Renewable Energy 108 (2017) 321-335

journal homepage: www.elsevier.com/locate/renene

Contents lists available at ScienceDirect
Renewable Energy

AN INTERNATIONAL JOURNAL

Renewable Energy

Costs and benefits of large-scale deployment of wind turbines and
solar PV in Mongolia for international power exports

Takashi Otsuki

@ CrossMark

Asia Pacific Energy Research Centre (APERC), The Institute of Energy Economics, Japan (IEE]), Inui Bldg.-Kachidoki 11F, 1-13-1 Kachidoki, Chuo-ku, Tokyo

104-0054 Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 5 October 2016
Received in revised form

28 December 2016

Accepted 7 February 2017
Available online 13 February 2017

Keywords:

Grid interconnections
Electricity trade
Renewable energy
Northeast Asia Super Grid
Linear programming
Energy systems modeling

Power grid interconnection has gained attention in Northeast Asia (NEA) as a means to effectively utilize
the abundant renewable resources in Mongolia. This paper quantifies the potential economic and
environmental benefits of deploying massive wind turbines and solar PV in Mongolia for power exports.
The author uses an NEA-wide multi-region power system model formulated as a linear programming
problem. The analysis considers power systems characteristics, such as the seasonal and daily electric
load curves of the NEA regions.

The simulation results show that the large-scale Mongolian renewables contribute to significant CO,
reductions in NEA. China, in particular, benefits from a significant reduction in coal-fired generation.
However, huge investments would be required for the massive renewables and cross-boundary trans-
mission facilities, pushing up electricity supply cost. The relevant planning organizations need to care-
fully consider these environmental opportunities and economic barriers before implementation. This
paper also investigates the economic impacts of transmission route circuity due to avoiding transmission
through the Democratic People's Republic of Korea (DPRK). Our results imply modest effects of the
circuity on the total system cost; availability of routes through the DPRK would not significantly increase
the benefits to the NEA system of integrating massive renewables in Mongolia.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

International power grid interconnection becomes potentially
attractive to decarbonize the electricity sector in Northeast Asia'
(NEA), especially after several recent regional events, including
the Fukushima nuclear disaster in Japan, the power shortage in
Korea, and increased concern about air pollution in China. These
three major electricity consuming countries, together accounting
for 31% of world electricity demand in 2013 [1], have recently
reaffirmed the importance of lower-carbon and more resilient en-
ergy systems. Their governments and/or industries are currently
discussing alternative energy supply options, including imports
from foreign countries [2—4]. At the same time, other neighboring
NEA countries with abundant renewable resources, in particular,
Mongolia, have shown strong interest in developing renewables

E-mail address: takashi.otsuki@aperc.ieej.or.jp.
! This paper defines Northeast Asia as the following six countries: China, the
Democratic People's Republic of Korea (DPRK), Japan, the Republic of Korea (Korea),
Mongolia and Russia.
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and exporting electricity to attract new investment [5]. According
to Elliiott et al. [6] and Energy Charter et al. [ 7], estimated wind and
solar photovoltaics (PV) potential in Mongolia reach 1100 GW? and
1500 GW, respectively. Thus, several multilateral interconnection
schemes have been proposed in NEA, with a focus on renewable
energy developments in Mongolia for international power exports
[7]. Also, relevant organizations, including GEIDCO initiated by
State Grid Corporation of China, have started discussion and plan-
ning from various perspectives, such as economic, environmental,
legal and institutional [3,4,8].

This research aims to examine the economic viability of devel-
oping the abundant wind and solar resources in Mongolia for in-
ternational power exports. There have previously been various
studies examining renewable energy integration and transmission
expansion in each individual country in NEA?; however, few papers
so far have quantified the costs and benefits of the Mongolian

2 Good-to-Excellent wind resource estimated in Elliott et al. [6].
3 For example, see Refs. [47] and [48] for China [28], and [49] for Japan [50], and
[51] for Korea and [52] for Russia.
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renewables for power trade. There are several studies which have
performed modeling and analyses of international power trade in
NEA [7,9—13]. Yet, these studies, except for Energy Charter et al. [7]
and Otsuki et al. [13], did not consider wind and solar resources in
Mongolia. As for Energy Charter et al. [7] and Otsuki et al. [13], the
scenarios discussed in their analyses limited the Mongolian re-
newables to 100 GW (50 GW wind and 50 GW solar PV), despite the
huge estimated potential.

This study utilizes an NEA-wide multi regional power system
model, formulated as a linear programming problem. This model
considers power system characteristics, including seasonal and
daily electric load curves of each region and output profiles of re-
newables in Mongolia. Compared with the author's previous study
[13], the novelty of this paper includes the two points as follows:

e Quantification of the costs and benefits of large-scale (such as
2000 GW-scale) deployments of Mongolian renewables for in-
ternational exports, and

e Expansion of the modeled grids in China, from two in our pre-
vious study (CH-N and CH-NE) to the all markets in this paper
(Fig. 2). This enhancement allows us to consider China's large
market and to discuss the optimal grid integration of massive
Mongolian renewables in a more comprehensive and
convincing manner.

Although uncertainties exist regarding the degree of future
energy cooperation that can be achieved in NEA, the author be-
lieves that this paper can contribute to stakeholders' and policy
makers' discussions by quantitatively providing findings and im-
plications from an economic perspective.

This paper proceeds as follows: Section 2 gives an overview of
the multi-region power system model; Section 3 presents the
simulation results; and Section 4 summarizes major conclusions
and implications, and then proposes a future research agenda.

