures to receive differing amounts of
government subsidization for its residents. Identified limitations and assumptions
considered in the model are discussed in Section 1.8.

A clear comparative analysis is essential to validate whether regional
customization is necessary to meet the GHG emissions goals, or if a generalized program
for the county is sufficient. The option for national government driven photovoltaic (PV)
solar programs is a feasible solution since Japan has only ten major utilities; the United
States in comparison has over 3,000 electric utilities. A national government driven
energy policy approach would be further corroborated if there are limited differences in
solar irradiance between the 47 prefectures. There are different sources of GHG
emissions throughout Japan, but this research focuses on the ten major electric utilities’
annual COz emission factor as the method to calculate the GHG emissions potentially
replaced by solar energy.

To assess Japan as a country in its entirety, the research model uses a bottoms-up
analysis that collects key prefecture level data such as archived weather station solar
irradiance and housing information. An order of magnitude estimate of solar energy is
calculated at the required time interval of choice by using the number of homes available
for solar installation in each prefecture. The amount of solar energy that is modeled is
then converted to the order of magnitude equivalent amount of GHG emissions reduction
achieved. With respect to the considerations for government subsidization of the
developed programs, the model incorporates an input variable to assess how a national
government subsidy would potentially impact a deployment of residential PV systems

with battery storage.



1.8 Research Limitations

The beginning of this research was the compilation of the prefecture data (both
solar and housing) in the 47 prefectures in Japan. The objective of the data collection is
to investigate and compare how the ten utility regions differ, if at all, in their current
GHG emissions and potentially different contributions/impacts to the residential PV
system deployment.

This research examines the potential residential solar generation contribution to
reduction of GHG emissions, but does not investigate the actual PV installation
feasibility or integrity of the roof for each individual home. Though beyond the scope of
this research, it is important to note that anecdotally many homes in Japan are older and
may not be suitable to install a solar system at present. Furthermore, Japan currently has
8 million unoccupied homes, many located in the rural areas of the country which are
also facing an aging population and people moving to urban cities for job opportunities
(Batarags and The, 2021).

This research does not exhaustively analyze all the limitations such as aging
infrastructure and voltage requirements Japan must follow for its distribution lines. Some
of the utilities in Japan have already halted any addition of residential PV systems
because of these restrictions. As a mitigation use case, the research focuses on a non-
exporting system that limits the size of the PV system but does not have to be concerned
with exporting energy back into the aging infrastructure.

The research examines the order of magnitude of the solar energy impact from the
residential sector, and in doing so the analysis is based on a simple assumption of solar

panels installed on a flat rather than tilted surface. Most home installations in Japan



would be on roof tiles facing either the east or the west, though again the goal of this
research is to obtain an order of magnitude estimate rather than the precise solar energy
potential of actual rooftops in different prefectural areas. The research also does not take
into consideration the potential degradation of the solar panels or the battery over time.
Hence this research utilizes a system dynamics method which is a simulation tool rather

than a prediction model tool.

1.9 Organization of Praxis

This research is organized into five general sections with the first section
providing the Introduction. Chapter 2 comprises of the Literature Review for various
topics related to the research such as global energy policies, CO2 modeling and analyses,
and system dynamics modeling of PV systems. Chapter 3, Methodology, defines and
explains the system dynamics model used and covers the various data and sources used.
The use cases simulated by the system dynamics modeling tool Vensim are defined in
Chapter 4, and the Results are provided using the data sets identified in Chapter 3.
Lastly, Chapter 5 presents the research findings and conclusion along with a discussion of
future research on this topic. The Appendices catalog and summarize references and data

sources that are presented in comprehensible data sets.



Chapter 2—L iterature Review

2.1 Introduction of Literature Review

Economic growth increases with people’s consumption of energy. Whether it be
manufacturing, managing a hotel, or operating a commercial building, electricity is
needed for our daily lives. But as CO, emissions continue to increase because of the
need for economic growth, the countries that committed to the Paris Agreement in 2015
must now balance how that energy is generated. In 2016 following the signing of Paris
Agreement, the U.S. Energy Information Administration (EIA) estimated that states’
energy demand would increase 48% between the years of 2012 to 2040 (Lahiani, Sinha,
and Shahbaz, 2018, p.158).

The national governments around the world are now interested in new, innovative
development in order to rely less on fossil fuel, and to offer domestic economic
development opportunities through industrial growth and job creation (Carley et al,
2017). The natural progression away from fossil fuel is trending towards renewable
energy. Over the span of 1990 — 2010, 164 countries were analyzed, and the research
concluded that the primary driver of the renewable energy market growth was largely due
to having a national level policy supporting renewable energy (Carley et al, 2017).
Though the regulation of the electric sector varies amongst countries, the first step to a
path to renewable energy acceleration and deployment needs to start as a government
policy.

This global drive pushing the path of energy innovation has resulted in more

decentralized instead of centralized power systems — Japan being no exception. Since the



liberalization of retailing markets began in 2016 more than 400 new retail power
companies have been licensed to operate in Japan, a significant change from the
traditional ten major electric systems (Wieczorek, 2019, p.7). That said, only 8% or so of
all customers have switched over to these new retail options from the original ten electric
companies, implying that the demand has not responded to the choices of supply as of
2017 (Wakiyama and Kuriyama, 2018, p.307). Because Japan’s residential market has
not quite adapted to the change even after a decade, this research therefore proposes a

national level renewable energy policy focused on the ten major electric utilities.

2.2 Global Commitment to reducing GHG

The top ten CO, emitting countries are responsible for 68% of the global CO>
emissions (Dong et al, 2017, p.1295). The countries that agreed upon the Paris
Agreement agreed to keep the increase in global temperature below 2 deg C with a target
of 1.5 deg C (Ziemele et al, 2017). From the United Nations’ Environment Programme
(UNEP) emission gap report, in order to keep the world temperature from increasing
another 2 deg C the median emission level must be 42 gigatons of equivalent carbon
dioxide (GtCOzeq) by 2030 (Hof, den Elzen, and Beltran 2016, p.376). GtCO2eq is the
unit used to measure the world-wide level environmental impact of all GHG in terms of
CO.. Japan, which is a country the size of California, is the sixth largest GHG emitter in
the world and therefore their commitment to reduce their emission is going to play a key
role in achieving the goal of the Paris Agreement (Sugiyama et al 2018, p.1120).

Economists and researchers have identified an asymmetric relationship trend
where an increase in renewable energy consumption leads to an increase in GDP and

creates the benefit of a decline in CO2 emissions (Lahiani, Sinha, and Shahbaz, 2018).
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One of Lahiani’s key messages for policy makers to recognize is that every country is
different, and that while some common principles may be applied for reduction of GHG,
country-specific strategies are perhaps more important (Lahiani, Sinha, and Shahbaz,
2018, p.185). For example, generating electricity and heating are responsible for nearly
25% of the current GHG emissions (Hoekstra, 2017), and therefore some countries could
meet reduction target by focusing their policy on the heating industry. In other countries
forestry activities are often lower in mitigation costs with potentially higher CO2 impact
through land use rather than reducing emissions by other methods — this is the case for
Brazil, Indonesia, Australia, New Zealand, and Russia (Hof et al, 2016, 381). For a
geographically small but high-density population country like Japan, forestry activities
may not be the greatest of option but nevertheless should be investigated in vetting the

best national policy to meet its GHG reduction goal.

2.3 Carbon Dioxide (COz2) Modeling and Analysis

Many researchers over the years have performed CO; impact modeling to
determine how much GHG emissions could be reduced in the analyses in global scale, by
country, and even by smaller regional areas. According to one predicted model, the
results show that amongst the top ten CO2 emitters, China, India and Russia would
achieve their carbon emission goals, while a shortfall is predicted for USA, Japan,
Germany, and South Korea (Dong et al, 2017, p.1300). This research could not identify a
concrete trend that could be referenced as a benchmark to implement CO. reduction
targets because there were many widely different variables that could impact each
country (Dong et al, 2017, p.1294). While there may not be a singular global trend,

researchers concluded that for Japan improving the energy mix, such as increasing the
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percentage share of renewable energy and reducing the share of fossil fuels, is key to
achieving its CO, emissions target (Wakiyama & Kuromachi, 2017).

Researchers focused on Japan’s energy portfolio because CO2 emissions from
fossil fuels and industrial processes account for 90% of Japan’s total GHG emissions,
which is the highest ratio compared to other GHG emitters (Sugiyama et al, 2018,
p.1122). The amount of CO2 reduced by solar panel systems could be assessed by
calculating from the CO> emission of electricity generated by fossil fuel. This isa
relatively a simple calculation as fossil fueled generators are still managed by the original
ten electric utilities and account for the majority of CO, emissions. All ten of the major
electric utilities calculate and annually post their CO2 emission factor (kg-CO2/kWh) on
their websites — a more carbon neutral utility would have a lower factor, while a utility
that heavily relies on coal would have a higher factor. Therefore, each region in Japan
would have a different profile as some areas may prefer coal over natural gas and other
fossil fuels. Nuclear power plants are considered low carbon emitting generation sources
and therefore the CO, emission factor would decrease by re-starting currently suspended
nuclear power plants.

Globally, the goal to reduce GHG emissions by 5 GtCO.eq per year would cost 1-
2% of the world’s GDP, which is roughly 1 trillion dollars per year (Randers et al, 2016,
p.843). Japan’s target GHG emissions reduction in 2030 by the electric sector is a carbon
intensity of 0.37 kg-CO2/kWh — since 2013 Japan has been at 0.57 kg-CO2/kWh
(Taniguchi-Matsuoka et al, 2020, p.6). Quantified another way and compared against its
2013 baseline, Japan’s 2030 target is to reduce CO2 emissions by 308 MtCO: and to be at

a level of 927 MtCO> (Wakiyama and Kuramochi, 2017, p.2). While clear quantification
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was never defined, researchers estimated that out of the 927 MtCO., the residential sector
accounts for 122 MtCO; of the total (Wakiyama and Kuramochi, 2017, p.2). Another
source estimates the residential sector accounts for 15% of the total CO2 emission
(Kifune, 2019, p.152), which equates to 139 MtCO. and within an order of magnitude of
the 122 MtCO; quantification by Wakiyama and Kuromachi. Kifune mentions that
energy efficiency implementation for household appliances and installation of solar
panels could achieve ZEH (net-zero energy house) for the residential sector.

Researchers have used a multi-model assessment (six different models) to assess
the long-term climate mitigation policy of Japan that focuses on the energy sector and
industrial sector. However, as is the case with other research, even the thorough multi-
model research did not account for GDP, population, and other socioeconomic
assumptions (Sugiyama et al, 2018). This praxis attempts to account for the GDP
impacts and socioeconomic situations of the different prefectures, while concurrently

quantifying the potential role of the residential sector in GHG emissions reduction.

2.4 Japan and its Energy Policy

Japan’s significant lack of its own natural resources is a key reason it is the
world’s second largest net importer of crude oil, and therefore highly sensitive to
fluctuations in oil prices. The country instituted its 3E+S Policy to diversify its
alternative resources (Wieczorek, 2019). A regional study that summarizes the
renewable energy potential, how much has been realized, and prefecture’s usage

(demand), is performed annually to assess Japan’s potential to successfully implement the

3E+S Policy (See Figure 2-1).
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Figure 2-1. Japan’s Renewable Potential by Region (Wakiyama & Kuriyama 2018)
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A discrepancy of potential supply and demand is clearly shown in areas like
Hokkaido and Tohoku which have large renewable power surpluses and comparatively
less power demands, while Tokyo, Chubu, and Kansai regions have high power demands
with low potential for renewable energy (Wakiyama & Kuriyama, 2018).

Japan is made up of many islands with a combined geographic area the size of
California, and therefore it is very natural to assume that the high renewable potential
areas could be utilized for the high demand areas. However, one of the most significant
lessons learned from the Great East Japan Earthquake is that each region has a vertically
integrated utility which made it physically impossible for other regions to support regions
in need (Wakiyama and Kuriyama, 2018). By decentralizing the original ten utilities
more flexibility had been expected. Unfortunately, the transmission capacity is still
hindering the increase in large-scale renewable power to support the vulnerable areas
(Wakiyama and Kuriyama, 2018, p.304). Analysis shows that Japan’s renewable
potential is high enough to achieve the required GHG emissions reduction target, but the
government must align its policy and support its mission (Wakiyama and Kuriyama,
2018, p.310).

After the Great East Japan Earthquake, the Japanese government implemented a
policy reform to foster an environment that embraces renewable energy (Nakano, Arai,
and Washizu, 2017). The goal of the policy was to: (a) expand the power network, (b)
deregulate generation from the sale of power, and (c) ensure transmission and distribution
of electricity is neutral from generation. While the current energy infrastructure in Japan

is rigid and strict, there is a vision for a smart grid that will be the new cog of economic
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development opportunities leading the way in information services, security services, and
the energy sector (Nakano, Arai, and Washizu, 2017).

Japan has backed its commitment to GHG emissions reduction through its
commitment to renewable energy, however its subsidization has had severe cost
implications and has affected overall economic growth (Lahiani, Sinha, and Shabaz,
2018). Yet Japan’s solar and wind generation costs continue to be significantly higher
than that of other countries (Sugiyama et al, 2018). Proper policy alignment is required
to correct the asymmetrical development of increased renewable energy and decreased
economic growth (Lahiani, Sinha, and Shabaz, 2018). Because of such cost hinderances
and a tight deadline to meet the GHG emissions reduction goal, Japan may resort to
relying on nuclear energy as the pathway to meet its target. From the Japan
government’s perspective, its energy policy would continue to serve 20% of future
generation with nuclear energy (Wieczorek, 2019). Aside from the obvious community
backlash, the nuclear pathway is not a clear or easy path. As private Japanese
engineering companies invest less in nuclear energy and nuclear subject matter experts
continue to retire, Japan may be challenged to achieve a carbon neutral portfolio if it
heavily relies on nuclear generation. (Wieczorek, 2019, p.9).

Earlier, an asymmetric relationship between economic growth and decreasing
GHG emissions stemming from increased renewable energy was mentioned. Japan
constitutes a rare exception to this asymmetric relationship as their feed-in-tariff (FIT)
program did increase the renewable energy portfolio, but its rise in continuing
subsidization is having severe cost implications to the rate payers which in turn affects

the economic growth in recent years (Lahiani, Sinha, and Shabaz, 2018, p.165). This
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praxis accounts for these past lessons learned in its analysis of the type of subsidies that
would result in a long-term cost-effective benefit to all the customers.

The key to increase renewable power without jeopardizing the burden of who
pays for the subsidization, and leading the investment into economic growth, requires a
detailed understanding of the flow of the service and the money that is involved in the
renewable implementation. A typical monetary and service flow of all the components
involved in the generation coming from a solar panel system is given in Figure 2-2. An
industry’s economic growth potential is not limited to just the installation of the system,
but rather throughout the lifecycle of the system from point of sale of generated

electricity through maintenance services for the PV panels that vendors could provide.
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Figure 2-2. Monetary and Service Flow (Mukai et al, 2014)
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A typical residential customer may not comprehend the complexity of a rooftop
system, how it should be managed, and how it impacts their electric bill. With the boom
in the solar industry for the last ten years, interested innovators and early adopters have
already invested in a solar system by now. Therefore, it is critical that a residential solar
program is simple, customer-focused, and driven by a policy that is established early on,
S0 it guides the early majority and late majority group, thus resulting in a successful
adoption. Annual energy consumption per household indicates that electricity usage is
relatively uniform across the Japan region (Taniguchi-Matsuoka A., et al 2020, p.7).
Japan’s average solar radiation is 13.7 MJ/m? (Kakimoto et al, 2014), however this praxis
uses more granular daily solar irradiance data from the prefectural region to calculate the
GHG emissions reduction potential. Based on this information, the work focuses on the
difference in solar irradiance by region but assumes uniform residential customer usage
(kWh) for all regions.

Through energy efficiency and home energy management systems, it is estimated
that Japan could reduce 15% of its energy consumption by 2030 (Wakiyama and
Kuramochi, 2017, p.5). While the analysis indicates the residential sector could play a
significant role in Japan’s CO2 emissions reduction, the researcher infers additional
incentives are required to achieve the 15% reduction (Wakiyama and Kuramochi, 2017,
p.5). During the literature review on energy consumption, published information on the
potential impact of solar panels in the residential area for Japan was significantly scarce.
Thus, the focus of this research is to investigate this impact the residential sector may or

may not have to help meet Japan’s GHG emissions reduction target.
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In addition to its commitment to reduce GHG emissions, Japan is also focused on
deploying smart meters throughout the country to enable time-of-use rate structures such
as dynamic price and critical peak pricing to encourage residential customers to think
more about electricity usage (Ida, Murakami, and Tanaka, 2016). This future
development further drives the need for a solar generation and battery storage policy so
customers will be able to respond and accept the different emerging pricing programs.
As discussed in this chapter, focusing just on increasing renewable energy sources does
not necessarily correlate to a reduction in the reliance on fossil fuels or the need for

energy policy to be in place (examples: regulation and pricing mechanism).

