IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

IEEE POWER & ENERGY SOCIETY SECTION

Received June 20, 2021, accepted August 8, 2021, date of publication August 11, 2021, date of current version August 19, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3104167

Global Electricity Interconnection With 100%
Renewable Energy Generation

CONG WU, XIAO-PING ZHANG *, (Fellow, IEEE), AND MICHAEL J. H. STERLING

Birmingham Energy Institute, University of Birmingham, Birmingham B15 2TT, U.K.
Department of Electronic, Electrical and Systems Engineering, School of Engineering, University of Birmingham, Birmingham B15 2TT, U.K.

Corresponding author: Xiao-Ping Zhang (x.p.zhang @bham.ac.uk)

This work was supported in part by the Engineering and Physical Sciences Research Council (EPSRC) under Grant EP/N032888/1 and
Grant EP/L017725/1.

ABSTRACT Under the United Nations ‘Net-Zero 2050’ target, transition towards a 100% renewable energy
(RE) sourced power grid has become an ever more attractive pathway. However, the inherent fluctuations
and intermittency of RE generation, particularly wind and solar, would inevitably pose great technical and
economic barriers to their massive integration into the energy supply. A global interconnected electricity grid
to utilize the complementarity of diverse demand patterns and RE sources provides an appealing solution.
With detailed datasets, this paper is therefore to assess the economic benefits of such a global electricity
grid with 100% RE generation using the state-of-the-art Ultra High Voltage Direct Current transmission
technologies. The global electricity grid is split into 14 regions with 20 potential interconnection routes
and regional geographical centroid is treated as equivalent node for inter-regional distance calculation.
Global hourly meteorological re-analysis data of up to seven years with spatial resolution of 0.25° x 0.25°
(approximate 28km x 28km) is used to generate regional representative generation power series. With the
minimum annual system cost for meeting demand in 2050, an integrated planning and power dispatch
model is presented to determine the additional regional capacities of RE sources, storage systems, and
the interconnectors from 2030, and in which load curtailment is incorporated and ‘N-1’ security are much
stricter than those traditionally applied. The paper provides a comprehensive analysis with 24 cases based on
different supply portfolios which show a 20% cost saving through specific global interconnections thereby
lending support to the concept of a Global Electricity Grid.

INDEX TERMS Ultra high voltage direct current (UHVDC), high voltage direct current (HVDC), renewable
energy, solar generation, wind generation, hydropower generation, energy storage, load curtailment, global
electricity interconnection, global electricity grid, net zero, power system security, power system planning.

I. INTRODUCTION

A policy target of net-zero emissions of greenhouse gases,
inevitably means a high proportion of renewable energy (RE)
is to be anticipated in future global energy system [1]-[4],
particularly the electricity systems. However, power from
RE sources like solar and wind inherently shows strong
fluctuation and intermittency, which poses great challenges
to system stability and significantly increases the balancing
costs. Complementarity of RE sources [5], [6], storage sys-
tems [7], sector coupling [8], [9], and grid extension [10]
can potentially mitigate such variability. Ultra-high volt-
age (UHV) transmission [11]-[13] has raised the prospect
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of long distance transcontinental electricity interconnec-
tion [14], [15] to utilize complementary effects of diverse
RE resources and demand patterns in a wide geographical
scale. Hence the investigations on the economic benefits of
such electricity interconnections and even global electricity
interconnection to support high or even 100% RE penetration
would be of great interest.

In the past, there have been studies on electricity inter-
connections between regions. Plans for connecting Europe
to Russia for importing onshore wind/hydro energy and to
the Mediterranean region for importing desert solar energy
were explored respectively [16], [17]. Potential routes for
interconnection between Europe with China [18] and with
Central Asia [19] were presented by the Joint Research Cen-
tre (JRC) of the European Commission and the benefits of
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FIGURE 1. Global electricity grid with 14 regions and 20 potential interconnection routes.

connected Europe and North America was further analyzed
in depth [20]. Grid interconnection schemes among Xinjiang
in China, Pakistan in southern Asia and five central Asian
countries as well as Arab countries are explored in [21]
and [22]. An organization called GEIDCO proposed their
global backbone grid scenarios [23] together with detailed
regional schemes, e.g. North America [24] and the ‘EuroAsia
interconnector’ is already under construction to link Israel to
Greece through Cyprus [25]. The value of increased HVDC
capacity between East and West power grids in US were
also recently investigated under a project called ‘Interconnec-
tions Seam Study’ by National Renewable Energy Laboratory
(NREL) [26].

The idea of global electricity interconnection can be traced
back to early 1980s [27] and has enjoyed a rapidly grow-
ing attention recent years in a context of accommodating
high-share RE as well as the technology breakthrough of
UHV DC transmission. An organization called GEIDCO
proposed their global backbone grid scenarios [23] together
with detailed regional schemes, e.g. North America [24]. The
benefits and challenges of global power grids were compre-
hensively reviewed in [28]. Recently, the feasibility of global
electricity network structured in 13 regions was studied by
CIGRE Working Group C1.35 [29]. In the above works, there
has been a lack of either detailed models or high granularity
of demand and generation data, nor has 100% RE generation
been adequately considered yet.

The latest status and perspectives on 100% RE systems
have been reviewed in [30] and an interconnected European
electricity system based on 100% RE supply was presented
respectively in [31] and [32] using one-year weather data
with a spatial resolution of 0.3125° x 0.3125° and 0.75° x
0.75°, where the model was run for a full year with hourly
resolution. Similar weather-driven planning model with data
spatial resolution of 0.45° x 0.45° was applied to opti-
mize the portfolios of energy technologies in North-East
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Asia [33] and America [34], where regional interconnec-
tion is taken into consideration. The role of inter-provincial
transmission is investigated in a fully renewable Chinese
power system [35], [36]. Most recently, a 100% renewable
US power system using gigawatt-scale solar, wind, exist-
ing hydropower, lithium-ion batteries, and transmission were
modelled, showing inter-state coordination yield a cost reduc-
tion of 46% [37]. However, these works on 100% RE sup-
ply have been limited to the national, regional, continental
level electricity interconnection. In [38], 3-region inter-
connections between Europe, North-East Asia, and North
America with 100% renewable generation were studied
very recently.

From the perspectives of implementing global ‘Net-Zero’,
the power grid interconnection for exploring the comple-
mentarity, diversity and availability of RE sources glob-
ally becomes an attractive pathway, and hence this paper
is focused on global electricity interconnection with 100%
RE supply and investigates whether such a grid can bring
economic benefits by utilizing the complementary effects of
diverse resources in a global scale. The novel contributions
of this paper are as follows:

o A detailed global electricity grid with 14 regions and

20 potential routes: The global power grid is split into
14 regions with 20 potential routes, and respective
geographical centroid is treated as regional equivalent
node and used for inter-regional distance calculation.
Regions, potential routes and interconnector length are
shown in Fig. 1.

o Detailed hourly demand and generation data series for
14-region global electricity grid for 12 months: Global
hourly meteorological re-analysis data of up to seven
years with spatial resolution of 0.25° x 0.25° is con-
verted into solar, onshore, and offshore wind power
series respectively, leading to a total of 224,750 grid
cells for land areas and 19,958 grid cells for marine
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areas. Hourly generation within those cells are selected,
aggregated, and further clustered into one year regional
series based on weight-based aggregation rules and
density-based cluster algorithms.

o A more accurate method for determining the physical
distances between the centers of 14 regions: Regarding
the distance between two points on the Earth, a Python
package called ‘pyproj’ is adopted to determine the
physical distance between two regions.

« Optimal planning model of the global electricity grid to
explore the complementarity of diverse demand patterns
and RE sources globally: With minimum annual system
cost of the whole 14-region global grid whose demands
in 2050 are expected to be met by 100% RE, i.e., wind,
solar, hydropower, energy storage, a co-optimized plan-
ning and dispatch model is presented to determine the
additional capacities of RE technologies, electricity stor-
age systems, and the interconnectors since 2030, where
load curtailment and ‘N -1’ security of interconnectors is
are considered.

This paper is structured as follows. Section II proposes
the procedure to generate regional power series of RE and
demand as well as some key parameters. Section III deals
with the problem formulation, a co-optimized capacity plan-
ning and dispatch model is constructed to determine the
capacities of RE sources, storage systems and the intercon-
nectors where load curtailment as well as ‘N-1" security of
interconnectors are considered. Section IV shows the numer-
ical results and comparative analysis, followed by the conclu-
sions in Section V.