2. Methods
2.1. Overview of the multi-region power system model

This paper uses a multi-region power system model developed
by Otsuki et al. [13].% This is a linear programming model, which
aims to minimize a single-year total system cost, consisting of the
annualized initial cost, operation and maintenance (O&M) cost, fuel
cost and carbon cost for the whole of NEA under various technical
and political constraints. Hence the NEA economies are assumed to
cooperate fully to achieve the regional optimization. Although the
degree of future energy cooperation in NEA is uncertain, this paper
assumes the most ideal situation in order to quantify the maximum
benefits potentially obtainable from developing renewables in
Mongolia for power exports. Fig. 1 is a schematic diagram of this
model. An additional enhancement to the model used in this study
compared to our previous work is the inclusion of battery storage
technology. Detailed mathematical descriptions and model vali-
dation are provided in Otsuki et al. [ 13]. The assumed discount rate
to annualize initial investments is 5%; carbon cost considers only
direct emissions from fuel combustion.

Fig. 2 illustrates the modeled nodes, and lines between nodes
indicate the assumed transmission routes. Two transmission routes
through the DPRK (dotted lines in Fig. 2) are not considered in
Sections 3.1—3.5.1; instead, we perform a sensitivity analysis with
these routes included in Section 3.5.2 as the routes through the

4 For its modeling work, Otsuki, et al. [13] refers to the detailed approach in
Komiyama et al. [28], Schaber, et al. [36] and Steinke et al. [46].
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Fig. 1. Schematic diagram of the multi-region power system model.

DPRK stand out for presenting significant diplomatic challenges.
Regarding temporal resolution, this study selected the same tem-
poral resolution as our previous study [13], which considers the
hourly load curves of typical days for five seasons (summer-peak,
summer-average, winter-peak, winter-average, and intermediate).

2.2. Case settings

The author simulated a total of twenty one cases: a Base case
and twenty Mongolian renewables cases (Mon100 GW, Mon200 GW,
..., Mon2000 GW) as shown in Table 1. The simulated year in this
study is 2030. The Base case assumes no grid expansion from the
initial transmission capacity assumptions. The Mon100 GW-
Mon2000 GW cases attempt to quantify the costs and benefits of
large-scale deployment of the Mongolian renewables. Each of these
cases adds 100 GW of Mongolian renewable generation capacity to
the previous one, split equally between wind and solar PV. For
example, the Mon100 GW case assumes 50 GW of wind turbines
and 50 GW of solar PV; the Mon200 GW case assumes 100 GW of
wind turbines and 100 GW of solar PV, and so on; the Mon2000 GW
case assumes 1000 GW of wind turbines and 1000 GW of solar PV.
As this paper employs an optimization model, the results in Section
3 present a “best-case” outcome under each level of Mongolian
renewable capacity.

Transmission line capacity and transmitted power are cost
optimized in the Mon100 GW-Mon2000 GW cases. Otsuki et al. [13]
limited the net transmission inflows at each of the city nodes to
reflect likely concern about transmission interruptions (Equation
(A.26) in Ref. [13]); since this study is seeking to quantify the
maximum benefits potentially obtainable from developing re-
newables in Mongolia, there is no such constraint here. The model
also determines fossil fuel-fired capacity and generation. However,
for coal-fired capacity, we impose upper bounds based on the
business-as-usual scenario in APERC [14], reflecting each country's
environmental concerns about expanding coal-fired plants. The
assumed carbon price for all cases is 30 USD/tCO,. Further expla-
nations of the assumptions are given in Section 2.3.

In the Mon2000 GW case, 1000 GW of wind turbines and
1000 GW of solar PV are about 90% of Mongolia's estimated wind
potential and about two-thirds of Mongolia's estimated solar PV
potential. The land area required would be approximately
0.16 million km?, which is equivalent to 10% of the land area of
Mongolia. Assumptions for this estimate are as follows: the land
area of Mongolia is 1.56 million km?; the land area required for
wind turbines and solar PV cells are about 140 ka/GW [6] and
20 km?/GW [15], respectively. This vast land use would bring some
significant social, economic and environmental impacts in
Mongolia, including changes in land-use, industrial structure and
traditional nomadic lifestyles. Comprehensive examination of these
socio-economic and environmental impacts would be needed in
future studies.
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Fig. 2. Regional division and assumed transmission routes. Note: The two transmission routes through the DPRK (dotted lines) are considered in Section 3.5.2. City nodes have
electricity demand as well as generation and storage facilities, while the supply node has only generation and/or storage facilities to export to neighboring nodes.

Table 1
Case settings.

Base case Mongolian Renewables Cases (Mon100 GW case, Mon200 GW case, ..., Mon2000 GW case)
Wind and PV capacity at Not 50 GW each for the Mon100 GW case, 100 GW each for the Mon200 GW case, ..., 1000 GW each for the Mon2000 GW case.
Mongolia (MN) node considered.
Cross-boundary transmission No new Economically optimized with no limit on capacity additions. For the supply node (MN), total transmission capacity is
capacity additions assumed to match the renewable capacity there (explained as constraint (A.28) in Ref. [13]).
Other capacity City nodes: Fossil fuel-fired and battery capacity are economically optimized, with limits for coal-fired capacity based on the projected

capacity for 2030 from APERC [14]. Renewables and pumped storage capacity is given based on the projection in APERC [14].
MN: Battery installation is allowed. Other technologies are not included.

Carbon price 30 USD/tCO, for all cases.

2.3. Input data assumptions

2.3.1. Electricity demand and load curves

We estimated electricity demand from the projections in APERC
[14]. As APERC [14] shows each of these demands on a country-
wide basis, we disaggregated them into nodal demand by refer-
ring to historic data for each node [16]. Daily load curves for the five
seasons (Fig. 3) in the modeled China nodes are from JEPIC [17], and
those in the other nodes are estimated in Otsuki et al. [13].

Ratio to peak load at each node
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2.3.2. Generation and storage facilities

Fig. 4 depicts initial capacity settings for the generation and
storage facilities. The model is allowed to endogenously add fossil
fuel-fired generation and battery capacity at the city nodes. At the
supply node (MN), power generation capacity is given exogenously
for all cases as shown in Table 1.