2.5 Japan’s Renewable Programs

Renewable projects such as “mega-solar” (a large-scale solar farm) have shown to
improve the social equity levels by closing the gap between the rich and the poor
(Chapman and Fraser, 2018). Social equity in this instance is defined as the fairness of
the distribution in cost and benefits by looking at health impacts, electricity rates,
employment opportunity, community development, and reduction of GHG emissions
(Chapman and Fraser, 2018). This research assesses similar impacts at the residential
sector level by utilizing individual rooftop solar programs.

A study in 2002 argued that donor subsidies may negatively impact emerging
markets because customers are then conditioned to expect products to be highly
subsidized or free, which could delay the maturation of a competitive market (Carley et
al, 2017, p.401). Historically the Japanese government has issued capital subsidy as early
as 1994 where nearly 50% of the PV cost was subsidized. By 2005 the subsidy dropped

to roughly 15% and was stopped in 2006 (Hsu, 2012, p.206). During this period Japan
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became a global leader in PV deployment, but as Carly predicted in the 2002 study, the
growth substantially fell when the subsidies ended until FIT was re-introduced in 2012
(Hsu, 2012).

The FIT program created a new motivation for customers to conserve as much as
energy as possible so they could sell it back to the utility at a premium price for up to 20
years (Ogimoto et al, 2013). The surplus electricity rate of 42 ¥/kWh was the same
across the entire country for the residential sector (Ogimoto et al, 2013). This resulted in
a sharp increase of solar PV systems installed between 2012 and 2016 totaling 30.7 GW
(Wakiyama and Kuriyama, 2018). While the FIT program has an export rate guaranteed
for 10 years (system must be less than 10kW) that is higher than the standard retail
electric rate, the policy also has a technical requirement to abide by the demand-supply
balance limit and transmission-distribution capacity limit (Ogimoto et al, 2013).

Because of the dynamic landscape of Japan’s energy industry, from renewable
technology price changes, increased electric costs from original FIT programs, and
decentralizing of electric system with hundreds of retail options to name a few, the
country’s future growth in renewable energy is less certain and cannot be based on past
trends or performance. When the FIT price was high and profitable for the private sector,
many researchers theorized early on that the actual renewable energy growth could
outpace the goal of policy makers and regulators (Hsu, 2012, p.206). This has been
proven true throughout the world, and countries like Japan have an extremely high green
surcharge fee that continues to increase every year.

Through a program such as FIT, the solar industry had the highest investment, but

also various fluctuations on the generation side, so going forward with new technology
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such as a smart grid will be a key to the future electric grid (Nakano, Arai, and Washizu
2017). And as Japan is expected by their energy plan to increase their solar power
generation from 13GW to 64GW by 2030 (Ida, Murakami, and Tanaka, 2016), new
renewable programs will have to adapt to adding more of these types of variable
resources. Research and studies will be valuable inputs to provide the best opportunity.

For example, a study in Kyoto city concluded that social conditions such as
densely built areas with small, detached houses correlated to limited adoption of PV
systems (Kosugi, Shimoda, and Tashiro, 2019). Though the uniformity of the homes in
Kyoto is a favorable aspect with respect to program deployment, the very “culture of
conformity” in Japan is what likely posed a barrier to convince a resident to be the first
participant. In the same vein, if that initial barrier of a first participant can be overcome,
then it’s likely that it could potentially trigger a fast adoption amongst the neighbors.

Another example is a 2016 pricing program study that concluded that PV owners
under a dynamic pricing program reduced their overall energy usage by 3-4% which
seems significant but is only about 25% of the effect seen by households without solar
systems on their roof (Ida, Murakami, and Tanaka, 2016, p.85). A combination of a
pricing program and solar program does not always guarantee the most impact in
reducing energy consumption.

An input-output analysis model in 2017 concluded that if the FIT program ended,
the greatest increase in price ratios would be from renewable sectors, especially in the
residential solar sector, for an increase of 250% (Nakano, Arai, and Washizu 2017,
p.568). A 1 MW solar farm when deployed could take up 0.5 — 1.0 hectare per MW

(Chapman and Fraser, 2019). The need for a large land area per MW could have a
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significant economic, environmental, and social impacts to Japan’s societies. Areas such
as Hokkaido and Tohoku have a high renewable potential (plentiful land) with low power
demand and yet as of 2016, those regions still rely highly on fossil fuels for their
electricity generation (Wakiyama and Kuriyama, 2018). And for areas that are already
highly saturated with renewable resources, such as Kyushu, the region’s power
generation could surpass the demand thus requiring storage to capture the additional
renewable integration (Ohtake et al, 2018).

The power generated by rooftop systems, even with smart meters, is not directly
measured in real time therefore creating a safety risk for grid operators (Ohtake et al,
2018). This lack of bi-directional energy generation information significantly impedes
the safety assessment at both the distribution level and system level grid management.
Japan has generally had more restrictions on exporting energy back to its electric grid.
Other places such as Hawai‘i have performed a more thorough analysis of the impact of
rooftop solar by the United States’ national lab (NREL, 2018). Hawai‘i is ranked #1 in
the United States for the most solar installations per capita with 6,403 installations per
100,000 (Solarpower Guide, 2021).

Over the years researchers have studied the “neighbor effect” in the United States
and Japan, which is where an installation of solar systems in a district increases the
probability of additional solar installation in the same district (Kosugi, Shimoda, and
Tashiro, 2019). The same simulation analysis indicated that a steady growth in solar
system deployment occurs in areas that are convenient for daily life defined as spacious
living environments with low population density, and yet still had a large representation

of households with children (Kosugi, Shimoda, and Tashiro, 2019).
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2.6 Background of System Dynamics Model (SDM)

The System Dynamics Model (SDM) is a simulation and analysis tool that
analyzes the behavior of a complex system where individual components vary under
different scenarios over time. It is a method to address system complexity through
nonlinear dynamics and feedback control (Leopold, 2016). The prevalence of SDM has
increased in the energy sector as a tool that provides decision support models through the
inclusion of complex descriptive and quantifiable concepts in the simulation (Leopold,
2015). Most SDMs approach the energy paradigm via a simplistic view, though recent
research recommends a complementary modeling in addition to the traditional approach
(Spittler et al, 2019). A single model may not answer all the questions, and therefore
understanding what types of models will provide a specific answer is key to analyze the
current energy paradigm. This praxis uses the SDM to analyze the potential GHG
emission reduction from Japan’s residential sector as one specific case study.

As SDM gains popularity it will require validation of the model and the results of
the analysis for energy case studies. Supporting literature indicates that the confidence of
a model will depend more on its structural than behavioral validity (Qudrat-Ullah and
Seo Seong, 2010). Structural validation tests the model in extreme conditions and tests
parameter sensitivity, while behavioral validation checks that the model’s output matches
to historical data. (Saysel and Hekimoglu, 2013). Behavioral validation of an SDM
analysis on new subject matter that lacks prior research could pose the challenge of
setting inferred assumptions in order to provide the validation; this is not an ideal

approach to increase the confidence of the SDM.
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The next section describes the various models and examples where SDMs were
used in the energy sector. This section supports the use of SDMs as the appropriate tool
in the context of this praxis, and is be used to develop a residential solar program to
reduce GHG emissions in Japan, an analysis with little or no prior research literature. In
this case study system dynamics modeling is not intended as a prediction model, but
rather a tool that utilities and policy makers can experiment with to analyze the potential

of residential rooftop solar systems in Japan.

2.7 Examples of Energy SDM

Researchers have relied on SDMs to simulate and test concepts, and to analyze
and evaluate challenges in the energy sector. SDMs used in the energy sector so far have
been used to analyze:

1) What drives the energy policy at the national level,

2) From investors’ perspective to assess return on investment,

3) Generation capacity model to assess the ever-changing market, and

4) Subsidization of renewable energy technology to accelerate deployment.

At the global level, an example of system dynamics modeling was used to
conclude that cutting the world’s CO2 emissions by one third achieves the goal of
keeping the warming below +2.0 deg C (Randers et al, 2016). Other analyses were
typically performed at the national level. SDMs have also been used for non-country
specific analysis such as one source where a Markov model concluded the ideal storage
size was a battery that would power a home for 1-2 days to optimize days from

insufficient supply (Kakimoto et al, 2014).
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An SDM analysis with strong parallels to this research was conducted in 2012 for
the country of Taiwan. That 2012 research analyzed the correlation of a solar PV
system’s energy generation to CO2 emissions reduction; it showed that a proper FIT
pricing model or capital subsidy could lead to an accelerated integration of solar systems
installed (Hsu, 2012). In 2013, SDM was used to analyze Spain’s solar energy market
model and concluded yet again that government subsidies are essential to a market’s
success (Movilla, Miguel, and Blazquez, 2013).

Researchers have used SDMs to analyze electricity diversification potential by
assessing the planning phase and construction period for the country of Malaysia. This
allowed the researchers to concurrently investigate the potential of different renewable
energy sources (Ahmad and Mat Tahar, 2013). Malaysia’s research concluded that short-
term objectives are not financially feasible, and therefore focus should be placed on
medium and long-term goals where generation potential from solar ranked as the model’s
highest output by the year 2050 (Ahmad and Mat Tahar, 2013).

In another SDM example, researchers performed a CO2 emission analysis from
district heating systems for the country of Latvia (Ziemele et al, 2018). Using stocks,
flows, and feedback loops with causal relationship, the research concluded that Latvia has
a substantial potential to reduce CO. emissions through district heating systems.
However, the results were highly dependent on the financial incentives such as
government subsidies and tax credits (Ziemele et al, 2018). Another SDM CO; model for
Turkey indicated CO2 emissions tripling in the last two decades and research utilizing an

SDM shows that renewable energy sources with policy options such as feed-in-tariff,
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investment subsidies, and carbon taxes can lead to a 50% reduction of emissions (Saysel
and Hekimoglu).

Most of the examples did not take into consideration the topography of the
residential land or the roof design (including the tilt angle), because there was no
published data on these types of configurations. Some research did get very specific such
as a South Korea study which focused on analyzing the potential impacts of installing

solar panels on high-rise apartment structure (Park et al, 2020).

2.8 Summary and Conclusion of Literature Review

The energy sector, especially renewable energy and GHG emissions, comprises
some of the most popular topics covered in the research throughout the world.
Minimizing the GHG emissions is a global topic since the success of an individual
country will not halt the concern of increase in global temperatures. Commitments such
as the Paris Agreement are going to be important to create accountability and
empowerment for the top CO2 emitters to make a conscientious effort to reduce their
output while still maintaining their economic strength.

Japan does not lack energy topics to research, from their nuclear power plants,
FIT programs, and the reduction of GHG emissions. What has been found lacking is
research that uses an SDM with Japan-specific data that is readily available from the
government sites. This praxis aims to bridge prior research to the application of different
use cases to examine how Japan could expand its renewable energy portfolio in the
relatively small sector of a residential rooftop solar. The research further attempts to build
a pathway to improve the imbalance of social equity currently present amongst the 47

prefectures in Japan.
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Chapter 3—Methodology

3.1 Research Approach

This research proposes a multi-pronged opportunity for Japan to increase its
renewable energy portfolio in the residential sector to reduce GHG emissions, while also
building momentum for equity amongst its different prefectures.

As presented in Chapter 1, this research seeks to answer three Research Questions
and a Hypothesis statement for each question. The first research question is statistical
and asks how much of an effect the geographical region in Japan has on the output of
solar irradiance; is it less than a 20% difference from the national statistical mean? The
answer to the deviation in solar irradiance will provide guidance on whether a standard
sized PV system could be installed throughout the country, or whether differently sized
PV system are required due to the varying amount of sunlight prefectures receive. This
research hypothesizes that the majority of solar irradiance has a variance of less than 20%
throughout Japan and therefore the same sized PV system could be proposed nationwide.

The second research question directly relates to the scope of assessing the amount
of solar energy that is needed from the residential sector to reduce Japan’s target GHG
emission by one percent. The research only targets a one percent impact because
empirical information indicates that it takes a significant number of solar panels to
achieve what a single fossil fuel power plant or nuclear power plant can generate. To
generate 1,000 kW of solar power, roughly 13,000 m? of space is required which is
roughly the size of a baseball field (Imaizumi, 2011, p.107). This praxis attempts to

assess a realistic impact goal for the residential solar PV market in Japan. It hypothesizes
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that a high participation of at least 70% of the residential sector would be required to
reduce Japan’s 2030 GHG emission by one percent of the goal.

The final research question asks if the proposed concept is cost effective
(BCR>1.0) compared to other alternative decarbonizing solutions. If the analysis to
address this question demonstrates that an aggregated residential PV system solution can
reduce GHG by an impactful amount but costs more than other solutions, it should not be
considered a good option. This praxis hypothesizes that the proposed residential solar
programs could achieve a BCR of 1.2 or greater compared to other renewable projects
such as a hydrogen fuel solution.

The sections of this Methodology chapter cover the assumptions, available data,
and multiple analyses to test the three research hypotheses. In addition to testing the
hypotheses, the validation steps taken to vet the simulation model’s output are also

described.

3.2 System Dynamics Model

The simulation used in the analysis utilizes a system dynamics model (SDM) to
assess the GHG emission reduction attributed to an increase in residential PV systems.
SDMs are gaining popularity in the energy sector as a tool that provides decision support
modeling through the inclusion of complex descriptive and quantifiable concepts
(Leopold, 2015). The SDM method allows one to simulate the impact by setting a
duration of time of choice (example: year, month, or day). In addition to the simulation
over time, the tool allows users to change the value of various variables and

simultaneously test different use cases and analyze their impact.
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Figure 3-1 shown below depicts a basic process flow of the research model.
While there are many variables (expressed as individual boxes), the variables that are
adjustable are limited (shown in white boxes) because some of the input variables (for
example: Solar irradiance data and GDP ranking) are directly input from published
information and are not be altered for this research (represented as blue boxes with round
edges). Blue boxes with sharp edges are variables that contain equations and therefore
calculate an output. The actual model created for the Vensim software tool for this

research is discussed in Section 3.4.
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Figure 3-1. Basic System Dynamics Model of this Research
3.3 Data Assumptions and Analyses
Access and availability of data is required to perform the calculations and analysis
to answer the research questions and test each hypothesis. Japan’s government and key
electric utilities have archived these key data for public use, going back over 30 years,
making this research possible. Historical data for solar irradiance and single-family

housing data can be used to simulate the potential quantity of solar generation by
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individual prefectures. The model is used to assess the effect government subsidizations
could have to stimulate the deployment of renewable energy within the residential sector.
(See Section 2.7 for more details regarding impact of subsidization to renewable energy.)
Recent published CO; emission factors from Japan’s ten major utilities was applied to
calculate the amount of potential GHG emission reduction due to the deployment of solar
PV generation. The next subsections provide additional details regarding the various data

used in this research model.

3.3.1 Solar Irradiance

A three-pronged test of solar irradiance, analysis of variance (ANOVA),
coefficient of variance (CV), and percent variance calculation, is used to determine the
validity of Hypothesis #1. Hypothesis #1 theorizes that the variance of solar irradiance
for the 47 prefectures is less than 20% from the average mean throughout Japan. If
Hypothesis #1 is validated, it supports the use of a national standard size PV for Japan’s
residential sector. The methodology explained below first describes how the required
data are gathered and the proxies used to complete them, and then discusses the tests that
are performed.

The Japan Meteorological Agency (JMA) website provides access to download
different types of weather data such as precipitation, temperature, and solar irradiance
(MJ/m?). Appendix A summarizes the solar irradiance data set (JMA, 2020). Figure A-1
depicts how a user selects their choice of prefectures to download. Figure A-2 shows
how a downloaded “.csv” file appears, in which Column 2 is solar irradiance by date and
Column 3 is the average solar irradiance value over the last 30 years. For prefectures that

do not have a weather station and are therefore missing solar irradiance data, an average
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irradiance of nearby prefectures is used to generate a full data set. On the other hand, for
prefectures such as Hokkaido and Okinawa where multiple weather stations exist, an
average value of the weather stations is taken to generate the prefecture’s solar irradiance
data set. Lastly Figure A-3 depicts the compiled solar irradiance data set of the 47
prefectures.

