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W N

Abstract: With China’s carbon peak and target proposed and the power system as an important
source of carbon emissions, its carbon reduction issues are of great concern. However, the mismatch
between power demand, resources, and generation facilities in different regions of China creates
enormous carbon reduction pressures, especially in the region covered by China’s Northeast Power
Grid (NE Grid). Therefore, in this study, a two-stage power optimization model considering Carbon
Capture, Utilization, and Storage (CCUS) was established to optimize the national power generation
and transmission in China from 2020 to 2060 first and then to optimize the regional road map of energy
structure adjustment for China’s NE grid and its CO; storage strategy. The first stage optimization
results show that the national power interaction in China can make full use of the energy resource
advantages of the NE grid, especially Jilin and Mengdong, delivering clean electricity to the North
China grid as it reaches its “dual carbon” goal. Additionally, the second-stage optimization results
show that the NE grid can make good use of CCUS for its thermal power transition. Annual CO,
storage will peak at 204 Mt in 2050 as thermal power withdraws in the NE grid region, which provides
a reference for other regions to realize carbon neutrality of their power system by using CCUS.

Keywords: electricity carbon neutral; multi-region optimization; renewable energy; CCUS; Northeast China

1. Introduction

China has set clear guidelines for future carbon emissions, with the goal of peaking
carbon emissions by 2030 and becoming carbon neutral by 2060. Peak carbon and carbon
neutrality targets have a big impact on the energy sector, which means China needs to
accelerate its transition to low-carbon. The nation must speed up the adjustment of the
energy mix, reduce fossil energy consumption, and increase energy efficiency. The power
sector is an important carbon emitter, with emissions of about 4 Gt [1,2]. Therefore, on the
one hand, we must reduce the proportion of thermal power generation and increase the
generation of new energy and on the other hand [3], we need to seek ways to reduce the
carbon emissions from electricity generation.

Coal is still China’s main energy source, and the short-term improvement in energy
efficiency is limited; thus, the large-scale deployment of renewable energy in the near future
and the use of carbon capture utilization and storage (CCUS) technology is a necessary
choice for achieving carbon neutrality in electricity [4]. China currently has about 40 CCUS
demonstration projects in operation or under construction, with a capture capacity of
3 million tons/year. CCUS can not only solve the problem of large-scale CO, emissions but
also solve the problem of pollutant emissions through dust removal, desulfurization, deni-
trification, and other processes before CO, capture [5]. Therefore, CCUS is a key technology
for low-carbon development and clean coal utilization in the power industry in the future
and will play an important role in ensuring net zero emissions in the power system. During
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the “15th Five-Year Plan” period, the CCUS transformation of coal and electricity entered
the early stage of demonstration application and industrialization cultivation. In 2025 and
2030, the cumulative transformation scale was 2 x 10° and 1 x 107 kW, and the carbon
capture scale was 8 x 10° and 3.7 x 107 t/year [1].

China’s carbon emission reduction has some difficulties. Considering China’s vast
territory and uneven distribution of power resources and demand, it is necessary to connect
power-rich areas with power-hungry areas to complete the interactive transmission of
power [6]. In 2005, China’s six regional power grids (Northeast Power Grid, Northwest
Power Grid, North China Power Grid, Central China Power Grid, East China Power Grid,
and Southern Power Grid) were interconnected [7]. Interconnection between the power
grids is usually performed by means of electricity transmission, as the power generation
capacity and power demand are not identical in a grid; such as in the Northeast China
power grid and Northwest Power Grid, the electricity demand is low, but the production
potential is very high. The demand in the North China Power Grid and East China Power
Grid is very high, but the capacity is limited, and regional power generation cost and carbon
emissions constraints exist. Thus, regional power interaction will be an important way to
ensure carbon neutralization of the power system [8]. Through the power transmission
results of the major power grids, the power generation and transmission conditions of the
major power grids can be obtained; this provides external constraints for optimization of
the internal power generation structure of a certain power grid. Wind and solar power
will be the key forms of power generation for achieving carbon neutrality in the future [9].
In addition, the carbon emission charge will also play a certain role in the realization of
carbon emission reduction in the electric power emission system [10,11].