The initial capacity of fossil fuel-fired plants is based on existing
capacity [18—21]. For coal-fired plants, we impose the upper
bounds as mentioned in Section 2.2. Capacities for renewables
(except for Mongolia), nuclear and pumped hydro are given

Ratio to peak load at each node
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Fig. 3. Assumed electric load curves at city nodes in the summer-peak and winter-peak seasons (ratio to peak load at each node).
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Fig. 4. Initial capacity settings for city nodes.

exogenously from the projections in APERC [14]. As APERC [14]
shows the country-wide capacity, we disaggregate it into nodal
capacity for the modeled nodes in China and Japan, referring to
renewable potential and actual capacity [22,23] as well as future
nuclear and pumped hydro construction information [21,24]. The
initial capacity of battery storage is assumed to be zero at all nodes.

Tables 2—7 show the economic and technical assumptions for
generation and storage facilities. Cost assumptions (except for
annual fixed O&M cost for solar PV in MN), maximum availability,
and output profiles of solar PV and wind power in Mongolia (MN)
are based on Otsuki et al. [ 13]. As for the annual fixed 0&M cost for
solar PV in MN, this study considers the cost of cleaning sand dust,
which was estimated from the cleaning costs in a desert area given
in SASIA [25] and the performance of cleaning equipment given in
MIRAI [26]. The carbon content of each fuel type is estimated from
IEA [1,27], and other technical assumptions for generation tech-
nologies are from IEA [ 1], Komiyama, et al. [28] and METI [29]. Data
for pumped hydro and battery storage relies on Komiyama et al.
[28]. The author assumes the use of sodium-sulfur (NaS) batteries.

Specific fossil fuel prices in 2030 are estimated by increasing
actual 2014 prices at the same rate of increase as the IEA's projected
future energy prices [30]. The main references for the actual 2014
prices are as follows: coal price in China from Qinhuangdao coal
network [31]; gas price in China from Zhang [32]; coal, gas and oil
prices in Japan from IEE] [33]; coal and gas prices in Korea from
KESIS [20]; and coal price in Russia from JOGMEC [34]. The oil price
in Japan is also applied to other countries, and China's gas price is
applied to Russia. Please note that all references to costs in this
study are expressed in real 2014 USD.

2.3.3. Transmission lines

HVDC overhead line technology is assumed for overland trans-
mission, and HVDC cable technology for undersea transmission.
AC-DC conversion stations are installed at the each end of the

interconnection. We estimated transmission line cost referring to
research and technical papers [35,36] as well as from actual project
information [37—39]. We assume 4.2 Million USD/km (M USD/km)
for HVDC overhead lines (rated power: 3 GW), 7.2 M USD/km for
HVDC undersea cable (rated power: 3 GW) and 300 M USD/GW/
station for AC-DC conversion stations. Fig. 2 shows the assumed
transmission routes. The linear programming model requires that
interconnection costs be expressed as cost per unit of capacity, so
we calculated the initial cost of each transmission route [USD/kW]
as summarized in Table 8. Assumed lifetime, transmission losses,
AC-DC conversion losses and annual fixed O&M cost are 40 years,
5%/1000 km, 1.5%/station, and 0.3% in a ratio to initial cost for all
line types, respectively [35,36,40]. After our previous study [13], we
re-estimated cost assumptions for transmission lines and AC-DC
converter stations, referring to updated information in several
relevant countries (e.g., METI [39]). These updates resulted in
higher cost assumptions for several transmission routes; for
example, transmission costs between JP-W and KR and between JP-
E and JP-W are assumed to be 2084 USD/kW and 1268 USD/kW,
respectively, in this study, whereas they were 1840 USD/KW and
672 USD/KW in the previous study.

We set the initial capacity assumptions for transmission lines
(see the transmission capacity in Fig. 9a) referring to available in-
formation about existing capacity (for example, METI [41] and SGCC
[42]) and transmitted electricity [23]. No capacity additions are
allowed in the Base case, with no limit on capacity additions in the
other cases.

3. Results and discussion
3.1. Power generation mix and capacity

Fig. 5a shows the projected power generation mix and capacity
in the NEA region under each of the cases. Renewable power in
Mongolia (MN) has a significant potential to decarbonize the NEA
power system, although massive capacity needs to be installed. In
the Base case, fossil generation dominates the generation mix with
a share of 70% in NEA (Fig. 5a), and renewables (hydro, wind and
PV) account for 20%. The renewables' share grows in the latter
cases, reaching 47% in the Mon2000 GW case. The massive renew-
ables installation in MN significantly changes the NEA capacity mix
as well (Fig. 5b); for example, total NEA generation capacity in-
creases by 66%, from the Base case (2789 GW) to the Mon2000 GW
case (4621 GW) due to the relatively lower capacity factor of vari-
able renewables (wind and PV). As discussed later in Section 3.4,
these large-scale deployments would bring several challenges for
NEA, especially in terms of costs and financing.

Several organizations have proposed the “Gobitec” concept,
targeting 100 GW renewables in MN (50 GW wind and 50 GW solar;
see Energy Charter et al. [7]). Yet, our results imply that a 100 GW
installation (the Mon100 GW case) would have a relatively small

Table 2
Assumptions for power plants and storage facilities (for all nodes).
Nuclear Coal Gas Qil Hydro Wind PV Pumped hydro Battery

