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Abstract — The paper addresses the prospects for power
grid formation in Northeast Asia in terms of carbon
dioxide emissions. Carbon dioxide tax is implemented
as a tool to quantitatively engage environmental issues
in the study. A survey of the studies on the prospective
NEA power grid has been done. The research employs
a methodology and a mathematical model for the
optimization of power system expansion and economic
dispatching of power plants. Environmentally friendly
scenarios of the NEA power grid were built and studied.

Index Terms: Northeast Asia, electric power cooperation,
interstate electric tie and grid, interconnection, system
effects, economic effectiveness.

1. INTRODUCTION

Interstate electric power cooperation started as a
process of creating interstate electric ties (ISETs) and
shaping interstate power grids (ISPGs) at the beginning of
the last century with the advent of the first ISETs in Western
Europe and North America. Since then, this process has
become a global trend covering all regions of the world
and continents.

The driving forces of this trend are the benefits to be
achieved as a result of electric power cooperation, such
as a) reduction in the need for the installed generating
capacities due to the time difference in load maxima
(both daily and annual) in different countries and regions;
b) improvement in the reliability of the interconnected
electric power systems (EPSs); ¢) large-scale integration of
renewable (hydraulic, wind, solar, tidal) energy sources in
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the interconnected EPSs of different countries; d) expansion
of electricity markets and intensification of electricity trade
between countries; €) income generation from extended
electricity trade within the interstate electricity markets;
and others. [1].

The trend has also been persistent in the Asian region,
although to a varying extent in different subregions,
including Central, South, Southeast, and Northeast Asia
(NEA). The power grid of Central Asia was mainly formed
as part of the Unified power system of the Soviet Union.
Now it is functioning as a separate and independent entity
expanding inner and outer ISETs. The Southeast power
grid is extensively developing with the support of ASEAN
(Association of Southeast Asian Nations) countries getting
benefits from electric power cooperation. The countries
involved in the South power grid (backed by SAARC
— South Asian Association for Regional Cooperation)
build ISETs facilitating electricity cooperation within
the subregion for mutual benefits. NEA lags behind the
process of power cooperation mainly for political reasons.
The current electricity exchange in the NEA subregion is
insignificant, but the studies prove considerable potential
benefits from the ISETs and subregional grid formation [1-
5, and others].

II. STUDIES OF POTENTIAL NEA POWER SYSTEM
INTERCONNECTIONS

Initially, power system interconnection in NEA was
considered and studied as bilateral, maximum, trilateral
projects of ISETs connecting EPSs of two or three countries
for a joint operation to gain the benefits of systems
integration. These are the projects of ISETs 'Russia—
Democratic People's Republic of Korea (DPRK)—Republic
of Korea (RoK)', 'Russia—North China', and others [1,6,7,
a.0.]. It is worth noting that until recently, none of the
studies on the ISETs in NEA has considered the formation
of a single Northeast Asian interstate power grid. Currently,
the studies have advanced to the level of the interstate
power interconnection of the entire NEA subregion. Some
of those carried out to date are presented in [3,4,8-14]. The
studies discussed in [3,4,8,13,14] are distinguished from
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those noted above by the extensive mathematical modeling
and the application of optimization models to shape the
prospective NEA-wide power grid. They will concisely be
considered below.

Acomprehensive assessment of the system effectiveness
of'the entire NEA interstate power grid was made in [3]. The
study quantitatively investigated the economic viability
of power grid interconnections in NEA and renewable
energy developments in the Gobi Desert and Eastern
Russia. The investigations focused on different Scenarios
of the NEA power system interconnection for the target
year 2030, including the absence of the interconnection
and the Gobitec project. The Scenarios were found to be
economically and environmentally feasible. The results
show rather modest benefits in lowering the total cost
because of the large investments needed to develop the
renewables and the transmission lines.