Therefore, for China, multi-regional and multi-year large-scale power grid optimiza-
tion can analyze the change trend of China’s overall power structure and transmission
situation in the future, and the regional power transmission optimization model can be
used to meet the balance of power supply and demand in each region and can better
highlight the importance of utilizing natural resources [6]. In optimization, we need to
consider carbon emission reduction in power systems. There are many ways to achieve a
reduction in carbon emissions from power systems. Considering the carbon neutrality of
the power system, the multi-regional optimization model requires not only the replacement
of thermal power with renewable energy but also the consideration of the increasingly
perfect CCUS technology. CCUS technology can play a very important role in the process
of achieving the carbon neutrality goal of electricity. However, there are not many analyses
on the CCUS power model.

Most scholars have focused on the single region optimization within the power grid,
considering the change in power generation structure and trend inside the power grid,
and less on the power interaction and change between external and other power grids.
However, considering the increase in regional demand for electricity and the expansion of
transmission lines, the variation and growth in transmission capacity between power grids
cannot be ignored. Therefore, the focus of this study is to examine the power interaction
of the whole national region, perform multi-regional optimization of the overall power
interaction of the whole national region, and understand the power generation and trans-
mission situation of the major grids regions. Then, a more detailed internal optimization is
performed for Northeast China according to the power transmission between power grids,
considering the deployment and storage of CCUS, so as to obtain the power carbon-neutral
path under the application of CCUS technology for the Northeast China power grid region.

The primary contributions of this paper are as follows:

(1) A two-stage power optimization model considering Carbon Capture, Utilization,
and Storage (CCUS) for China was established to optimize the national power genera-
tion and transmission from 2020 to 2060 first and then to optimize the regional road
map of energy structure adjustment for the NE grid and its CO, storage.

(2) In this research, the overall national power structure and cross-regional power trans-
mission are optimized first and then the results are used to optimize provincial power
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production and transportation within the region considering CCUS, which can more
accurately analyze the transition mode of regional power carbon neutrality from a
macro perspective.

(3) Based on the two-stage optimization results, detailed suggestions are provided for the
national power grid in China and the regional power grid in the northeast of China.

2. Literature Reviews

Low-carbon development of power systems is a worldwide concern. At present,
scholars mainly use optimization methods for research, including single-objective [12-16],
multi-objective [13,17-22], single-region [23-26], and multi-region optimizations [6,14,17,27-31].
Table 1 summarizes the power system model studies in the world from 2013 to 2022.

In order to deal with the problem of carbon peak and carbon-neutral power systems,
many scholars around the world are seeking a better development path. Most foreign
scholars have provided path planning and policy suggestions for achieving peak carbon
neutrality in each region through calculation and analysis. Ali [32] compares the impacts
of renewable energy development on Iran’s power carbon dioxide emissions under five
different policy scenarios. Nour [33] believes in the low-carbon development of Lebanon’s
electricity system by 2030 with the support of policies. Hugo [34] considers that the role
of citizen energy communities (CECs) can be important toward a carbon-neutral society.
Sannamari [35] investigates low and zero-carbon pathways based on clean electricity and
sector coupling in Finland. Albert [36] applies the open-source energy modeling system,
develops optimal generation pathways, and dispatches the scheduling of selected generat-
ing technologies for power generation in Ghana. Luca [37] models the 2030 electricity mix in
the NEM in Australia. Nikolaos [27] presents a generic mixed-integer linear programming
(MILP) model that integrates the unit commitment problem (UCP); that is, daily energy
planning with the long-term generation expansion planning (GEP) framework to determine
the optimal capacity additions, electricity market clearing prices, and daily operational
planning of the studied power system.

However, China’s carbon neutrality goal is different from that of other countries,
and its power generation structure and development potential are also different from those
of foreign countries. Many scholars in China have set up model studies on China’s power
generation structure. Zhang [38] built a planning model considering the external cost of
carbon emissions. Zou [39] analyzed the path of electricity carbon neutrality under three
power scenarios and put forward seven implementation suggestions to build a new energy
structure. However, these predictions of renewable energy development and growth are
vague as the potential of regional renewable energy deployment is not taken into account.
Guo [40] verifies that the Chinese optimal operation mode of the gas-thermal power
virtual power plant is effective for achieving carbon neutrality through the thermal power
operation model. This model can verify the trend of thermal power change in the future;
however, it is not accurate per region because the utilization of thermal power in each
region is different; so the universality of the model needs to be verified. Liu [41] performed
its calculations by modeling electricity generation from a variety of renewable sources.