Life time [year] 40 40 40 40 60 20 20 60 15
Capacity credit [%] 85 85 85 85 40 10 10 85 85
Own consumption rate [%] 4 6 3 4 - - - - -
Maximum ramp-up/ramp-down rate [%/h] 0 30 50 100 — — — — —
Share of DSS operation [%] 0 0 40 70 — - - — -
Minimum output level [%] 100 30 20 30 - - - - -
Cycle efficiency (storage) [%] - - - - - - - 75 90
Self-discharge rate (storage) [/hour] — — — - — - - 0.0001 0.001
Maximum discharge duration (storage) [hour] - - - - - - - 8 6
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Table 3
Cost assumptions for the China nodes (CH-NE, CH-N, CH-E, CH-C, CH-NW, and CH-S).
Nuclear Coal Gas Oil Hydro Wind PV Pumped hydro Battery
Initial cost [USD/kW] 2600 750 700 800 2500 1300 1500 2500 1440
Fuel cost [USD/kWh] 0.014 0.019 0.040 0.088 0 0 0 0 0
Fixed O&M cost [USD/kW/yr] 68 15 14 16 30 33 23 30 14
Variable O&M cost [USD/kWh] 0.001 0.002 0.003 0.003 0 0 0 0 0.04
Maximum availability [%] 80 70 90 90 40 20 Estimated profile 85 85
Carbon content of fuel [gCO,/kWh] 0 329 200 249 0 0 0 0 0
Efficiency [%] 100 38 53 41 - - - — -
Table 4
Cost assumptions for the Japan nodes (JP-H, JP-E, and JP-W).
Nuclear Coal Gas Oil Hydro Wind PV Pumped hydro Battery
Initial cost [USD/kW] 4000 2400 1150 1900 6000 1700 2500 6000 1440
Fuel cost [USD/kWh] 0.014 0.021 0.056 0.088 0 0 0 0 0
Fixed O&M cost [USD/KW/yr] 104 48 23 39 72 43 38 72 14
Variable O&M cost [USD/kWh] 0.002 0.005 0.006 0.004 0 0 0 0 0.04
Maximum availability [%] 70 75 70 90 40 20 Estimated profile 85 85
Carbon content of fuel [gCO,/kWh] 0 339 205 257 0 0 0 0 0
Efficiency [%] 100 42 51 41 — — — — —
Table 5
Cost assumptions for the Korea node (KR).
Nuclear Coal Gas 0il Hydro Wind PV Pumped hydro Battery
Initial cost [USD/kW] 3300 1500 800 1900 2500 1600 2250 2500 1440
Fuel cost [USD/kWh] 0.014 0.021 0.056 0.088 0 0 0 0 0
Fixed O&M cost [USD/kW/yr] 86 30 16 39 30 40 34 30 14
Variable O&M cost [USD/kWh] 0.002 0.003 0.004 0.004 0 0 0 0 0.04
Maximum availability [%] 95 90 90 90 40 20 Estimated profile 85 85
Carbon content of fuel [gCO,/kWh] 0 328 202 249 0 0 0 0 0
Efficiency [%] 100 38 53 41 — — — — —
Table 6
Cost assumptions for the Russia Far East node (RU-FE).
Nuclear Coal Gas 0il Hydro Wind PV Pumped hydro Battery
Initial cost [USD/kW] 2800 2200 1000 1200 2500 1500 2000 2500 1440
Fuel cost [USD/kWh] 0.014 0.018 0.040 0.088 0 0 0 0 0
Fixed O&M cost [USD/kW/yr] 73 44 20 24 30 38 30 30 14
Variable O&M cost [USD/kWh] 0.001 0.005 0.005 0.003 0 0 0 0 0.04
Maximum availability [%] 80 70 90 90 40 20 Estimated profile 85 85
Carbon content of fuel [gCO,/kWh] 0 287 198 220 0 0 0 0 0
Efficiency [%] 100 31 36 41 - - - - -

Table 7
Cost assumptions for the Mongolia node (MN).
Wind PV Battery
Initial cost [USD/kW] 1300 1500 1440
Fixed O&M cost [USD/kW/yr] 33 28 14
Variable O&M cost [USD/kWh] 0 0 0.04
Maximum availability [%] Estimated profile 85

Note: This table shows only the technologies considered in MN in this study.

impact on the whole NEA system. The share of fossil fuel-fired
generation does decline in this case, but only by two percentage-
points due to the large market size of NEA countries, especially
China.> Hence, further deployments—much more than the pro-
posal in the Gobitec concept—need to be considered by the relevant
planning organizations to reap large environmental benefits.

5 See also modest emissions reductions described in Fig. 10.

Balancing electricity supply and demand becomes more of a

challenge as variable renewable generation capacity grows.
Generated electricity that exceeds either customer demand or the
ability of the system to transmit would be dealt with various
measures, including electricity storage or suppression. Suppression
control (also called “curtailment”) is a reduction in the output of
power from what the generator would otherwise produce given the
available resource [43]. In this study, the cost-optimization model
selects suppression control if it is more economic compared to the
costs for additional storage or additional transmission facilities to
utilize the excess generation.

