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Abstract. The optimization of trans-regional electricity transmission scale of China’s Western renewable
energy base is crucial to drive China's energy revolution. Currently, the regional power planning or
optimization is aimed at minimizing the total economic cost, without taking the cost and benefit of trans-
regional electricity transmission into account. In this paper, a regional planning model considering the cost
and benefit of trans-regional electricity transmission was proposed, and the target of trans-regional
electricity transmission scale by 2050 was optimized. This study analysed the influence of carbon price,
fossil fuel scarcity value, accommodation cost for renewable power on the optimized result of trans-regional
electricity transmission scale. Furthermore, the policy implication of the research was also analysed.

1 Introduction

To address the increasingly severe challenges of climate
change and resource depletion, the Chinese government
has actively promoted the development of clean energy.
At present, China has become the world's largest
renewable energy consumer, with wind power,
photovoltaic and hydro-power generation ranking first in
the world. In 2016, the Chinese government proposed
that China would raise the proportion of non-fossil
energy consumption in primary energy from less than
15% at present to 50% by 2050 in the Energy Production
and Consumption Revolution Strategy (2016-2030)[1].

China's energy resources base and load centers are
inversely distributed. The power consumption centers
are located in the central and eastern regions, while the
energy resources are rich in the western region, which
has formed the power flow pattern of ‘west fo east
electricity transmission’ for a long time. In the context of
clean energy transition, it has become one of the most
important strategies for promoting China's energy
revolution to transfer rich renewable energy resources in
the western region to the central and eastern regions
through (UHV) transmission.

Qinghai Province, located in the western of China, is
rich in clean energy resources such as solar energy, wind
energy, and water energy, which accounts for 3.3%,
2.9% and 9.3% of China’s exploitable resources
respectively. In 2017, 2018 and 2019, State Grid Qinghai
Electric Power Company have completed the innovation
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practice of ‘Green power 7 days’, ‘Green power 9 days’
and ‘Green power 15 days’ respectively. The installed
capacity of Qinghai Province reached 28 million
kilowatts by 2018, among which the installed clean
energy capacity accounted for 86.5%. In 2018, Qinghai
Province consumed 71.7 billion kWh electricity, and
delivered around 10 billion kWh clean energy to central
and eastern regions of China. In December 2018, the
Work Plan for Qinghai Province to Build a National
Clean Energy Demonstration Province (2018-2020)
(hereinafter referred to as the Work Plan) was officially
promulgated, which proposed the target of 100% clean
energy consumption, and the construction of two ten
million kilowatt renewable energy bases in Hainan and
Haixi[2]. According to the Work Plan, Qinghai Province
will deliver 120 billion kWh clean energy to the central
and eastern regions annually by 2025, accounting for
55% of the total electricity produced by this province.
However, how to optimize the trans-regional electricity
transmission scale in Qinghai Province in line with the
national and provincial conditions by 2050 and even in
the future still needs further study.

There are many related researches on provincial (or
regional) energy (or power) planning based on
quantitative planning models [3]. Leap, MESSAGE,
TIMES/MARKAL, and other energy planning models
are widely used for the decision support of renewable
energy development and utilization, carbon emission
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reduction planning of Beijing [4], Shanghai [5], Jiangsu
[6], Sichuan [7], Shanxi [8], Shaanxi [9] and other
provinces and regions in China. However, the above
studies were all aimed at minimizing the economic cost
within the province or region, without considering the
cost and benefit of trans-regional electricity transmission
with other provinces, which was difficult to optimize the
target of trans-regional electricity transmission scale.

In order to optimize the development target of
renewable energy base in Western China, a regional
renewable energy development planning method that
takes into account the cost and benefit of trans-regional
electricity transmission have been proposed in this paper.
The structure of this paper is as follows: Section 2
introduces the research methods, including simulation
models, objective functions and constraints. Section 3
presents the key assumptions and simulation parameters.
Section 4 analyzes research results, and Section 5
provides the conclusions and policy implication.

