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Abstract

Offshore wind power attracts intensive attention for decarbonizing power supply in Japan, because Japan has 1600 GW of
offshore wind potential in contrast with 300 GW of onshore wind. Offshore wind availability in Japan, however, is significantly
constrained by seacoast geography where very deep ocean is close to its coastal line, and eventually, nearly 80% of offshore
wind resource is found in an ocean depth deeper than 50 m. Therefore, power system planning should consider both the
location of available offshore wind resource and the constraint of power grid integration. This paper analyzes the impact of
power grid integration of renewable resources including offshore wind power by considering the detailed location of offshore
wind resource and the detailed topology of power grid. The study is performed by an optimal power generation mix model,
highlighted by detailed spatial resolution derived from 383 nodes and 472 bulk power transmission lines with hourly temporal
resolution through a year. The model identifies the optimal integration of power generation from variable renewables, including
offshore wind, given those predetermined capacities. The results imply that, together with extensive solar PV integration, total
33 GW of offshore wind, composed of 20 GW of fixed foundation offshore wind and 13 GW of floating offshore wind could
contribute to achieve 50% of renewable penetration in the power supply of Japan, and that scale of offshore wind integration
provides a technically feasible picture of large-scale renewable integration in the Japanese power sector.

Keywords Offshore wind power - Electric power grid - Optimization - Linear programming - Variable renewable energy -
Power system operation
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Introduction

Offshore wind power attracts intensive attention for decar-
bonizing future power supply in Japan, because Japan poten-
tially holds 1600 GW of offshore wind resource (technical
resource) in comparison with 300 GW of onshore wind as
shown in Fig. 1, due to the very long coastal line in the
world derived from the feature of national land area entirely
surrounded by the ocean (MOE 2011). As of 2018, ongoing
offshore wind power development projects in Japan, which
are subject to environmental impact assessment, amount to
5.4 GW in the ocean regions (METI/MLIT 2018). The study
(JWPA 2017) shows the scenario that expects the expan-
sion of offshore wind capacity in Japan to 37 GW in 2050.
Although solar PV has been the mainstream of renewable
energy penetration in Japan, the political interest by the
Japanese government has shifted from solar PV to offshore
wind which might more contribute to replace thermal units
and mitigate carbon emissions due to the higher capacity
factor. The government has been politically eager to reduce
the cost of offshore wind power generation, and the feed-
in-tariff (FIT) for offshore wind is institutionally arranged
as the most profitable for the power operators. The FIT for
offshore wind in 2019, both fixed foundation and floating
offshore wind powers, shows 36 yen per kWh (METI 2019;
METI 2020), equal to 33 cents per kWh, being double of that
in PV and onshore wind. In addition, in November 2018, the
Japanese Diet has approved a new bill for offshore wind pro-
motion, called as the bill on promotion of territorial waters
utilization for offshore renewable energy facilities (METI
2018a). As denoted in the bill, national and local govern-
ments collaboratively specify appropriate lease zones for
offshore wind power, and the developers lodge competitive

Wind PV Geothermal Hydro
(Onshore) (Non- (Small-scale)
residential)
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bids for the use of the zones with proposing a price of FIT
and the development plan. Finally, the winners have the right
to occupy and utilize the leased zone for a maximum of
30 years and receive a FIT for 20 years.

Although Japan has abundant offshore wind resources,
economical and technical viability of offshore wind grid
integration is significantly constrained by its geographical
characteristics. Japan has a unique geographical structure of
very steep and deep seawaters close to its coastal line. Only a
few areas are near shallow water in Japan. Therefore, nearly
80% of offshore wind resource is located in an ocean depth
deeper than 50 m, as illustrated in Fig. 2 which is made using
the data shown in the literature (NEDO 2009). European
region, on the other hand, which progressively promotes the
installation of offshore wind, holds large deployable sites in
shallow ocean suitable for a development of fixed founda-
tion offshore wind. Due to the specific coastal geographical
structure in Japan, hence, floating offshore wind, which is
still under development for full-fledge commercialization,
is a candidate to promote wind energy in the national power
generation mix. In addition, the Japanese power grid struc-
ture is not inherently suitable for integrating renewable
energy. For example, Tohoku region, where enough resource
of fixed foundation offshore wind is available, has severe
grid capacity constraints to integrate the offshore wind out-
put, because Tohoku is the place which does not encompass
a sufficient electricity demand equal to its abundant offshore
wind resource. Therefore, for connecting large-scale offshore
wind, Japan has technical challenges in the power grid to
address geographical disparity between the place where
electricity is generated and the place where electricity is
consumed, for example, by reinforcing power transmission
lines. The limited capacity of power grid is estimated to
constrain the grid access of onshore wind as well in Japan
(Mizuno 2014). To assess the integration of offshore wind
power into a power grid, thus, elaborate consideration is
required for a topology of power grid as well as a location of
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Fig.2 Resource potential of offshore wind power by sea depth and by
distance from coastline, compiled from (NEDO 2009)
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offshore wind resource. In addition, a large-scale renewable
integration causes a drop of wholesale power price, because
VRE variable cost is almost zero and it substitutes thermal
power units which requires fuel cost for incrementing power
output through a merit-order dispatch in wholesale power
market. As actually observed in a part of Japan, renewable
integration in power system has enormously pushed down
the level of wholesale electricity price. In Kyushu electric
power company, wholesale price is observed to stick to zero
when solar PV generates in daytime. Nowadays, political
measures are considered to be necessary to resolve the nega-
tive impact of collapsing wholesale price on power supply
investment.