Demand for electricity storage and suppression control is
modest up to the Mon500 GW case. The NEA power system in-
tegrates the Mongolian renewables mainly by flexible operation of
fossil fuel-fired plants in these cases, resulting in smaller coal-fired
generation (Fig. 5a). Fig. 6 shows an example of power generation
profiles in China-North (CH-N) and MN. In the Mon500 GW case,
CH-N integrates the renewable power from MN by the ramping up/
down of coal and gas-fired plants during the daytime.
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Table 8
Initial cost assumptions for each interconnection route [USD/kW].
CH-NE CH-N CH-E CH-C CH-NW CH-S JP-H JP-E JP-W KR RU-FE MN
CH-NE — 1644 — — — — — — (1533) 2549 2466
CH-N 1644 — 2354 3023 2521 — — — 2805 - 1853
CH-E - 2354 - 3023 3440 2605 — - — - - -
CH-C — 3023 3023 — 1853 2438 — — — — — —
CH-NW - 2521 3440 1853 — 3774 — — — - - —
CH-S - - 2605 2438 3774 — - — - - -
JP-H — - - - - - 2084 - - 4093 -
JP-E - — - — — 2084 — 1268 - - —
JP-W - — - — — — 1268 — 2513 - —
KR (1533) 2805 - - - — - 2513 - (2967) -
RU-FE 2549 — — — — 4093 — — (2967) - —
MN 2466 1853 - — — — — — - - —
Note: “—" indicates that interconnections are not allowed in this study. See Fig. 2 for the node abbreviations. Initial costs for the two transmission routes through the DPRK (see
the note in Fig. 2) are shown with brackets.
Els 000 100 %= msuppressed wind S 5000 Battery
= ' MW Suppressed PV &)
H pp = W Pumped
E.lZ 000 80 B m Battery (discharge) z B Wind
5 E Pumped (discharge) § 4000 PV
'oé 9000 60 § M Battery (charge) E n HYdrO
g % lPuAmped (charge) o 3000 mOil
(78 @ W Wind 2 II Gas
g 6000 40 .':m" PV £ I m Coal
° W Hydro 2000 Nuclear
a
3000 20  moil “I'IIIIIII
ol g
o | 0 M Coal 1000
Nuclear
O Share of renewables
-3 000 (right axis) 0 | ‘
9= = = = = 3= 2 2 2 =
U (U] (U] (L] (L) 11U (] (L) (U] (U]
mo o o o o mC) o o o o
S 3 8 2 8 E 2 8 2 8
c = — — ~ c < - — [
S 2 5 S 5 2 2 5 5 s
= = s S = = = =
(a) Generation (b) Capacity

Fig. 5. Power generation and installed capacity in Northeast Asia.

Beyond the Mon500 GW case, various integration measures, not
only flexible operation of fossil fuel-fired generation, but also
suppression control and electricity storage, are dynamically com-
bined to accommodate renewable power from Mongolia (Figs. 5
and 6). Suppressed wind and PV amounts to 325 TWh/yr in the
Mon1000 GW case and reaches 850 TWh/yr in the Mon2000 GW
case, which respectively means that 16% and 21% of renewables
generation in MN is discarded from the grid. Fig. 6b implies that
suppression control would play an important role in balancing
supply and demand especially during the daytime in order to
manage the PV surges in MN (see the Monl1000 GW and
Mon2000 GW cases).

Battery capacity grows from the Mon1400 GW case, and reaches
about 110 GW (mainly in CH-N) in the last case. Similarly to sup-
pression control, battery storage in CH-N is utilized to absorb the
surplus electricity during the daytime, when solar PV surges in MN,
and discharge during the night to supply the peak load (See the last
case in Fig. 6a). However, the model selects suppression control,
rather than larger-scale battery storage or transmission to other
nodes, as mentioned in the previous paragraph. The main reasons
for this are the high costs of battery storage and transmission lines.
We confirmed this point by conducting a sensitivity analysis on the
costs (see Appendix).

Fig. 7 describes the power generation mix and net imports'
share by node in the selected cases. Power trade is limited in the
Base case; the net imports' share is not more than 1% in all nodes
except for China-East (CH-E). The imports of CH-E are mainly from

China-Central (CH-C), where abundant hydro resources are avail-
able to meet the demand in the coastal electricity-consuming area.
With the massive Mongolian renewables, China-North (CH-N) and
Korea (KR) become the two major nodes that increase their share of
net imports. This share grows to 29% (630 TWh/yr) in CH-N and 19%
(130 TWh/yr) in KR in the Mon500 GW case and it grows to 75%
(1,612 TWh/yr) in CH-N and 54% (358 TWh/yr) in KR in the
Mon2000 GW case. The large-scale Mongolian renewables
contribute to a massive reduction in fossil fuel generation, espe-
cially in these two countries. In China, coal-fired generation drops
by 36%, from 6,370 TWh/yr in the Base case to 4,100 TWh/yr in the
Mon2000 GW case, leading to significant CO, emission reductions
(Section 3.2). Reduced coal-fired generation would also be desirable
in China to relieve air pollution. The imported power in KR signif-
icantly replaces both gas-fired and coal-fired generation.

Other nodes, such as CH-NE, JP-W and RU-FE, also increase
imports 21—44% as shown in Fig. 7c—d. In contrast, the net imports
of JP-E are modest, only about 5%, even with 2000 GW of renew-
ables in MN. The modest imports in JP-E are slightly different from
what was reported in our previous study.® One of the reasons is the
higher transmission costs assumed in this study (See Section 2.3.3
and Appendix). Interconnection costs need to be lower for JP-E to
actively participate in the international electricity trade in NEA.

6 In Otsuki et al. [13], the net imports' share in JP-E reaches almost 10% with
100 GW of Mongolian renewables.
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Fig. 6. Power generation profile in the winter-peak season in CH-N and MN in the selected cases.

3.2. CO; emissions

Fig. 8 displays annual CO; emissions from fossil fuel combustion.
The Mongolian renewables contribute to significant emissions re-
ductions in NEA. Total NEA power generation emissions decrease
by 10% (679 MtCO,) with 400 GW of Mongolian renewables, 30%
(2,127 MtCO;) with 1600 GW and 36% (2,473 MtCO;) with
2000 GW. Our results imply a potential global-scale benefit from
the Mongolian renewables. According to IEA's current policy sce-
nario [30], global energy-related emissions in 2030 are projected to
be 39,153 MtCO,, and electricity sector emissions to be 17,114
MtCO5; therefore, the absolute reductions in the last case would be
about 6% of total global emissions and more than 14% of electricity
sector emissions.” Renewable resources in Mongolia therefore have
a large potential role to play in mitigating climate change.