A Scenario with the generation based solely on
renewable energy sources (RES) in the NEA grid is studied
in [4]. The study states that the existing RES technologies
can generate enough energy to cover all electricity demand
of NEA for the year 2030 at a lower price compared to
non-renewable options. The high voltage direct current
(HVDC) transmission infrastructure plays a key role
since the established Super Grid enables a significant
cost decrease within the renewable resource-based power
system. The use of HVDC transmission lines will reduce
the employment of energy storage systems and significantly
curtail generation capacities.

Our studies presented in [8,13,14] differ from other
studies by the following: a) all countries in NEA subregion
are considered, b) consumer loads and generating
capacities are examined for all nodes (representing EPSs
of the countries or their territories) of NEA interstate
grid, c) the system benefits resulting from the interstate
power grid establishment in NEA are assessed in detail,
d) all participating countries share the system benefits.
These studies show that the integration of the national
power systems of NEA countries makes it possible to
obtain substantial system benefits. Ramified bulk power
interstate transmission infrastructure is to be developed in
the subregion to attain the noted benefits through intensive
electricity trading. The findings indicate that all the countries
involved receive benefits from joining the interstate power
grid in NEA. Thus, the grid is economically feasible for
each participating country.

III. THE GENERALIZED METHODOLOGY

The study relied on a special optimization mathematical
model. It optimizes the expansion of installed generating
and transmitting capacities and their economic dispatching
within electric power systems and the interconnected grid.
Technical features of EPSs are presented in the model in
detail as a set of specific constraints and balance equations.
The model was presented in [1,13] and elsewhere, which is
why it is not described here in detail.
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The methodology involves complex optimiza-
tion studies for the no-ISPG Scenario (Scenario
1) and the ISPG Scenario (Scenario 2) using the
above mathematical model. The objective func-
tion of the model is the annualized cost for all in-
terconnected power systems, which is minimized
for both Scenarios:

Z,,(X) — min, Z,, (X)— min, )

where Z,, (X) is the objective function of the model for
Scenario 1; Z,,,,. (X) is the objective function of the model
for Scenario 2; Xis a vector of the model variables, including
actual hourly power and installed capacity of power plants
of different types (thermal power plants (TPPs) based on
steam turbine, gas turbine, combined cycle, including
cogeneration; nuclear power plants; hydroelectric and
pumped storage power plants) using different types of
organic fuel (coal, gas, oil), transfer capabilities of electric
tie lines and hourly power flow via them.

The resulting optimal values of the objective function
from expression 1 are compared with each other: Z,, (X) 2
Z;er (X). If the cost in Scenario 2 is lower than in Scenario
1: Z,,(X) > Z,,.(X), the ISPG is effective; otherwise, it is
not. The economic effect of the power interconnection is
defined as the difference in costs (values of the objective
function) for Scenarios 1 and 2:

tE =2, (X) = Z;er (X). 2

If the power system interconnection is effective,

the effect will be positive, otherwise, it will be negative

(i.e., there will be losses due to the formation of the

power system interconnection). This effect is composite.

It includes the system effects obtained through the ISPG
formation, including capacity and fuel-saving effects.

IV. ASSUMPTIONS AND SCENARIOS

The study presented in the paper is a continuation of
our previous investigations [8,13,14]. It differs from the
previous ones in the following:

a). a new target year was assumed;

b). Northwest China electric power system (EPS) was
considered as a new node connected to the node of
North-Central-East China EPS and through this node
connected to other Chinese and NEA grids;

electric power and economic indices for calculations
were adjusted according to the new target year, and
carbon dioxide (CO2) tax on electricity generation
from fossil fuel thermal power plants was taken into
account in the environmental Scenarios of the research.
The following Scenarios for the studied NEA power
system interconnection were built considering the
influencing factors and conditions: 1) without interstate
NEA grid; 2) with interstate NEA grid; 3) without interstate
NEA grid, with CO, tax 1; 4) with interstate NEA grid,
with CO, tax 1; 5) without interstate NEA grid, with CO,
tax 2; 6) with interstate NEA grid, with CO, tax 2. Tax | in

c).

d.
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Fig. 1. Diagram of the interstate power grid in NEA.