Il. BASIC SYSTEM DATA AND PARAMETERS

In this study, four generating technologies together with stor-
age system are employed to power the grid, namely onshore
wind, offshore wind, solar PV, and hydro, which are com-
monly recognized as important energy sources in different
independent research groups [2], [4], [32], [37]. For con-
ventional thermal generators, the input is considered to be
stable and thus the production output is mainly restricted to its
capacity when dispatched, but for weather-driven generating
technologies, e.g., wind and solar, its output is additionally
limited to instantaneous wind strength or solar insolation.
It is therefore necessary to obtain the hourly available power
of solar and wind generation. Regional demand and hydro
series, as well as information about interconnections between
regions are key inputs as well.

All the time series of regional demand and RE power are
expressed as UTC+00. All the data processing is coded with
Python on an IntelCore-i5-8300H/2.3GHz personal laptop
with 8G memory.

A. HOURLY SOLAR AND WIND POWER SERIES

Historical meteorological re-analysis data of up to seven
years (2011 ~ 2017) with spatial resolution (longitude x
latitude) of 0.25° x 0.25°(approximate 28km x 28km) and
temporal resolution of one hour are converted into solar and
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wind power series based on a similar method to that proposed
in [39] using an open-source Python package called ‘Atlite’
and widely used in [32], [35], [36], [40].

There are a total of 224,750 grid cells for land areas and
19,958 grid cells for marine areas. The meteorological data
takes up a storage space of some STerabytes (TB). Due to
the large amounts of data involved, it is worth noting that
the downloading of the 7-year hourly weather data took more
than one month and a further 160 hours was taken to convert
the weather data into onshore wind, offshore wind and solar
power series.

1) HOURLY WEATHER DATASETS

A meteorological dataset called ‘ERAS5’ is employed, which
is produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF) [36]. The water depth of the
marine area is obtained from the General Bathymetric Chart
of the Oceans (GEBCO) [37] and National Centers for Envi-
ronmental Information (NCEI) [38]. The geographical shape
files of administrative boundaries are retrieved from Natural
Earth Dataset [39] for country shapes and the Database of
Global Administrative Areas (GADM) [40] provides differ-
ent layers of boundaries within each country.

It should be noted that the dataset is downloaded for each
sub-region instead of the entire region, specifically, country
level is the minimum scale for regions except for Russia,
Canada, China, and the US where provinces and states are
the minimum scale.

2) CONVERTING AND AGGREGATING OF SOLAR AND WIND
DATA

It is assumed that an equivalent 1-MW wind turbine and
1-MW PV panel are placed in the center of each raster cell.
The meteorological data are then converted to hourly power
series for each cell.

The Enercon E-101 model of a wind turbine with rated
capacity of 3050kW and 150m hub height is used to generate
onshore power series whose power curves can be obtained
from the wind turbine repository at an open platform [41] and
the NREL Reference Turbine with 5 MW at 90 m is employed
to generate offshore power series. The original power curve
is further improved to account for the smoothing effects of
wind speed within each cell by Gaussian kernel [39]. The
wind speed at height of 100 m provided in the dataset is
extrapolated to that of 150m using a logarithmic method with
roughness [39].

A CdTe-based PV model with fixed tilt angle optimized by
the grid cell’s latitude is chosen to generate solar power series.
An optimal tilt angle for the given latitude is obtained using a
simple method [42] which works for latitudes between 0 and
50 and returns a static 40 degree angle for higher latitudes
where the angle may not be that important [43], [44]. The fit-
ted model of CdTe solar panel was presented by Huld [45] to
estimate the energy yield of PV modules based on irradiance
and temperature. This function in ‘Atlite’ is adapted from
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TABLE 1. Regional capacity factors (%).

. Solar Onshore Offshore Hydro
Region
7 years Rep. 7 years Rep. 7 years Rep. 2019
EU Plus 15.53 15.50 33.54 33.34 51.20 50.69 36.11
RU_WestPlus 13.19 13.14 41.77 41.63 48.95 48.93 43.21
RU_East 14.12 14.12 34.30 34.43 42.47 43.38 43.21
Middle East 24.55 24.57 35.34 35.27 33.60 33.55 30.25
Asia C 20.54 20.57 38.72 38.75 0.00 0.00 34.36
Asia_ S 22.14 22.22 21.84 22.22 30.73 30.97 41.23
Asia E 2091 20.87 26.83 26.67 40.56 40.09 40.10
Asia SE 18.94 19.00 10.67 10.74 20.37 20.14 34.73
Oceania 22.88 22.76 43.18 43.53 43.60 43.49 35.28
Sub_Saharan 23.13 23.13 29.41 29.50 25.65 25.64 39.25
N_America W 20.73 20.74 27.33 27.51 37.34 36.76 43.44
N_America E 20.20 20.05 35.58 36.06 37.75 37.25 46.64
N_America NE 15.24 15.42 49.23 48.99 52.98 5291 55.63
S America 21.19 21.09 23.96 23.86 44.30 44.26 46.83

another python package called ‘GSEE’ [46]. Details about
wind and solar converting model are shown in [40].

The converted power series are further aggregated from
raster cell level to sub-region level using (1) based on the
assumption that 0 ~ 10% and 10% ~ 20% of the raster cells
with highest average capacity factor (CF) are weighted by
0.3, 20% ~ 30% of the cells with highest CF are weighted
by 0.2, and last 30% ~ 40% and 40% ~ 50% of the cells
with highest CF are weighted by 0.1 [34]. This indicates that
generation sites are scattered on 50% of the geographical area
within each sub-region.

5
ofy i =D Wi Prsjic/crsii). t€[1,61320] (1)
i=1
where p, ;. is the aggregated power of group i in
sub-region s within region r at hour ¢ for RE type j and
crs,ji 18 the aggregated capacity. wl.S is the weight of group
iand cf f 5.j,1 fepresents equivalent CF series of RE type j in
sub-area s within region r.
Henceforth, the expression of ‘power series’ actually
means ‘CF series’ which directly indicates the hourly avail-
able output of RE generation under given capacity.

3) POTENTIAL OF RE GENERATION WITHIN A SUB-REGION
The installing potential of solar PV, onshore wind and off-
shore wind within a sub-region is related to the usable land
area and installation density, shown in (2).

Cr,s,j = Ar,s,ij (2)

where A, ; is the share of usable land allowed for installing RE
technology j in sub-region s of region r, D; is the installation
density of RE technology j and C, ; therefore denotes the
maximum capacity.

It is assumed for all sub-regions that up to 6% of the land
area can be covered by PV cells while only 4% allowed for
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onshore wind farms due to the societal constraints [4]; a share
of 10% of the marine area can be covered by offshore wind
farms. The installation density of onshore, offshore wind
turbines, and PV modules are assumed to be 10 MW/km?,
10 MW/km?2, and 81.8 MW/km?, respectively [2], [36].
Besides, sites with a maximum water depth of 50 meters are
selected to install offshore wind turbines [31], [32].

4) REGIONAL POWER SERIES OF SOLAR AND WIND

The equivalent regional power series for RE type j in this
study are calculated by the weighted sum of equivalent
power (CF) series of each sub-region using (3).

Ny
offii=> wh o ofS ., tell61320] (3)
s=1
where Wﬁ 5 denotes the weight for power series of RE type
Jj in sub-region s within region r, expressed as the installing
potential of sub-area s over the total potential in region r and
calculated as (4); cf f’ it is the calculated equivalent CF series
of RE type j in region r that consists of N, sub-regions.

N,
R
wR i =Crsjl D _Crasj (4)
s=1

5) REPRESENTATIVE POWER SERIES OF SOLAR AND WIND
For each region, a four-week long hourly power series com-
mencing Monday is sampled from seven-year regional time
series and further grouped for each month. For example,
there are 7 pieces of four-week time series for solar PV
in January of during 7 years. Therefore, 12 month sets are
formed, each of which comprises of 7 elements.
Furthermore, a popular density-based clustering method,
named DBSCAN [47], is applied to select one representative
time series for each month according to the average CF.
So far, regional representative CF series of onshore wind,
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TABLE 2. Installed cost per unit of different interconnector types.

Line Converter pair Transmission loss
HVDC Type $/(MW - km) $/(kwW) Line (1000km) Converter pair
+800 overhead 99 228 2.79% 1.4%
+1100 overhead 142 202 1.60% 1.4%
+800 subsea cable 875 228 1.60% 1.4%

offshore wind, and solar PV are obtained for each month. The
regional average CF during seven years and representative
one year are summarized in Table 1.