Once the data were complete, Hypothesis #1 was tested using the solar irradiance
data for all 47 prefectures. The data set’s variance was analyzed to determine if the
majority of the prefectures have a solar irradiance difference of less than 20% from the
average (mean value).

A three-pronged test to analyze the variance starting with ANOVA was
performed. ANOVA test was performed by looking at the annual average of the solar
irradiance which was calculated for each prefecture to test if the differences between
prefectures are statistically significant. This research performed an ANOVA test with
2020 solar irradiance data and repeated it with the 30-year average solar irradiance data
to verify if there are any significant difference between any two data sets. Following the
ANOVA test, the CV was computed to verify the level of dispersion about the mean of
the solar irradiances of the 47 prefectures. Lastly, to test Hypothesis #1 the summation of
the daily solar irradiance data for each prefecture was used to calculate the variance
percentage. This research focused on the annual solar energy production which is why
the daily variance in solar irradiance is less relevant.

In summary, the results of the three-pronged test analyzing the Hypothesis #1
with solar irradiance provides guidance on whether a standard sized PV system could be

installed throughout the country.
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3.3.2 CO, Emission Factor

The GHG emissions calculation is focused on the emissions of fossil-fueled
power plants in the ten major electric utilities. Every year the ten major electric utilities
in Japan publish their latest CO emission factor based on their portfolio of generation.
The COz emission factors (2016-2020) are summarized in Appendix B. As observed in
Table B-1 the CO2 emission factor ranges significantly by each utility. A typical coal
power plant in Japan has a CO2 emission factor of 0.864 kg-CO2/kWh, and therefore an
assumption could be made that Okinawa Electric Power Company (0.810 CO2/kWh)
probably has a high reliance on mostly coal generation compared to the other utilities
(Kifune 2019, p.45). The more carbon neutral a utility’s generation resource is, such as
solar energy and wind energy, the lower the CO, emission factor will likely be.

In order to meet the 2030 GHG emissions reduction target, it is estimated that
Japan’s CO. emission factor must be around 0.37 kg-CO2/kWh (Taniguchi-Matsuoka et
al, 2020, p.11). As indicated in Table B-1, out of the ten utilities, Kansai Electric Power
Company (0.340 CO2/kWh) is already below Japan’s national emissions target. Kyushu
Electric Power Company in 2019 was also at the threshold of 0.370 CO2/kWh, but in
their latest update their CO2 emission factor had increased to 0.479 CO2/kWh (See Table
B-1). However, it is important to note that even if the ten electric utilities achieve the
emission target goal, it does not meet the country’s overall GHG emissions reduction
target goal since other sectors such as transportation and industrial manufacturing would
also need to reduce their carbon emissions each year.

The challenge of grouping the ten major electric utilities together is because the

47 prefectures in Japan are not always delineated by their physical prefectural borderline.
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Instead, most of the utilities are separated by the major island that they manage.
However, on the main island of Honshu there are several major utilities managing the
electric grid. Table B-2 groups the 47 prefectures into the ten utilities only for the
purpose of this research. For this research, analyzing the exact split between the utilities
and prefectures was not deemed critical to gauge the impact of housing, solar energy
potential, and its GHG emissions reduction.

The COz emission factor for each utility is not easily calculated because it requires
an in-depth knowledge of each of the power plants, and how each utility prioritizes them
in the generation stack. Therefore, this research uses the latest available CO2 emission
factor published by the ten major utilities (2019 - 2021) to calculate the amount of CO-
that could potentially be replaced by the increased level of solar energy. As discussed in
the Chapter 2 Literature Review, Japan’s 2030 target is to reduce CO; emission by 308
MtCO:; to be at 927 MtCO; (Wakiyama and Kuramochi, 2017, p.2). Using ratios to
calculate, if 308 MtCO- represents a 26% reduction, the 1% emissions reduction target of
this research equates to a goal of reducing GHG emission by approximately 11.8 MtCO

(11.8 million tons of CO»).

3.3.3 GDP Ranking

As discussed in Chapter 2 Literature Review, even after more than a decade of
accelerated increase in renewable energy, some type of government subsidization is still
recommended to further accelerate deployment of more renewable energy resources.
Most governments are motivated to provide such subsidization because past records have
shown an increase in economic development through the emergence of a new renewable

energy industry. For a country like Japan with a low deployment of customer-sited PV
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system compared to other global areas, this could be deemed as an opportunity for new
growth.

To frame this as a new growth opportunity, the first step is to understand the 47
prefectures’ GDP distribution. Tokyo prefecture is responsible for the bulk of the GDP
of Japan in which 18% of the country’s GDP is from Tokyo alone (JCO, 2017). The next
top five prefectures are responsible for 43% of Japan’s entire GDP (JCO, 2017), as
shown in Appendix C - Table C, the summary of prefectural GDP rankings. The goal of
this research is to propose a new energy policy based upon a subsidization disbursement
method that ensures lower GDP ranking prefectures have a greater, and therefore
equitable, opportunity to install a residential PV system. The subsidization could support

prefectural economic growth that could lead to more socioeconomic equity for Japan.

3.3.4 Housing Information

The Japanese government’s portal site e-Stat has an archive of published housing
data that is publicly available, and the source of the residential housing data used in this
research. This research used 2018 housing data which was the most recent time Japanese
government performed a Housing and Land Survey (e-Stat, 2018). See Appendix D -
Figure D for a screenshot of the count of single-family homes (denoted as Detached
homes in figure) available in each prefecture as extracted from the e-Stat site. Note that
some of the homes in the count already have a PV system already installed — refer to
Figure D’s fourth data column for the number of homes with a PV system, and its fifth
data column for the homes without a PV system.

The analysis of this research focuses on detached homes (single-family homes)

and does not include multi-house dwellings such as apartments. As shown in Figure D,
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there are 28,758,600 single family homes in Japan of which 2,008,000 have a PV system.
This indicates that as of 2018, Japan has had an adoption rate of roughly 7% for single-
family homes. This research excludes homes that already have solar and uses the
remaining 26,750,400 homes as the assumed market size to assess the residential sector’s
potential impact to reduce GHG emissions (See Appendix D Table D for additional

details).

3.4 Model Testing and Optimization

The main benefit of a SDM is its ability to execute simulations with concurrently
changing values for multiple variables to analyze solutions for a specific problem
statement. A sensitivity analysis can also be performed, where the same model is re-run
multiple times with different values for the variables to see which variables have the
largest impact on the results. In this research, various use cases are identified, simulated,
and the rationale for each one is discussed. This section discusses use cases in conceptual
terms rather than specific numeric terms since the numeric iterations are driven by the

actual results observed.

3.4.1 Baseline Model

The simulation analysis begins with testing Hypothesis #2 with a baseline model
in which the Vensim tool is used to verify if installing PV systems on 70% of households
that currently do not own PV in Japan is sufficient to reduce GHG emissions by one-
percent. Following the outcome of the initial result, additional tests were performed to
determine the percentage of households required to meet the 1% GHG emissions
reduction impact. In this baseline simulation model the government subsidization and

prefecture budgets are not included as inputs (See Figure 3-2). The number of
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households from the baseline model is a key checkpoint to test the proposed energy

policy (see Section 3.4.2) with government subsidization included in the SDM.
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Figure 3-2. Baseline Research Model in Vensim

3.4.2 Proposed New Energy Policy Model

A crucial factor of this research was determining the appropriate value in the
Vensim model for introducing a government subsidization as a new energy policy. This
research proposes setting the total amount of government subsidization at ¥ 2 trillion
(approximately $19 billion). This value is based on Prime Minister Suga’s
announcement in December 2020 to commit ¥ 2 trillion to support the commercialization
of hydrogen energy (Reuter, 2020). As explained in Chapter 1 Introduction, the
motivation for this research originated from the idea that there are technologies and
solutions available today that could make an immediate and cost-effective impactful

change to Japan’s GHG emissions target goal. If so, then the research could support
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spending government subsidization on such market ready technologies and solutions
instead of solely investing in conceptual innovation ideas that would take longer to bring
to market and have an impact. The key to the research was using a comparable value that
is identified by the government to mitigate the shortcomings to the country’s
decarbonization effort. The Vensim tool was used to simulate how the ¥ 2 trillion
government subsidization could be invested to reduce the GHG emissions to the target

goal (See Figure 3-3).
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Figure 3-3. Proposed New Energy Policy Model in Vensim
The new energy policy proposed in this research focuses on a PV system size of 2
kW with enough battery storage to avoid any energy export to the grid. While the typical
size of a residential PV system is 4.4 kW in Japan (Eco-life, 2021), there are two reasons
why this research assumes a PV system size of 2 kW. The first reason is that the current
power transmission line rules in Japan prioritize electricity generated from coal-fired

thermal power plant versus renewable resources (Japan Times, 2020). The current
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prioritization of coal generation disincentivizes the residential sector to invest in PV
systems since it would limit buyers of the solar generated electricity. Even if there were
existing interconnection rules by which a utility could commit to buying the renewable
resources, the payback period may not be attractive. For example, when FIT was first
introduced in Japan, a cost-effectiveness analysis was done for the capital investment and
installation costs. At a cost of 30 ¥/kWh the payback period would be approximately 19
years (Imaizumi, 2011, p.104). Thus, the second reason is that in Japan the payback
period for PV investments is still long which also may be disincentivizing customers
from making their own PV investments. Therefore, this research proposes a small-scale
PV system where the subsidization could cover the entire cost rather than a partial
subsidy.

Based on these two reasons, a government subsidized program in Japan should
not immediately focus on the export rate (¥/kWh) or its payback period. The proposed
use case therefore focuses on non-export PV systems that are fully subsidized for which
all their generation is self-consumed at the residential home. The goal of this proposed
solution is to reduce rather than zero out the customer’s electric bill by utilizing the PV
system for self-consumption. The research also aims to optimize installing PV systems in
as many homes as possible while also achieving the GHG target goal, and therefore also
examines additional cases in addition to the ¥ 2 trillion use case. The next section

discusses the different steps taken to optimize the model.

3.4.3 Additional Analyses and Optimization Methodology
The assumed ¥ 2 trillion of government subsidization was not expected to result

in a GHG emissions reduction of exactly 11.8 million tons of CO> with no further
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optimization required. In fact, the new energy policy model result was that the ¥ 2
trillion is insufficient to achieve the goal and further investigation was required (See
Chapter 4).

Optimization and iterations varying the subsidization amount enabled finding the
ideal balance between achieving the GHG emissions goal while maximizing the number
of homes that would get a PV system. Sensitivity analysis was performed by changing
other variables such as performance ratio, yield, and cost of solar to see how their
changes impact the GHG emissions reduction amount. Different ranges of values were
examined to assess how sensitive the outcomes are to these variables. As an example,
performance ratio set at the default value of 0.75 has a range from 0.5 to 0.9, while yield
of the solar panel could change with higher output (kW) over the same area of one solar
panel. The optimization step then used an iterative analysis method known as screening
which identifies the particular input variable that is the most influential to the output of
the system dynamics model (Ford and Flynn, 2005).

Assuming this new energy policy would start in 2022, the final system dynamics
model simulation was performed for the duration until the target year 2030 (total of nine
years). During these nine years many things could change, the decreasing cost of PV
systems could enable an increase in the number of systems that could be purchased. The
other independent variable that may be impactful is the emission factor of the CO> from
the utilities. There are constantly new renewable projects in planning, and therefore 1
kWh in 2021 may have a different CO2 impact in 2030. The analysis still uses the ¥ 2
trillion government subsidization amount as the basis but rather than committing the full

amount in the first year, it is spread equally (250 billion ¥/year) for the first eight years.
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This accounts for the ramping in and adoption of the PV systems over the years and
should mimic a real-world setting. In addition to the ramping in and adoption rate, this
model assumes that 30% of the participating customers will add additional solar panels at
their cost, which further increases the solar energy generation potential and its GHG
emissions reduction potential. The next section provides additional details of the

variables in the Vensim tool used in this research.

3.5 System Dynamics Model - Breakdown

This section further breaks down the Vensim simulation model to explain each
of the variables, their associated data utilized, and the equations applied to calculate the
final GHG emission reduction. As there are different ways to calculate solar energy from
different types of data sets, this section will provide the explanation to the specific

methodology applied for this Vensim simulation model.

3.5.1 Solar Energy Calculation

The first key component for this Vensim simulation model is to calculate the solar
energy (SE) potential of each of the 47 prefectures. The annual amount of solar energy
modeled for each prefecture is generated from the solar irradiance data (See Figure A-3
of Appendix A). Equation 1, shown below is used to calculate the SE by multiplying
solar irradiance daily data from each prefecture (SI), area of solar panel (A), yield of
solar panel (Y), and performance ratio (PR) (Saur, 2016). Note that Sl in the Japan
Meteorological Agency is stored as MJ/m?, but for this model, the Sl data is converted to
kWh/m? by multiplying a factor of 0.278 (Conversion Units, 2021).

SE(1-47y= Slg4a7y X AX Y X PR 1)
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PR is a metric to measure the performance of the PV panels and typically ranges from 0.6
to 0.9 (NREL, 2013). Yield of the solar panel () is a ratio that is defined by dividing the
electrical power output by the area of one solar panel (Saur, 2016). Calculating the area
of solar panel (A) is further discussed in Section 3.5.2. Additional information to
calculate solar energy is summarized in Tables E-1 and E-2 of Appendix E Solar Energy
Calculation.

The result of this calculation used in the Vensim tool is the solar energy (kWh)
generated over the course of the year. By summing the SE’s from each prefecture as
shown in Equation (2), the tool captures the total potential annual solar energy for the
entire country of Japan.

SEtom=XSEuan (2
3.5.2 Solar Panel Area

Available solar irradiance is one aspect of the potential solar energy generation in
the various prefectures. The installed solar panel area is the next variable in the
calculation. As shown in Equation (3) the total solar panel area (A) by prefecture is
calculated by multiplying a typical area for single solar panel (a), by the number of solar
panels (n), and the number of available homes (h) for each prefecture.

A@-47) =ax n X har 3)
A single solar panel size in Japan typically ranges from 1.23 m? to 1.67 m? (Eco-life,
2021). The output (kW) may be slightly different based on the manufacturer, and for
each solar panel size change, the yield (YY) must also be calculated and adjusted for the
simulation. See Appendix E - Figure E for the solar panel size and its rated output. The

typical size of a home PV system in Japan is rated at 4.4 KW system (Eco-life, 2021).
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The number of solar panels (n) depends on the committed size of solar system - for
example, a 4kW system using 250kW panels would result in 16 panels. The number of

available homes for installing PV systems is further discussed in Section 3.5.3.

3.5.3 Number of Homes

Japan’s housing information is available from e-Stat, the official statistics
information posted by the Japanese government (See Section 3.3.4 for additional details).
The first step is to research the maximum number of homes (hmax) in each prefecture
which could add a solar system on their roof. This is calculated by subtracting the
existing PV system count from the total possible number of single-family homes in each
prefecture as shown in Equation (4). (See Appendix E Table E-3 for additional details.)

Nmax(1-47) = Ntotai(1-47) — Nsotar(1-47) 4)
As shown below in Equation (5) the actual number of homes (h) used in the simulation
model is calculated by dividing the prefecture budget (PB), by the cost of the PV systems
(CP). For the simulation model, the cost (CP) includes all costs of solar panels, battery
storage system and installation.
h(-47) = PB(147) / CP (5)

For example, if the budget allocated to a prefecture is $100,000 and each system
cost $50,000, then (h) would equal two homes. The calculation in the VVensim simulation
model is calculated in yen (¥). The simulation model as part of its checks will verify that
the output of h(1-47) is always below the associated hmax(i-47). If the simulation results in a
higher number of homes than the maximum potential, rather than causing an error, the

model will use hmax(1-47y and proceed with next step of simulation.
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3.5.4 Prefectural Budget Development

This praxis’ proposed new energy policy sets the government subsidization
amount (GS) that would be allocated as inversely proportional to the prefectural budget
(PB(1-47)) of the 47 prefectures. By applying an inversely proportional ratio allocation, a
prefecture that is low in GDP ranking will have more budget and opportunity to install a
PV system in their prefecture. Equation (6) shows the calculation of inverse factor (IF)
for each prefecture using the GDP 147y and the highest GDPmax (TOkyo0) as presented in
Appendix D. See Appendix F - Table F for the calculated inverse proportion factor for
each of the 47 prefectures that was used in this research. The IF is then be used to
calculate a prefecture’s budget (PB(1-47)) based on a government subsidization amount
(GS) as shown in Equation (7).