Scenarios 3 and 4 differs from tax 2 in Scenarios 5 and 6
(see the next Section for detail).

The target year assumed for the study was 2040.

Figure 1 presents a diagram (a set of nodes standing
for national or regional EPSs and electric ties) of the
potential interstate power interconnection in NEA, which
is represented by ten nodes, including three nodes in the
territory of Russia (EPS of Siberia, EPS of the Far East
and EPS of Sakhalin), and three more nodes in China (EPS
of North-Central-East China, EPS of Northeast China and
EPS of Northwest China). EPSs of other countries are
represented by one node in the diagram.

V. INPUT DATA

Input data for the research were taken from the reports
and studies made by international, governmental, and
scientific organizations of the considered East Asian

countries [14-17, and others]. Prospective demand for
electricity in the NEA countries was assumed to grow
according to business-as-usual national scenarios [16].
Main economic and some technical input data for the
model are presented in Tables 1-3. Table 2 presents fuel
costs given in ranges for different power plants located
in various territories of a country or having different
generating technologies but using the same fuel.

The ISETs to be installed are HVDC +£800 kV
transmission lines and submarine cables. The cables are
needed to cross the sea straits (between mainland and
Japan, mainland and Sakhalin, Sakhalin and Hokkaido).
The ISET costs in Table 3 were calculated considering a
particular route length, transfer capability, and others.

Wind and solar renewable power facilities are assumed
in the study for the target year according to the national
power strategies and are not optimized in the model.

Table 1. Capital investment in power plants, usd/kw.

Hydro Pumped storage Thermal Nuclear
Coal Gas Fuel oil
Russia (Siberia, Far East, Sakhalin) 3000 - 2000 1200 - 2800
Mongolia 3200 1000 1300 - - -
China (North, Northeast, Northwest) 2500 1000 800 - - 2500
RoK 2500 1200 1500 850 1900 2500
DPRK 2500 - 2000 1200 1500 -
Japan 6000 2400 2500 1250 1900 4000
Table 2. Fuel costs, usd/mwh.
Thermal Nuclear
Coal Gas Fuel oil

Russia (Siberia, Far East, Sakhalin) 15-23 16-35 - 5
Mongolia 22-24 R N N
China (North, Northeast, Northwest) 22-24 41 - 9
RoK 32-33 69-72 249 8
DPRK 25 52 110 -
Japan 32-33 71-73 249 9
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Table 3. Technical and economic indices of electric ties.
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In the context of the expected uncertainty, carbon tax
was represented in the study by two options — USD 40 (tax
1) and USD 60 (tax 2) per ton [18, 19].

VI. THE RESULTS AND DISCUSSIONS

Figure 2 demonstrates the substantial benefits of
Scenarios 2, 4, and 6 of the interstate grid in NEA
(compared to Scenarios 1, 3, and 5 of separate operation
of the national EPSs in NEA). The benefits indicate the
feasibility of the interstate power grid in NEA. The
estimations of the interstate power grid in NEA show
a 60-64 GW reduction in the total number of generating
capacities to be added in the NEA countries, with China
being the major beneficiary. Annual cost saving is calculated
to be USD 17-20 billion. Fuel cost saving is about USD
9-15 billion a year. Japan and RoK gain a greater share of
this saving. A significant variation in the fuel benefit by
Scenario is due to the consideration of CO, tax. As seen

in Figure 2, the fuel benefit rises with tax growth. The
highest fuel benefit (USD 14.9 billion) corresponds to the
highest accepted tax value (USD 60/ton of CO2) because
the tax was transformed to and included in the fuel cost.
The investment benefit, however, decreases with the tax
rise, which is due to the replacement of fossil fuel TPPs by
capital-intensive nuclear and hydropower plants under the
CO, emission tax imposed.