B. HOURLY HYDRO POWER SERIES

It is much more difficult to precisely simulate the hourly
hydro generation which is related to the instant inflow into
hydro dams together with the cascading effects among dams
along the same river, but hydro dams play an important role
in providing flexibility to the grid.

Monthly CF, characterizing the seasonal effects of the
hydro generation, is utilized in this study. Specifically, hydro
power will be dispatched with hourly available quantity sub-
ject to monthly capacity factor. This is reasonable because
hydro power is less fluctuating and intermittent, and most
hydro dams are equipped with reservoirs.

However, monthly CF cannot be directly obtained for most
countries globally, so multi-year monthly hydro generation
from International Energy Agency (IEA) [48] and annual
hydro CF in 2019 from International Hydropower Associa-
tion (IHA) [49] are combined to generate the hydro power
series of each country. The monthly generation series from
IEA is normalized for each year and one representative piece
is selected using previous DBSCAN clustering algorithm,
and multiplied with annual CF from IHA, the monthly CF
is finally obtained.

The regional equivalent monthly CF series is aggregated
from sub-regional ones (countries), taking hydro potential
from World Energy Council (WEC) [50] as the weight.
Regional CF of hydro generation is shown in Table 1.

C. HOURLY DEMAND TIME SERIES

Besides those of most countries in Europe, hourly full year
electricity demand series of 15 countries are collected from
official websites or personal collaboration, e.g., the US,
Brazil, Australia, Russia, South Africa, Iran, Qatar and
Malaysia.

For another 13 countries, typical one-day demand series
and monthly demand can be collected instead of full year
series, in which case, a similar method proposed in [35]
and [36] is employed to generate multi-year demand series
where Gaussian noise and spline interpolation are utilized.
At least two typical days can be obtained for most countries,
e.g., Saudi Arabia (summer and winter), Nigeria (wet and dry
season), Morocco (4 seasons), India, Thailand, and Mozam-
bique (12 months).

The demand series for major countries within each region
has been collected and those of remaining countries are
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simply assumed to be similar with its neighbours due to
the heavy data paucity, such as North Korea, Myanmar, and
countries in central Asia.

Based on the gathered demand series and projected elec-
tricity consumption in 2050, regional demand series are
finally derived following the previous method.

All the data sources of historical hydro generation and
demand series are summarized in Table A-I.

D. DISTANCE, TRANSMISSION LOSS AND COSTS

In this study, the geographic centre (centroid) of each region
is treated as the equivalent super electricity node, which is
calculated as follows.

N
Zl':l Xi

X = N

Ny )
Y = Zi:lyl

N

where, X and Y represent the longitude and latitude of the
centroid and (x;, y;) are points on the boundary of a region
and a total of N points form the geometry shapes of the
region. For region of ‘Asia_SE’ composed of several islands,
it is expected to be less economical to connect them all,
so some are excluded and hence the geographic center locates
in Malay Peninsula.

Regarding the distance between two points on the Earth,
a Python package called ‘pyproj’ offering interfaces to
PROJ 4 is utilized where the forward and back azimuths, plus
distances between initial and terminus point will be returned
under the setting of ‘ellps=WGS84’.

It is noted that the distance ignores the regional inter-
nal transmission grid and if considered, the distance will
be shorter. Thus, the distance figures in use will penal-
ize the use of interconnectors between the 14 regions,
and hence result in conservative planning decisions of
interconnectors.

Three types of HVDC interconnector are employed to
interconnect regions, namely, 800 overhead line, 800 sub-
sea cable both with rated 8 GW and +1100 overhead line
with 12 GW. The installed costs of transmission line and
converter stations are shown in Table 2 [12], [13]. The
route/interconnector sequence number (NO.), types, dis-
tance and investment costs together with transmission loss
for 20 interconnectors between 14 regions are summarized
in Table 3. A £800 overhead line has the economic trans-
mission distance of 2400 km [21] and is selected for inter-
connectors with distance around 2400 km or shorter in this
study, shown in Fig. 1.
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TABLE 3. Installed costs and transmission loss of interconnectors.

Distance (km)

Installed costs ($/kW)/single line

Route . . Overall
NO. Region 1 Region 2 HVDC Land Sea Land Sea E::I;\;rr Sum Loss (%)
1 EU_Plus RU_WestPlus +800 2,520 0 250 0 228 478 8.43
2 RU_WestPlus RU_East +1100 3,470 0 494 0 202 696 6.95
3 RU_WestPlus Asia_C +800 1,880 0 187 0 228 415 6.65
4 RU_East Asia_E +1100 2,812 0 400 0 202 602 5.90
5 Asia_C Asia_E +1100 3,303 0 470 0 202 672 6.68
6 Asia_C Asia_S +800 2,463 0 244 0 228 473 8.27
7 Asia_S Asia_E +1100 2,995 0 427 0 202 628 6.19
8 Middle_East EU_Plus +1100 3,043 0 433 0 202 635 6.27
9 Middle East Asia_S +1100 4,873 0 694 0 202 896 9.20
10 Middle East Sub_Saharan +1100 3,187 0 454 0 202 656 6.50
11 Asia E Asia_SE +1100 3,521 0 501 0 202 703 7.03
12 Asia_SE Oceania (3800) 3,130 2,118 311 1,853 228 2,392 13.52
13 EU_Plus N_America NE  (£800) 2,313 3,356 230 2,937 228 3,394 13.22
14 N_America NE ~ N_America_E +800 2,173 0 216 0 228 444 7.46
15 N_America_E N_America W +1100 1,895 0 270 0 202 471 4.43
16 N_America W RU_East +1100 7,070 0 1,007 0 202 1,208 12.71
17 N_America_E S_America +1100 6,882 0 980 0 202 1,182 12.41
18 Asia_C Middle East +1100 3,736 0 532 0 202 734 7.38
19 Middle East RU_WestPlus +1100 3,761 0 536 0 202 737 7.42
20 Asia S Asia_SE +1100 3,444 0 490 0 202 692 6.91

Note: 1) A complete HVDC line includes the transmission line and two converter stations. 2) The interconnector of NO. 12 and NO. 13 consists both

types of £800 overhead and £800 subsea cable (three segments).

E. KEY PARAMETERS AND FINANCIAL ASSUMPTIONS
Table A-II shows a) regional maximum potential of solar
PV, onshore and offshore wind generation calculated using
method in Part A; b) regional expected RE installed capacities
in 2030 collected from a series of RE roadmaps (‘REmap
2030’) released by International Renewable Energy Agency
as well as national RE development plan, and c) regional
projected demands in 2050 [4]. Table A-III summarise the
financial assumptions and key parameters of solar PV and
Li-ion batteries [51], hydropower [52] and wind infrastruc-
ture [53]. It should be emphasized that herein the relatively
lower projected cost data are used for Solar and Energy
Storage, compared to [54]-[56] while the cost data used
for UHVDC are taken from recent projects and assumed to
be unchanged in the future. Such assumptions for cost data
would encourage more local installations of solar and energy
storage rather than transmission interconnectors, which will
lead to conservative results for interconnections, i.e., lower
interconnection capacities.

lIl. MATHEMATICAL MODELS

A. MODELLING OF RE GENERATION SOURCES, STORAGE
SYSTEMS, AND INTERCONNECTORS

For a 100% RE-based electricity system, it is necessary for
RE sources to join the system dispatch.

RE avi
Prijz = Prij: (6)

where pf?j " P;‘Viij . denotes the dispatched and available
power at time ¢ from RE type i during the representative week

of month j in region z, respectively.
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The electricity storage systems also play a vital role in
balancing the system, which are modelled as (6).

Etj.=0—-1)E_1j:+ (Pf,}},znch _pi{l]‘s,z/ndis)At
Eoj:=Erj;: 0
yminwzst < Et,j,z < ymaxwgt

where ptc}j’ . and pfl’; . are the charging and discharging powers
of the storage at time 7 in region z. 1., and ng;s are the charg-
ing and discharging efficiency. Az denotes the time interval.
E;j. Ei—1z Eoj» and E7 j ; denote the electricity stored at
times 7, 7-1, 0, and T, and " is the installed capacity. ymin
and ™ [0.1 and 0.9 in this study] are the minimum and
maximum SoC requirements and the system cycles at 80%
Depth of Discharge.