IF = GDP-47)/ £ ( GDP(1-47)/ GDPmax)  (6)
PBu4n =IFXGS (7)

As shown previously in Equation (5), dividing the PB by the cost of PV system
(CP) allows the simulation model to calculate how many homes in which each prefecture
could install a PV system. For example, a 4 kW solar system in Japan could cost roughly
¥1,450,000 (Standard Project, 2021), and a 5 kWh battery could go for around ¥900,000
(Eco-hatsu, 2021). Because the solar panel and battery costs are constantly changing, the
Vensim model utilizes near real-time commercial website cost information (Standard
Project & Eco-hatsu, 2021) instead of published information since even a few months can

make a difference in the cost of the resources.
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3.5.5 GHG Emissions Calculation

After calculating the potential solar energy for each prefecture, the results are
grouped into the ten major electric utilities as shown in Appendix B, Table B-2. The CO
emission factor (EF) from Table B-1 is then applied to the solar energy amount as shown
in Equation (8) to calculate the potential GHG emissions reduction. The summation of
all calculated GHG emissions reduction amounts shown in Equation (9), is then
compared against Hypothesis #2.

GHG (1-10 utitities) = SE(1-10 utilities) X EF (1-10 utilities) (8)
GHGrotal = 2 GHG1-10 utititiesy  (9)

Japan’s 2030 target is to reduce CO2 emissions by 308 MtCO, (Wakiyama and
Kuramochi, 2017, p.2) which is equivalent to achieving a 26% reduction target.
Therefore, in order to make the 1% impact, the research model was run to see if any use

case could achieve a reduction of 11.8MtCOx.

3.6 Validation Methodology

SDM relies on two different types of validation, structural and behavioral. The
structural validation is a process that investigates the overall flow and functionality of the
simulation model rather than checking the result of the simulation itself. For example, if
the research focuses on solar irradiance which are always positive values, then
incorporating a negative number should result in an error. Structural validation tests the
limits of the model to ensure the outputs makes sense.

Behavioral validation is about the result itself, meaning it verifies that the model’s
analysis provides a reasonable “real-world” solution. A SDM is not typically used as a

forecasting tool based on historical results. When developing a brand-new SDM such as
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simulating a new energy policy, validating the model could look significantly different.
However other countries may have done similar analysis, especially at the subcomponent
level, that may be applicable to the validation of the SDM. The behavioral validation

method using existing tools is discussed in Section 3.6.2.

3.6.1 Structural Validation

Before the output of a SDM is tested, a fundamental validation step of structural
validation is recommended. It must first be validated that the input and output of the
SDM is providing information for its intended use. The validation must also confirm that
the model uses sufficient real-world settings (Qudrat-Ullad and Seong, 2009). Typically,
structural validation is broken down into five separate tests to validate that overall the
model is functioning as intended (Qudrat-Ullad and Seong, 2009).

The first test is to validate the boundary adequacy of the variables. Review of the
SDM indicates which variables are independent, and which are dependent. This initial
check confirms that the variables are consistent with their intended use in the model, for
what is independent and dependent. For example, as it pertains to this research, the solar
irradiance information is the independent variable, while the simulated solar energy
generation is the dependent variable.

Once the variables are validated, the second step is the structure verification
which looks at the dependency of the model. The key step in this dependency test is to
check the arrows of the SDM to ensure they originate and point to the correct variables
throughout the model. If there are only a handful of variables, this check can be simple,

but if more variables are added then more interrelation exists and adds complexity.
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Therefore, structure verification is an important step to ensure the dependency is correct
and the SDM is executable.

The third step, dimensional consistency, is a test that is already embedded in the
Vensim tool. The units of each of the variables must be correct for the model to execute,
and if there are any errors to the units the model would not run and Vensim provides an
error message. However, an additional check performed during this step is to verify the
units correspond to the setting intended for the model being developed.

Next, the parameter verification step can be performed in parallel with
dimensional consistency. This step verifies that the variables’ description and values
match its intended use. Descriptions for terms such as “power” and “energy” may
commonly be used interchangeably in the energy industry, but with respect to system
dynamics models, the description, units, and values must be consistent under a peer
review.

The final step of structural validation is the extreme condition test. This test runs
the simulation model under extreme values to determine if the model correctly shows an
error, or if it incorrectly calculates an erroneous value. In this research none of the
variables should work if given a negative value. Solar irradiance, the cost of solar,
budget, and other variables should not work, and should display an error message. The
other extreme is applying a very large number and validating if the response makes sense
for the simulation model as it is intended to be. Completing and passing these five tests

supports a strong confidence level going into the behavioral validation of the simulation.
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3.6.2 Behavioral Validation

For behavioral validation, the research focuses on two key points to validate its
simulation result with the solar energy generated over the year and the resulting GHG
emissions reduction. With all the variables in the SDM, if the results of these two
variables are verified by third party simulation model or tool, the confidence for this
research model would increase significantly.

To simulate and test the annual solar energy generation, a publicly available tool

called PVWatts (https://pvwatts.nrel.gov/pvwatts.php) was utilized to validate the praxis

model. This web application tool was developed by National Renewable Energy
Laboratory (NREL), a US government funded national lab. Similar to Japan’s e-stat data
archive source, the PVWatt tool also has solar irradiance information available, where
users can type in either a US zip code, US city name, or even a country name to select
their geographic location of choice. Once the location is set, the user can populate
various parameters (See Figure 3-4). The values in Figure 3-4 are prepopulated default
settings that can be changed if the user chooses to do so. For this behavioral validation,
the 4 KW size from one of the use cases was used and the remaining values were kept at

the default setting.

SYSTEM INFO

Modety the inputs below 10 ran the semulsthon
DC System Size (kW): 4 (’
Modcule Type Standard 0
Array Type Fixed (roof mount) ﬂ
System Losses (%) 14.08 [ 3 ] 5
TNt (deg): 20 o
Arimutn (deg) 180 o

Figure 3-4. Screenshot of PVWatt Tool
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The third screen of NREL’s PVWatt tool give the calculated results of the solar energy
output by month and annual total based on the solar irradiance data on record. The tool
also calculates the value ($) of the solar energy based on the geographical areas’ electric
rate, which for this research is not relevant. The annual amount of solar generation
(kWh) was compared to the output of the research model.

Once the model’s solar energy generation was validated, the next step was to
check the potential reduction in GHG emissions. To simulate the amount of annual GHG
emissions reduction, a publicly available tool called Greenhouse Gas Equivalencies

Calculator (https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator) was

utilized. This web application tool is updated and managed by the United States’
Environmental Protection Agency (EPA). The tool is simple to use, in which the user
types in an energy value with the unit of choice (See Figure 3-5). For this research, the
total annual solar energy (selected as kilowatt-hours of electricity from the drop-down
menu) simulated from the model was used to calculate from the EPA’s equivalencies

calculator.

If You Have Energy Data H |

| - choose a unit - hd

gallons of gasoline
kilowatt-hours of electricity
MCF of natural gas

therms of natural gas
passenger vehicles |

Figure 3-5. Screenshot of EPA Tool
The calculator provides the sum of GHG emissions in metric tons which is the same unit
as the system dynamics tool in this research. The GHG emissions values are then

compared to the third-party tool (EPA calculator) and the simulated output from the SDM
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of this research. Like the solar energy behavioral validation, the desire was for a rough

order of magnitude of similarity rather than an exact match of values.

3.7 Cost Effectiveness Testing

The proposed new energy policy required a review in technical feasibility,
implementation processes, and its potential impacts, in this case GHG emissions
reduction. One other key factor is the cost effectiveness of the proposed policy. There
are many theories and approaches to how energy subject matter experts measure cost
effectiveness. One of the more accepted ratio calculations is the benefit-cost-ratio (BCR)
calculation which is used for renewable energy comparison, load management
measurement, and energy efficiency. (Eltamaly & Mohamed, 2018). The equation for
BCR is a simple calculation shown in Equation (10), which divides the benefits against
the cost to calculate the ratio. The benefits (B) and cost (C) must be compared in terms
of equivalent assumptions to ensure no bias is introduced.

BCR=B/C (10)

One example of such a bias is looking at only the initial investment as the benefit,
but the entire lifecycle management for the cost. In such a case the benefits and cost are
assessed over different time durations and therefore unfairly skew the BCR calculation.
Thus, the benefits used in this research model are defined as the generation from
alternative resources that is being replaced or avoided. Therefore, the cost of procuring
hydrogen and other potential resources that would be avoided through the installation of
PV systems is the benefit which is then compared against the cost of the PV systems.

The cost (C) is defined by the government subsidization amount (¥) divided by

the solar generated (kwWh). The lifetime of a typical solar panel system is roughly 20
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years, so the annual solar generation amount from the simulated model is multiplied by
20 years.

This cost effectiveness evaluation tests Hypothesis #3, where if the solution has a
BCR greater than 1.2, it implies that the proposed solution of PV solar deployment is a
more economically viable solution than the cost for hydrogen generation. That said, the
BCR is not always the final deciding factor when introducing a new energy policy. In
addition to calculating the BCR other key criteria such as social equity or spurring
economic development in rural areas are important factors to consider, and a decision
may be made to proceed with a premium price to meet such objectives. As discussed in
Chapter 2 - Literature Review, Japan’s FIT program was just this, a means to accelerate
renewable projects but at a premium price. This praxis’ goal is to look at a new energy
policy model that avoids another FIT program scenario but proposes a more cost-

effective and feasible solution.
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Chapter 4—Results

4.1 Introduction of Results Section

This section provides the results and outputs that support the conclusions for the
three hypotheses of this research. Following the steps identified in the Methodology
section, this chapter discusses the simulation results for the baseline model and the
proposed new energy policy for Japan, utilizing the SDM tool to measure the GHG
emissions reduction of residential PV systems. This section also covers the results of the
different optimization steps described in the Methodology section that are used to analyze
additional use cases. The validation of the research model is then discussed, using
structural and behavioral validation. Lastly, the final research question is answered and
the third hypothesis is tested using a cost-effectiveness analysis that compares solar

generation against alternative resources such as hydrogen.

4.2 Results of the Data Analysis

The characteristics of the research model’s input data are quantified and analyzed
in this section. Before the Vensim simulation was run, this assessment of the input data
provided the necessary background, assumptions, and insight to the input values. The
analysis for Japan’s solar irradiance, residential PV system and cost, GDP, and

prefectural housing analysis are detailed below.

4.2.1 Japan’s Solar Irradiance Analysis
Research Question #1 asks “How varied is the geographical location of a region
within Japan with the total output of solar irradiance for that region?” Hypothesis #1

presumed that solar irradiance would vary by less than 20% of the mean across the 47
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prefectures. As discussed in Section 3.3.1, a three-pronged approach was taken to test
Research Question #1.

Graphs of daily solar irradiance (kWh/m?) from the year 2020 for all 47
prefectures are presented in Figure 4-1. Visually there are no discernible quantifiable
conclusions from the overlapping solar irradiance graphs for the 47 prefectures. The
solar irradiance does have seasonal shape change where the summer days are higher than
the winter days. No adjustment was judged to be needed to account for seasonality since
all 47 prefectures appear to follow the same seasonal highs and lows. The research

instead focused on the overall annual output of the solar generation potential.
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Figure 4-1. 2020 Daily Solar Irradiance of 47 Prefectures

The first prong of the solar irradiance data analysis was the ANOVA test which
tests Research Question #1 and Hypothesis #1 — whether the differences between the

prefectures are statistically significant — using the daily solar irradiance data from the 47
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prefectures (See Appendix A Figure A-3 for sample screenshot). A high F value implies
the variability of the group mean is larger than the variability within the group. The first
ANOVA test was performed with 2020 solar irradiance data where the F value (6.03) was
higher than Feriticar (1.37) resulting in the rejection of the null hypothesis (See Appendix G
Table G-1 for calculation results). In ANOVA testing the null hypothesis assumes that
the mean of each group is equal in value, in this case 47 means are compared to each
other. Additional information derived from the ANOVA test is the P value calculation,
for which 2020 solar irradiance data resulted in a very small P value (1.74 x 10-3*) which
implies the result is statistically significant.

The same ANOVA test was then repeated with the 30-year average solar
irradiance data (See Table G-2 for calculation result) to verify if there are any significant
differences between the two data sets. For both data sets the null hypothesis was rejected
and the result was statistically significant. For the 30-year average solar irradiance data
the variability between the groups decreased, but even more so the variability within the
group decreased resulting in an F value (14.28) that was even higher than the initial
ANOVA test.

The second prong of testing verified the level of dispersion around the solar
irradiance mean for the 47 prefectures using the coefficient of variance (CV) calculation.
CV is calculated by dividing the standard deviation of a data set by the mean of the data
set (see Equation 11).

CV=c/p (11)
The results of the ANOVA tests shown in Table G provides the required data set to

calculate the CV (See Table G-1, column #4 for means of the 47 prefectures). In 2020,
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Japan’s average solar irradiance was 3.816 kWh/m? with a standard deviation of
approximately 0.257 kWh/m?, where Okinawa prefecture had the maximum mean solar

irradiance, and Iwate prefecture had the minimum (See Table 4-1 for Summary).

Table 4-1. Japan’s 2020 Statistical Analysis of Daily Average Solar Irradiance

kWh/m?
Mean 3.816
Standard Deviation 0.257
Maximum 4,238
Minimum 3.317

The CV calculation of Japan’s 2020 solar irradiance is a dispersion of 6.7%,
which is a very low variability from the mean. The first and second tests thus empirically
support the conclusion that the solar irradiances by prefecture are marginally different.
These two tests were performed to provide additional observation, and to support the
third test which is a percentage variance calculation.

The third test used the maximum and minimum means from Table 4-1, where the
percentage variance from the mean is calculated to test Hypothesis #1. Okinawa
prefecture, which had the maximum average solar irradiance, has an 11% variance from
the average mean of 3.816 kwWh/m?. Iwate prefecture, which had the minimum average
solar irradiance, has a 13% variance from the average mean. Both values are within the
Hypothesis #1 value of 20% of the mean.

To check the third test, another percent variance calculation was performed, this
time using the summation of the solar irradiance over the course of the year for each
prefecture. This data is also used in an ANOVA test (See Table G-1 3" column for sum
of solar irradiance for each of the 47 prefectures). The maximum and minimum mean

prefectures, Okinawa and Iwate, were consistent with the mean calculation (See Table 4-
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2 for summary). The calculated CV also resulted in the same 11% percent variance for
the maximum solar irradiance and 13% variance for the minimum solar variance for the

respective prefectures of Okinawa and Iwate.

Table 4-2. Japan’s 2020 Statistical Analysis of Summed Solar Irradiance

kWh/m?
Mean 1396.514
Standard Deviation 94.195
Maximum 1551.173
Minimum 1213.998

Through this three-pronged testing, Hypothesis #1 was proven to be true that
Japan’s solar irradiance variation is lower than 20% of the national mean. Because the
variability is thus relatively small, the research focused on testing the Vensim simulation
with all 47 prefectures having the same PV system size. The next section discusses the
cost analysis of a PV and battery system using the results for Japan’s solar irradiance
variability, following the recommendation that a standard residential PV system of 2 kW

should be installed for all new residential homes (See Section 3.4.2).

4.2.2 Japan’s Solar Panel and Battery Cost Analysis

The simulation use case this research focused on is a PV system size of 2 kW with
an adequate battery storage to avoid any export back to the grid (See 3.4.2 for additional
background on the 2kW system design selection). Equation (1) in Section 3.5.1 is used to
calculate the potential daily kWh generation. Using ANOVA testing, Japan’s daily
average solar irradiance was calculated at 3.816 kWh/m2 (Table 4-1) — see Appendix E
Table E-1 and E-2 for the default setting values for the solar energy calculation.
Applying Equation (1), the potential daily average solar energy is 5.21 kWh per day

(3.816 kWh/m? x 1.46 m? x 15.6% x 0.75 = 5.21 kWh). A single 7.8 kWh battery storage
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can be charged without needing to export energy from the system’s solar generation. For
this praxis the system is assumed to be a non-exporting PV system and therefore the
assumption is that any residual solar generation beyond the battery size is consumed by
the customer’s daily use.

The literature review indicates Japan’s solar power costs are higher than the US or
European nations. As mentioned in Chapter 3 Methodology, because the system costs
are constantly changing, this research utilized commercial websites (Standard Project &
Eco-Hatsu 2021) for cost information instead of published information that is not readily
updated.