Against those backgrounds, this paper develops an opti-
mal power generation mix model which takes into consid-
eration a detailed topology of the Japanese power grid and
analyzes the power grid integration of renewable resources
in 2030 including fixed foundation and floating offshore
wind powers on the basis of official assessment for offshore
wind resources (MOE 2015).

Until now, in a power grid study, the feasibility of renew-
able energy integration is evaluated using a computational
simulation model. Renewable integration is analyzed,
focusing on the effect of wind power on unit commitment
dispatch through 36 h (Tuohy et al. 2009) and in isolated
power system of Gran Canaria by considering demand
response (Dietrich et al. 2012), high renewable penetration
in Australia by hourly merit order dispatch (Elliston et al.
2012), cost-minimized combinations of various renewable
resources with electrochemical storage (Budischak et al.
2013), a stochastic analysis for the grid integration of wind
and solar with a Monte Carlo simulation (Hart and Jacob-
son 2011), and the potential for a fully renewable power
generation mix at each half-hourly interval (Becker et al.
2014). Multi-nodal power system analysis has been con-
ducted as well, highlighting the penetration of renewables
with regional linear optimization model of European power
system considering power transmission network (Schaber
et al. 2012), the operational impact of given energy penetra-
tion of wind and PV considering US inter-state transmission
constraint (NREL 2014), the locational impact of renewables
on power transmission congestion in a IEEE 30-bus test grid
(Hitaj 2015), a unit commitment problem aiming to mini-
mize the system cost under IEEE test power system (Mar-
zooghi et al. 2016; Riaz et al. 2019), a long-term scenario
development of a U.S. power grid integrating renewable
energy up to 80% of 2050 annual electricity by considering
134 balancing areas (Mai et al. 2014), an evaluation of long-
term decarbonization scenario for the Chinese power system
by power grid expansion model covering 31 load areas (He
et al. 2016) and a scenario generation framework capturing
inter-spatial dependencies between loads and wind output



Sustainability Science

in various locations under a modified IEEE 118-bus system
(Sun et al. 2018).

The above existing literatures coping with a power grid
analysis, however, does not evaluate the detailed integra-
tion effect of fixed foundation and floating offshore wind
powers by considering a detailed structure of power grid
topology and a detailed temporal resolution such as hourly
resolution in 8760 h per year. Few studies so far develop the
model including several hundred nodes and power lines in
an hourly temporal resolution through a year, and evaluate
the power grid integration of VRE including offshore wind.

This manuscript analyzes alternative power supply
scenarios focusing on offshore wind power with an opti-
mal power generation mix model, and evaluate how much
renewable power can be economically integrated by con-
sidering energy storage and its output curtailment and how
much non-fossil power generation can be economically
integrated as much as possible in national power supply.
The model is characterized by considering the power grid
topology composed of 383 nodes and 472 high-voltage
power transmission lines in Japan with an hourly resolu-
tion in 8760 h per year. This paper upgrades the model,
which the authors previously developed from scratch and
considers a grid topology at 135 buses and 166 power lines

Fig.3 Average annual onshore
wind speed over 20 years across
the country, compiled from
(MOE 2013)

(Komiyama and Fujii 2017), to entirely handle all of the
high-voltage power grid at 383 buses and 441 bulk power
transmission lines for newly considering offshore wind
integration. Therefore, the originality of this study is to
assess the optimal VRE integration including offshore wind
into a power grid by considering the constraint of whole
bulk power transmission line and to show the optimal pic-
ture of VRE integration in a higher temporal resolution.
Based on the model, this paper evaluates the impact of
extensive renewable integration on CO, emissions of the
power system.

Offshore wind power potential

Concerning onshore wind power potential in Japan as shown
in Fig. 3, desirable locations, which are colored in green, yel-
low and red, can be observed around Hokkaido and Tohoku
areas, while offshore wind power potential as depicted in
Fig. 4 are spread nationwide covering Kanto, Chubu and
Kyushu regions together with Hokkaido and Tohoku.
Onshore desirable locations are concentrated heavily on Hok-
kaido and Tohoku regions, together dominating 80% of the
national onshore wind potential. As described, offshore wind
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Fig.4 Average annual offshore
wind speed over 20 years across
the country, compiled from
(MOE 2013)

power attracts an interest a lot in Japan, because Japan has
a long coastal line and 1600 GW of offshore wind potential
which is evenly distributed nationwide and can potentially
increase its integration into the national power system.