From the Chinese and foreign research, it is found that for most of the carbon-neutral
paths, research of the power system usually adopts the method of establishing a model
for optimization and analysis. However, it mainly analyzes the two changes in wind and
photoelectric power for new energy generation without considering the development of
all new energy sources in the region simultaneously. Shu [1] built an optimization model
of path planning to determine the path of China’s low-carbon power transition under
different scenarios, including power structure, carbon emissions, and supply cost. On the
whole, the model explored the carbon-neutral path of the application of CCUS in the
whole country and compared the transitional development situation of the application of
CCUS technology in different situations. However, it failed to detail the CCUS layout and
power generation structure in each region; so it could not give detailed policy suggestions
according to the region.
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The optimization calculation of the power system is divided into single-region and
multi-region optimizations. Single-region optimization is usually suitable for situations
with sufficient regional data and little external influence. According to the existing power
generation structure and potential of Jilin, Jiang [24] has constructed the thermal and power
carbon emission model for Jilin and provided a reference for the calculation of power
carbon neutrality in Jilin in the future. Luo [23] put forward the steps and suggestions
for the future decarbonization of China’s electric power sector. Zeng [42] took Sichuan
province as an example to establish the renewable energy transformation path of the energy
system, including the electric power and transportation industries. This single-region
optimization model can be used to study the power development situation within the
region in detail; however, it cannot fully represent the development situation of the power
interaction between the region and other regions and does not consider the constraints
related to power transport.

Multi-region optimization is more suitable for the situation where the interaction be-
tween regions is obvious, and macro analysis is needed to analyze the overall development
trend and results of all regions. In addition, due to the uneven distribution of renewable
power potential, a multi-region power transmission mode is also an inevitable method to
achieve carbon neutrality in the future. Several scholars have constructed multi-region
power transmission models. Fan [43] divided China’s provinces into three regions and
adopted Moran’s I Index to analyze the spatial characteristics of carbon emission and
carbon emission intensity of the power industry. Zhang [44] and Zhang [13] established
a multi-region model for long-term power generation and transmission structure opti-
mization of China’s power system. Chen [14] proposed a multi-region power generation
expansion planning model. Regional power generation expansion planning incorporating
regional environmental carrying capacity constraints presents a solution to this problem of
unbalanced regional emission reduction. Kia [12] addresses optimal day-ahead scheduling
of combined heat and power units of an active distribution network with electric storage
systems. Guo [6] proposed a multi-region model that reflects the actual grid infrastruc-
ture, with the objective function of maximizing the cumulative total profits of the power
generation industry from 2013 to 2050. Kathleen [45] derived minimum cost solutions for
achieving progressive emission reductions up to 2050 using the North American TIMES
Energy Model (NATEM). Chen [14] proposed a multi-zone power generation expansion
planning model, which integrates air pollutant emission constraints. However, these multi-
region optimization models carry out power optimization analysis of multiple regions
from the overall level, and the description of carbon dioxide treatment of power within
the region is not detailed enough without considering the upper limit of carbon dioxide
emission and the capacity of carbon dioxide treatment within the region.

The application of CCUS technology is the final guarantee to achieving carbon neu-
trality in China, and some scholars have added relevant CCUS analysis to power system
research. Wang [5] obtained the optimal source-sink matching scheme by modeling and
optimizing the source-sink matching cost of CCUS in North China in the next 30 years.
Zhang [15] proposed a mixed-integer linear programming (MILP) model to optimize the
strategic CCUS deployment in Northeast China. Mohammad [46] proposed a multi-period
low-carbon generation expansion planning (LC-GEP) model. Zhang [17] developed an
optimization-based framework for the deployment of the CCUS supply chain with eco-
nomic and environmental concerns.

There are many multi-region optimization models of power systems; however, there
are few studies that first conduct multi-region optimization and then study the power
interaction among provinces within a single region according to the development trend
for China’s future power structure. There are fewer papers for reference: Pratama [18]
divided Indonesia into six regions and developed a multi-objective area optimization
model; due to large power structure differences between the regions, regional electric
power was optimized separately in many regions.
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Table 1. Review of power system model studies in recent years.