The latest information available indicates that average solar panel and installation
for residential system would cost 275,000 ¥/kW (Standard Project, 2021). The battery
storage cost used in this research is based on a 7.8kWh system costing ¥1,600,000 (Eco-
hatsu, 2021). This results in a PV plus battery storage system cost of approximately
¥2,150,000 (See Table 4-3) which was used in this research’s Vensim simulation. The
next section discusses the GDP analysis of Japan’s prefecture that will ultimately decide

how many PV systems could be purchased and installed.

Table 4-3. Japan’s Solar Panel and Storage System Cost

Unit cost 2 KW PV System

Solar Panel 275,000 ¥/kW ¥550,000
Battery Cost 1,600,000 ¥/unit ¥1,600,000
Total ¥2,150,000

4.2.3 Japan’s GDP Analysis
Japan, a world class country that is third in the world GDP ranking is highly
driven by Tokyo’s economy which is responsible for 18% of country’s GDP (JCO,

2017). The top four prefectures (Tokyo, Aichi, Osaka, and Kanagawa) account for 39%
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of Japan’s entire GDP (JCO, 2017). The prefectural GDP ranking summarized in
Appendix C is presented in a pareto chart to depict how the top four prefectures drive
Japan’s economy when compared at the prefectural level (See Figure 4-2). The proposed
new energy policy model uses the reverse proportion values summarized in Appendix F
which provides higher government subsidization to lower GDP ranking prefectures to
expand the presence of solar panels. This subsidization formula is then simulated to test

if it has an impactful result to the GHG emissions.
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Figure 4-2. Chart of Japan’s GDP Ranking by Prefecture

4.2.4 Japan’s Housing Analysis
Using 2018 e-Stat housing data, the number of single-family homes with a PV

system already installed were removed from the data set to create the chart in Figure 4-3
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which shows the number of potential homes where new PV systems could be installed.

Figure 4-3 below summarizes the housing counts distributed by prefectures.

Housing Count
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Figure 4-3. Chart of Japan’s Housing Potential

Figure 4-3 and Table D in Appendix D summarizes where Japan has a potential of

26,750,400 single-family homes throughout the prefectures that are available for PV

system installation going forward. Tokyo has the maximum potential at 1,755,900

single-family homes while Tottori has the smallest potential at 143,300 homes. A recent

article discussed how rural areas in Japan have upwards of 8 million homes for sale at

prices as low as $500 in rural prefecture such as Wakayama where 18% of the homes are

abandoned (Batarags and Teh, 2021). The article captures the exodus of Japan’s younger

generations to large cities, the older generations who are not able to maintain the
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economic structure of the rural areas, and the empty ghost towns that are left to languish
due to this shift. Not all the 8 million homes may be single-family homes, but a worst-
case scenario must be considered which assumes that the maximum available homes is 19
million instead of 27 million. This scenario must be evaluated because the vacant homes
may not be suitable to install new PV systems without major renovation.

Th next section discusses the effect of applying different levels of government
subsidization that leads to different numbers of potential homes installing a PV system.
Then an understanding of the relationship of PV system count to GHG emissions

reduction is established before applying the government subsidization to the model.

4.3 Results of Baseline Model Testing

The first set of results covers the baseline model testing of Hypothesis #2 where
the Vensim tool was used to verify if PV system installation in 70% of households in
Japan is enough to reduce GHG emissions by one percent. Japan’s one percent GHG
emissions reduction equates to approximately 11.8MtCO. (See Section 3.3.2 for CO;
emissions discussion). In this baseline simulation modeling, the government
subsidization, prefecture budget, and cost of the PV systems were excluded (See Section
3.4.1 Figure 3-2). In Section 4.3.1 this first simulation is shown to prove that installing
PV systems on 70% of the potential available households is sufficient to achieve the 1%
GHG emissions reduction target. Then in Section 4.3.2 additional analyses are presented
for different percentage levels of households with PV systems to achieve the 1% GHG

emissions target.
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4.3.1 Test Results for Hypothesis #2

The Vensim model uses a standard PV system size of 2 kW (See Section 3.4.2)
installed on approximately 19 million homes, which is the number of households
equivalent to 70% of available number of homes in Japan. The number of homes and
number of solar panels for 2 kW PV system size is used to calculate the total panel area.
Solar energy generation (kWh) is then calculated by each prefecture on a daily basis by
applying the 2020 daily solar irradiance data multiplied by the total panel area. Figure 4-
4 is a summary of all 47 prefectures (19 million homes) added on a daily basis to show a

cumulative potential solar generation of 40 billion kWh (40 GWh).
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Figure 4-4. Baseline Model Solar Energy

The total potential GHG emissions reduction cannot be derived from the
cumulative 40 billion kwh value because the CO, emission factor is different amongst
Japan’s 10 major electric utilities. The solar energy calculated in the model must first be
grouped by utility (See Appendix B Table B-2). The tool then applies the CO2 emission

factor from each utility to calculate the total daily GHG emissions output (See Figure 4-
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5). Figure 4-5 also includes the cumulative annual GHG emissions output amount (green

line) and the 1% GHG emissions target of 11.8 million tons (blue line).
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Figure 4-5. Baseline Model GHG Simulated Output

Hypothesis #2 is proven based on the simulation where 70% of available
households installed with 2 kW PV systems resulted in meeting the GHG emissions
target of 11.8 million tons of CO.. In the next section, results are presented for additional
simulations done for different percentages of residential PV system installations in order
to determine the minimum number of installations required to reduce GHG emissions by

1% based on this research model.

4.3.2 Additional Analysis of Baseline Model

While the initial results confirm that if 70% of households install a 2 kW PV
system it would achieve more than a 1% GHG emissions reduction, additional use cases
were performed for two reasons. The first reason is that 70% is a high participation

percentage and the GHG emissions reduction was significantly higher than the target of
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11.8 million tons of CO.. The second reason is that as mentioned earlier there are
potentially 8 million homes which are vacant in Japan which reduces the number of
households actually available for PV system installations (Batarags and Teh, 2021). If
the number of available households is assumed to be 19 million instead of 27 million,
then the initial results indicate that 100% of households actually available must install a
PV system in order to achieve the GHG emissions target.

Multiple simulations were run for household participation percentages from 70%
to 40% in decreasing increments of 10%. Once an output hits the target of 11.8 million
tons of COy, an additional simulation was performed to identify the specific percentage

that would achieve the 1% GHG reduction target (See Figure 4-6).

Figure 4-6. Baseline Model GHG Simulated Output Comparison at 2 kW

The series of simulations indicate that if 46% of single-family homes (12.3
million homes) install PV systems, Japan could achieve the 1% GHG emissions
reduction. Additional analysis included running a simulation with a 4.4 kW PV system
which is the typical size of system in Japan (Eco-life, 2021) and comparing it to the

simulation result and the number of homes that already have PV systems.
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Using the Vensim simulation model the same analysis was done for a 4.4 kW
instead of a 2 kW PV system, by once again changing the household participation
percentage until the threshold reached the 11.8 million tons of CO> over a one-year
duration (See Figure 4-7). The result indicated that approximately 20.5% of household

PV installation (5.5 million homes) could accomplish the same GHG emissions impact.
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Figure 4-7. Baseline Model GHG Simulated Output Comparison at 4.4 kW

Currently there are approximately 2 million homes that have PV systems installed
on their rooftop (See Appendix D Table D). This is a result of roughly a decade of the
FIT program trying to accelerate the residential solar industry. In the same amount of
time (10 years), Japan would need to install more than double the current installation of
FIT to achieve the GHG emissions target of this research. A new energy policy could
propel Japan’s residential PV sector and contribute to achieving the country’s GHG

emissions reduction target goal.
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4.4 Analysis of New Energy Policy

The simulation results of the new energy policy model (Figure 3-3) that utilizes
government subsidization to fund the installation of the PV systems are discussed in this
section. Utilizing the baseline information, the simulations discussed in this section
strive to achieve a 1% GHG emissions reduction with the installation of 2 kW PV
systems on 12.3 million homes. The intent of the new energy policy is to distribute the
set government subsidization amount based on GDP ranking of the prefectures.
Therefore, the lower a prefecture is in Japan’s GDP ranking the more funding made
available for that prefecture.

The intent of the proposed new energy policy is not only to provide a pathway to
achieve the Japan’s GHG emissions target, but to also provide opportunities to achieve
equity for the prefectures. Equity for prefectures could lead to overall GDP growth for
the country, while also decreasing the disparity between the higher and lower ranking
prefectures. The analyses and results in Sections 4.4.1 and 4.4.2 show that the proposed
new energy policy does not work as intended in both policy design as well as with the
targeted government subsidization amount. The proposed new energy policy’s areas of
limitation are noted, and recommendations are made for additional modeling to illustrate
how Japan could accelerate the uptake of residential PV systems to support the country’s
GHG emissions reduction target.

4.4.1 Results of the New Energy Policy Simulation

The proposed new energy policy focuses on the impact government subsidization

would have if used to provide 2 kW PV systems with a battery to Japan’s residential

sector. The assumed total subsidization amount is based on former Prime Minister
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Suga’s December 2020 announcement to commit ¥2 trillion ($19 billion) to support the
commercialization of hydrogen (Reuter, 2020). The basis of this research is to test using
the ¥2 trillion to subsidize residential PV systems as an alternative to investing in the
commercialization of hydrogen, with the hopes that the former could materially impact
the Japan’s GHG emissions goal in the immediate future. The Vensim tool is used to
simulate the relationship of a ¥2 trillion government subsidization for residential sector
and the reduction of Japan’s GHG emissions.

The simulation using the ¥2 trillion of government subsidization results in the
installation of PV systems on 930,206 homes (See Figure 4-8), with a generation in
approximately 1,860,000 kWh (1.9 GWh) of potential solar energy. The result of the
baseline model analysis was that installing PV systems on 12.3 million homes is required
to achieve the GHG emissions goal — thus a $19 billion subsidization would account for
less than 10% of the desired GHG reduction target. In the same vein, the results show
that the $19 billion investment achieves less than one million tons of CO: reduction,

while the target is 11.8 million tons of CO (See Figure 4-9).
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Figure 4-8. Housing Distribution by Prefecture for ¥2 trillion investment
simulation
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Figure 4-9. New Energy Policy GHG Simulated Output at ¥2 trillion

In Section 4.4.2, the results of additional simulations are presented to illustrate
how much government subsidization is required to achieve the targeted 1% GHG
emissions reduction goal. The section also highlights the sensitivity of the other
independent variables and how they impact the GHG emissions value. The use cases
increased the government subsidization amount until the simulated output achieved the
11.8 million tons of GHG emissions reduction. In doing so, the research identified a
limitation to the potential implementation of the proposed new energy policy that requires

adjustment with new assumptions and new simulation (See Section 4.4.3).

4.4.2 Results of Additional Analysis with New Energy Policy

The initial analysis indicates that the proposed new energy policy and a ¥2 trillion
government subsidization does not meet the GHG emissions reduction target within an
order of magnitude. Thus, four additional use cases were analyzed in order to better
understand how much government subsidization is required to achieve the target goal.

Given that a government subsidization of ¥2 trillion resulted in a GHG emissions
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reduction that met 10% of the target goal, the starting point for the additional use cases
was increased tenfold to ¥20 trillion. Each simulation thereafter increased by an
additional ¥10 trillion with the final simulation setting the subsidization at ¥50 trillion;
see Figure 4-10 which also provides the correlating dollar amount (e.g. $190 billion
equates to the ¥20 trillion).

The additional analyses for the increased subsidization amounts indicate that ¥50
trillion ($500 billion) is required to achieve the 1% GHG emissions reduction goal. The
simulation model is highly driven by the two independent variables, government
subsidization and solar cost, while the other variables such as panel size, performance

ratio, and yield have a minimum impact on the GHG emissions reduction value.
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Figure 4-10. New Energy Policy GHG Simulated Output Comparison Chart
After further review of the four additional use cases a discrepancy emerged when
it was discovered that for a $500 billion subsidization, the model would normally
calculate 23,255,753 homes to install PV systems, but instead performed as it should

have by capping the number homes at 11,620,771 homes (equivalent to 23GW). For
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example, a $500 billion government subsidization budget for Tottori prefecture would
normally result in 1,537,300 homes, however it is limited by the fact that there are only
143,300 homes available in the prefecture. It was concluded that while a $500 billion
subsidization may achieve the intended GHG emissions reduction target, it leaves
unspent funds (approximately $250 billion) because the lower ranking GDP prefectures
do not have a sufficient number of available homes.

Ideally the number of PV systems that are subsidized and installed should be
equal for this research model to run at its highest efficiency. Continuing with the analysis
the maximum threshold of the government subsidization that is fully utilized was found
to be approximately ¥5 trillion ($48 billion). This results in approximately 2.4 million
tons of COz reduction, (see Figure 4-11) and is the limitation of the proposed new energy

policy model for the subsidization that is based on the GDP ranking of the prefectures.
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Figure 4-11. New Energy Policy GHG Simulated Output at ¥5 trillion

The research model assumes the ¥2 trillion subsidization threshold is sufficient or
close to the required amount required to reach a 1% GHG reduction by 2030. However,

based on the results of the analysis, an amount upwards of hundreds of billions of dollars
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is what is needed. The fact that the lower ranking GDP prefectures have fewer available
homes negatively impacts achieving the GHG reduction goal because the number of
homes has proven to be the critical component.

However, this approach could still be a viable opportunity with regards to Japan’s
goal to be carbon neutral by 2050 (Japan Times, 2020a). The next section presents the
results if the new energy policy is implemented over an assumed a duration of 9 years to
see how much it impacts the GHG emissions reduction goal. Over the next 9 years many

of the variables could change in value and impact the GHG output as discussed below.

4.4.3 Results of Additional Analysis with New Energy Policy over 9 years

The baseline model and new energy policy were evaluated based on the
assumption that the government subsidy results in instantaneous PV system installations
from day one. These two models are defined as the “one-year model” because essentially
it simulates the best-case scenario using verifiable information that is available today (i.e.
2021). Even if all ¥2 trillion was made available in 2021, it is highly unlikely that all the
budget could be spent in one year. As the final use case of this research, the simulation
was extended from the baseline model and new energy policy to analyze a nine-year
model that assumes the latter policy is implemented in 2022.

The advantage of using a SDM is its ability to simulate complex interdependent
systems over a selected duration of time. Rather than repeatedly running the model in the
same variable values for nine years, selected parameters were modeled based on assumed
trends from 2022 to 2030. The total government subsidization was kept constant at ¥2
trillion so the use cases could be compared against each other. What varied amongst the

use cases was the assumed disbursement schedule for the ¥2 trillion subsidization, where
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instead of exhausting the funds in the first year, it was disbursed over the first eight years
at ¥250 billion per year. Another difference applied is that the previous simulations
utilize 2020 solar irradiance data, while the nine-year model uses solar irradiance data
from 2012 to 2020 from the e-Stat database. The latter input adds variability to the multi-
year simulation since certain years may have a higher or lower solar irradiance than the
average level.

Energy industry experts predict PV panel prices in Japan will decline by 60%
(Eco-Hatsu, 2021) and battery storage costs by 40% (Kifune, 2019, p.118) by the year
2030. This nine-year model use case implemented a linear reduction of PV and battery
prices from 2021 to 2030 (See Appendix H Table H for pricing). Based on the
assumption that prices will drop, the use case assumes that the ¥250 billion per year
subsidy has an increasing purchase power over the years; meaning more systems can be
bought in later years for the same amount of funds. This budget is further broken down
to assume an adoption rate of monthly linear ramping. Without any adoption rate data
available for this type of new energy policy where the PV systems are fully subsidized,
this model relies on a simple linear pattern. Another consideration is regarding the PV
installation component is an adjustment to account for residents who may, at their own
cost, add additional PV panels to the subsidized 2 kW system. This use case assumes that
30% of the participants would add additional solar panels to their homes for an average
system size of 4.4 kW. This 30% is assuming that the homeowners are living in a
prefecture that is accepting export back to the grid.

While many of these changes should ultimately lead to an increase in solar energy

generation and therefore a greater GHG emissions reduction, one factor that runs counter
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to this trend is the CO2 emission factor itself. Japan is actively planning to de-carbonize
and has already put these plans into motion regardless of whether it will re-start its
nuclear power plant or add more renewable energy projects. Every year, the CO>
emission factor is re-calculated and published by the ten major utilities. Therefore, this
research also assumes that for the nine-year model simulation period the CO2 emission
factor continues to decrease every year (See Appendix | Table I). Regression analysis
was used to derive a forecast for the CO2 emission factor from 2022 to 2030 for each
utility (See Appendix I Figure I).