A complete HVDC link normally comprises of one trans-
mission line and two converter stations. It is modelled as (7),
where the power loss through transmission line and converter
stations are included.

end __ _start li te
Pt =yt (1= (67 + 5 | ®
where py¢"”’and pf’"jfiz’n are the powers at the starting and

ending points of the interconnector at time ¢ with the power
transferring from region z to region n. L., and 8" are the
distance between region z and region 7, and the corresponding
transmission loss. §7 is the power conversion loss in converter
stations.

B. PLANNING MODEL COUPLED WITH DISPATCH
A planning optimization model coupled with economic dis-
patch to determine the regional additional capacities of RE
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TABLE 4. Case specifications.

X Energy Load . Intercon
Case  Solar  Wind Hydro Storage Curtail nection
ment
1 Y N N Y Y, 5% N
2 N Y N Y Y, 5% N
3 Y Y N Y Y, 5% N
4 Y Y Y Y Y, 5% N
5 Y N N Y Y, 5% Y
6 N Y N Y Y, 5% Y
7 Yy oy N Y Y.5% Y
8 Yy oy Y Y Y.5% Y
9 Yy N N N Y.5% Y
10 N Y N N Y, 5% Y
11 Y Y N N Y, 5% Y
12 Y Y Y N Y, 5% Y
13 Y N N Y N N
14 N Y N Y N N
15 Y Y N Y N N
16 Y Y Y Y N N
17 Y N N Y N Y
18 N Y N Y N Y
19y Y N Y N Y
20y Y Y Y N Y
21y N N N N Y
2 N Y N N N Y
23y Y N N N Y
24 Y Y Y N N Y

Note: For a technology not considered, e.g., ‘Hydro’ in Case 1, the
existing capacity in 2030 is dispatched to supply the grid.

sources, storage systems as well as the interconnectors among
regions was presented. The incorporated dispatch was run for
12 months at hourly resolution. The base year and target year
are 2030 and 2050, respectively. The total investment in all
additional infrastructures since 2030 is calculated based on
the electricity demands of 2050. It is also assumed that there
would be no existing interconnections and large-scale storage
systems by 2030. The optimization model is coded in Matlab
2019a coupled with Yalmip and Gurobi 8.1.1, and run on the
same laptop as the data processing in Section II.

1) OBJECTIVES AND CONSTRAINTS
The total cost, expressed as annual cost, consist of a) the
annualized overnight capital costs, b) fixed operation and
maintenance (O&M) costs and c¢) variable O&M costs. The
objective function is as follows.

[ (CRF i iz + 07 Vri i) + 3 07 pyic]
min 1,2 ' 1,1,2

+ [Z (CRF (Y} + Oy + w?xwlwz)]

1eQ2

©))

where CFR; is the capital recovery factors (CFR) of dif-
ferent RE technologies, energy storage systems and inter-
connectors, calculated using (9). v;. and w;, are the
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TABLE 5. Interconnector capacity and cost.

Route Capacity Annual cost (billion $)

NO. (GW) Capital 0&M Sum
1 409 14.0 29 17
2 138 6.8 13 8
3 169 5.0 1.0 6
4 564 24.4 5.0 29
5 218 10.4 2.1 12
6 151 5.0 1.0 6
7 74 3.2 0.6 4
8 94 42 0.8 5
9 84 53 1.0 6
10 46 2.0 0.3 2
11 18 0.8 0.1 1
12 24 4.1 0.6 5
13 0 0.0 0.0 0
14 245 7.8 1.6 9
15 412 13.9 2.8 17
16 545 475 9.7 57
17 136 11.5 22 14
18 62 3.1 0.6

19 0 0.0 0.0

20 179 8.8 1.7 11
Sum 3,568 178 35 213

installed capacity and capital cost per unit of technologies
in region z. @lﬁ" and 7" are the fixed and variable oper-
ational and maintenance expenditure of technology i. p; ;.
is the power output of technology i in region z at time .
> 1eq (CRF (Y + C)oy + @ﬁi"wla)[) are the interconnector
related costs where I denotes an interconnector between a
certain pair of regions, €2 is a set including all interconnection
routes, and C is a constant, denoting the rated capacity of a
single DC line, which is related to ‘N -1’ security criterion and
explained in next section.

WACC(1 + WACCY
CRF; = (10)
1+ WACCY —1

where a weighted average cost of capital (WACC) of 7% is

set to all technologies and y is technology’s lifetime.
The constraints of the planning model include a) installed
capacity limits of facilities, b) hourly power balance of the
whole system, c) hourly power output limits of infrastructure.

2) N-1 SECURITY CRITERION

It is worth noting that the ‘N-1’ criterion for global electricity
interconnection in this study is much stricter than the tradi-
tional definition. The traditional ‘N-1" security means that if
a component — e.g. a transformer or circuit — should fail or be
shut down in a network operating at the maximum forecast
levels of transmission and supply, the network security must
still be guaranteed. In contrast, for the ‘N-1’ criterion in this
study, it allows outage of any single line from each intercon-
nection route, which consists of multiple transmission lines.
Specifically, this means for global electricity interconnection
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TABLE 6. Overall additional and exsting capacity (GW).

Without interconnection

With interconnection

Region Onshore Offshore Solar Hydro Storage Onshore Offshore Solar Hydro Storage
EU_Plus 1,438 124 1,186 334 1,717 255 72 739 139 511
RU_WestPlus 296 0 19 167 478 1,251 0 11 28 0
RU East 88 0 29 46 92 576 0 0 46 216
Middle East 280 0 1,763 53 5,859 529 0 1,389 53 3,018
Asia_C 46 0 180 16 402 585 0 6 16 12
Asia_S 188 3 4,091 204 12,786 188 3 3,004 92 9,441
Asia E 711 52 10,260 475 24,404 966 52 6,667 475 10,254
Asia_SE 15 0 2,553 103 6,592 15 0 2,247 103 5,310
Oceania 50 0 103 34 339 88 0 56 13 86
Sub_Saharan 31 1,270 93 4,183 220 0 950 93 2,793
N_America W 130 4 422 142 911 130 1 1,222 90 398
N_America E 771 41 2,734 124 6,584 267 41 1,586 72 2,193
N America NE 31 2 112 68 165 452 2 3 62 0
S America 44 0 1,016 183 2,923 44 0 784 183 1,197
Sum 4,118 227 25,739 2,042 67,435 5,568 172 18,663 1,465 35,431
Note: The capacity of storage system is expressed as GWh
TABLE 7. Regional additional annual cost and its breakdowns (Billion $).
Without interconnection With interconnection
: Load Load
Region gf:)-re Shfof;e Solar  Hydro Zéora f}unai Sum Shrcly-re gfof;e Solar  Hydro :;ora Curtai  Sum
ment Iment
EU_Plus 117.8 13.4 229 30.1 22.0 42 210 0.0 0.0 11.7 0.4 6.6 0.5 19
RU_WestPlus 28.3 0.0 0.2 222 6.1 0.7 58 1233 0.0 0.0 0.0 0.0 0.0 123
RU_East 8.5 0.0 0.7 0.2 1.2 0.2 11 57.1 0.0 0.0 0.1 2.8 0.0 60
Middle East 199 0.0 406 0.0 756 2.0 138 448 0.0 312 01 390 04 116
Asia_C 3.7 0.0 44 0.0 52 0.3 14 57.5 0.0 0.0 0.0 0.2 0.0 58
Asia_S 0.0 0.0 97.4 17.7 1654 53 286 0.0 0.0 70.2 0.6 122.1 03 193
Asia_E 25.6 0.0 2445 0.5 3154 187 605 51.0 0.0 1546 22 1326 0.0 340
Asia_SE 0.0 0.0 62.4 0.3 85.3 0.4 148 0.0 0.0 54.7 0.6 68.7 0.1 124
Oceania 3.0 0.0 1.7 34 44 0.2 13 6.9 0.0 0.5 0.0 1.1 0.1 9
Sub_Saharan 0.0 0.0 31.2 0.5 54.1 0.6 86 18.9 0.0 232 0.5 36.1 0.1 79
N_America_W 0.0 0.7 9.2 8.9 11.8 0.8 31 0.0 0.0 29.2 0.3 5.1 0.0 35
N_America_E 54.5 0.0 65.6 8.1 84.8 3.8 217 44 0.0 36.9 0.3 283 0.0 70
N_America NE 21 0.0 2.7 1.9 2.1 0.6 9 44.1 0.0 0.0 0.2 0.0 0.0 44
S_America 0.0 0.0 25.0 22 37.8 1.2 66 0.0 0.0 19.2 1.9 15.5 0.0 37
Sum 264 14 608 96 871 39 1,892 | 408 0 431 7 458 1 1,306