Objective Region
Study Scope
Single Multi  Single  Multi
Ali et al. (2022) [32] Iran Vv v
Nour et al. (2020) [33] Lebanon Vv Vv
Sannamari et al. (2019) [35] Finland Vv Vv
Albert et al. (2017) [36] Ghana v v
Luca et al. (2020) [37] Australia Vv Vv
Zhang et al. (2021) [38] China Vv Vv
Zou et al. (2021) [39] China Vv Vv
Gou et al. (2022) [40] China Vv Vv
Liu et al. (2022) [41] China Vv Vv
Shu et al. (2021) [1] China v Vv
Wang et al. (2020) [47] China/Southern China Vv Vv
Wang et al. (2022) [48] China/Southern China v Vv
Luo et al. (2021) [23] China vV v
Jiang et al. (2022) [24] Jilin Vv Vv
Zeng et al. (2022) [42] Sichuan Vv Vv
Fan et al. (2022) [43] China v Vv
Zhang et al. (2018) [44] China Vv Vv
Zhang et al. (2013) [13] China Vv Vv
Chen et al. (2019) [14] China v v
Guo et al. (2016) [6] China Vv Vv
Wang et al. (2021) [25] Urumgqi Vv Vv
This study China/Northeast China Vv two-stage model

The previous studies show the following deficiencies: (1) Most scholars only consider
the alternative part of renewable energy in the power system to complete carbon neutral-
ization of the power system or analyze the application potential and development trend of
regional CCUS only from the matching of CCUS regions. There has been little joint analysis
of how power systems use the development of CCUS to balance CO, emissions with alter-
native renewable energy sources. (2) Power transport in various regions of China mainly
occurs in major power grid areas, and CCUS should also sequester this part of carbon
dioxide generated in the region, which lacks a carbon-neutral power development model
based on the framework of major power grids. (3) There are few studies on the carbon
dioxide treatment of electric power by province within the power grid area, and there is a
lack of similar power CCUS model.

Previous studies have analyzed most of the future energy generation structure of
China from the whole through multi-region optimization or the power generation situation
of a certain region locally through single-region optimization. The interaction between
regions of the power system is close, and with the restriction of the carbon emission target,
the power generation structure of each power system changes greatly, which requires
collaborative optimization among multiple regions. However, the generation potential
and CCUS utilization potential of different power generation modes vary greatly among
regions; so it is necessary to further refine and optimize the generation and CCUS utilization
situation within the region so as to give an accurate conclusion and analysis of a region.
Therefore, this research will analyze the multi-region optimization of the advanced power
grid and then conduct a detailed single-region power optimization analysis using CCUS
for the single power grids. The advantage of the two-stage model is that it can better grasp
the overall inter-regional electricity production and trade and optimize and analyze the
inter-provincial electricity production and transportation structure and CCUS deployment
within the region more accurately.

This research adopted a two-stage model analysis method. The advantage of the
two-stage model is that it can better grasp the overall inter-regional electricity produc-
tion and trade and optimize and analyze the inter-provincial electricity production and
transportation structure and CCUS deployment within the region more accurately.
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3. Methodology

In order to explore the future carbon dioxide emission and development direction of
regional power systems in different stages, this study adopts the two-stage optimization
model that first optimizes the national power generation and then optimizes the provincial
power production and trading in the large grid area. First, the multi-year power interaction
between large power grids is evaluated through the first stage of the national power
optimization model. The transaction of electricity between the power grids is taken as
the constraint; considering the regional application of CCUS, the development path of the
regional power system combined with CCUS under the dual carbon target is obtained.
The two-stage optimization model is established as follows.

3.1. Two-Stage Power Optimization Model Considering CCUS

The two-stage power optimization model first optimizes the national overall power
production and transportation, uses this as a constraint to optimize the provincial-level
(Northeast Power Grid region, Figure 1) power production in the region, and analyzes the
application prospect of regional CCUS technology.

b Basin

I Heilongjiang
lilin

I Liaoning
Meng dong

Figure 1. The Northeast Power Grid region and main storage location schematic diagram.