Japan’s target GHG emissions reduction in 2030 for the electric sector is a carbon
intensity of 0.37 kg-CO2/kWh (Taniguchi-Matsuoka et al, 2020, p.6), therefore if the
regression line crosses the 0.37 kg-CO2/kWh line, the model overwrites the derived CO>
emission factor and holds the value near 0.37 kg-CO2/kWh. This nine-year model then
simulates how the proposed new energy policy may accelerate the GHG emissions

reduction over the years (See Figure 4-12).

BOOD

i

G000

5000

GHG Output (t-CO5)

Figure 4-12. Nine-year Model GHG Simulated Output at ¥2 trillion
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The government subsidization ends in Year 8 and allows for full ramp going to
Year 9 maximizing its GHG output in the final year of 2030. To compare with the
previous 1-year simulation results, this analysis focuses on the GHG output of Year 9

(See Figure 4-13) with a cumulative GHG emissions reduction of 1.46 million tons.

Figure 4-13. GHG Simulated Output of 9" Year

The one-year model using a ¥2 trillion government subsidization resulted in a
predicted GHG emissions reduction of 0.97 million tons of CO2. This nine-year model
analysis shows that while the CO2 emission factor may continue to decrease every year,
the proposed new energy policy has a better result if the entire nine years are utilized to
install new PV panels and storage systems. The simulation shows that extending the
implementation time to nine years results in an additional 0.50 million tons of CO>
reduction, which is a 51% increase from the initial use case. While the increase in GHG
emissions reduction may seem insignificant compared to the 11.8 million tons of CO>
target, the duration of the PV installation also has an impact towards the cost-

effectiveness of this new energy policy.

73



4.5 Research Validation Results

System Dynamics modeling is a simulation tool that provides insights to test the
hypothesis of a wide range of subjects such as mechanical systems, social economic
systems, epidemic outbreaks, biological systems and of course energy policy (Garcia,
2021). Some may think of SDM as a “prediction tool,” however its intent is to simulate
an outcome based on the interrelation of the different variables and therefore the reason
the energy industry has developed its own validation system. Section 3.6.1 and 3.6.2.
respectively describe the methodologies to perform a structural and behavioral validation.
The following two sections describe the results of the structural and behavioral validation

for this research model.

4.5.1 Structural Validation Results

Structural validation is broken down into five separate tests to verify the model
functions as intended (Qudrat-Ullad and Seong, 2009). This section provides the
outcomes of the five tests — Boundary Adequacy, Structure Verification, Dimensional
Consistency, Parameter Verification, Extreme Conditions — as applied to the model.

1. Boundary Adequacy: The Boundary Adequacy test verifies that each variable
in the Baseline and new energy policy models (Figure 3-2 and 3-3) are checked to
determine if they are independent or dependent variables as intended. The verification
method this is relatively simple where independent variables are set prior to running the
simulation, and dependent variables (i.e., simulated potential solar energy generation and
GHG emissions reduction) are checked. This research model successfully passed the

Boundary Adequacy test.
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2. Structure Verification: The Structure Verification test verifies the
dependencies of the variables by checking that all the arrows in the system dynamics
model correctly point from the independent to dependent variables. The Baseline and
new energy policy models (Figure 3-2 and 3-3) both passed the structure verification test.

3. Dimensional Consistency: This test is one of the more straightforward tests
since the Vensim application itself will indicate an error if the input units are not aligned.
The key verification was performed for the monetary units since the model is designed
for yen and not dollars. In addition, the CO2 emission factor in Appendix C is expressed
in units based on kg, but because of the order of magnitude that the model uses, the CO-
emission factor is converted to metric tons. The Parameter Verification test below must
be simultaneously verified with the dimensional consistency test, for both tests to be
passed.

4. Parameter Verification: This verification is simultaneously performed with
the Dimensional Consistency test to verify that the description and values match the
variables as intended. For example, the research model utilizes Japan’s currency in yen
instead of dollars. A redundancy check is required since an incorrect currency
conversion that results in an order of magnitude error would result in an incorrect
simulation that the model would not flag. Both the Dimensional Consistency and
Parameter Verification tests passed.

5. Extreme Conditions: The structural validation includes an Extreme
Conditions test to be complete. The extreme conditions are tested against the minimum
and maximum value assigned to the variables. For example, if variable should not allow

a negative value, then the minimum value should be set to zero. Then there are variables
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that must set a maximum value for the model to properly work, such as total homes, PV
panel size, performance ratio, and yield. By setting these minimum and maximum
extreme boundaries, the simulation should still run even if an erroneous input is set,
however the model will flag a warning that variables are below the allowed thresholds.
Though a warning flag may be generated for an erroneous maximum value, the model
will use the assigned maximum available value and show the output values tapering off
as the variable hits its saturation point. This relationship between the tapering value and
variable saturation point was a key finding of the screening process which prompted the
creation of Figure 4-11 to ensure the most efficient use of the government subsidization
for the new energy policy model. The research models passed the final test of extreme
conditions test.

Passing the five structural validation tests provides the confidence that the system
dynamics model properly functions as intended and is ready for the next test to assure
that the output results are acceptable and match the reasonableness of a real-world

setting. This is done through behavioral validation which is discussed in the next section.

4.5.2 Behavioral Validation Results

As presented in Section 3.6.2, the solar generation used in the system dynamics
model is validated using NREL’s PVWatt solar tool. This tool is mainly intended for use
in U.S. zip code areas, however there was a limited application available for Japan. The
PVWatt tool currently has one choice available for Japan which utilizes solar irradiance
information from the city of Matsumoto in the Nagano prefecture.

To test the behavioral validity, a customized Vensim model was developed where

100 homes from each prefecture was added to the model as an assumption. This
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customized use case was designed since PVWatt is limited to PV system sizes of 0.05 to
500,000 kW — while all the use cases discussed in this Results chapter were for total PV
system sizes greater than 500,000 kW. This behavioral validation test resulted in
approximately 10 million kWh of potential solar generation from 4,700 homes (See
Figure 4-14). For a 2 kW PV system this equates to a system size of 9,400 kW (4,700

homes x 2kW).
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Solar Energy (kWh)

= Solar Energy : 100 homes m Cumulative kWh

Figure 4-14. Behavioral Validation Test — Solar Energy Simulated Output
The system size is the only input to PVWatt as shown in Figure 4-15 while all
other values were kept at NREL’s default setting. The NREL tool shows an annual solar
generation of 11,927,332 kWh for Japan, specifically in the Nagano prefecture (See
Figure 4-16). Comparing this to the 10 million kWh from Vensim simulation, it appears
the behavior of the system dynamics model is well within the order of magnitude of the
NREL solar generation modeling tool. The system dynamics model includes solar

irradiance information throughout Japan instead of a single location, so there was no
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expectation that the validation results would be identical, however the outputs of the two

models should be similar — including the trending increase during the summer months.

SYSTEM INFO

Madify the inputs below to run the simulation.

DC System Size (KW): 9400 o

Module Type: Standard 0

Array Type: Fixed (roof mount) 0

System Losses (%): 14.08 0 I(-Zoaslz.llator
Tilt (deg): 20 ()

Azimuth (deg): 180 ()

Figure 4-15. NREL’s PVWatt Input Screen

ESULTS 11,927,332 wwhjvear*

55_3 Print Results

Month Solar Radiation AC Energy Value
(kWh / m?  day ) (kWh ) (5)
January 3.37 825,126 NIA
February 3.97 872,177 NIA
March 483 1,135,074 N/A
April 5.60 1,241,085 NIA
May 5.20 1,159,570 NIA
June 4.82 1,028,724 N/A
July 4.89 1,062,475 N/A
August 5.57 1,192,908 N/A
September 4.16 887,459 N/A
October 4.12 931,345 N/A
November 3.41 776,279 NIA
December 3.39 815,111 NIA

Annual 4.44 11,927,333 0

Figure 4-16. NREL’s PVWatt Result Screen
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In Section 4.2.1 the data analysis showed that the prefectures have a solar
irradiance variance within 20% of the average mean. For Nagano prefecture, PV Watt
shows about a 19% variance from the system dynamics model. This variance for Nagano
decreases to 12% when the system dynamics model is used to analyze just Nagano
prefecture data, which further supports that the system dynamics model behaves similarly
to NREL’s PVWatt tool.

Once the solar generation’s behavior is validated with a third-party tool (PVWatt),
the next step is to validate the GHG emissions reduction of the solar generation that is
replacing the fossil fuel generation. Utilizing the EPA calculator (See 3.6.2 for
background), the research focused on utilizing the same assumptions that generated 10
million kWh of simulated solar energy generation. The behavioral test results in potential

GHG emissions reduction of approximately 4,700 metric tons (See Figure 4-17).

GHG OQutput (t-CO.)
Cumulative GHG Output (t-CO.)
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Figure 4-17. Behavioral Validation Test - GHG Simulated Output
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The assumption in this verification is that the EPA calculator should result in a
similar response. As Figure 4-18 shows, the EPA calculator shows an emission of 7,000

metric tons which is inconsistent with the system dynamics model.

10000000 kilowatt-hours of electricGty v

Equivalency Results 1oy aie they caloulated?

The sum of the greenhouse gas emissions you entered above Is of Carbon 7,087  Metric Tons s
Diaxide Equivalent. This is equivalent to:

Figure 4-18. EPA Tool’s Result Screen

Upon further review of the EPA calculator, the calculator assumes an emission factor of
7.09 x 10 metric tons CO2/kWh (EPA, 2021). As summarized in Table C-1 of
Appendix C, the vast majority of CO, emission factors in Japan are lower than 7.09 x 10
metric tons CO2/kWHh, in fact the ten utilities average emission factor is 5.12 x 10 metric
tons CO2/kWh.

In order to proceed with the behavioral validation of GHG emissions, a similar
emission factor was selected and re-tested. Table C-1 shows that Okinawa has the closest
emission factor to the EPA calculator. By applying the data only for Okinawa in the
simulation, the result for solar generation is approximately 240,000 kWh (See Figure 4-
19) over the year, which equates to a GHG emissions amount of roughly 190 metric tons

(See Figure 4-20).
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Figure 4-19. Solar Generation of Okinawa
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Figure 4-20. GHG Simulated Output of Okinawa
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This adjustment was accounted for by re-running the EPA calculator using 240,000 kWh,

which resulted in a GHG emissions amount of 170 metric tons (See Figure 4-21).



Although the recalculated GHG emissions factor was not identical to the EPA calculator
results, it is a materially closer in value than the original results such that it warranted

mention in this research.

240,000 kilowatt-hours of electricity

( ™y

Calculate

Equivalency Results  How are they calculated?

The sum of the greenhouse gas emissions you entered 170 | Metric Tons ~
abaove is of Carbon Dioxide Equivalent. This is equivalent to:

Figure 4-21. EPA Tool’s Result Screen for Okinawa

The structural validation, and two methods of behavioral validation should
provide sufficient evidence that the system dynamics model developed for this research is
able to provide acceptable results and recommendations to Japan’s energy sector
regarding the complex relationship of government subsidies, quantity of installed solar
PV systems and associated solar generation, and its impact to reducing GHG emissions.

The final section of this chapter covers the cost effectiveness analysis that
compares the proposed solar PV generation to other competing resources that are trying

to reduce the GHG emissions to meet Japan’s 2030 goals.

4.6 Cost Effectiveness Results

To calculate the BCR of the proposed new energy policy, the first step is to
identify the benefits (B) and costs (C) of the proposed residential solar energy generated
from the model. Japan’s latest estimated cost to build and supply hydrogen was at 52

¥/kWh (METI, 2019). To reduce this high generation cost of hydrogen, the Japanese
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government has committed ¥2 trillion to support the commercialization of hydrogen
(Reuter, 2020).
4.6.1 Cost Effectiveness Analysis of one-year model

For this cost effectiveness analysis, 52 ¥/kWh of hydrogen generation cost is
defined as the benefit (B) value. To calculate the cost (C), the ¥2 trillion government
subsidy is used for data and calculation. The calculated BCR is valid for all use cases
since the ratio only concerns the government subsidy and the solar generation over 20
years. The new energy policy model that assumes a ¥2 trillion subsidy results in a total
solar generation of 1,997,371,230 kWh/year. Assuming the solar panels and battery will
last 20 years, the kWh is multiplied by 20 which equals 39,947,424,600 kWh. To
calculate cost (C), ¥2 trillion is divided by 39,947,424,600 kwWh which results in
approximately 50 ¥/kwh.

In 2020 METI announced that the residential solar cost was about 21 ¥/kWh,
however this price point does not include the cost of the battery storage system (METI,
2020). Research literature dating back a decade or more had estimated residential solar
would cost 49 ¥/kWh, so over the course of a decade the solar price has reduced by 50%
(Imaizumi, 2011) but is still higher compared to other countries. The calculated BCR of
this model that uses the price of hydrogen fuel equals a BCR of 1.03, which is marginally
cost-effective but less so than Hypothesis #3 of this research which has a BCR greater

than 1.2. The next section discusses the BCR analysis for the nine-year model.

4.6.2 Cost Effectiveness Analysis of nine-year model
In the nine-year model, the proposed government subsidization of ¥250 billion per

year yields a different number of potential PV panels and storage systems that could be
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installed each year. This in turn results in a different potential solar power generation
over the 20-year operational period (See Appendix J Figure J for details on how 8-years
of subsidization impacts the solar generation amount each year.) This analysis is Scenario
1 as defined in Appendix J, which tallies each year of the 20-year operational period
independently. For example, the first set of devices that are installed will be operational
from 2022 — 2041, while the last set installed will be operational from 2029 — 2048.
Utilizing this approach, the ¥2 trillion government subsidization results in a BCR of 2.4
which is a significantly higher BCR than the original result (1.03).

Another way to calculate a BCR is defined as Scenario 2 in Appendix J, where the
20-year period is defined as program years of 2022 — 2041 regardless of when the devices
are installed. Re-calculating the total potential generation (kWh) using this method
results in a BCR of 1.55 which is still higher than the original result and better than the
research’s Hypothesis #3. While the GHG emissions reduction amount may not meet the
desired GHG emissions target reduction of 1%, the nine-year model still proves to be
cost-effective and worthwhile for Japan to explore if it wants to diversify its portfolio on
the path to a decarbonized future.

In Chapter 5 Conclusions and Discussions which follows the results answering
the research questions are summarized to prove the corresponding hypotheses.
Recommendations are given for a path forward for the proposed new energy policy based
on the findings of this research, and potential options and areas of exploration for the next

phase of the research are presented.
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Chapter 5—Conclusions and Discussions

5.1 Conclusions

The goal of this research was to determine if PV solar technology, specifically in
the residential sector, is a viable renewable power generation source that could
significantly impact Japan’s effort to reduce GHG emissions. System dynamics
modeling was used to evaluate and quantify the potential amount of GHG emissions
reduction. This research proposes a new energy policy model that recognizes that
government assistance and equity play a significant role in accelerating the deployment
of renewable resources. Thus, a new energy policy model is proposed that aims to guide
Japan to potentially alternative renewable resources to meet its GHG emissions goal. A
key objective of the research that underscores the importance of equity, was to quantify
Japan’s potential GHG emissions reduction for the residential sector using a government
subsidization disbursement formula that takes a prefecture’s GDP into consideration.

The results of this research support the proposed new energy policy and its
potential to successfully reduce Japan’s GHG emissions in a cost-effective manner.
Conclusions for each research question are summarized below.

Research Question #1: How varied is the geographical location of a region
within Japan with the total output of solar irradiance for that region? (e.g. less than 20%
difference from statistical mean)?