Among the modeled nodes, China and Korea are most

7 €O, emissions calculated in this paper are approximately in line with IEA's
current policy scenario [30]. For example, emissions in 2030 in China are 6,028
MtCO; in the Base case and 6,036 MtCO, in IEA [30], and are 457 MtCO, and 440
MtCO, in Japan, respectively. As for Korea and Russia Far East, the author could not
confirm as neither one is not shown in IEA [30].

significantly benefited from an environmental perspective, which
can be a strong incentive for these countries to import Mongolian
renewables. China shows the largest CO, emission reductions in
absolute terms, for example, by 2,095 MtCO, (—35%) in the
Mon2000 GW case, as the Mongolian renewables significantly
replace carbon-intensive coal-fired generation in CH-N and CH-NE
(Fig. 7d). Korea's CO, reductions reach about 90% in the
Mon2000 GW case because imported power largely replaces both
gas and coal-fired generation. In contrast, the results show rela-
tively small effects for Japan, with only 13% reductions even in the
Mon2000 GW case. Emission reductions in JP-W reach 20% in the
Mon2000 GW case, yet the environmental benefits in the country as
a whole become modest due to limited electricity imports in other
Japan nodes (JP-H and JP-E).

3.3. Cross-boundary electricity transmission

Fig. 9 illustrates the cross-boundary electricity transmission
[TWh/yr] and transmission capacity [GW]. The massive Mongolian
renewables stimulate increased cross-boundary electricity trans-
mission. The Base case shows relatively modest electricity trans-
mission except between CH-C and CH-E, and the power trade grows
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with the deployment of the renewables in MN, especially in the
route from Mongolia (MN) to China-North (CH-N), Korea (KR) and
Japan-West (JP-W) and from MN to CH-N and China-East (CH-E).
Vast amounts of electricity are estimated to flow into the major
importing nodes, such as CH-N and KR. In the Mon2000 GW case,
transmission from MN to CH-N reach 2,667 TWh/yr, which exceeds
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the assumed annual demand in CH-N (2,155 TWh/yr). As for KR, the
estimated inflow from CH-N is 519 TWh/yr, equivalent to three-
quarters of KR's annual demand. As for the transmission lines
from MN, the variability of the renewable generation results in
relatively low utilization rates of the lines; for example, 16% on the
MN-CH-N connection in the Mon2000 GW case.

3.4. Costs

Fig. 10 depicts yearly total system cost in NEA. The costs shown
include a carbon cost of 30 USD/tCO; for all cases. The annual initial
costs are estimated by multiplying total investments by a capital
recovery factor assuming a discount rate of 5%.

Massive deployments of Mongolian renewables and cross-
boundary transmission lines significantly change the cost struc-
ture to be more capital intensive, pushing up the annual system
cost (Fig. 10). In the Base Case, the largest cost component is fuel
costs, which are about half of total system cost, while initial costs
become the largest cost component in the Mon2000 GW case, ac-
counting for 55% of total system cost. The Mongolian renewables
contribute to savings in fuel and carbon costs. However, the in-
cremental capital and O&M costs are estimated to be larger than
the savings, resulting in a higher annual system cost by about 30%—
1,391 Billion USD/yr (B USD/yr) in the Mon2000 GW case compared
to 1,053 B USD/yr in the Base case. These annual system costs are
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equivalent to 121 USD/MWh and 95 USD/MWHh, respectively, in
average generation cost in NEA.

Fig. 11 shows additional investments in the selected cases. Huge
investments are necessary for Mongolian renewables and grid in-
terconnections. Compared to the Base case, additional investments
amount to 333B USD in the Mon100 GW case, rising to 3,616B USD
in the Mon1000 GW and 7,527B USD in the Mon2000 GW cases.
Although massive Mongolian renewables contribute to reducing
electricity supply facilities in importing nodes (e.g., a savings of a
total of 105B USD in NEA in the Mon1000 GW case), the savings are
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B Cross-boundary
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Mon 100GW

H Other
Mon 500GW
Mon 1000GW
Mon 2000GW
-2000 0 2000 4000 6 000 8 000

Investment required [Billion USD]

Fig. 11. Additional investments from the Base case.

modest compared to the investments required for renewables in
MN and the cross-boundary transmission facilities.

The incremental overall costs (Fig. 10) and huge investments
(Fig. 11) may pose significant challenges in terms of financing and
implementation. The cost increase implies that the Mongolian re-
newables concept may not be competitive under a market mech-
anism unless strong environmental policies are implemented, as
discussed later in Section 3.5.1.

3.5. Sensitivity analyses

The results in Sections 3.1—3.4 are based on a number of
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assumptions (Section 2.3), where uncertainties exist. Therefore,
this section performs sensitivity analyses with a focus on the two
factors—cost assumptions and transmission routes through the
DPRK—to investigate their effects on the economics of grid
interconnections.

3.5.1. Cost assumptions

Fig. 10 suggested that the economic benefits of the large-scale
Mongolian renewables depend mainly on fuel and carbon cost sav-
ings, while the higher capital costs for the renewables and trans-
mission facilities make the concept less attractive. However, there
exist uncertainties in these cost factors; energy prices have shown
their volatile nature in the last decade; carbon prices depend heavily
on future environmental policies and regulations; and capital costs
vary depending on site-specific characteristics. Therefore, in this
section, we conduct a sensitivity analysis on these three factors. The
author additionally conducted 1,232 calculations in total: three case
settings (the Base, Mon100 GW, Mon500 GW and Mon2000 GW) x four
carbon prices (No carbon price, 100 USD/tCO,, 200 USD/tCO,, 300
USD/tCO,) x eleven fossil fuel prices (—50% compared to the
assumption in Section 2.3, —40%, -30% —20% —10%, 0%
(="“Reference”), +10%, +20%, +30%, +40%, +50%) x seven capital
costs of the Mongolian renewables and transmission facilities
(—30%, —20%, —10%, 0% (="Reference”), +10%, +20%, +30%). Other
assumptions are the same as shown in Section 2.3.

Fig. 12 illustrates the net economic benefits of the three selected
Mongolian renewables cases under each carbon price, fossil fuel
price and capital cost setting (positive values, shown in blue,
indicate the total system cost reductions compared to the Base). The
results illustrate the improved economics of the Mongolian re-
newables cases under higher carbon prices, higher fuel prices or
lower capital costs, as each of these factors enhances the relative
cost-competitiveness of renewables in Mongolia.