2 Methodology

2.1 Model

Based on the Dynamic Simulation Platform for Power
Market and Power System (DSPMPS) [10], which has
been used for quantitative analysis of clean transition of
coal-fired generation company [11] and China’s energy
production and consumption revolution [12], a quantitative
technical-economic medium and long term power
planning model involving the trans-regional power
transmission was developed. The model includes coal
power, wind power, photovoltaic, solar thermal,
hydropower and other types of power generation
technologies. The dynamic process of all kinds of power
generation technologies in the whole life cycle from
investment, construction, operation to decommissioning
is described. The physical, economic, emission and other
indicators can be calculated. The model can flexibly set
the start time (e.g. the year of 2018) and the end time
(e.g. the year of 2050) of simulation, and simulation step
length (e.g. month, quarterly, annually, etc.). The
principle of renewable energy priority for power
generation dispatch is adopted in the simulation. In
addition to coal power, the annual average utilization
hours of power generation technologies are given as
exogenous values (in which, wind power and
photovoltaic need to consider abandonment).The
remaining electricity demand of the entire system is
provided by coal power, of which the generation
sequence of coal power generators is determined
according to coal consumption rate from low to high.

2.2 Objective function and constraints

2.2.1 Objective function

Large scale of clean energy delivered from western
regions can reduce the coal-fired power generation, coal
consumption, and carbon dioxide emission of central and

eastern regions significantly. However, in addition to the
investment cost of new power generation installation
(wind power, photovoltaic, etc.), the cost of peak load
regulation and reserve capacity paid by the whole power
system to integrate the high proportion of intermittent
renewable energy generation will also increase.

Therefore, when optimizing the scale of renewable
power generation, the cost and benefit are need to be
considered comprehensively. The objective function is
shown in formula (1).

min CB

total

= Cost + Benefit (1)

Among them, Cost includes construction, operation
and maintenance, fuel, emission cost related to power
generation, fossil fuel scarcity value, transmission cost,
system accommodation cost of renewable energy
integration, as shown in formula (2).

Cost=> > (Const, (t)+OM, (t)+ Fuel, (t)+CE, (t))

teT neN

+3(Co ()4 (1)+ o 1) (2)

teT

Where t = time, T = planning horizon, n = energy
type, N = number of energy types, Const = construction
cost of newly installed generator, OM = operation and
maintenance cost of generator, Fuel = fuel cost of coal-
fired power generator, CE = carbon emission cost of
coal-fired power generator.

C_,. is the scarcity value reflecting the scarcity of

fossil fuels, which is the product of the fossil fuels
scarcity value per unit (¥, ) and coal consumption

(Consum,,,, ), as shown in formula (3).

Couyr (1) = Consume,y (1), (1) (3)
Corans is the trans-region transmission cost, which is
the product of trans-region transmitted electricity (0, . )

and transmission price per unit electricity (£, ) .

Ctmns (t) = Qtrans (t) * Rram‘ (t) ( 4 )

C is the system accommodation cost for

renewable energy of power system, which is the product
of the accommodation cost of per unit renewable energy

generation ( P, ) and the power generation( Q,

Sys uppl ) .

Cabsarb (t) = quppl (t)* })sys (t) ( 5 )

Benefit is the contribution of saving the coal-fired
power generation ( Q. )by delivering the renewable
electricity to other regions (named receiving regions in
this study). To make an assumption that the trans-
regional electricity transmission is generated by clean
energy, and all the saved electricity in receiving regions
is coal-fired power generation. The Benefit includes

three parts: reduced generation cost, reduced emission
cost and saved fossil fuel scarcity value.
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Beneﬁt = Z (Bpower (t)+Bemis (t)+Bscarity (t)) ( 6 )

teT
Q... 1s equal to the product of transmission

loss( R, s )and O, (¢), as shown in formula (7).

Qsaved (t) = thns (t) * (1 - Rtmnsloss ) ( 7 )

The benefit of reduced generation cost ( B,,,,,. ) 1s

shown in formula (8). P, is the average coal-fired

oalpower

power generation price of the receiving regions.
Bpower (t) = Qsaved (t) * Pcoalpower (t) ( 8 )

The benefit of reduced emission cost ( B

emis

) is

shown in formula (9). £

avrelec

is carbon emission per unit

generation. P_. represents the carbon price.

emis

Bemis (t) = Q.Yaved (t) * Eavrelec (t) * Pemis (t) ( 9 )
The benefit of saved fossil fuel scarcity value B

scarity

is shown in formula (10). R is rate of coal

coalconsum

consumption for electricity per unit, and P_ . represents

the scarcity value of standard coal per unit.
Bscarity (t) = Qsaved (t) * Rcoalcunsum (t) * })Sc‘arity (t) (10)