A study (MOE 2015) elaborately estimates the potential
capacity of offshore wind power generation by considering
the geographical proximity between the location of offshore
wind resource and the location of high-voltage substation in
a power grid. In the estimation, the study assesses the condi-
tions of offshore wind speed throughout the country based
on the numerical weather simulations over the past 20 years.
Furthermore, the study specifies grid access points of off-
shore wind in existing high-voltage substations which is
explicitly and consistently included in the model developed
here. Based on those considerations, as shown in Table 1,
the study assesses the integration potential of offshore wind
power into the grid for each electricity service area. The
study focuses on the offshore area with wind speed more
than 7.0 m/s and with sea depth less than 50 m for fixed-
foundation offshore wind. As far as distance from coastline,
fixed-foundation offshore is assumed from 10 to 40 km,
while floating offshore is from 40 to 80 km. Furthermore,
the study assumes that the available sites of offshore wind
installation are located less than 100 km from high-voltage

@ Springer
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Table 1 Resource potential of offshore wind power generation in
Japan, considering wind speed, distance from coastline, sea depth and
proximity to the power grid

Service area Fixed foundation (GW)  Floating (GW)
Hokkaido 0.68 0
Tohoku 9.91 9.02
Tokyo 7.52 15.26
Hokuriku - -
Chubu 5.88 5.58
Kansai 0 1.01
Chugoku - -
Shikoku 0.48 3.04
Kyushu 0.44 1.68
Okinawa - -
Total 2491 35.59

Source. Ministry of Environment, Japan (MOE 2015)

substation. Through those assumptions, the study explicitly
considers the geographical proximity between an offshore
wind potential and a power grid. As a result, the study evalu-
ates 25 GW of fixed foundation offshore wind and 36 GW of
floating offshore wind in Table 1. Based on the study (MOE
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2015) where offshore wind potential is estimated by con-
sidering wind speed, grid topology, and the distance from
coast and sea depth, this paper scrutinizes the estimation
and assumes that 20 GW of fixed foundation offshore wind
and 13 GW of floating offshore wind could be potentially
deployed in the national power grid. Because of the differ-
ences of the grid topology are observed between the study
(MOE 2015) and this paper, the connectable capacity of off-
shore wind power in this study is slightly different from the
study (MOE 2015).

Optimal power generation mix model
of Japan (OPGM model)

In this paper, an electric power system integrated with large-
scale offshore wind is analyzed together with other variable
renewable energies (VREs) by developing an optimal power
generation mix (OPGM) model covering entire nationwide
power grid. The model is formulated with a linear program-
ming approach. The minimization of total power system cost
enables us to specify the best mix of a power system through
8760 h in a single year. For achieving higher VRE penetra-
tion, strategic energy policy is imperative for transforming
a power grid (IEA 2014), and the model developed here is
suitable for a power system planning to support such a policy
formulation. An optimal power generation mix model here
is basically an optimal power system model which economi-
cally dispatches electricity from individual power generator
for power demand, although the capacity of rechargeable
battery is endogenously determined through the cost optimi-
zation. Thus, the model mainly determines the economically
optimal power supply from each generator for each hour of
the year, and not calculates the power capacity expansion
other than rechargeable battery.

Compared with the authors’ previous studies (Komiyama
and Fujii 2014, 2017), total 31 offshore nodes are explicitly
embedded for considering the integration of offshore wind
power. Based on the information of (IEEJ 2004), the topol-
ogy of power transmission lines is explicitly considered in
the model as shown in Fig. 5. Concerning power generators,
the model considers nuclear, hydro, geothermal, coal-fired,
LNG-fired (steam turbine, combined cycle), oil-fired, solar
PV, onshore wind, offshore wind and energy storage. As
energy storage technology, the model incorporates the pos-
sible deployment of sodium—sulfur (NAS) battery and Li-
ion battery as well as pumped-storage hydro-power. Active
power flow of the grid is modeled through a direct current
(DC) method. This paper, however, does not consider ther-
mal power plants equipped with CCS (carbon capture and
storage) due to the limitation of computational capabil-
ity, and the consideration of CCS is positioned as a future
research topic. In addition, in this model, advanced power

Fig.5 Locational distribution of 383 buses and 472 high-voltage
power transmission lines in Japan. 31 offshore nodes are explicitly
considered

technology such as hydrogen power generator is not con-
sidered as well, and it should be kept in mind that the total
power system cost could be overestimated if the technologies
have economical competitiveness in the power system.

In the model, an annual calendar year is described by
8760 temporal segments (=24 h per day X 365 days per year)
and it allows us to consider a seasonal VRE output variation.
Exogenous variables such as cost and technical assumptions
are based on Komiyama and Fujii (2017). Regarding power
demand data, this paper adopts electricity load curves which
are all downloadable from the websites of utility compa-
nies, although demand response, observed a lot as dem-
onstration projects in Japan, is not considered. If demand
response (DR) is considered in the model, DR could serve
as a role to reduce the dependence of balancing technology
or operation such as the curtailment of renewable power out-
put and rechargeable battery installation because DR could
adjust power demand to power supply in each time. In this
model, PV and onshore wind variabilities in each node are
assumed through the authors’ existing literatures (Komiy-
ama and Fujii 2014) using official meteorological database
(AMeDAS) (JMA 2007). Offshore wind power variabilities
are estimated by meteorological database. Those different
variabilities of solar PV, onshore and offshore winds are
integrated in the power grid model, and consequently, the
impact through the leveling effect of VRE variabilities on a
power system is explicitly reflected in this study.