Figure 3 confirms and clarifies the above statement
about the replacement of fossil fuel TPPs by carbon-free
and low-carbon generation when CO2 tax is imposed. The
Figure indicates that the considerable decrease in power
generation by coal-fired TPPs in Scenario 4 (with the
interstate NEA grid and USD 40 tax) versus Scenario 2 is
offset by carbon-free generation and gas-fired generation
with low-carbon emissions. The tax growth up to USD
60 (Scenario 6) further suppresses the coal-fired TPPs
generation, but nuclear and renewable capacities do not

70

Scenario 2
[ Scenario 4
Scenario 6

Annual economic
benefit, USD bil./year

Investment benefit,
USD bil.

Fig. 2. System benefits of the interstate NEA grid.
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respond because nuclear installed capacity reaches its
expansion limits (constraints) and renewable installed
capacity, as was noted, is assumed to be fixed. Instead,
low-carbon sources such as gas-fired TPPs appear and
increase their power output.

Power generation from coal-fired TPPs in Scenarios
with CO, tax decreases mainly in China (up to about 40%
in Scenario 6) and partly in RoK and Japan. The growth of
power generation substitution is mostly provided by nuclear
generation from China and partly from RoK and Russia.
Following the noted change in the power generation mix,
the prospective installed capacity mix and

capacity additions in the potential NEA grid and
national EPSs also change. Thus, the coal-fired capacity
additions in China in Scenario with the maximum tax are
about half of those in Scenario with no CO, emission tax.
Moreover, there is a concurrent six-fold increase in the
nuclear capacity additions in this country.

Theintegration benefitsinthe NEA grid are accompanied
by a considerable electricity exchange among all its
participants. The potential power exchange (totally export
and import) among NEA countries is estimated at nearly
700 TWh annually in the target year in Scenario 2 with
no CO2 emission tax. In Scenario 6, with the maximum
tax, power exchange varies insignificantly. Thus, the CO2
emission tax strongly affects mixes of power generation
and capacity additions in contrast to power exchange
among NEA countries.

There is a considerable power flow from China across
the Korean peninsula to Japan, which is complemented

Carbon free sources (Nuclear,

Low carbon sources (gas TPPs)

Renewables)

Fig. 3. Power generation by type of power plant [TWh/year].
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by the flow along the northern route from the Russian Far
East. The countries of the Korean peninsula play mainly
the role of transmitters. Japan's energy security requirement
in terms of the permissible power import is not violated.
Russia and China (through Mongolia), and Russia and the
countries of the Korean peninsula participate in the mutual
power exchanges, thus gaining the system integration
benefits from the interstate grid in NEA.

The total transfer capability of ISETs in the NEA
interstate grid is maximum for Scenario 2 with no tax,
and it is estimated to be about 83 GW. Although the
transfer capability somewhat declines (by 6%) in Scenario
6 with the maximum tax, it remains considerable. The
most powerful (14-15 GW) electric ties appear between
North-Central-East China and Russian Siberia (through
Mongolia), Northeast China and DPRK, DPRK and RoK,
RoK and Japan.

Development of ISETs between national EPSs in the
NEA countries, which have different mixes of generating
capacities, daily and yearly load curves and load peaks, and
renewable energy sources, results in their close relations
and interdependence, and finally shapes the interstate NEA
grid.

VII. SUMMARY

The potential interconnection of power systems in the
NEA subregion can be expected to bring about significant
benefits for participant countries, including savings of
installed capacity, investment, fuel cost, and total annual
cost. To gain the benefits, it is necessary to establish a
powerful transmission infrastructure in the NEA subregion.
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The introduction of CO, emission tax in NEA countries
can substantially change mixes of installed capacity and
power generation in favor of carbon-free and low-carbon
electricity sources. However, the imposition of the tax will
have little impact on potential electricity exchanges among
the NEA countries, although the transfer capabilities of
prospective ISETs will somewhat change.
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