3.1.1. The First Stage of the National Power Optimization Model
First Stage Objective Function

The calculated national grid power consumption area is divided into six power grids:
Northeast Power Grid, East China Power Grid, Central China Power Grid, Northwest
Power Grid, North China Power Grid, and South China Power Grid, represented by sub-
script I, i € [1,6]; same meaning as i, k represents different regions, k € [1,6]. The applied
power generation modes are: coal power (PC), wind power (WD), photovoltaic (PV),
nuclear power (NU), hydropower (HD), and gas power (NG), represented by subscript
j, j € [1,6]. We take five years as a node to calculate the change in power structure from
2020 to 2060. The first year of the five years will be used as the calculation data, and the
following four years will be calculated based on the simulation of the generation status of
the first year. The objective function is expressed as follows:

6 6 6 6 6 6 6
g = XA+ Y Y B+ LG+ Y YDy
min M — Z (1:1 j=1 i=1k#i i=1 i=1j=1 ) )
y=1 (1+ nir)V ™
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Ajj = Eij x Tj X Rj; (2)

Bijx = eTrans_costj, = eTrans; X per_trans_cost 3)
C; = COy_cost; = CO,_out; x per_COy_cost (4)
Dij = Mpyiig,ij = Build;j X per_build_cost;; (5)

In the formula E;; refers to the annual power generation of generation mode j in
region i, Tj; refers to the annual generation time of generation mode j in region i, and R;;
refers to the unit generation cost of generation mode j in region i, which also includes the

power and time. f i eTrans_cost;y refers to the annual transmission cost from region
i=1k#1

i to k, which is equal ’zi) the product of annual transmission electricity eTrans;, and unit
transmission cost per_trans_cost;. CO,_cost; refers to the cost of carbon dioxide emission
in region i, and its value is the product of the amount of carbon dioxide emissions and
the cost per unit of carbon dioxide emission. My, 4, refers to the cost of newly installed
power generation units of power generation mode j in region i, which is equal to the
product of newly installed capacity Build;; and unit cost per_build_cost;. The total cost is
the sum of the electricity generation, electricity transmission, and generation emissions
costs. Furthermore, in this study, nir reflects the time value of money, which is set at 10%.
The objective function is that the total cost of China’s major power grids in 2020-2060 is the
minimum under the condition that all constraints are satisfied.

First Stage Operation Constraints

(1) Power demand constraint

6 6
Need; < Z (Eij X Tj X ejo55) + 2 (eTransy; x (1 —TL) — eTrans,) (6)
=1 k=1k~i

Need; is the total power demand of region i in the current year. The local power
generation capacity of the region in the current year plus the net electric quantity flowing
into the region should meet the power demand of the region. e;,s, refers to production and
transport losses. TL refers to transmission line losses across regions.

(2) Carbon peak 2030 policy requirements

COy_out;,, < CO;_out;n030 @)

According to the requirement of carbon peak, CO,_out;, of total power carbon dioxide
emission in region i in year y should be less than that in 2030 CO,_out; 530.
(3) Constraints on installed capacity upper limit

Capacity;j min < Eij < Capacity;j max 8

The generation power E;; of power generation mode j in region i should be less than
the upper limit Capacity;j ., of its installed capacity, and higher than the lower limit of
the power generation capacity Capacity;; min-

(4) Rated generation time

Tl’m(i‘S]',min S Ti]' S Tl‘mES]',max (9)

The annual power generation time Tj; of power generation mode j in region i should
be less than Times; ;qy, the upper limit of annual power generation time of this power
generation mode, and above the minimum utilization hours Times; ;.

(5) Carbon dioxide emission cap

COy_out; < COy_max; (10)
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min MNE =

Since each region has a different carbon emission quota, in theory, CO,_out; of power
carbon dioxide emitted by each region should be smaller than CO,_max; of power carbon
dioxide emission quota of this region.

(6) Transmission capacity constraints

eTrans_capacityjy iy < eTransy < eTrans_capacityiy oy (17)

eTrans;j, x eTrans;;= 0 (12)

The inter-regional transmission capacity is limited, and the power interaction will
transmit power through existing transmission lines. The inter-regional transmission
power eTransj should be smaller than the inter-regional transmission line capacity up-
per limit eTrans_capacity;y ,,,,, and higher than the transmission capacity lower limit
eTrans_capacity;y ,,in. Constraint (12) indicates that in the same time period of the year,
the transmission of power is unidirectional.