2.2.2 Constraints

The energy balance constraint is shown in formula (11).
The total power generation O, equals to the sum of

gene

the power consumption (Q, ., )within the whole region

and Qtrzms N

ntra

Qgene (t) = Qintra (t) + Qtranx (t) ( 11 )

In addition, the inequality constraints that need to be
satisfied are as follows. The proportion of renewable
energy in the total generation (R, ) should be no less

than the R as shown in formula (12).

re, MIN >

R, (1)

_ Elec,, (1) S

- Elecpy (t) = Rre,MIN (t) ( 12 )

Formula (13) indicates that the new installed capacity
of each type of power generation cannot exceed the
upper limit NC, , . and lower limit NC, ...

NG, (£) S NC, (1) SNC, iy (1) (13)

3 Key assumption and parameters

This simulation starts from the year of 2018 to 2050. To
simplify the study, the key assumption and parameters
setting are as follows:

»  Simulation step length is one year;

» The types of clean energy includes wind power,
photovoltaic power, solar thermal power and
hydropower. It is assumed that the proportion of
clean energy power generation in Qinghai Province
will reach 100% as proposed in the work plan by
2050;

»  The proportion of renewable energy generation and
trans-regional electricity transmission keep growing
at a constant rate;

»  Carbon price, coal price, fossil fuel scarcity value
and other parameters are set as fixed values;

» The proportion of wvarious power generation
technologies are set as given values;

»  Assuming all the hydropower resources in Qinghai
Province will be developed by 2050 (21870MW).
The installed capacity of wind power, photovoltaic
and solar thermal power by 2050 will be calculated
according to the trans-regional electricity
transmission scale.

» It is assumed that clean energy power generation
will be delivered through UHVDC lines. Therefore,
the annual transmission electricity of a single line is
40 billion kWh (the capacity of a single UHVDC
transmission line is  8000MW and the
annual average utilization hour is 5000 hours). And
the minimum step size for optimization of trans-
regional electricity transmission is 40 billion kWh.

»  The line loss rate adopts the normal value of the
industry [13]. The electricity price of the receiving
regions adopts the national average feed-in tariff for

coal-fired generators in 2017 [14].

In addition, the input parameters of 2018 are the
actual statistical data of Qinghai power system, and input
parameters from 2019 to 2050 are given by investigation
or reasonable assumption, see the appendix for details.

The variable to be optimized is the development
scale of trans-regional electricity transmission by 2050.
Due to the uncertainty of the parameters such as the
consumption cost of renewable energy, the carbon price
and the scarcity value of fossil fuels, the total cost of
renewable energy development plan of Qinghai Province
and the selection of the optimal scale of trans-regional
electricity transmission will be greatly affected. The
search space for the optimization of the trans-regional
electricity transmission scale is determined by the three
factors.

The first £ 800kV UHVDC project that transmit
clean energy from Qinghai Province is expected to be
completed by the end of 2019 (Hainan - Zhumadian). So
the minimum target of trans-regional electricity
transmission scale by 2050 is set as 40 billion kWh. The
maximum is set as twice the target of 2025 promulgated
in the Work Plan (i.e. 240 billion kWh). The range of
fossil fuel scarcity value is [0,800] RMB / tce, and the
range of carbon price is [0,400] RMB / tCO,. The system
accommodation cost of Qinghai power system under
different penetration of intermittent renewable energy
such as wind power and photovoltaic is divided into
three categories of low value, medium value and high
value (see Fig. 1), which is derived from reference[15] .



E3S Web of Conferences 143,02012 (2020)
ARFEE 2019

https://doi.org/10.1051/e3sconf/202014302012

The system accommodation cost per unit renewable
power will increase along with the increase of the
penetration level of renewable power.
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Fig. 1. Accommodation cost for renewable power under
different penetration level.