However, the results also suggest that strong emission reduction
policies, such as high carbon prices, would be important for
implementation. For example, under the reference (“Ref.”) fuel
prices and capital costs, carbon prices of 100 USD/tCO; would not
be enough for the three renewables cases to be economically
attractive; nor a carbon price of 200 USD/tCO, for the Mon2000 GW
case. The Mon100 GW and Mon500 GW cases barely show net
benefits with 200 USD/tCO-, but these benefits become negative
with only a 10% fuel cost drop and a 10% capital cost increase (see
200 USD/tCO; in Fig. 12a—b). These levels of carbon price are higher
than the IEA's assumed carbon price for 2030 in their 450 Scenario,®
also known as the “2 °C Scenario”, which is targeted by the Paris
Agreement at the 21st Conference of the Parties of the UNFCCC [44].
IEA assumes higher carbon prices in the longer-term (see the price
for 2040 in footnote 8); yet, those prices are still in the range of
100—140 USD/tCO,, much lower than 200 USD/tCO,. Massive
deployment of Mongolian renewables could be an option for a
“beyond 2 °C” policy for the period up to around 2040, according to
our analysis. The relevant planning organizations will need to
carefully consider long-term energy market and environmental
policy trends (such as fuel prices, capital costs and carbon prices) in
order to assure that implementation will be beneficial.

3.5.2. The transmission routes through the DPRK

The results in Sections 3.1—3.5.1 do not include the two trans-
mission routes through the DPRK (the dotted lines in Fig. 2) due to
large diplomatic uncertainties. The DPRK routes are expected to

8 IEA's carbon price assumptions for the 450 Scenario are as follows: 75 USD/tCO,
in 2030 and 125 USD/tCO; in 2040 for China and Russia, and 100 USD/tCO, in 2030
and 140 USD/tCO, in 2040 for Japan and Korea [30].

improve the economics of interconnections in NEA; for example,
the route between CH-NE and KR would allow connecting China
and Korea via overhead lines, not via high cost submarine cables. To
quantify the economic impacts of the routes' uncertainties, we
additionally simulated the Mon2000 GW case considering the DPRK
routes. Fig. 13 illustrates the impacts of the route in terms of cross-
boundary electricity transmission, generated electricity and system
costs. Fig. 13b—c shows the changes from the Mon2000 GW case in
Sections 3.1—-3.4, which does not include the DPRK routes. Our
results imply the following two points.

First, the DPRK routes make it more attractive for Japan to
import electricity from Mongolia. The net imports of Japan expand
to 311 TWh/yr with the route between CH-NE and KR (Fig. 13b),
from 146 TWh without the route (Fig. 9d), due to the improved
economics of transmission. The incremental imports allow Japan to
replace high cost generation, such as gas-fired generation; instead,
CH-NE decreases net imports from MN, resulting in the larger coal-
fired generation there (Fig. 13b) and higher CO, emissions (indi-
cated as increasing carbon costs in Fig. 13c). In contrast to Japan,
impacts on Korea are relatively small, as the economy has already
expanded its imports and replaced fossil fuel generation even in the
cases without the routes.

Second, from an economic perspective, our results imply that
there are relatively modest impacts from the availability of the
DPRK routes for NEA (Fig. 13¢). Total cost in NEA drops by 6B USD/
yr, yet these reductions are limited compared to the annual system
cost (1,391B USD/yr in the Mon2000 GW case; see Fig. 10). The fuel
costs saved in JP-E and JP-W are partly offset by the initial costs for
additional transmission facilities (for example, between KR and JP-
W) and carbon penalties for the incremental coal-fired generation
in CH-NE.

Various discussions (for example, WEC [45]) have pointed that
the uncertainty of the DPRK routes would be one of the biggest
issues for designing and implementing grid interconnections in
NEA. Our results suggest the DPRK routes would be economically
important to encourage Japan's involvement. However, the results
also imply that the routes do not significantly increase the benefits
to the NEA system of integrating massive renewables in Mongolia.
Even if the DPRK routes are available, the NEA power system would
still face increased costs, similar to the level discussed in Section
3.4. Relevant planning organizations need to note that the cost
burdens for renewables in Mongolia and cross-boundary trans-
mission network would still remain as a major barrier to
implementation.

4. Conclusions and policy implications

This study quantitatively examined the economic viability of
developing the abundant renewable energy in Mongolia for elec-
tricity exports. This paper employs a single-year multi-region po-
wer system model, which is formulated as a linear program and
aims to minimize overall system cost of NEA. We examined twenty-
one cases, ranging from the Base case to the Mon2000 GW case,
which assumes 1000 GW of wind turbine capacity and 1000 GW of
solar PV capacity in Mongolia, as shown in Table 1. Major results of
the selected scenarios are summarized in Table 9. These simulation
results provide the following interesting findings regarding the
environmental opportunities and economic challenges.

First, from an environmental perspective, renewable energy in
Mongolia has a significant potential to decarbonize the NEA power
system. Renewables' share grows from 20% in the Base case to 47%
in the Mon2000 GW case, resulting in the CO; emissions reductions
from power generation of 36%. In particular, China and Korea are
significantly benefited; for example, CO;, emissions are reduced by
more than 35% (2,095 MtCO-) in the China nodes as the Mongolian
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Fig. 12. Economic benefits of the selected Mongolian renewables cases under various carbon price, fossil fuel and capital cost settings.

renewables replace carbon intensive coal-fired generation. On the
other hand, the results show relatively modest effects in Japan, with
only a 13% reduction even in the Mon2000 GW case. This is due to
limited electricity imports in JP-H (Hokaido) and JP-E (Eastern
Japan). We confirmed that high transmission costs are one of the
reasons for the limited imports to Japan (see Appendix). Lower
transmission costs would be needed for Japan to enjoy the

environmental benefits of Mongolian renewables.