This study analyzes the possibility of large-scale renew-
able integration including offshore wind in 2030, and the

@ Springer
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capacity of nuclear and thermal power generation is fixed
at the capacity supposed in 2030. The capacity of nuclear,
thermal and renewable power generation is assumed as given
variables according to electricity supply plans of each ser-
vice area in 2030. This paper does scenario analysis on the
given capacities of renewable as described later. In addition,
the capacities of rechargeable batteries are endogenously
calculated through the optimization, and the capacities of
other plants are fixed on the basis of electricity supply plan
(OCCTO 2015) and governmental long-term energy out-
look (METTI 2015) as shown in Fig. 6. Regarding nuclear
power supply, this paper assumes almost the same fraction
of nuclear power generation as that of the governmental out-
look in 2030 (METI 2015) and sets the nuclear fraction as
21% of total electricity supply.

In this study, based on database (Renewables.ninja 2019),
the yearly profiles of offshore wind output in an hourly
interval are estimated in 31 offshore nodes in the model.
As a result, annual average capacity factor of offshore wind
achieves 37% which is well above that of onshore wind, typi-
cally 20% in Japan. Figure 7 illustrates the output profile of
offshore wind, for example, in January in all 31 offshore
nodes of the model and implies that the trend of offshore
wind power output has a long-term cycle such as a daily or
weekly cycle. In addition, according to Fig. 8 illustrating

Fig.6 Locational distribution of
nuclear, thermal and renewable
energy in Japan
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average output profile of offshore wind through a year in
Japan, the offshore wind output shows a seasonal cycle as
well because its intensity tends to increase around winter
season and to decline around summer season. Therefore,
if offshore wind holds a large fraction in a power grid for
the future, solving a daily, weekly or seasonal imbalance of
offshore wind output will become a key agenda in a power
system.

The basic structure of mathematical formulation of the
model, together with the assumptions of technical param-
eters, is according to (Komiyama and Fujii 2014, 2017).
As technical measures for the output variation of VRE, the
model take into consideration typical multiple treatments,
namely, electricity storage, output control of dispatchable
generators, output curtailment of VRE and power exchange
through power transmission lines, although demand response
is out of consideration.

Objective function

Objective function corresponds to an annual total cost in a
specific year. Capacity of power transmission lines is basi-
cally given, and exogenous variables concerning cost and
technical specification are derived from Komiyama and Fujii
(2017):

Capacity [10GW

% 0.91
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[ LNGST

M LNGGCC
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Following constraints describe a balance equation between

Following descriptions are about the constraints in . .
supply and demand. Equation (4) shows nodal electric power

OPGM model.
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Fig.8 Average output profile of offshore wind on an hourly temporal
resolution through a year in Japan, compiled from Renewables.ninja
(2019)

flows and Eq. (5) depicts transmission losses of nodal power
flows:

Available capacity constraints of power supply
technologies

Equation (9) describes the upper-limit constraint of elec-
tric power output in nuclear and thermal power plants, and
Eq. (10) shows that of other power plants. Concerning PV
and wind outputs, this paper sets the outputs of unit capacity
u; 4, 1n Eq. (10), that is, yearly and hourly profiles of onshore
wind, offshore wind and PV outputs using meteorological
database (Renewables.ninja 2019; JIMA 2007). As far as
offhsore wind, the output variability as shown in Figs. 7 and
8 is explicitly considered:

Py, <Apiy )

Pig, Supg, XK; (10

B-1
Z Py, + Z (Disj’ — Cha, d, + Z cc, prd, Tnbd,) Loss, 4, = load, 4, (3)
i€l, JjEJ, b=0
O Cha; ., + Dis; ;, < usl; ; X KS1; 11
Tpyas =Ty g, = Z <ccn,h T >, ) e i an
P b
S8, Sus2; ;X KS2; (12)

~Lossy, (Tpp.a, + Tny g, )- (5)

Loss, 4, = = Z e,

Available capacity of power generation plants

Electric power stations are occasionally shutdown for the
maintenance to continue a stable electricity supply. Follow-
ing equations determine active and inactive capacity of elec-
tric power station. More detailed explanations are available
in Komiyama and Fujii (2014, 2017):

3

Apiq + Z (uryq - Mk, ;) = K, 6)
m=0

3
D (uryg - Mh,;) > (1 —upp,)K;, ©)
m=0
| & o
D Z (urm’d -Mkm,[) = (1 - upai)K[. ®)
m=0 d=0
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Constraints on upper and lower installable capacity

Ko S K; <K pperi (13)
KS1y; < KS1; < KS1,,,0r; (14)
KS2) < KS2; < KS2,,,.\; 15)

Power transmission constraints

Tpya; +Tnyq, < KT, (16)

KTy, < KTy, < KT pper (17)

KTy, = KT, = ’6’1 (18)
Xp

Tpyq; < mflowl,, (19)

Tny, 4, < mflow2, (20)
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Capacity reserve constraints

The following equation confirms required reserve capacity
in a power system preparing for the risks of power supply
shutdown:

Charge and discharge balances of energy storage

Charging and discharging behaviors of pumped-hydro
and rechargeable battery are described in the following
equations:

2 Ap; 4+ Z u; g, XK; + Z usl; ; X KS1; > (1 4+ 6) X max Z load, 4, @2
=y ielC, JEIA, €T N
Load following capability of power plants 1
Sidir1 = ( 6% ) X S84

Following equations explain the capability of adjusting elec- 1 Ch 1 1 Di
tric power output into incremental increase or decrease of % storage ~1%jdt ~ g Ve voraes Hide
electricity demand for power plants: 27
Py édecreasei XApig S P g1 S Pig,+ %increasei X Ap; 4» KSZj < Mgy rage X KSl (28)

(22)
Py — édecreasei Xy, XK <Py Py, + éincreasei Xu; 4, XK. (23)
Minimum output threshold of thermal power plant KS1; < crate; x KS2, (29)
The following equation shows that thermal power plant Dol T
operates more than a minimum threshold, excluding ther- 1 Cha. . < KS2. X us2. - X cycle; 30)
mal plant with daily start and stop mode (DSS). For sharp 6 44 & Jdit =05 7d lifetime;”

demand variations within a day, thermal plant with DSS
mode generates electricity under rapid heat-up and cool-
down cycle. Elaborate explanations are available in Komiy-
ama and Fujii (2014, 2017):

Pig, > (DMaxl-’d — dss; xApl-’d) X mol, (24)
DMax;; 2 P; 4, (25)
DMax; 4 2 P; 4,1, (26)

Table 2 Case setting for installed capacity of renewable energy in Japan

Renewable energy scenarios for offshore
wind

The Japan’s official energy outlook assumes the appro-
priate fraction of renewable energy in the power genera-
tion mix as 22-24% in 2030. However, Japan actually
has abundant renewable resources, such as offshore wind

Base Renewable RE with more PV and oft- RE with more PV and offshore

expansion shore wind (fixed-foundation) wind (fixed-found and floating)
(RE) [REMx+OF] [REMx+OFMXx]

Solar PV 64 GW 128 GW 256 GW 256 GW

Wind (onshore) 10 GW 30 GW 30 GW 30 GW

Wind (offshore, fixed-foundation) 0 GW 0GW 20 GW 20 GW

Wind (offshore, floating) 0 GW 0 GW 0 GW 13 GW

Hydro 24GW 24 GW 24 GW 24 GW

Geothermal 1.7GW  3.1GW 3.1 GW 3.1GW

Biomass 3.6GW 55GW 5.5 GW 5.5GW

REMx+OFMx assumes the maximum integration of variable renewable in Japan
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resource, to enhance renewables’ fraction and holds more
potential of decarbonizing the country’s power supply.
Therefore, particularly focusing on offshore wind, it is
important to investigate optimal power generation mix
under even more integration of renewable in the power
system than that assumed in the official supply plan. Such
simulation has an importance, because Japan aims to
mitigate carbon emissions by 80% from the current level
to 2050 (Prime Minister of Japan 2008) and elaborate
effort for the power supply decarbonization by renewable
is obviously an indispensable measure. According to the
project of energy model intercomparison in Energy Mod-
eling Forum (EMF) 35, the role of renewable energies
is estimated to be enhanced in the Japanese power sec-
tor toward 2050 under 80% emission reduction scenario
(Shiraki et al. 2020).

This manuscript aims to evaluate the impact of power
grid integration of renewable resources including off-
shore wind power which is not elaborately considered
so far in existing literatures and to assess the potential
role of whole renewables in national power generation
mix. This paper assumes four scenarios about renewable
energy in Japan as assumed in Table 2. In each scenario,
an optimal power generation mix is evaluated, employing
the model developed here. Base case assumes the same
capacity of renewable energy as described in the offi-
cial power supply outlook (METI 2015), while a part of
renewable expansion case (REMx+OF, REMx+OFMx)
assumes the deployment of offshore wind power, together
with the extensive deployment of PV and onshore wind.
Regarding the target year of the analysis, the scenarios
in Table 2 assume power generation mix in 2030, and
Base case assumes the mix in 2030 based on the official
outlook (METI 2015).

The capacity of renewable in Base case is assumed by
reflecting the values in (METI 2015). In each case, PV
and onshore wind capacities are exogenously allocated
into each node of the model on the basis of those capaci-
ties registered in FIT system (METI 2016) and installable
potential investigated by Ministry of Environment in Japan
(MOE 2013). Concerning PV capacity, RE case assumes
the double of that in Base case, and both REMx+OF and
REMx+OFMx cases set nearly the maximum potential
of PV deployment in Japan as estimated in (MOE 2013)
equivalent to four times of the Base case. About onshore
wind, RE, REMx+OF and REMx+OFMx cases assume
the maximum installable potential in Japan as well which
amounts to 30 GW, triple as that in Base case. In both
REMx+OF and REMx+OFMx cases, offshore wind
deployment is explicitly considered as shown in Fig. 9,
according to the governmental assessment (MOE 2015),
and Table 3 shows the regional offshore wind capacity
in the both cases. According to the study (MOE 2015),
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Capacity [GW]

= Fixed foundation
- Floating

Capacity [GW]

= Fixed foundation
™ Floating

(b) REMx+OFMx (Fixed foundation & Floating offshore wind)

Fig.9 Nodal distribution of offshore wind capacity in REMx+OF and
REMx+OFMx

REMx+OF case assumes 20 GW installation of fixed
foundation offshore wind, while REMx+OFMx supposes
furthermore 13 GW deployment of floating offshore wind
power.