Note: The cost sum of all technologies in the last column, i.e., 1306 billion $ excludes the cost of transmission links (213 billion $).

that if there are K interconnection routes, it allows that
K transmission lines (one transmission line for each route)
can be disconnected simultaneously any time under all the
operating conditions. In order to meet the ‘N-1" criterion
and guarantee the supply reliability, this is implemented in
the system model by adding an additional DC line into the
interconnector between two regions, i.e., constant C in the
objective function. The rated capacity of a single DC line
of 800 and £1100 kV transmission is 8 GW and 12 GW
respectively.
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IV. RESULTS

A. CASE SPECIFICATIONS

A total of 24 cases are comprehensively compared in this
study, shown in Table 4 where ‘Y’ in the column of a tech-
nology indicates that this particular type of technology is
selected and additional capacity is optimally proposed from
2030. Hence, the overall existing capacity in 2030 and addi-
tional capacity since 2030 can be dispatched but for technolo-
gies not selected (‘N’), only exiting capacity in 2030 can be
dispatched.
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TABLE 8. Overall capacity (GW) and annual cost (Billion $) globally.

Capacity Annual Cost

Ca On Off- Load On- Off- Hydr . Drop  Extra
se shore shore Solar Hydro Storage Sil]lrt shore shore Solar o Storage  Link Sum ) (%)
1 1,471 172 41,415 1,465 85,866 | 33 0 0 1,001 5 1,109 0 2,148 -13.5 0.0
2 - - - - - - - - - - - - - - 0.0
3 4,640 267 26,849 1,465 68,999 | 41 316 25 636 5 891 0 1,914 -1.1 0.0
4 4,118 227 25,739 2,042 67,435 | 39 264 14 608 96 871 0 1,892 Ref. 0.0
5 1,471 172 28,152 1,465 61,256 | 10 0 0 669 5 792 209 1,686 109 0.5
6 17,760 172 1,413 1,465 9,285 50 1,622 0 0 4 119 372 2,166 -145 04
7 5,568 172 18,663 1,465 35431 |1 408 0 431 7 458 213 1,519 197 0.5
8 5,568 172 18,663 1,465 35431 |1 408 0 431 7 458 213 1,519 197 0.5
9 1,471 172 56,281 1,465 0 26 0 0 1,372 3 0 1,681 3,083 -629 0.3
10 21,671 172 1,413 1,465 0 18 2,011 0 0 1 0 382 2,413 275 03
11 13,080 172 11,741 1,465 0 24 1,156 0 258 2 0 399 1,839 2.8 0.5
12 11,752 172 10,268 2,612 0 26 1,024 0 221 185 0 354 1,811 43 0.4
13 1471 172 43,010 1,465 89,517 | 0 0 0 1,040 4 1,156 0 2,200 -163 0.0
14 - - - - - - - - - - - - - - 0.0
15 4354 238 29,035 1,465 73,941 | 0 287 17 691 4 955 0 1,954 -3.3 0.0
16 3,848 210 27,073 2,192 71,422 | 0 237 10 642 119 922 0 1,930 -2.0 0.0
17 1471 172 28,614 1,465 60,367 | 0 0 0 680 4 781 230 1,695 104 05
18 18,651 172 1,413 1,465 12,052 | 0 1,711 0 0 3 155 346 2,214 -17.0 04
19 5,502 172 18,732 1,465 35,960 | 0 401 0 433 7 465 213 1,520 19.7 05
20 5,502 172 18,732 1,465 35959 | 0 401 0 433 7 465 213 1,520 19.7 05
21 1,471 172 57,115 1,465 0 0 0 0 1,393 2 0 1,859 3,254 -72.0 03
22 23,157 172 1,413 1,465 0 0 2,159 0 0 0 0 404 2,564 -355 03
23 13819 172 13,033 1,465 0 0 1,229 0 291 1 0 406 1,927 -1.8 0.5
24 12420 172 11,516 2,617 0 0 1,090 0 253 182 0 361 1,885 0.4 0.4

Note: 1) *-* in Table VIII indicates that the solution is infeasible. 2) ‘Drop (%)’ shows the annual cost drop of all the cases w.r.t Reference Base Case 4. 3)
‘Extra (%)’ is the percentage of sum of extra interconnector costs (an additional DC line) considering ‘N-1" security criterion over the total annual cost.

o The difference between the set of Case 1 ~ 12 and
the set of Case 13 ~ 24 is whether to consider load
curtailment in the planning model. First 12 cases con-
sider a load curtailment of 5% of the total regional load,
meaning that 5% the demand is allowed to be curtailed
when dispatched via market balancing services in the
range of around 100 ~ 20,000 £/MWh [57], and in this
study 2000 £/MWh (equivalent to 2600 $/MWh) is used.
In contrast, the remaining 12 cases do not consider the
load curtailment. Meanwhile, Case 4 is taken as the base
reference case in this study.

o The difference between first set of cases (i.e., Case 1 ~
4) and second set of four cases (i.e., Case 5 ~ 8) is
whether to consider interconnection between regions in
the planning model. It is worth noting that the actual
interconnection schemes are determined by the deci-
sions of the optimal planning model.

« The difference between the third set of four cases (i.e.,
Case 9 ~ 12) and the second set of four cases (i.e.,
Case 5 ~ 8) is whether energy storage is considered.

B. PLANNING RESULTS OF OPTIMAL CASE - CASE 8
Proposed capacities along with costs of interconnectors and
regional RE installations of the 100% RE system are shown
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in Table 5 and Table 6. Regional additional annual cost and
its breakdowns are summarized in Table 7.

It is shown in Table 5 and Table 7 that the annual cost of the
whole system will fall from 1892 billion USD ($) of the Base
Reference Case (Case 4) to 1519 billion USD of the optimal
case (i.e., Case 8), approximately 19.7% with the intercon-
nection being considered, and the interconnectors accounting
for 14.0% of the overall cost. This is directly led by the capac-
ity reductions of solar PV, hydro, and storage systems. There
are primarily two reasons behind the reductions: 1) grid inter-
connection makes less need of regional generating capacities
to deal with the short-term variability of net-load (difference
between load and supply); 2) the RE sources are deployed
optimally in a wider geographical scale and thus regions with
higher CF are proposed to install more capacities, and hence
greatly decreasing overall installations, e.g., ‘RU_WestPlus’,
‘Asia_C’, and ‘N_America_NE’ with higher onshore wind
power CF will install much more onshore wind generation
sources while ‘N_America_W’ with higher solar power CF
will install more solar PV.

When the interconnections exist, the additional capaci-
ties of hydro and offshore wind resources are not proposed
in any regions though they generally have higher CF than
the other generation resources. This is because their capital
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TABLE 9. Interconnector capacity (GW).