Second, in contrast to the environmental merits, the results
indicate economic challenges for implementation. Massive
deployment of Mongolian renewables and cross-boundary trans-
mission lines pushes up the annual system cost by 32%, from
1,053B USD/yr (95 USD/MWHh) in the Base case to 1,391B USD/yr
(121 USD/MWHh) in the Mon2000 GW case. Massive renewables
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Table 9
Summary of results of the selected cases.
Base Mon500 GW Mon1000 GW Mon2000 GW

System cost 1,053B USD/yr 1,109B USD/yr 1,194B USD/yr 1,391B USD/yr
Initial costs 265B USD/yr 383B USD/yr 506B USD/yr 772B USD/yr
Fuel costs 490B USD/yr 436B USD/yr 400B USD/yr 322B USD/yr
CO, emissions 6,855 MtCO,/yr 6,057 MtCO,/yr 5,440 MtCO/yr 4,382 MtCO,/yr
Renewables' share in NEA 20% 29% 35% 47%
Transmission from China to Korea 0 TWh/yr 188 TWh/yr 381 TWh/yr 519 TWh/yr
Transmission from Korea to Japan 0 TWh/yr 53 TWh/yr 98 TWh/yr 146 TWh/yr

significantly contribute to saving fuel costs; however, the benefits
are offset by the initial costs for the renewables and transmission
lines. The massive deployment of renewables change the cost
structure to be more capital intensive due to the huge investments
required. Additional investments amount to 3,616B USD for
1000 GW of Mongolian renewables and 7,527B USD for 2000 GW.
The relevant planning organizations need to carefully consider
how to secure such large investments, taking into account long-
term energy prices, capital costs and environmental policy
trends in order to assure that implementation will be beneficial, as
discussed in Section 3.5.1.

Third, the sensitivity analysis implies that the routes through
the DPRK would be economically important to encourage Japan's
involvement. On the other hand, the results also show that the
routes do not significantly increase the benefits to the whole NEA
system of integrating massive renewables in Mongolia. Relevant
planning organizations need to note that, even if the routes
become available, the cost burdens for renewables in Mongolia
and the cross-boundary transmission network would still remain
as a major barrier to implementation from an economic
perspective.

Turning to priorities for future work, we need to further
enhance the model's capabilities and conduct additional analyses
in at least two ways. The first would be more detailed modeling of
variable renewables and energy storage technologies. If detailed
meteorological data (i.e., hourly or more detailed wind speed and
sunshine data) is available in each country, future work could
address NEA-wide grid integration issues, not only for the re-
newables in Mongolia but also in other counties, taking into

account the short-term fluctuations in the variable renewables.
Additional modeling of energy storage, including hydrogen and
heat storage technologies, would also allow a more comprehen-
sive assessment of the use of surplus electricity from variable re-
newables. The second would be to address energy security issues.
To quantify the maximum benefits potentially achievable by
developing renewables in Mongolia for power exports, this paper
assumes that the NEA countries fully cooperate for regional opti-
mization. Therefore, emergency situations, such as the disruption
of electricity trade due to technical or political issues, were out of
this research scope. Incorporating energy security aspects into the
model, for example, by using stochastic programming techniques,
would be an important research contribution in order to
comprehensively understand the opportunities and barriers for
grid interconnections.
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Appendix. Additional analysis of the effects of battery and
transmission costs on suppression control

As illustrated in Figs. 5—7, with a massive renewables installa-
tion in Mongolia (MN), the model selects suppression control there,
rather than additional exports or battery storage. To confirm that
the high cost of cross-boundary transmission and battery storage is
one of the reasons for the suppression, this section performs the
sensitivity analysis on these costs under a Mongolian renewables
capacity at 2000 GW. Table A.1 shows the case settings. We assume
cost reductions in transmission facilities (transmission lines, cables
and conversion station) and battery storage.
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allow Japan and the Central part of China (CH-C) to expand elec-
tricity imports, which contributes to less suppression control and
more renewable power exports in MN (see Fig. 9d and Fig. A.2a).
Cost reductions for battery storage also decrease suppression
control by facilitating electricity storage of the surplus electricity
from wind and PV. In the Bat-50% case, the suppression rate in MN
drops to 12% (480 TWh/yr) as shown in Fig. A.1. The additional
battery storage is mainly in China-North (CH-N). Battery capacity in
CH-N grows to 337 GW in the Bat-50% case, from 110 GW in the
Reference case. In contrast with the Chinese nodes, the impacts of
battery cost on Korea and Japan is relatively modest as the cross-
boundary transmission is still relatively expensive; the electricity

Table A1
Case settings regarding the cost of battery systems and transmission facilities.
Reference Tra-25% Tra-50% Bat-25% Bat-50%
Wind and PV capacity Mongolia: 1000 GW each for all cases. Other nodes: same assumptions as Table 1.
Transmission facility cost reductions 0% 25% 50% 0% 0%
Battery system cost reductions 0% 0% 0% 25% 50%

(Note) The Reference case is the same as the Mon2000 GW case in Table 1.

Fig. A.1 describes generated electricity by node in each case.
Suppression control in MN declines when the cross-boundary
transmission becomes less costly. For example, the suppression
rate (the share of suppression in the total generated electricity) in
MN is 21% (849 TWh/yr) in the Reference case, and reduces to 17%
(660 TWh/yr) in the Tra-50% case. Lower cost transmission facilities
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imports of these countries show a level similar to the Reference case
(see Fig. 9d and Fig. A.2b).

These results suggest that the model selects suppression control
partly due to high battery and transmission costs. Reductions in
their costs would allow NEA to accommodate more renewable
power from Mongolia.
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Fig. A.1. Generation in NEA in each case.
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Fig. A.2. Cross-boundary electricity transmission in the selected cases.
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