Optimal mix of power generation
and capacity

Figure 10 shows the configuration about power generation
and capacity of Japan in individual scenario. As shown in
Fig. 10a, the increased installation of renewable energy
encourages fuel switching from thermal power generation
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Table 3 Regional offshore wind capacity in REMx+OF and

REMx+OFMx cases
GW REMx+OF REMx+OFMx
Fixed-foun-  Floating Fixed-foun-  Floating
dation dation
Hokkaido 0.7 0 0.7 0
Tohoku 7.1 0 7.1 6.2
Kanto 6.8 0 6.8 0
Chubu 4.3 0 4.3 3.9
Hokuriku 0 0 0 0
Kansai 0 0 0 0
Shikoku 0.5 0 0.5 2.3
Chugoku 0 0 0 0
Kyushu 0.4 0 0.4 1.0
Total 19.7 0 19.7 13.4
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Fig.10 Power generation and capacity of each technology in Japan,
calculated under multiple renewable energy scenarios
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Fig.11 Power generation by variable renewable energy in Japan, cal-
culated under multiple renewable energy scenarios
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Fig.12 LNGCC power generation in Japan, calculated under multiple
renewable energy scenarios

in RE, REMx+OF and REMx+OFMx cases. In REMx+OF
case, the fraction of variable renewable energy (VRE) such
as onshore wind, offshore wind and solar PV accounts for
30% of total annual power generation. Since the fraction of
VRE in the Japanese power generation mix in 2017 is still
5.8% (Solar PV: 5.2%, Wind: 0.6%), the simulation result in
REMx+OF suggests that the power system requires more
measures for the variability of VRE to ensure power supply
security and adequacy. In REMx+OFMXx, furthermore, the
fraction of VRE dominates 33% of the total power genera-
tion. Renewable energy resources as a whole, consisting of
those VREs and other renewables, achieve almost 50% in
total annual power supply. If nuclear included, the ratio of
zero emission power resource achieves 70% of total power
supply in this case.

Between RE and REMx+OF in Fig. 10b and Table 2, PV
capacity and offshore wind capacity increase by 128 GW
and 20 GW, respectively, and the growth of PV capacity
amounts to more than 6 times of that of offshore wind capac-
ity. In terms of energy (GWh) basis in Fig. 10a, however, PV
output and offshore wind output increase by 81 TWh and
58 TWh individually, and the growth of PV output shows
only 1.4 time of that of offshore wind output in spite of 6

@ Springer



Sustainability Science

20

15
[ oss

10

5

0

m
=4

Power Transmission Loss [TWh]
Base

REMx+OF
REMx+OWMx

Fig.13 Power transmission loss in Japan, calculated under multiple
renewable energy scenarios

Table 4 Carbon emissions and carbon intensity of electricity in each
scenario

CO, emissions [Mt- Carbon intensity

CO,] [kg-CO,/kWh]
Base 301 0.327
RE 267 0.287
REMx +OF 215 0.219
REMx + OFMx 200 0.202

times capacity growth of PV over offshore wind. From the
viewpoint of the investment for enhancing renewable energy,
offshore wind has larger advantage over solar PV in terms of
obtained power output per unit capacity.

As VRE penetrates more in the power grid, output cur-
tailment of renewable increases as described in Fig. 11 and
this might harm the economics of VRE. In REMx+OFMx,
for instance, the ratio of annual output curtailment over
total annual power generation in solar PV amounts to 20%,
and it implies that the utilization efficiency of PV output
drops in spite of its massive integration to the power grid.
It should be noted, however, that the curtailment of renew-
able energy in this model depends on multiple factors such
as installed PV capacity, installed energy storage facility
and power transmission capacity. In this case, according
to Fig. 12, LNGCC power generation declines largely by
two-third compared with that in Base case, due to increased
renewable penetration, because LNG import price is rela-
tively expensive in Japan and VRE with zero marginal cost
replaces LNG power generation first and foremost. Figure 13
shows that total power transmission loss of Japan. The loss
in REMx+OFMx will be increased by 10 billion kWh from
the level of Base case, because the variability of increased
VRE including offshore wind is required to be controlled by
more nationwide flexible power resources such as thermal
power plants and electricity storage. As for the installation
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of stationary rechargeable battery such as NAS and Li-ion
batteries, it is not so much observed in this paper, because
rechargeable battery is less economically favorable due to
its higher cost and other more affordable flexible sources
such as LNGCC mainly controls VRE outputs. In this paper,
the costs of NAS battery and Li-ion battery are assumed
as 200$/kWh and 400$/kWh, respectively (Komiyama and
Fujii 2019), and it should be noted that the battery installa-
tion could be changed if the model assumes much lower cost.