Cases with load curtailment 5%

Cases without load curtailment 0%

Route
NO. 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 24
1 53 246 409 409 396 344 505 472 | 70 197 401 401 493 481 510 512
2 57 247 138 138 1,476 48 415 283 136 221 147 147 1,631 27 433 334
3 1 245 169 169 0 151 382 430 1 107 165 165 1 222 331 432
4 533 891 564 564 2365 1,002 888 890 | 527 1,341 557 557 2344 979 836 872
5 48 750 218 218 37 440 591 488 | 30 582 232 232 38 459 584 517
6 2 56 151 151 0 348 573 563 | 28 99 143 143 1 325 582 561
7 230 194 74 74 0 163 133 167 169 153 71 71 0 155 132 153
8 449 262 94 94 185 144 83 98 460 306 96 96 101 129 86 84
9 287 662 84 84 1314 286 613 490 | 222 493 72 72 1,129 303 677 503
10 32 90 46 46 313 185 152 151 29 87 42 42 319 166 133 140
11 0 84 18 18 3,043 219 71 59 0 149 20 20 3312 225 72 130
12 17 174 24 24 776 337 39 40 17 115 24 24 1,154 334 42 42
13 0 0 0 0 32 0 0 0 0 0 0 0 26 0 23 1
14 42 572 245 245 25 202 248 349 | 42 472 262 262 32 218 152 215
15 380 355 412 412 3,192 388 497 440 | 475 359 411 411 3,557 424 504 455
16 521 371 545 545 4395 509 608 514 | 588 402 547 547 4545 552 658 559
17 116 104 136 136 1,723 422 166 146 174 107 143 143 2294 495 160 151
18 75 52 62 62 65 91 285 185 | 40 39 58 58 68 125 264 142
19 178 290 0 0 1,361 0 26 0 246 204 0 0 1,441 0 0 0
20 189 277 179 179 1,592 174 437 357 | 259 200 174 174 1,510 190 450 340
TABLE 10. Annual cost for cases with and without interconnection (Billion $).
Load Curtailment 5% Load Curtailment 0%
Portfolio Interconnection Drop (%) Interconnection Drop (%)
Tn—=Ty Tn—Ty
No /Ty Yes /Ty /=0 No Yes =
PV+Storage 2,148 1,686 21.5 2,200 1,695 23.0
Wind+Storage - 2,166 - - 2,214 -
PV+Wind+Storage 1,914 1,519 20.6 1,954 1,520 222
PV+Wind+Hydro+Storage 1,892 1,519 19.7 1,930 1,520 21.3
TABLE 11. Annual cost for cases under load curtailment 5% and 0% (Billion $).
Without interconnection With interconnection
Portfolio Load Curtailment Drop (%) Load Curtailment Drop (%)
5% /T, 0% /T, / TST_ST” 0% /T, 5% /T, / %
PV+Storage 2,148 2,200 2.5 1,686 1,695 0.6
Wind+Storage - - - 2,166 2,214 22
PV+Wind+Storage 1,914 1,954 2.1 1,519 1,520 0.0
PV+Wind+Hydro+Storage 1,892 1,930 2.0 1,519 1,520 0.0

expenditures are more expensive and there are also variable
operation and maintenance (O&M) costs for hydro genera-
tion, which makes them less competitive compared to solar
and onshore wind generation.

For the optimal case (Case 8) with interconnectors, the total
capacity of energy storage is around 50% less than that
of the reference case (Case 4) without interconnectors

113178

(35,431 vs 67,435 TWh), and this indicates that global elec-
tricity grid with interconnectors can bring equivalent energy
storage capacity by exploring the complementary character-
istics of renewable energy sources in particular solar energy
with time differences. This also implies that global intercon-
nected electricity grid can bring significant flexibility, and
thus the load curtailment would become less important.
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TABLE 12. Annual cost for cases with storage and with interconnection (Billion $).

Load Curtailment 5% Load Curtailment 0%
Portfolio Storage Interconnection D;O_pT_(%) Storage Interconnection D;O_F’T_(%)
/T, IT; /= IT, IT; /=
PV 2,148 3,083 -43.5 2,200 3,254 -47.9
Wind - 2,413 - - 2,564 -
PV+Wind 1,914 1,839 3.9 1,954 1,927 1.4
PV+Wind+Hydro 1,892 1,811 43 1,930 1,885 2.3
100 [ 70~80 60~70 [ 50~60 [ 40~50 [ 30~40 -
Positive Negative
3 107 T T T
THYNNIET i ]
T = 1k A A al L A
M IR
< ] A
: LT
g 8 00~ lTl l -l 1 l aa ey J-Tulf
s TR T 1
T g5 & . A A
g a A fEN N A 2 A
1 2 3 4 5 3] 7 8 g 10 11 12 13 14 15 186 17 18 19 20 = l J- l A
Line NQ. -1.04 =+ 14
FIGURE 2. Utilization factor of interconnectors. 123456 7 8 910111213 14 15 16 17 18 19 20
Route NO.

It is shown in Table 5 that nearly 550 GW of intercon-
nectors (Line NO. 16 and NO. 4) are proposed to connect
‘N_America_W’ and ‘RU_East’ (further reaching ‘Asia_E’)
while ‘N_America_NE’ and ‘EU_Plus’ (NO. 13) are not
recommended to interconnect because the investment cost
per kW of latter route is much higher than the former due to
expensive long distance submarine cable (shown in Table 3).
Also, there is about a 12-hour time difference between
‘N_America_E’ and ‘Asia_E’ and 6-hour time difference
between ‘N_America_E’ and ‘EU_Plus’, so the former pair
of load centers has a stronger complementarity than latter pair
in terms of temporal solar power availability.

From a perspective of lowering global annual cost,
‘EU_Plus’ and ‘RU_WestPlus’ (NO. 1) are recommended to
interconnect using a link of 409 GW because onshore wind
generation in ‘RU_WestPlus’ has higher CF. ‘N_America_E’
is recommended to connect with ‘N_America W’ via a
412 GW link (NO. 15) to utilize the solar PV power there
and further to interact with north-eastern part of Asia. It is
also proposed for ‘Asia_E’ to connect with ‘Asia_C’ through
a 218 GW interconnector (NO. 5).

The utilization factors of lines/interconnectors are shown
in Fig.2, where bar values represent the annual utilization fac-
tor (UF), bar whiskers give the minimum-maximum ranges
across the monthly UFs and ‘x’ represents the monthly UF
of each interconnector. It can be found that all the deployed
interconnectors have a higher annual UF than 30% where
annual UFs of 15 interconnectors and 5 interconnectors are
higher than 40% and 60%, respectively.

The power flow patterns of these interconnectors are shown
in Fig 3 where the box spans the first to the third quartile (25
~ 75 percentile), the whiskers give the minimum-maximum
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FIGURE 3. Power Flow Patterns of Interconnectors.
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FIGURE 4. Actual Power Flows of Interconnectors.

ranges, and the blue triangle represents the ‘mean’ of the
normalized power flows. From ‘Region 1’ to ‘Region 2’ is
defined as the positive direction of power flows through an
interconnector/route as in Table 3. The actual power flows in
one week of July are shown in Fig.4.

It is worth noting in Fig. 3 that the ‘75 percentile’ can
overlap with the ‘maximum’ (e.g., line NO. 7), meaning
the power values higher than ‘75 percentile’ are maintained
at the ‘maximum’; the ‘25 percentile’ can overlap with the
‘minimum’ (e.g., ‘Negative’ of line NO. 3) and it can also
overlap with the ‘maximum’ (e.g., line NO.11).

As shown in Fig.3 and Fig.4, it can be found that the power
flows of the interconnectors are changing dynamically over
a wide range during a week, which indicates the value of
interconnectors to facilitate the complementarity of diver-
sified energy sources in different geographical regions and
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FIGURE 5. Annual electricity flow through interconnectors for Case 8 and Case 12.

bring their market value into the real time balancing between
demand and generation.

C. PLANNING RESULTS OF ALL CASES
The proposed global capacities and annual cost of solar
PV, onshore wind, offshore wind, hydro and energy storage
together with interconnectors between regions for all 24 cases
are summarized in Table 8 and Table 9.

As in Table 8, there are no feasible results for Case 2 and
Case 14 that rely on wind generation and energy storage
to supply the regional demand without the consideration
of interconnection. The reason is that regional demand in
‘Asia_S’ cannot be met by local wind generation only even
under the assumption that extremely high capacity of energy
storage is allowed. Specifically, calculated based on the
maximum capacity of onshore and offshore wind power
for ‘Asia_S’ (Table A-III) and corresponding CF (Table 1),
the annual wind power production in ‘Asia_S’ is 3962 TWh
while its annual demand (Table A-III) is 6,660 TWh (much
higher than regional annul wind production), which leads to
the infeasibility of optimization model.

1) N-1 SECURITY CRITERION
As in the last column of Table 8, the extra interconnector
costs for considering ‘N-1" security criterion (an additional
DC line) take up less than 1% of the overall annual cost in
all cases. In other word, ‘N-1" security consideration of the
interconnectors between 14 regions has just made a small
contribution of less than 1% to the total annual costs.

Take Case 8 as an example, the sum of an additional DC
line for all interconnection routes, except for route NO. 13 and
NO 19 whose capacity is 0 in optimal decisions shown
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in Table 5, is 7.99 billion $ and it accounts for approximately
0.53% of the annual cost (1519 billion $) of Case 8.

2) WITH VS WITHOUT INTERCONNECTION

The annual costs for cases with and without interconnection
are respectively shown in Table 10 and Table 11 correspond-
ing Case 1 ~ Case 8 and Case 13 ~ Case 20.

Under the same load curtailment percentage, the annual
cost drop of a portfolio with the interconnection is calcu-
lated with regard to (w.r.t) the annual cost of this portfolio
without the interconnection. Under the same interconnection
consideration, the annual cost drop for a portfolio without
load curtailment (0%) is calculated w.r.t. the annual cost of
this portfolio with load curtailment (5%) and is usually a
negative value, indicating that the annual cost will increase
if the load curtailment is not allowed.