Hypothesis #1 proposed that solar irradiance has a variation of less than 20%
across the average mean of the 47 prefectures. Through the three-pronged analysis using

an ANOVA test, CV test, and percent variance calculation, the results indicate

85



Hypothesis #1 to be true. A solar energy potential study by the Japan Science &
Technology Agency in 2014 also concluded the solar irradiance throughout the country is
within 20% from the average of the 47 prefectures (JST, 2014). After verifying this
assumption, a simulation model was developed to determine if a standard size PV panel
could be installed across the 47 prefectures without any special customization.
Research Question #2: How much aggregated solar generation from the
residential sector is needed to reduce Japan’s greenhouse gas emissions by 1%?
Hypothesis #2 states that a 70% participation rate in solar programs in the
residential sector could reduce Japan’s 2030 greenhouse gas emission by 1%. The
Vensim system dynamics modeling tool was used to run the baseline model and proved
that 70% participation from the residential sector was in fact sufficient to achieve the
11.8 million ton of CO> reduction assuming a 2 KW PV system. Further analysis
indicates that a participation rate as low as 46% of the available households could
potentially achieve the emissions reduction goals of this research.
Research Question #3: Are the proposed newly designed residential solar
programs more cost effective (BCR>1.0) than alternative carbon reducing solutions?
Hypothesis #3 proposed a new energy policy to achieve a BCR of 1.2 or greater
compared against other renewable alternatives such as hydrogen. The simulation of the
new energy policy for a one-year model resulted in a marginally cost-effective BCR of
1.03. However, if the model is customized to a nine-year period, which is closer to a
real-world scenario, the BCR of the new energy policy increases to 1.55 for a program
duration from 2022 through 2041, and to BCR = 2.40 based on a 20-year lifecycle for the

PV and storage installation. Both BCR results which are based on a nine-year model
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indicate a more attractive proposition for the Japanese government compared to the one-
year model.

Cost-effectiveness is a critical aspect of this proposal given that Japan’s FIT
program in 2015 had an economic benefit estimated at ¥40 billion but an actual expense
of ¥120 billion (i.e. BCR of 0.33), and the 2030 projection for FIT only widens this
benefit to cost gap (JPEA, 2020). The risk is that Japanese government’s current
commitment of ¥2 trillion to commercialize and reduce the generation cost of hydrogen
may not result in as significant a decrease to the GHG emissions as desired. While the
subsidy impact on GHG may be less than expected, the positive results for cost-
effectiveness alone are a good barometer to consider this proposed new energy policy in

some form.

5.2 Recommendation

The recommendation is to proceed with the cost-effective option of installing 2
kW PV and storage systems to approximately 1.4 million single-family homes, over a
nine-year utilization period starting in 2022, to support meeting Japan’s 2030 emissions
reduction targets. In addition to meeting emissions targets, this recommended solution
accomplishes an additional and equally important benefit of improving social equity in
Japan. This equity benefit can be achieved by allocating a larger government
subsidization amount to lower GDP ranking prefectures. The governments of the United
States and Japan are both proposing a large infrastructure bill in the near future which
targets the residential sector in a way to be inclusive and achieve the necessary

decarbonization goal one house at a time.
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For example, Japan’s MLIT is proposing to offer a government subsidization
ranging from ¥500,000 to ¥1,000,000 (approximately $5,000 to $10,000) per home to the
residential sector to perform energy efficiency upgrades in their homes (Nikkei, 2021).
The proposed new energy policy model of this praxis would provide a subsidy of
approximately ¥2,150,000 in the first year and lesser amounts in the future as the PV and
storage system prices drop. Based on what is occurring in Japan’s energy efficiency
sector, it is not unreasonable to consider a similar government subsidization for
residential renewable generation technologies.

If the Japanese government would prefer to conduct a pilot program before
offering a nation-wide subsidized program, pursuing such a pilot in Okinawa prefecture
is recommended where the CO2 emission factor is the highest of the ten major utilities
(See Appendix B Table B-1) and which has a lower GDP ranking (See Appendix C Table
C). Okinawa’s current situation is a good testbed to determine an actual PV and battery
system adoption rate and the emissions reduction impact to provide the confidence to

expand the policy and program to the other prefectures of Japan.

5.3 Future Work

One consideration to expand upon this research is to focus on Japan’s ten major
utilities by further customizing the analysis of each utility’s CO2 emission factor
calculation to achieve a more accurate estimate. This future model could serve as an
addendum to the utility’s typical generation resource planning that performs a Monte
Carlo simulation for a series of “what-if”” use case scenarios in order to assess how
different renewable energy projects could potentially impact the dynamically changing

CO:z emission factor value. Future work could also potentially include the impact of
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degradation of the solar panels and battery over its product lifecycle to analyze both the
GHG impact as well as cost effectiveness due to decreased performance from the
hardware.

This research underscores that system dynamics modeling is an effective
simulation tool to assess scenarios with different parameter variations. One option to
further test this model at a national level is to apply this tool to other island countries that
are investigating GHG emissions reduction potential specifically from the residential
sector. In order to successfully apply this model to another island country, it’s imperative
that there is sufficient archived data for solar irradiance and housing. Additional analysis
on other island countries would likely uncover valuable lessons-learned that could be
applied to this and future research.

The Japanese kanji character for equity is “ko-hei” which directly translates to
“leveled in a public setting” and is often used more to refer to the concept of equality.
But there is a nuanced difference between equity and equality, where equity means
everyone ends up at the same level but may require everyone to start at different levels
due to their personal situation. To achieve such equity requires a new perspective on
what “level-setting” means for each individual.

Decarbonization requires everyone’s participation and cannot be achieved by just
a few utilities or the government alone. Community buy-in is necessary in order to build
any kind of new power plants whether they are coal, nuclear, or renewable. Involving the
residential sector and its community in Japan’s vision for a decarbonized future is at the
foundation of true equity, and at the core of how to cost-effectively reach its ambitious

goals at a national level.
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A: Solar Irradiance Data
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Figure A-1. Selection of Prefectures (JMA, 2020)

A B c
Ll Column1 ﬂ Column2 ﬂ Column3 ﬂ
2 |[H#7 80— FLfBFA : 2021/02/08 16:50:12

3

4| paik paski |

5 | EiliE-] FH

6 | FEHH EEteFAFE MM S5t2X 8 FHE /)
7| i fl (/)

8 [2020/1/1 8.54 8.4

9 |2020/1/2 14.04 8.4

10 |2020/1/3 14.56 8.4

11 |2020/1/4 13.89 8.4

12 |2020/1/5 11.24 8.5

Figure A-2. Sample screenshot of solar irradiance downloaded data (JMA, 2020)

(MJ/nd)
2020/1/1
2020/1/2
2020/1/3
2020/1/4
2020/1/5
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2020/1/8
2020/1/9
2020/1/10
2020/1/11
2020/1/12
2020/1/13
2020/1/14
2020/1/15

Hokkaido  Aomori

4.986
5.029
5.086
5.129
5.186
5.243
5.271
5.357
5.386
5.471
5.514
5.571
5.671
5.700
5.757

2.620
1.950
2.980
2.960
3.910
4.820
7.350
0.700
1.960
4.680
4.430
5.960
5.380
4.060
8.640

Akita
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8.050
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5.830
0.850
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8.030
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5.210
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7.830
4.610

Iwate
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Fukushima Niigata Toyama
9.130 3.050 4.300
10.230 2.490 3.940
9.670 3.400 4.400
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6.920 4.090 2.270
1.900 2.130 2.360
8.080 7.270 8.300
7.490 5.620 6.720
10.210 8.310  10.420
7.190 5.370 4.410
6.510 3.530 1.980
6.980 2.680 2.350
2.580 2.540 3.490

Figure A-3. Sample screenshot of compiled Solar Irradiance Data Set

99

Ishikawa
3.905
4.635
3.720
5.890
4.975
9.885
1.990
2.740
8.210
8.505

10.595
3.905
2.730
3.490
3.520



Factor

ission

:CO2Em

B

in Japan

Ies

jor electric ut

aj

Factor by m

ission

Table B-1. CO2 Em

major utiliies| 2016 | 2017 | 2018 | 2019 | 200 Location of information
https://www.hepco.co.jp/info/info2017/1210708 1724.html
https://www.hepco.co.jp/info/info2018/1227520 1762.html
https://www.hepco.co.jp/info/info2019/1243021 1814.html
1 | Hokkaido 0640 0678 065 0.601 https://www.hepco.co.jp/info/info2020/1251006 1845.html
2 Tohoku 0548 0523 0528 0521 0476 https://www.tohoku-epco.co.jp/enviro/picup/co.html
3 | Hokuriku 0640 0593 0542 0510] 0469 http://www.rikuden.co.jp/onshitsukoka/
4 Chubu 0485 0476 0457 0431 https://miraiz.chuden.co.jp/info/topics/1202053 1939.html
) Tokyo 0486| 0475 0468 0457 0441 https://www.tepco.co.jp/ep/company/warming/
https://www.kepco.co.jp/corporate/notice/20170123 1html
https://www.kepco.co.jp/corporate/notice/20181228 1html
https://www.kepco.co.jp/corporate/notice/20200108 1.html
b Kansai 0509 0435 03521 0340 https://www.kepco.co.jp/corporate/notice/20210120 1.html
https://www.yonden.co.jp/assets/pdf/energy/environment/data/index/data_2020.pdf
7 Shikoku 0529 053] 0528 0408 0550 https://www.yonden.co.jp/energy/environment/topics/2021 07 0Lhtm|
https://www.energia.co.jo/nw/company/activity/environment/pdf/energia-groupdata2020.pdf
8 | Chugoku 0691 0669 0618 0561 052 https://www.energia.co.jp/elec/free/co2/index.html
9 Kyushu 0483 0463 0347 0370, 0479 http://www.kyuden.co.jp/environment notice02.html
10 | Okinawa 0799 0786 0786 0.810 http://www.okiden.co.jp/environment/report2020/sec3/sec3Lhtml
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Table B-2. Prefecture groupings by the 10 major electric utilities

Number of
10 major utilities Prefectures Prefecture Grouping
1 Hokkaido 1 Hokkaido
2 Tohoku 7 Akita, Aomori, Fukushima, Iwate, Miyagi, Niigata, Yamagata
3 Hokuriku 3 Fukui, Ishikawa, Toyama
4 Chubu 5 Aichi, Gifu, Mie, Nagano, Shizuoka
5 Tokyo 8 Chiba, Gunma, Ibaraki, Kanagawa, Saitama, Tochigi, Tokyo, Yamanashi
6 Kansai 6 Hyogo, Kyoto, Nara, Osaka, Shiga, Wakayama
7 Shikoku 4 Ehime, Kagawa, Kochi, Tokushima
8 Chugoku 5 Hiroshima, Okayama, Shimane, Tottori, Yamaguchi
9 Kyushu 7 Fukuoka, Kagoshima, Kumamoto, Miyazaki, Nagasaki, Oita, Saga
10 Okinawa 1 Okinawa
Total 47
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C: GDP Ranking of Japan’s Prefectures (JCO, 2017)

Table C. GDP Ranking by Prefectures

Ranking| Prefecture GDP (Yen) Ratio Ranking | Prefecture GDP (Yen) Ratio

1 Tokyo | 186,961,784  18%| | 26 Ehime 10476,776| 1%
2 Alchi 82625653]  sw| | 27 | Kagoshima 0835443 1%
3 Osaka 70674335 %] | 28 Otta 9,765,581 1%
4 | Kanagawa | 43860,103 6% 29 Iwate 8,904,295 1%
5 | Satama | 42680147| 4% 30 | Toyama 8,835,307| 1%
6 Hyogo 40,234,020 4% 31 Ishikawa 8,827,093 1%
7 Chiba 39,400,805| 4% 32 | Yamagata 7,970,274 1%
8 | Fukwka | 35972137  aw| | 33 | Nagasaki 7,947,187| 1%
9 | Shizuoka | 34095283 3| | 34 | Aomori 7,851,848| 1%
10 Hokkaido 34,238,990 3% 35 Okinawa 7,631,293 1%
11 | Ibaraki 27,026,330 3% 36 | Kagawa 7,527,528] 1%
12 Hiroshima 23,330,364 206 37 Wakayama 6,839,109 1%
13 Mie 10068471 206 | 38 | Miyazaki 6,796,364| 1%
14 | Kyoto 18,370,311 20| | 39 | Yamanashi 6,625804] 1%
15 | Gunma 18,151,065 2% 40 Nara 6,452,278| 1%
16 | Tochigi 17078820 26| | 4! Fukui 6,293,159 1%
17 Miyagi 17,219,366 2% 42 Akita 6,184,688 1%
18 | Okayama | 15507422| 2% 43 Saga 5,467,687 1%
19 Niigata 16,267,845 2% 44 Tokushima 5,454,691 1%
20 Nagano 15,533,188 1% 45 Shimane 4,302,989  0.4%
21 | Fukushima | 15 437 228 1% 46 Kochi 4,140,139]  0.4%
22 Gifu 15,008,162 1% ar Tottori 3,392,727|  0.3%
23 Shiga 13,167,127 1% JAPAN 11 046,570,366|  100%
24 | Yamaguchi | 12 981 598 1%

25 | Kumamoto | 11,033,552 1%
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Japan’s Hous

D

2018 Housing and Land Survey of Japan - Basic Tabulation on Dwellings and Households
Table30-2. Dvellings by Twpe of Dwelling (2 Growps), Tenure of Duelling (2 Growps), Tvpe of Building (4 Groups), Construction Material (2 Groups) and Energy-saving Equipn

L = = ™ E = v R = L L L =1

4

Dwellings Dwellings Dwell ings Dwellings Dwellings Dwell ings Dwellings
| Energy-gaving [Energy-saving |Energy-saving |Energy-saving |Energy-saving |Energy-sawing |Energy-saving
00 Total 11 Water heat (|12 Nater heati)2] Generator w22 Generator ul31 Double or n[32 Double or u
(dvellings) |ldwellings) |ldwellings) |(dwellings) |(dwellings) [idwellings) |ldwellings)
hrea classi - (Type of dwe - |Tenure of ¢~ (Tvpe of bui - [Constructic - 2 2 2 2 2 2 2
00000 _Japan (0 Total 0_Total 0 Total 0_Total 53,616,300 1,865,400 50,000,900 2,189,600 49,876,600 1,892,600 1,639,100
00000 _Japan (0 Total 0_Total 0 Total 1 Yooden 30,548,800 1,663,400 27,535,800 1,820,800 27,771,300 5,456,800 5,708,300
00000 _Japan (0 Tatal 0 Total 0 Total 2 Non-wooden | 23,069,400 202,000 22,065,100 3,00 2,906,400 2,435,700 1,930,200
00000 _Japan (0 Total 0_Total | Detached ho0_Total 28,758,600 173,100 76,434,200 2,008,000 26,199,300 b,443,500 5,765,300
00000 _Japan (0 Total 0_Total | Detached hal _Yooden 26,621,200 1,643,900 24,503,900 1,791,800 24,355,900 5,023,800 5,304,900
00000 _Japan (0 Total 0_Total | Detached ho? Non-wooden 2,137,300 129,200 1,930,300 216,200 1,843,400 419,700 410,400
00000 _Japan (0 Tatal 0 Total 2 Tenenent-hofl Total 1,368,200 12,800 1,181,100 20,200 1,183,700 145,600 126,600
00000 _Japan (0 Total 0_Total 2 Tenenent-hol Wooden 845,100 8,000 815,400 12,300 2,200 100,000 86,000
00000 _Japan (0 Total 0_Total 2 Tenenent-hof2_Non-wooden 424,100 3,800 375,600 7,800 37,500 45,600 40,700
00000 _Japan (0 Total 0_Total 3 Apartnents (0 Total 23,352,700 16,000 22,267,800 197,900 22,185,900 2,291,600 1,727,000
00000 _Japan (0 Tatal 0 Total 3 Apartnents (1 Wooden 2,924,800 8,700 2,571,300 21,300 2,5m8,000 376,500 758,700
00000 _Japan (0 Total 0 Total 3 Apartnents (2 Non-wooden 20,427,800 B7,300 19,696,500 135,900 18,877,500 1,885,100 1,458,300
00000 _Japan (0 Total 0_Total 4 (thers  |0_Total 135,900 3,500 107,800 3,500 107,800 11,800 20,100
00000 _Japan (0 Total 0_Total 4 (thers 1 Yooden 55,800 1,800 45,200 1,800 43,200 B,a00 9,400
00000 _Japan (0 Total 0 Total 4 (Others |2 _Non-wooden a0, 100 1,700 62,600 1,700 62,600 5,300 10,600
00000 _Japan (0 Total | Oyned housel Total 0 Total 32,801,500 1,709,800 31,012,100 2,059,500 30,742,000 B,235,400 B, 341,400
00000 _Japan (0 Total | Oyned houseD_Total 1 Wooden 25,158,600 1,631,000 73,527,600 1,789,300 73,369,300 4,557,300 5,208,000
00000 _Japan |0 Total | Oyned housel_Total 2 Non-wooden | 7,642,900 158,500 7,484,400 21,200 1,372,700 1,278,100 1,083,500

Figure D. Sample screenshot of Japan’s Housing Data (e-Stat, 2018)
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Table D. Japan’s Single Family Homes Statistics (e-Stat, 2018)