Concerning environmental aspects, Table 4 shows carbon
emissions and carbon intensity of electricity in each sce-
nario. As renewable sources are more integrated from Base
case to REMx+OFMx case, carbon intensity is observed to
be significantly reduced from the level of Base case. Cur-
rently, the official target of the carbon intensity of electricity
in 2030 is 0.370 kg-CO,/kWh (METI 2017). In REMx+OFMx
case which assumes the large-scale integration of renew-
able in 2030, the carbon intensity is dramatically reduced to
0.202 kg-CO,/kWh that is almost halved of the official target.
This implies that more decarbonization of electricity than the
official target could be potentially feasible by the extensive
integration of renewables by 2030.

Power system integration of variable
renewable

Monthly optimal dispatch of power generators of Japan
in January is illustrated in Fig. 14. The figure includes the
result in the four renewable scenarios. According to the
figures, VRE variability is controlled with rechargeable
battery, pumped-hydro, flexible operation by LNGCC and
coal-fired generators, and VRE output curtailment. Thus, it
is important to recognize that, compared with conventional
power dispatch only through peak, middle and baseload
generators, extensive VRE integration causes a significant
transformation in a power system operation. In REMx+OF
and REMx+OFMx, large-scale VRE output curtailment
is observed to serve as an economical option to reduce its
excessive output, rather than charging all surplus VRE out-
put to rechargeable battery which is a relatively expensive
technical option compared with flexible operation of thermal
and pumped-hydro. In the same cases, the figure implies
that offshore wind power, which has higher capacity factor,
largely reduce the dependence on the role of thermal power
generation such as LNGCC.

Impact on wholesale price in electricity
market

As mentioned in the introduction, in Kyushu electric power
company, wholesale price remains zero when PV output
increases in daytime, as depicted in Fig. 15. The wholesale
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Fig.14 Monthly dispatch in January for multiple renewable scenarios in Japan. The horizontal axis shows the time from January 1st to January
31th in hourly temporal resolution

price is derived from (JEPX 2020). In case of wind power,  higher fuel-cost thermal units in wholesale market. This
its capital cost is higher while the variable cost is almost ~ downslide of wholesale prices triggered by VRE, however,
zero. Therefore, extensive wind power integration might  might reduce the market income of thermal or nuclear power
suppresses the level of wholesale prices by eliminating  generator, called as dispatchable generator. This market
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phenomena caused by VRE is called as a missing money
problem (Hogan 2017). A fall in monetary gain from the
market might induce dispatchable generators to phase out
from a power system and eventually make it difficult to
maintain a required power supply adequacy of the market.
Until now, utility companies has planned to phase out old
thermal power generators, raising a concern for mid-term
sufficient power supply capability (OCCTO 2018). Hence,
important agenda in the Japanese power system is consid-
ered to be simultaneous achievement of both sufficient elec-
tricity supply capacity and extensive VRE integration in the
power system.

Against those background, this manuscript attempt
to assess the possible impact of VRE integration includ-
ing offshore wind on the trend of wholesale power prices.
Figure 16 shows the yearly average of locational marginal
electricity price (LMP) in respective 383 buses on Base
and REMx+OFMx cases. The model developed here can
yield wholesale power price information by calculating the
shadow price of nodal electricity demand, that is, by estimat-
ing the shadow price of Eq. (3). According to Fig. 16a, even
in Base case, relatively lower wholesale price is observed in
Hokkaido, Tohoku and Kyushu area due to higher VRE pen-
etration over power demand in those areas, while relatively
higher price is observed in demand-intensive area such as
Tokyo area. LMP is thus considered to be useful index for
representing electricity imbalance in individual node caused
by VRE. As implied by Fig. 16b, massive renewable integra-
tion in REMx+OFMx suppresses LMP in the whole power
grid. In this case, VRE marginal price which is equivalent
to zero becomes dominant in electricity supply curve dur-
ing the period of intensive VRE output, and the wholesale
price tends to be even lower than that in REMx+OF case.
In addition, in REMx+OFMx case, large-scale renewable
resources are integrated nationwide in Japan, and total power
supply capacity in each service area significantly outstrips

@ Springer

Hour of the Day [Hour]

12 [JRegional Exchange
—IPumped(in)

I Pumped(out)

I Curtailment(Wind)
I Curtailment(PV)
E=Wind

PV

EmBiomass
EmThermal

@ Hydro

I Geothermal

[e)}
Wholesale Power Price [yen per kWh]

B Nuclear
—Load

===\\'holesale Price (Right Axis)

the power demand. As a result, the wholesale prices go down
in a country as a whole, and nodal gap of annual average
wholesale price becomes smaller.

Figure 17 shows wholesale price curve in Tohoku region
where large-scale offshore wind is integrated. This paper
assesses the impact of renewable energy integration includ-
ing offshore wind on the movement of wholesale electricity
price. The figure shows the annual movement of wholesale
price in a descending order. In Tohoku region where the
resource endowment of wind and PV are abundant com-
pared with the electricity demand, wholesale electricity
price drops and collapses to almost zero in REMx+OFMx
during one-third of 8760 h per year. Therefore, extensive
VRE integration with offshore wind is supposed to affect the
profitability of dispatchable generators through the collapse
of wholesale price.

Economical feasibility of power grid
expansion

Capacity expansion of power transmission lines is necessary
for connecting large-scale VRE into a power grid and for
ensuring access route to system resources controlling VRE
output. However, the reinforcement of power grid capacity
is expensive in general, and should be implemented in con-
sideration of its cost effectiveness.