3.1.2. The Second Stage of Regional Power Optimization Model Considering CCUS
Second Stage Objective Function

Similar to the national electricity production and interaction model in the first stage,
the regional electricity carbon emission reduction optimization considering CCUS also
considers the cost of electricity and related constraints. However, it increases the application
cost and related constraints that CCUS needs to consider in practice.

The calculated power consumption area is divided into four provinces: Heilongjiang
(HLJ), Jilin (JL), Liaoning (LN), and the eastern area of inner Mongolia (MD) represented
by subscript i, i € [1,4]; same meaning as i, k represents different regions, k € [1,4].
The applied power generation modes also are: PC, WD, PV, NU, HD, and NG, represented
by subscript j,j € [1,6]. y represents the optimization time range from 2020 to 2060. Take
five years as nodes to calculate the change in power structure from 2020 to 2060. The first
year of the five years will be used as the calculation data, and the following four years will
be calculated based on the simulation of the generation status of the first year. The objective
function is expressed as follows:

4 6 4 4 4 4 6 4
" Y. Lijne+ 2 X Gikne+ X Hine+ 1 L BDijne+ L EiNe
i=1j=1 i=1k#i i=1 i=1j=1 i=1
( — ) (13)
y=1 (1 + 7’!17‘)
LijNne = EijNe X Tj,NE X Rij,NE (14)
Gix,Ng = eTrans_costy yg = eTransy g X per_trans_costy g (15)
H; Ng = COy_cost; ng = COp_out; yg X per_COo_cost (16)
BDij,NE = Mbuild,ij,NE = Buildl’]’,y,NE X per_build_costij,NE (17)
F; Ng = Costccys,i = Cost_catch; + Cost_trans;,, + Cost_seal,, (18)
Cost_catch; = CO,_catch; x per_catch (19)
Cost_trans;,, = CO,_trans;,, X per_trans x L (20)
Cost_sealy, = COy_sealy, x per_seal (21)

Costccyys,i represents the cost of using CCUS in region i, including the capture, carbon
transportation, and carbon dioxide sequestration cost in CCUS. Myy;14,i;, N represents the
installed capacity cost of power construction and CCUS capture device construction in
region i. m is the three sealing points located in the Northeast Power Grid region, m € [1,3].
per_catch refers to the unit capture cost, per_trans refers to the unit transmission cost, L is
the transmission distance, and per_seal refers to the unit storage cost.
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Second Stage Operation Constraints

(1) Composite constraint

6 4
Needine < ) (Eijne X TNE X €lossng) + ), (eTransyng ¥ (1 — TLyg) — eTransy yg)—etransione  (22)
j=1 k=1k#i
COz_out;y g < COz_outin030,NE (23)
CapacityijminNE < Eijne < Capacityij max,NE (24)
Times; in,Ne < Tij,NE < Times; max,NE (25)
COy_out; Ng < COx_max; NE (26)
eTrans_capacityy ymin N < eTransj g < eTrans_capacityix yax NE (27)
eTrans; g % eTransg; np= 0 (28)
eTrans_capacity;omin Ng < eTransio Ng < eTrans_capacityio max NE (29)

Constraints in this part use Constraints (6)—(12) in the national power optimization
model. etran;, N refers to the transmission of electricity from the Northeast grid region
province i to the external grid. Equation (29) refers to the upper and lower limits of
transmission capacity to other grid areas. It is set that any province i in the Northeast
Power Grid region can be directly transmitted to the external power grid region through
the transmission line.

(2) External power constraints of the Northeast Power Grid

4
Z eTrans;, Ng = eTrans,e_out NE (30)
i=1

eTrans,e_ s < eTransye—out NE (31)

The annual outbound power transmission of the Northeast Power Grid is constrained
by the overall power transmission volume of the grid, and the annual outbound power trans-
mission volume should conform to the optimization results of overall national optimization.

(8) Carbon dioxide regional capture and sequestration capacity constraints

CO,_catch; ng < CO,_catch; yax NE (32)
41
Z COz_sealm,y,NE < COZ_Seﬂlm,max,NE (33)
y=1

Carbon dioxide capture will be affected by the regional CCUS construction capacity
and related economic factors. Each region will have an upper limit of capture capacity,
and the actual capture capacity of carbon dioxide in a region should be less than the
CCUS capture capacity of the region. Similarly, due to geological factors, carbon diox-
ide sequestration is also restricted by the regional sequestration ceiling, which cannot
consume the captured carbon dioxide indefinitely; the maximum area storage capacity is
COy_sealy, max,NE- In the optimized time frame (2020 to 2060), the total sequestration of
carbon dioxide will not exceed the regional cap. The carbon dioxide transmission pipe
network of CCUS will transport the carbon dioxide generated by the nearby power system
and captured by the CCUS capture device to the nearest sequestrable area, a new pipe
network transmission capacity according to CO; transmission demand.