Total House PV installed | Available
Hokkaido 1,255,600 27,500 1,228,100
Aomori 377,200 10,100 367,100
Akita 306,200 6,700 299,500
Iwate 352,600 23,600 329,000
Yamagata 305,200 11,700 293,500
Miyagi 527,500 42,500 485,000
Fukushima 512,800 39,000 473,800
Niigata 627,500 14,700 612,800
Toyama 301,400 12,300 289,100
Ishikawa 317,500 11,800 305,700
Fukui 214,200 9,100 205,100
Yamanashi 243,000 24,900 218,100
Gunma 581,400 54,800 526,600
Saitama 1,656,900 106,400 1,550,500
Tochigi 545,000 54,800 490,200
Ibaraki 814,800 65,500 749,300
Chiba 1,400,400 87,400 1,313,000
Tokyo 1,820,900 65,000 1,755,900
Kanagawa 1,655,500 87,500 1,568,000
Nagano 590,500 65,500 525,000
Shizuoka 940,700 96,600 844,100
Aichi 1,564,800 147,000 1,417,800
Gifu 558,400 51,200 507,200
Mie 524,900 42,800 482,100
Shiga 366,100 34,500 331,600
Osaka 1,607,400 80,800 1,526,600
Nara 357,800 27,100 330,700
Wakayama 284,600 21,400 263,200
Kyoto 641,200 32,900 608,300
Hyogo 1,164,400 87,200 1,077,200
Tottori 152,800 9,500 143,300
Okayama 513,800 50,900 462,900
Shimane 189,800 13,800 176,000
Hiroshima 670,600 59,500 611,100
Yamaguchi 398,900 33,300 365,600
Kagawa 268,600 22,000 246,600
Tokushima 215,900 14,500 201,400
Ehime 397,300 29,100 368,200
Kochi 213,100 15,100 198,000
Fukuoka 991,200 89,200 902,000
Oita 304,000 32,500 271,500
Saga 207,700 26,600 181,100
Kumamoto 440,600 49,500 391,100
Miyazaki 314,700 35,100 279,600
Kagoshima 481,500 42,400 439,100
Nagasaki 357,700 31,200 326,500
Okinawa 223,800 11,500 212,300
Total 28,758,400 2,008,000 26,750,400
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E: Solar Energy Calculation

Table E-1. Solar Energy Calculation

Units Notes:

Solar Energy (SE) kWh Multiply: 0.278 kwh/MJ (Conversion
Units, 2021)

Solar Irradiance (SI) MJ/m? Data is formatted from daily table (365
points) per prefecture.

Area (A) m? See Table E-2 for calculation

Yield (Y) Unitless Default — 15.6% (Saur, 2016)

Performance Ratio (PR) Unitless Default — 0.75 with range of 0.5 - 0.9
(Saur, 2016 & NREL 2013)

Table E-2. Solar Panel Area Calculation

Units

Notes:

One solar panel area (a)

m2

Default: 1.46 m?with range of 1.23 to 1.67
m? (Eco-life, 2021)

Number of solar panels (n)

Panels

Depends on committed size of system.
Example 4kW system using 250kW panel
would result in 16 panels.

Number of homes (h)

Homes

Depends on the government subsidy
amount and size of system that would drive
cost.

Table E-3. Number of Homes

Units Notes:
Total number of homes by | Homes First data column of Figure B.
prefecture (Notai(1-47))
Total number of homes Homes Fourth data column of Figure B.
with solar system by
prefecture (hsolar(1-47))
Number of available homes | Homes Difference between hiotar and hsolar, & cap
(Nmax(1-47)) number for each prefecture.
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F: Inverse Factor Calculation by GDP Ranking

Table F. Inverse Factors for each Prefectures

Ranking| Prefecture | Inverse Factor Ranking | Prefecture | Inverse Factor
1 Tokyo 0.00119956 26 Ehime 0.02140665
2 Aichi 0.00271432 27| Kagoshima | g 2280250
3 Osaka 0.00317333 28 Oita 0.02296563
4 | Kamagawa | (00351194 29 Iwate 0.02518702
5 Saitama 0.00525362 30 Toyama 0.02538369
6 Hyogo 0.00557421 31 Ishikawa 0.02540731
7 Chiba 0.00569208 32 | Yamagaa | 002813864
8 | Fukuwoka | 000gogs9g| | 33 | Nagasaki | 002822039
9 | Shizwoka | (00653946 34 Aomori 0.02856305
10 Hokkaido 0.00655021 35 Okinawa 0.02938856
11 Ibaraki 0.00829830 36 Kagawa 0.02979367
12 | Hiroshima | (00961291 37 | Wakayama | (03279268
13 Mie 0.01176144 38 Miyazaki 0.03299892
14 Kyoto 0.01220843 39 | Yamanashi | (03384837
15 | Guma | p1235500| | 40 Nara 0.03475868
16 Tochigi 0.01247427 41 Fukui 0.03563754
17 Miyagi 0.01302445 42 Akita 0.03626257
18 | Okayama | (01356973 43 Saga 0.04101784
19 Niigata 0.01378626 44 | Tokushima | (04111556
20 | Nagano | (01443829 45 Shimane 0.05212021
21 Fukushima 0.01453275 46 Kochi 0.05417033
22 Gifu 0.01494338| | 47 Tottori 0.06610396
23 Shiga 0.01703277 JAPAN 1
24 | Yamaguehi | 001727620
25 | Kumamoto | 02032643
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G: Solar Irradiance Statistical Analysis

Table G-1. 2020 Solar Irradiance ANOVA Test

SUMMARY

Groups Count Sum Average Variance
Hokkaido 366 1239.419 3.386391 3.14479
Aomori 366 1248.871 3.412215 4.632818
Akita 366 1216.695 3.324303 4.754547
Iwate 366 1213.998 3.316935 3.539351
Yamagata 366 1252.204 3.421322 3.935348
Miyagi 366 1274.688 3.482755 4.031172
Fukushima 366 1257.083 3.434652 3.728211
Niigata 366 1260.958 3.44524 4.57859
Toyama 366 1284.329 3.509097 4.377952
Ishikawa 366 1292.818 3.53229 4.252451
Fukui 366 1301.307 3.555483 4.454117
Yamanashi 366 1518.364 4.148535 3.68579
Gunma 366 1411.136 3.855564 3.716656
Saitama 366 1384.32 3.782296 3.474922
Tochigi 366 1343.938 3.671962 3.383357
Ibaraki 366 1351.233 3.691893 3.943066
Chiba 366 1361.43 3.719754 4.477598
Tokyo 366 1319.822 3.60607 3.934349
Kanagawa 366 1384.32 3.782296 3.474922
Nagano 366 1461.721 3.993774 3.843713
Shizuoka 366 1497.138 4.090542 3.795735
Aichi 366 1474.062 4.027491 3.956528
Gifu 366 1477.64 4.037269 3.344693
Mie 366 1477.64 4.037269 3.344693
Shiga 366 1375.552 3.75834 4.339573
Osaka 366 1482.346 4.050126 4.029697
Nara 366 1394.626 3.810453 3.720192
Wakayama 366 1417.508 3.872973 3.839785
Kyoto 366 1417.508 3.872973 3.839785
Hyogo 366 1417.508 3.872973 3.839785
Tottori 366 1410.656 3.854252 4.03323
Okayama 366 1410.656 3.854252 4.03323
Shimane 366 1351.422 3.69241 4.570521
Hiroshima 366 1466.792 4.007628 4.158371
Yamaguchi 366 1413.755 3.862719 4.61492
Kagawa 366 1500.066 4.09854 4.00503
Tokushima 366 1509.092 4.123203 3.960372
Ehime 366 1496.343 4.08837 4.347845
Kochi 366 1530.868 4.1827 4.337272
Fukuoka 366 1425.509 3.894833 4.503422
Oita 366 1464.184 4.000504 4.220389
Saga 366 1396.616 3.815892 4.173328
Kumamoto 366 1505.637 4.113762 4.404533
Miyazaki 366 1527.613 4.173805 4.182397
Kagoshima 366 1430.621 3.908802 4.27466
Nagasaki 366 1434.986 3.920727 4.494265
Okinawa 366 1551.173 4.238176 3.158692
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 1115.145 46 24.24228 6.032122 1.74E-34 1.366611
Within Groups 68943.63 17155 4.018865
Total 70058.78 17201
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Table G-2. 30-year average Solar Irradiance ANOVA Test

SUMMARY

Groups Count Sum Average Variance
Hokkaido 366 1227.124 3.352797 1.669551
Aomori 366 1207.215 3.298402 2.025424
Akita 366 1201.711 3.283362 2.006688
Iwate 366 1222.616 3.340481 1.274308
Yamagata 366 1244.523 3.400335 1.528929
Miyagi 366 1242.771 3.39555 0.86388
Fukushima 366 1240.575 3.389549 1.041045
Niigata 366 1226.675 3.351571 2.036089
Toyama 366 1226.758 3.351799 1.615396
Ishikawa 366 1238.143 3.382903 1.60063
Fukui 366 1249.527 3.414007 1.588674
Yamanashi 366 1436.593 3.925117 1.010923
Gunma 366 1322.196 3.612557 0.701345
Saitama 366 1325.268 3.62095 0.818425
Tochigi 366 1267.791 3.46391 0.611
Ibaraki 366 1336.985 3.652966 0.857899
Chiba 366 1366.009 3.732264 1.212239
Tokyo 366 1222.032 3.338886 0.700557
Kanagawa 366 1325.268 3.62095 0.818425
Nagano 366 1383.175 3.779167 0.83146
Shizuoka 366 1393.92 3.808524 0.813453
Aichi 366 1372.43 3.74981 0.856898
Gifu 366 1383.175 3.779167 0.83146
Mie 366 1383.175 3.779167 0.83146
Shiga 366 1303.375 3.561134 1.349511
Osaka 366 1312.077 3.584909 1.155983
Nara 366 1298.649 3.548222 1.1419
Wakayama 366 1274.102 3.481152 1.243269
Kyoto 366 1182.306 3.230345 1.345894
Hyogo 366 1274.102 3.481152 1.243269
Tottori 366 1366.606 3.733897 1.257549
Okayama 366 1366.606 3.733897 1.257549
Shimane 366 1366.606 3.733897 1.257549
Hiroshima 366 1388.026 3.792421 1.10297
Yamaguchi 366 1345.186 3.675373  1.42585
Kagawa 366 1383.94 3.781256 1.343153
Tokushima 366 1383.94 3.781256 1.343153
Ehime 366 1403.566 3.834881 1.22454
Kochi 366 1439.567 3.933244 0.774956
Fukuoka 366 1345.381 3.675904 1.198766
Oita 366 1323.892 3.61719 0.869657
Saga 366 1340.294 3.662004 0.980848
Kumamoto 366 1385.58 3.785737 1.036295
Miyazaki 366 1445.934 3.950638 0.730505
Kagoshima 366 1419.968 3.879695 0.894196
Nagasaki 366 1367.788 3.737125 1.215005
Okinawa 366 1528.555 4.17638 1.467232
ANOVA
‘ource of Variatiot SS df MS F P-value F crit
Between Groups 768.5525 46 16.70766 14.27596 1.1E-106 1.366611
Within Groups 20077.1 17155 1.170335
Total 20845.66 17201
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H: 10-year Prediction of PV and Storage Cost

Table H. 10-year Prediction of PV and Storage Cost

Battery Price (Yen) [PV Price (Yen) |Total (Yen)
2021 1,600,000 550,000 | 2,150,000
2022 1,408,000 506,000 | 1,914,000
2023 1,312,000 484,000 | 1,796,000
2024 1,216,000 462,000 | 1,678,000
2025 1,120,000 440,000 | 1,560,000
2026 1,024,000 418,000 | 1,442,000
2027 928,000 396,000 | 1,324,000
2028 832,000 374,000 | 1,206,000
2029 736,000 352,000 | 1,088,000
2030 640,000 330,000 970,000
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f CO2 Emission Factor

1on o

10-year Predicti

Major Utilities| 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

Hokkaido 0640 0678 065| 0601 0609 05%1) 05812 05673 0.5534] 05395 0.5256] 05117] 04978] 04839 047
Tohoku 0548 0523] 0528 0521] 0476] 04754 04608] 04462) 04316 0417] 04024 03878 03732 037 037
Hokuriku 0640 0593 0542 0510 0469 04233 03808 03383 0338 033 0338 033 033 03386 0338
Chubu 0485 0476 045/ 0431 0417 03989 03808 03627] 0363 0363] 0363 0363 0363 0363 0.363
Tokyo 0486 0475 0468| 0457 0441] 0433 04222| 04114) 04006] 03898 0379 03682 0368 0368 0.368
Kansai 0509 0435 035 0340 0340 0340f 0340 0.340] 0340 0340] 0340f 0340 0340] 0340 0.340
Shikoku 0529] 0535 0528 0408 0550| 04845 0476] 04675 0459 04505 0442] 04335 0425 04165 0408
Chugoku 0691 0669 0618 0561 0521| 04776] 04328 0388 03432 0343] 0343 0343] 0343 0343 0343
Kyushu 0483] 0463 0347 0370] 0479 0391 0388 03779 03678 0368 0368 0368 0368 0368 0.368
Okinawa 0799 0786 0786 0810] 0771 0.764) 0758 0751 0745 0738 0732 0725 0719] 0712 0.706

Table I. 10-year Prediction of CO2 Emission Factor

Note: Blue boxes are derived through regression line calculation.

Yelllow boxes are overwritten as the value crossed the 0.37 threshold.
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Figure I. Regression Line Analysis of CO2 Emission Factor by utilities
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f 9-year model

ISO

Analys

IVENESS

Cost-effecti

J

Table J. BCR Results of 9-year model

Total (kWh) 2022 2023 2024 2025 2026 2027 2028 2029 2030 Sum (9 years)
Ist fund 170,112,532 352,514,486 363,828,955 353,997,438 350,714,769 353,931,429 365,495,528 370,443,462 365,203,349 3,046,241,948
2nd fund - 186,364,612 387,730,011 377,252,118 373,753,703 377,181,998 389,505,757 394,778,782 389,194,353 2,875,761,334
3rd fund - - 200,950,128 403,790,284 400,045,684 403,714,969 416,905,360 422,549,349 416,572,213 2,664,527,987
4th fund - - - 209,690,238 430,314,184 434,260,972 448,449,492 454,520,532 448,091,286 2,425,326,704
5th fund - - - - 228,323,874 469,800,216 485,149,931 491,717,922 484,762,205 2,159,754,148
6th fund - - - - - 249,593,327 528,401,255 535,554,685 527,979,219 1,841,528,486
7th fund - - - - - - 279,155,225 587,953,098 579,636,508 1,446,744,831
8th fund - - - - - - - 316,504,943 642,506,290 959,011,233
Total 17,418,896,670
Scenariol |Year1 Average Sum (19 years) Total (20 years) Scenario 2 Sum (9years) |Sum (11years)  |Total (20years)
Ist fund 170,112,532 359,516,177 6,830,807,364 7,000,919,896 Ist fund 3,046,241,948 3,954,677,948 7,000,919,896
2nd fund 186,364,612 384,199,532 7,299,791,103 7,486,155,714 2nd fund 2,875,761,334 4,226,194,849 7,101,956,182
3rd fund 200,950,128 410,596,310 7,801,329,887 8,002,280,015 3rd fund 2,664,527,987 4,516,559,408 7,181,087,395
4th fund 209,690,238 443,127,293 8,419,418 571 8,629,108,808 4th fund 2,425,326,704 4,874,400,225 7,299,726,929
5th fund 228,323,874 482,857,569 9,174,293,802 9,402,617,675 5th fund 2,159,754,148 5,311,433,254 7,471,187,401
6th fund 249,593,327 530,645,053 10,082,256,007 |  10,331,849,334 6th fund 1,841,528,486 5,837,095,583 7,678,624,069
Tth fund 279,155,225 583,794,803 11,092,101,257 |  11,371,256,482 7thfund 1,446,744,831 6,421,742,833 7,868,487,664
8th fund 316,504,943 642,506,290 12,207,619,510 |  12,524,124,453 8th fund 959,011,233 7,067,569,190 8,026,580,423
Total (KWh) 92,167,209,047 Total (KWh) 59,628,569,959
Subsidy (¥) 2,000,000,000,000 Subsidy (¥) 2,000,000,000,000
Cost Ratio (¥/kWh) 21.70 Cost Ratio (¥/kWh) 33.54
BCR 2.40 BCR 1.55
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