To quantify the economical feasibility of power grid
extension, shadow prices with regard to capacity expan-
sion for 441 bulk power transmission lines are calculated
and illustrated in Fig. 18 for REMx+OFMx scenario. The
shadow price here is a convenient index representing total
power system cost reduction through expanding the capac-
ity of bulk transmission line. The price level corresponds
to the magnitude of total system cost reduction by grid
expansion. Based on the figure, the increasing capacities of
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Fig.16 Locational marginal electricity price (LMP) of 383 nodes,
calculated under multiple renewable energy scenarios

specific bulk power transmission lines, such as a regional
transmission line between Hokkaido and mainland Japan,
are beneficial to further reduce total system cost under mas-
sive VRE penetration. The reason is because the relaxation
of power transmission bottleneck contributes, first, to inte-
grate more renewable with lower marginal cost to suppress
total system cost and, secondly, to access more economical
dispatchable resources for controlling output variability of
VRE. Figure 18, therefore, plays an important role to discuss
the economical validity of power transmission expansion.
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Fig.17 Wholesale price curve in Tohoku region, calculated under
multiple renewable energy scenarios. Wholesale price is evaluated
through the average of LMP among the nodes belonging to the region

Other than the line between Hokkaido and mainland
Japan, Fig. 18 reveals that the extension of inter-regional
power transmission line contributes to reduce power sys-
tem cost potentially such as the line between Tohoku and
Kanto, between Kanto and Chubu and between Shikoku and
mainland Japan. The figure suggests that the reinforcement
of inter-regional line is important under massive renewable
integration, because electric power flow goes back and forth
between regions due to the widespread penetration of renew-
able energy in Japan.

Conclusions and implications

Although Japan has the immense installable potential of
offshore wind power, its power grid integration is not fully
analyzed so far. This paper evaluates an optimal power gen-
eration mix of Japan in 2030 by considering the potential
expansion of renewables including offshore wind deploy-
ment with an electric power system model; the highlight of
the model consists in the topology of a power grid including
383 buses and 472 lines in an hourly resolution per year.
The Japanese electricity sector becomes increasingly
interested in offshore wind power resources, because Japan
has a 1600 GW of offshore wind potential in contrast with
300 GW of onshore wind. However, the seacoast geography
with deep ocean close to its coast causes significant restric-
tion of offshore wind availability in Japan. Therefore, for
integrating offshore wind into the grid, power system plan-
ning should consider both the location of available offshore
wind resource and the constraint of power grid capacity.
This paper analyzes an optimal power generation mix inte-
grated with an extensive amount of renewable energy by
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(b) Regional view of power transmission network

Fig.18 Shadow price for the capacity of bulk power transmission line in REMx-OFMx scenario. The shadow price corresponds to the value of
total system cost reduction by the expansion of unit capacity of power transmission line

considering the detailed location of offshore wind resource
and the detailed topology of power grid.

In the case integrating massive offshore wind based on
official resource assessment like REMx+OFMx case of this
study, the fraction of VRE including onshore and offshore
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winds with solar PV accounts for 33% of total annual power
supply. Renewable resources as a whole, consisting of those
VREs and other renewables, achieve almost 50% in total
annual power generation, and the calculated results imply
that 33 GW of offshore wind, including 20 GW of fixed
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foundation and 13 GW of floating offshore wind, could con-
tribute to achieve 50% of renewable penetration in the power
generation mix of Japan. If nuclear considered, zero emis-
sion power sources account for 70% of total annual power
supply, and this provides the technically feasible pathway
of the Japanese power sector to massively decarbonizing its
electricity supply.

As implied in the simulated results of wholesale price,
on the other hand, extensive VRE integration might cause
wholesale power price collapse and eventually encompass
income decrease in dispatchable generators such as thermal
units. This raises concerns for ensuring enough supply reli-
ability of power system by failing incentives for the suffi-
cient investment of dispatchable units. One of the challenges
to be addressed in the electricity market policy is, hence, to
reform electricity market for simultaneously accomplishing
both large-scale VRE integration and sufficient power supply
securement. In Japan, policy designs are under discussion for
alternative income opportunity such as capacity market and
real-time market, and those markets are expected to under-
pin the monetary revenue of dispatchable generators other
than wholesale market. According to the policy direction
shown in the electricity market institution of Japan (METI
2018b), the government plans to establish capacity market,
which pays reward for the capacity value of power generator
and assigns that reward directly on electricity consumer, and
real-time market, which pays reward as well for the ramp
capability of power generator and assigns the reward on
final consumer through transmission tariff. Those markets
are of crucial importance to guarantee adequate monetary
gain for dispatchable units and eventually to keep power
supply adequacy under extensive VRE penetration. On the
other hand, electricity consumer would have both positive
and negative impacts. As a positive impact, consumer will
benefit from lower wholesale price, while consumer will
have a risk of paying more transmission tariff caused by
reinforcing power grid through extensive renewable energy
integration. The total net impact is considered to be a future
important research agenda.

Future study is to consider electricity saving and exten-
sion mechanisms such as battery control in electric vehicle
and output control of small-scale combined heat and power
plant such as cogeneration system (CGS).
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