3.2. Scenarios and Data Sources
3.2.1. Scenarios

Different power demands will determine the different difficulties in the treatment of
thermal power carbon dioxide emissions, resulting in large differences in carbon peaking
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and carbon neutrality paths in different scenarios, and the dependence and development
of CCUS will also increase with the increase in power demand. According to the possible
future power demand in China, assuming that each region grows according to the power
demand growth rate, three kinds of power demand forecast scenarios of high power
demand (HPD scenario), middle power demand (BAU scenario), and low power demand
(LPD scenario) are given. From 2020 to 2030, the average annual growth rates will be 3.2,
2.5, and 2.2 percent, respectively. From 2030 to 2060, the annual growth rate will be 1.4, 1.3,
and 1.2 percent, respectively, as seen in Table 2. We use these three scenarios to explore
how the development prospects of CCUS will change in different regions under different
power demands.

Table 2. Three scenarios for electricity demand growth (%).

Scenarios 2020-2030 2030-2060
High power demand (HPD) 32 14
Middle power demand (BAU) 2.5 1.3
Low power demand (LPD) 2.2 1.2

3.2.2. Data Source

In this paper, parameters such as generation parameters, transmission parameters
and carbon dioxide are applied. Their meanings, units and data sources are shown in
Table 3 below.

Table 3. Data source.

Data Meaning Unit Source
Multiple power generation Capacity Limit the power generated MW China Electric Power Yearbook 2020
Power generation Operating hours Annual generation duration Hour China Electric Power Yearbook 2020
District load Electricity demand MWh China Electric Power Yearbook 2020
Transmission constraint Capacity and power MWh China Electric Power Yearbook 2020
Transmission and distribution loss ratio The power loss None China Electric Power Yearbook 2020

Generation cost factor
Emission factor
COy_out
COy_capture
COy_trans

CO,_seal

Hydroelectric generation potential

Other power generation potential

Annual installation cap

Cost per unit of electricity
generation
Carbon emissions per unit
of electricity generation

Yuan/MWh 2018 National Electric Power Price Supervision Notice

t/MWh China Power Industry Annual Development Report 2019

.. - China Annual Report on Carbon Dioxide Capture,
Carbon dioxide emissions Yuan/t Utilization and Storage (CCUS) (2021) P
China Annual Report on Carbon Dioxide Capture,
Utilization and Storage (CCUS) (2021)
China Annual Report on Carbon Dioxide Capture,
Utilization and Storage (CCUS) (2021)
China Annual Report on Carbon Dioxide Capture,

Carbon dioxide capture Yuan/t

Carbon dioxide transport Yuan/(t.100 km)

Carbon dioxide

sequestration Yuan/t Utilization and Storage (CCUS) (2021)
Upper limit of h).fdropower MW Renewable Energy review in China 2003
construction
Upper hn.ut of other p ower MW China Renewable Energy Outlook 2017
generation construction
Annual new power Research in A multi-region optimization planning
. . MW o
generation installation model for China’s power sector

4. Results and Discussion

The middle power demand scenario is set as the BAU scenario; that is, the electricity
growth in 2020-2030 and 2030-2060 is 2.5 percent and 1.3 percent, respectively. We perform
an analysis of the change trend of the power structure of the nation and the Northeast
Power Grid region from 2020 to 2060 under this power demand.

4.1. National Electricity Optimization Results
4.1.1. Power Generation Proportion Development Trend

The Figure 2 shows the changes in the power generation of various power generation
methods in the Chinese Power Grid from 2020 to 2060. Due to the carbon emission policy
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and active construction of new energy, coal power, which emits a lot of carbon dioxide in
production, has been reduced in the past 30 years, and it will be completely replaced by
other new energy sources in 2050; photovoltaic and wind power generation will be the main
power generation methods. Considering the development and progress of nuclear energy
technology in the future, nuclear power generation is expected to be second only to wind
and light power generation in terms of future power generation. Other power generation
methods, such as material power generation, will also occupy a certain proportion of
power generation.
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Figure 2. National power structure in the BAU scenario between 2020 and 2060. (NG—gas power
generation, HD—hydroelectric, NU—nuclear power, PV—photovoltaic power, WD—wind power,
PC—coal power).