4 Results and analysis

The simulation results shows that the total economic cost
of different renewable energy development plans
corresponding to different trans-regional electricity
transmission scales in Qinghai Province decrease with
the increase of scarcity value and carbon price, when the
renewable energy accommodation cost is set as the
medium value (see Fig. 2). Taking the case of
transmitting 240billion KWh electricity to receiving
regions by 2050 as an example (hereinafter referred to as
"240 billion KWh plan", other scale of trans-regional
electricity transmission by 2050 can be abbreviated in
the same manner), given carbon price at 0, when the
scarcity value is increased from 0 to 800 RMB/tce, the
total economic cost is reduced from 1027 to 766 billion
RMB; given scarcity value at 0, when the carbon price is
expanded from 0 to 400 RMB/tCO,, the total economic
cost is reduced from 1027 to 682 billion RMB.
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Fig. 2. Impact of scarcity value and carbon price on the total
economic cost

For different plans, the larger the scale of trans-
regional electricity transmission by 2050 is, the greater
impact of scarcity value and carbon price on the total
economic cost is. When the scarcity value increases from
0 to 800RMB/tce, the total economic cost of the
240billion KWh plan is reduced by 262 billion RMB,
which is 12 times of that of the 40billion KWh plan.
When carbon price increases from 0 to 400RMB/tCO2,
the total economic cost is reduced by 345 billion RMB,
which is 12 times of that of the 40billion KWh plan (see
Fig.2). Based on the parameter settings in this paper, the
240billion KWh plan can be the optimal choice of all the
trans-regional electricity transmission development plans
when the scarcity value exceeds 1200 RMB/tce or the
carbon price exceeds 450 RMB/tCO,.

Among these different trans-regional electricity
transmission development plans, the total economic cost
varies greatly with the fluctuation in renewable energy
accommodation cost, fossil energy scarcity value and
carbon price (see Fig.3). The larger scale of trans-
regional electricity transmission is, the greater total
economic cost will be affected by the uncertainty of the
above three parameters. The smaller scale of trans-
regional electricity transmission is , the better robustness
of the scenario will be.

—
]

80

Power transmission (billion KWh)

200 400 600 800 1000 1200 1400
Total economic cost (billion RMB)

Fig. 3. Cost range under different trans-regional electricity
transmission targets.

Within the range of system accommodation costs of
renewable energy (low, medium and high scenarios),
scarcity value (0-800RMB/tce) and carbon price (0-400
RMB/tCO2) given in this study, when the scale of trans-
regional electricity transmission is 40billion KWh, the
corresponding total economic cost is 638-795billion
RMB. When the scale of trans-regional -electricity
transmission is 240billion KWh, the corresponding total
economic cost is 401-1166billion RMB, and its variation
range is about 5 times of that under 40billion KWh plan.
Table.1 is the parameters setting of different
combinations. Table.2 shows the comparison of cost
sub-items in total economic costs of the 240billion KWh
plan and the above three parameters are combined to
take extreme values.

Table 1. Parameters setting of different combinations
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Accommodation

Carbon price

Fossil fuel

Combination scarci
cost (RMB/CO,) Value(th{MB/tce)
#1 High 0 0
#2 Low 400 800
Table 2. Costs and benefits of 240billion KWh plan under different parameter combinations
Cost (billion RMB) Benefit (billio.n RMB) __ Total costs
Scenario Constr Carbon Trans- ?(:;Ctofr;mOdatlon g(t)cr)1 tributo (billion
. 0&M Fuel . . regional .. RMB)
uction emission scarcity value . renewable receiving
transmission .
energy regions
Combination #1 528 351 64 0 172 585 533 1166
Combination #2 528 351 64 84 172 427 1288 401
Difference 0 0 0 84 0 158 754 765
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(b) Medium system accommodation cost scenario

240

200

160

120

80

Power transmission (billion KWh)

40

0 - S
0 100 200 300 400 500 600 700 8§ ‘“o‘\? =40-80
Scarcity value (RMB/tce) ©

200-240

() High system accommodation cost scenario

Fig. 4. Optimal scale of trans-regional electricity transmission
under different system accommodation cost scenarios

Fig. 4 (a), (b), and (c) illustrates the changes in the
optimal trans-regional electricity transmission scale of
Qinghai Province by 2050 with different scarcity value
and carbon price under the low, medium and high
scenarios of the renewable energy accommodation cost
respectively.