As in Table 10, the interconnection between regions will
yield a minimum saving of 20% (19.7% exactly) of overall
annual cost for all supply portfolios of ‘RE sources + Storage
system’ under the load curtailment factor of 5% and without
the load curtailment slightly increases this saving to 21%.

Regarding ‘with vs without load curtailment’ as
in Table 11, without the load curtailment will increase the
annual cost by approximately 2% for cases without the inter-
connection but it can hardly influence the cost for cases with
the interconnection, indicating less need for load curtailing
after the interconnection is considered for portfolios of ‘RE
sources + Storage system’.

3) STORAGE VS INTERCONNECTION
In order to compare the benefits introduced by energy storage
system and the interconnection, four portfolios of generating
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TABLE 13. Annual cost for cases under load curtailment 5% and 0% (Billion $).

With storage

With interconnection

Load Load

Portfolio _ _ Drop (%) Load Load Drop (%)
Curtailment Curtailment / Ts=To Curtailment Curtailment / Ts=To
5% /Ts 0% /T, Ts 5% /T 0% /T, T
PV 2,148 2,200 2.5 3,083 3,254 5.6
Wind - - - 2,413 2,564 -6.3
PV+Wind 1,914 1,954 2.1 1,839 1,927 -4.8
PV+Wind+Hydro 1,892 1,930 2.0 1,811 1,885 4.1
TABLE 14. Annual cost for cases with different load curtailment cost (Billion $).
1 0,
Coe Solr Wil o (e ST
A
1 Y N N Y N 2148 2,200 2.5
2 N Y N Y N - - -
3 Y Y N Y N 1914 1,954 2.1
4 Y Y Y Y N 1892 1,930 2.0
5 Y N N Y Y 1,686 1,695 -0.6
6 N Y N Y Y 2,166 2215 23
7 Y Y N Y Y 1,519 1,520 0.0
8 Y Y Y Y Y 1,519 1,520 0.0
9 Y N N N Y 3,083 3,163 2.6
10 N Y N N Y 2,413 2,491 33
11 Y Y N N Y 1,839 1,910 3.8
12 Y Y Y N Y 1,811 1,875 3.5

technologies are proposed, i.e., ‘PV’ only, ‘Wind’ only,
‘PV+Wind’, and ‘PV+Wind+Hydro’. They are combined
with either energy storage system or interconnection to sup-
ply the whole electricity system and the results are shown
in Table 12 and Table 13.

It can be found in Table 12 that with a single generation
technology, the annual cost is much higher than hybrid gen-
eration technologies where the complementarity among solar
PV and wind power is utilized. Specifically, the combination
of ‘PV’ and ‘Interconnection’ will necessitate a large amount
of interconnector capacities, especially those spanning sev-
eral time zones. Take Case 9 (load curtailment 5%, ‘Inter-
connection’ and ‘PV’) as an example, more than 3200 GW of
interconnectors between ‘N_America_E’, ‘RU_East’ through
‘N_America_W’ is proposed where 12-hour difference and
strong solar PV complementarity exists (Table 9 ). More
than 1000 GW of interconnectors are proposed between
‘RU_WestPlus’ and ‘RU_East’, and between ‘Middle_East’,
‘Asia_S’, and ‘Asia_SE’. Additionally, regions of ‘Middle-
East’ and °‘Asia_SE’ that are close to the equator have
higher capacity factor and annual availability of solar power
and hence will act as the generation base under single
‘PV’ scenario, so related interconnectors are also proposed
with high capacity, e.g., that between ‘Middle-East’ and
‘RU_WestPlus’ and those between ‘Asia_SE’, ‘Asia_E’ and
‘RU_East’. Therefore, the annual cost for portfolio of single
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solar PV and interconnection is significantly higher than
other portfolios (more than 3000 billion USD).

In general, when the complementarity between local
renewable energy sources is exploited, e.g., ‘PV+Wind+
Hydro’, interconnection perform slightly better than storage
system with a cost decrease by 4% (4.3% exactly) under a
load curtailment of 5% and by 2% (2.3% exactly) without
load curtailment.

Regarding ‘with vs without load curtailment’, without load
curtailment will increase the annual cost by at least 4% for
portfolios of ‘RE sources + Interconnection’ while 2% for
‘RE sources + Storage system’, shown in Table 13.

4) COST PER UNIT OF LOAD CURTAILMENT
As introduced in section A, 5% of the demand is allowed to
be curtailed in this study when dispatched via market balanc-
ing services in the range of around 100 ~ 20000 £/MWh.
In previous analysis, a cost of 2000 £/MWh (equivalent to
2600 $/MWh) for load curtailing is used, and in current
analysis the impact that different load curtailment cost per
unit have on the annual cost will be investigated. The annual
costs of 12 cases with aload curtailment of 5% based on a cost
of 2600 $/MWh and 26000 $/MWh respectively are shown
in Table 14.

For all the cases with portfolios of ‘RE sources + Storage
system’ (Case 1 ~ 4) and ‘RE sources + Interconnection’
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FIGURE 6. Annual electricity flow through interconnectors for other cases.

(Case 9 ~ 12), high load curtailment cost of up to 10 times
(2600 vs 26000 $/MWh) increases the annual cost by 2% ~
4%. In contrast, for cases with portfolios of ‘RE sources +
Storage system + Interconnection’, high curtailment cost
hardly increases the annual cost when both wind and solar
power are considered.

D. ANNUAL ELECTRICITY ENERGY FLOW

The annual cumulative electricity energy flows (TWh)
through the interconnectors for optimal case (Case 8) as
well as Case 12 are illustrated respectively in Fig. 5,
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where a load curtailment factor of 5% is considered. It is
noted that a region’s name is further abbreviated for bet-
ter illustration, e.g., ‘E_P’ for ‘EU_Plus’, and ‘RU_E’ for
‘RU_East’.

As in Fig.5(b), the difference between the in-flow and
out-flow is the regional annual net import of electricity. For
electricity energy flow of optimal case (Case 8), ‘Asia_E’,
‘Asia_S’, ‘EU_Plus’ and ‘N_America_E’ are dominated
by import due to their higher demand levels. ‘Asia_C’,
‘RU_West” and ‘N_America_NE’ are dominated by the
export because they have lower demand levels but are blessed
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TABLE 15. Sources of historical statistics.

Row  Country Source and Website

1 OECD IEA: https://www.iea.org/reports/monthly-electricity-statistics

2 Europe Eurosat: http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_105m

3 China http://data.stats.gov.cn/easyquery.htm?cn=E0101

4 UsS EIA: https://www.eia.gov/electricity/data.php#generation

5 CA Canada: https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=2510001501

6 Russia UPS: https://so-ups.ru/functioning/ees/ups-review/ups-review20/

7 Europe ENTSO-E: https://tyndp.entsoe.eu/maps-data

8 us EIA: https://www.eia.gov/todayinenergy/detail.php?id=27212

9 Canada ESO: Alberta, British Columbia, New Brunswick, Ontario

10 Japan Power companies websites: Chubu, Chugoku, Hokkaido, Hokuriku, Kansai, Kyushu, Shikoku, Tohoku, Tokyo
11 China http://www.gov.cn/xinwen/2019-12/30/content 5465088.htm

12 Malaysia https://www.gso.org.my/SystemData/SystemDemand.aspx

13 Singapore https://www.ema.gov.sg/statistic.aspx?sta_sid=20140826Y 84sgBebjwKV

14 Argentina https://cammesaweb.cammesa.com/parte-semanal/

15 Australia https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/data-nem/aggregated-data
16 Brazil http://www.ons.org.br/Paginas/resultados-da-operacao/historico-da-operacao/curva_carga horaria.aspx
17 South Africa https://www.eskom.co.za/sites/publicdata/Pages/default.aspx

18 Chile https://www.coordinador.cl/operacion/graficos/operacion-real/

19 Iran https://www.igmc.ir/Documents/Entryld/305927

20 Russia https://www.so-ups.ru/functioning/ees/ees-2020/

21 Colombia Paper: https://www.so-ups.ru/functioning/ees/ees-2020/

22 Qatar Personal collaboration

23 India https://posoco.in/reports/electricity-demand-pattern-analysis/

24 Thailand http://www.eppo.go.th/index.php/en/en-energystatistics/electricity-statistic

25 Morocco Report: “The Moroccan Solar Plan A comparative analysis of CSP and PV utilization until 2020’
26 Saudi Arabia  https://www.ecra.gov.sa/en-us/MediaCenter/doclib2/Pages/SubCategoryList.aspx?categoryID=5
27 Egypt http://www.moee.gov.eg/english_new/report.aspx

28 Tanzania Report: ‘power system master plan in dar es salaam’

29 Jordan Paper: https://energsustainsoc.biomedcentral.com/articles/10.1186/s13705-019-0224-1

30 Mozambique Report: ‘Integrated Master Plan Mozambique Power System Development’

31 Ethiopia Thesis: http://etd.aau.edu.et’/handle/123456789/15779

32 West Africa Paper: https://www.sciencedirect.com/science/article/abs/pii/S0306261919304684

Note: 1) Row 1 ~ 6 list the sources of monthly hydro generation, Row 7 ~ 22 list the sources of historical full year hourly demand, Row 23 ~ 32 list the
sources of typical hourly demand. 2) Four countries in West Africa are considered: Ghana, Mali, Niger, Nigeria.