Under the given renewable energy accommodation
cost scenario, the optimal scale of trans-regional
electricity transmission changes monotonously with the
increase of scarcity value and carbon price. The higher
the scarcity value and carbon price, the greater the
contribution of the trans-regional electricity transmission
to receiving regions, therefore, the larger the trans-
regional electricity transmission scale should be set.
When the scarcity value and carbon price are both 0, the
optimal scale of trans-regional electricity transmission
under the three renewable energy accommodation cost
scenarios is 40billion KWh; when the scarcity value is
800RMB/tce and the carbon price is 400RMB/tCO,, the
optimal scale is 240billion KWh.

Under the given scarcity value and carbon price
scenario, the optimal scale of trans-regional electricity
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transmission changes non-monotonously with the
increase of the renewable energy accommodation cost.
When the scarcity value is 400RMB/tce and the carbon
price is 400RMB/tCO2, the optimal scale of trans-
regional electricity transmission, corresponding to low,
medium and high renewable energy accommodation cost,
increases from 160 billion KWh to 200 billion KWh, and
then decrease to 40billion KWh.

5 Conclusion

The optimization of the trans-regional electricity
transmission scale of renewable energy bases reasonably
is crucial for promoting China’s energy revolution. In
this study, an optimization method of regional renewable
energy base considering the cost and benefit of trans-
regional electricity transmission is proposed.

The influence of key uncertain parameters such as
system cost of renewable energy, carbon emission permit
price and fossil fuel scarcity value on the optimization
results is analysed. The results show that the optimal
scale is highly sensitive to the above three uncertainties
factors.

Under the background of promoting green
development and market-oriented reform, it is necessary
to establish a reasonable price formation mechanism of
carbon price, auxiliary service price of power system and
fossil energy scarcity value evaluation system, in which
the market plays a decisive role in the development of
renewable energy.

This paper is a preliminary study on the optimization
of trans-regional electricity transmission scale of
renewable energy base. In addition to the target scale of
trans-regional electricity transmission by 2050, the
installed power generation capacity is also determined
by the parameters (trajectory), such as the proportion of
renewable energy power generation of the end year, the
trajectory of renewable energy power generation during
the period. In order to simplify the calculation, the above
boundary conditions are given in the form of exogenous
variables in this study. In the future, the above
parameters (trajectory) can be taken as the variables to
be optimized to support a more comprehensive study on
the optimization of the trans-regional electricity
transmission scale of renewable energy base.

This research work was funded by the China State
Grid Corporation the Science and Technology project of
“The Active Support of Power Grid to Energy Transition
of Clean Energy-rich Region: A Case Study of Qinghai
Province”and the Science and Technology Project of
NARI Technology Co., Ltd of “Research on Key
Technologies for Simulation and Evaluation of
Comprehensive Energy Systems”.
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Appendix
Table A-1. Scenario Parameters
Carbon Average feed-in
. . Rate of .
Coal price emission rate L tariff for coal-
transmission .
(RMB/tons) of coal loss (%) fired generators
oss
(CO/tce) ° (RMB/MWh)
800 2.64 7% 371.65

Table A-2. Generators Parameters

Lifespan/Construction period(year)

Coal Wind Hydro PV Solar-thermal

30/3 20/1 40/8 20/1 30/3
Power Construction cost (RMB/kW)
consum-

Year inghai -
Ql?g‘ a Coal Wind Hydro PV Solar
(Billion thermal
kWh)

2018 73.8 3380 7500 10110 6000 28650

2020 828 3360 6194 10190 4095 22204

2030 1273 3260 4002 10570 2539 12860

2035 1525 3210 3263 10770 2112 9856

2050  191.1 3070 1500 11380 1200 2865
Coal consum  Qperation and maintenance costtRMB/MWh)
rate of

Year  newly-built . Solar-
generator Coal Wind  Hydro PV thermal
(g/kWh)

2018 319.1 48.2 75.2 70.3 100.0 2734

2020  315.4 48.2 75.3 70.8 100.0 2734

2030 3129 48.2 75.9 73.4 100.0 2734

2035  309.8 48.2 76.2 74.7 100.0 2734

2050  300.6 48.2 77.1 78.8 100.0 273.4

Annual average utilization hours (h)
Year
. Solar-
Coal Wind Hydro PV thermal
2018 2200-5000 1405 4261 1349 3500
2019-50  2200-5000 2000 3200 1600 3500