TABLE 16. Regional financial assumptions for technologies and operational parameters.

Financial assumptions Limit
Technology Item Unit 2030 2040 min, max
Capital $/kW 321 238 0,1
- O&M fix %/year 233 2.45
Ulity PV o 8M var $kWh 0 0
Lifetime year 30 30
Capital $/kW 1075 950 0,1
Onshore O&M fix %l/year 1.90 1.90
O&M var $/kWh 0 0
Lifetime year 25 25
Capital $/kW 2450 2275 0,1
O&M fix %/year 2.80 2.80
Offshore O&M var $HWh 0 0
Lifetime year 25 25
Capital $/kW 1704 1704 0,1
Hydro O&M fix Y%/year 1.50 1.50
O&M var $/MWh 5.83 5.83
Lifetime year 40 40
Capital $/kWh 137 93 0, 1; Efficie
. O&M fix %l/year 2.31 2.75 -ncy:0.95; Energy-
Li-Battery e M var $/MWh 0.23 0.23 to-power: 4h
Lifetime year 15 15

Note: 1) The financial assumptions for 2040 were fed to the optimization in this study, similar to [31]. 2) All
the regions are assumed to share the same assumptions. 3) The installed cost of hydro power is the weighted
average in 2019 from IRENA and assumed to be unchanged in the future.

with higher CF of RE generation, thus serving as generation
bases.

As in Fig.5(a), when energy storage is not considered for
Case 12, the utilization of solar PV power is thus limited

VOLUME 9, 2021

and ‘RU_East’ becomes an additional generating base instead
of mainly the role as an electricity exchange hub between
Asia and North America. This shows less need for ‘Asia_E’
to be connected with North America via long distance
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TABLE 17. Regional expected installations in 2030, installed potentials and annual demand in 2050.

Region Expected installations in 2030 (GW) Maximum installing potential (GW) Demand
s onshore offshore solar hydro onshore offshore solar hydro (TWh)
EU_Plus 255 72 270 139 1,980 1,167 24,293 334 4,216
RU_WestPlus 12 0 11 28 2,678 833 32,861 179 1,222
RU_East 2 0 0 46 4,526 4,997 55,531 262 313
Middle_East 80 0 140 53 4,788 486 58,743 205 3,771
Asia_C 8 0 6 16 1,831 0 22,471 199 261
Asia_S 188 3 198 92 1,647 278 20,213 327 6,660
Asia_E 453 52 487 475 4,646 754 57,002 658 14,532
Asia_SE 15 0.37 58 103 1,917 1,600 23,522 393 3,643
Oceania 19 0 36 13 3,077 1,187 37,752 57 370
Sub_Saharan 31 0 24 93 9,272 432 113,768 354 2,595
N_America W 130 1 55 90 1,843 51 22,617 142 1,105
N_America E 223 41 112 72 3,081 973 37,798 124 5,204
N_America NE 10 2 3 62 1,115 395 13,680 181 458
S_America 44 0 15 183 7,183 1,087 88,141 597 2,260

Note: 1) The potential of hydro power is originally expressed in unit of “TWh/year’ and is then converted to ‘GW’ based on the annual CF (2019)
from Hydropower Status Report released by IHA; 2) The regional demand has accounted for the transmission & distribution loss

links when wind energy becomes the major supply sources
locally.

The annual cumulative electricity flows for other cases are
illustrated respectively in Fig.6.

It is obvious that solar power is the major source in
‘Asia_E’ and in regions of North America for Case 9 in
Fig. 6(a) and for Case 5 in Fig. 6(b) and solar power
is also the major source for base Case 8 in Fig. 5(b)
according to the proposed installation capacities in Table 6.
It is shown in those three cases that the annual net
import of electricity in ‘RU_E’ (purple) is small although
there are much in-flow and out-flow, indicating that much
electricity interaction occurs between ‘Asia_E’ and North
America.

In contrast, when wind energy becomes the major supply
sources locally, such as Case 10 in Fig. 6(c) and Case 6 in
Fig. 6(d) as well as Case 12 in Fig. 5(a), ‘RU_E’ is dominated
by out-flow (purple) and acts as generation base, indicating
there is much less need for ‘Asia_E’ to be connected with
North America via long-distance link.

Above comparison analyses suggest that solar power is the
major drive for long distance transmission due to the much
time difference and thus stronger solar complementarity.

V. CONCLUSION

This study has investigated the electricity interconnec-
tion benefits of 100% RE-sourced global power grid with
14 regions and 20 potential routes by comprehensively
comparing 24 supplying portfolios of wind, solar, hydro
power, storage system, and load curtailment, based on a
co-optimized planning and full year dispatch model where
a much stricter ‘N-1’ criterion is incorporated. The main
conclusions are presented as follows:

1) Global electricity interconnection will yield a mini-
mum saving of 20% of the annual cost for all supply
portfolios of ‘RE sources + Storage system’ under the
load curtailment factor of 5% but without load curtail-
ment this increases slightly to 21%. A load curtailment
of 5% hardly influences the annual cost for cases with

113184

2)

3)

4)

5)

interconnections, indicating less need for load curtail-
ing after the interconnection.

For the optimal case with interconnectors, the total
capacity of energy storage is around 50% less than that
of the reference case without interconnectors, and this
indicates that global interconnected electricity grid can
bring equivalent energy storage capacity by exploring
the complementary characteristics of RE sources par-
ticularly solar energy with time differences. This also
implies that a global electricity grid can bring signifi-
cant flexibility while the impact of load curtailment is
small.

When the complementarity between local RE sources
is exploited, e.g., ‘PV+Wind+Hydro’, the intercon-
nected case performs slightly better than the storage
system with a cost decrease of 4% under a load curtail-
ment of 5% and by 2% without load curtailment. Addi-
tionally, no load curtailment will increase the annual
cost by at least 4% for portfolios of ‘RE sources +
Interconnection” or 2% for ‘RE sources + Storage
system’.

It has been shown that the time difference based solar
complementarity plays a pivotal role in encourag-
ing long distance interconnection. For instance, it is
evidenced that there is less need for ‘Asia_E’ to
be connected with North America via long-distance
links when wind energy acts as local major supply-
ing sources. In contrast, there is a strong incentive to
connect the two regions when solar power becomes
the major energy contributor locally due to the 12-hour
time difference and thus the maximum solar comple-
mentarity can be expected.

A much stricter ‘N-1’ security criterion than the tradi-
tional one has been investigated for the interconnectors
between the 14 regions, which allows an outage of any
DC line of each interconnection route anytime under
all the operating conditions. Interestingly such a ‘N-1’
security criterion makes only a small contribution of
less than 1% to the total annual system costs.
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6) All the deployed interconnectors have an annual UF

greater than 30% and annual UFs for 15 interconnectors
and 5 interconnectors are more than 40% and 60%,
respectively. Additionally, the power flows of the inter-
connectors change dynamically over a wide range dur-
ing a week, showing the market value of the links.

7) This paper has carried out a comprehensive eco-

nomic assessment of the concept of a global electric-
ity grid with 100% RE generation, and it has shown
that the economics of interconnection brings signifi-
cant cost benefits particularly as the energy sources
move towards being 100% renewable. This opens up
a new pathway to share the temporally and geograph-
ically diversified renewable generation sources from a
global view and hence implement the net-zero targets
efficiently.

APPENDIX
See Tables 15-17.
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