4.1.2. Transmission of Power between Grids

As the region with the most abundant renewable energy power generation potential,
Northwest China has delivered a large amount of clean energy power generation to East
and North China. Similarly, surplus power in the northeast will be channeled to the North
China Grid, where the demand is growing. Multi-regional power interaction can jointly
achieve carbon peak and carbon neutrality; however, China’s Southern Power Grid has a
large power generation potential from renewable resources and has few connections with
existing power transmission lines in other regions, so there is little power interaction.

4.1.3. The Result Comparison

Compared with Tang [4], it is found that the proportion of electricity generation is
similar to that in this study. In 2050, for the whole national power grid, photoelectric
will be the power generation mode with the highest proportion. Chen considers that
by 2050, photovoltaic power will account for 49.7%, while mine will account for 48.4%.
Fan [43] believed that the proportion of wind power and nuclear power in 2050 would be
31.1% and 5%, respectively, while the proportion of wind power and nuclear power was
calculated to be 21.42% and 17.56% in this paper, respectively. The reason for this result
is that Chen considers the power generation capacity of existing or under construction
nuclear power plants, while this paper considers the nuclear power generation potential of
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each region, which may expand by a certain amount of nuclear power plants in the future.
As for coal power generation, this paper has basically abandoned conventional thermal
power generation in 50 years, while Fan still considers part of coal power generation in
his article. The reason may be that Fan considers relatively strong CCUS capture and
transmission capacity, while this paper considers the cost and technology. CCUS may not
have the situation of large-scale construction and long-distance transportation storage in
the whole region.

4.2. Northeast Power Grid Region Power CCUS Optimization Results
Power Generation Proportion Development Trend

Heilongjiang and Jilin provinces have rich potential for wind power generation. Under
the requirement of the carbon peaking policy, after the elimination of most thermal power
plants after 2030, the proportion of wind and photoelectric power with relatively low cost
and great potential will be greatly increased, which can deliver considerable power for the
Liaoning region.

As can be seen from Figure 3a, wind and photovoltaic power have great potential in
Heilongjiang province, and the area that can be used for wind and photovoltaic power
installation is large. Therefore, wind and photovoltaic power will be the two most important
power generation methods in Heilongjiang province in the future, which will meet 93.1%
of the electricity demand of Heilongjiang province by 2060. Due to the emergence of
the carbon peak target, the annual average conventional thermal power generation in
Heilongjiang will suddenly drop from 100 TWh in 2030 to about 40 TWh in 2035 and
then maintain the power generation until 2045 and completely abandon the conventional
thermal power in 2050. Wind power will be given priority in the initial development in
2020-2030. With rapid growth between 2030 and 2050, wind power has become the main
alternative power to achieve the carbon-neutral goal of thermal power exit, growing to
near saturation by 2050, with an annual generating capacity of about 182.3 TWh.

As can be seen from Figure 3b, the multi-year power generation situation in Jilin is
similar to that in Heilongjiang. Due to cost problems in the process of realizing the carbon
peak in the early stage (2020-2030), the arrangement of a large number of CCUS will not
be carried out first but will be completed by replacing thermal power generation with
renewable energy. Due to the constraints of the carbon emission cap and the relatively low
cost and carbon emission of thermal power at this time, the annual conventional thermal
power generation of Jilin province will remain at about 80 TWh from 2020 to 2030 and
will not increase. During this period, the annual power generation will also increase from
10 TWh to 60 TWh, which will be met by wind power at a relatively low cost. From 2030 to
2050, conventional thermal power generation will gradually decrease to zero due to the
increase in carbon dioxide emission cost, while the annual power generation of wind power
will gradually increase to the upper limit of 125.2 TWh, becoming the most important
power generation source to complete the carbon neutrality of electricity in Jilin province.
Due to the impact of cost, photovoltaic power generation will develop relatively slowly
compared with wind power during 2030-2045. However, with the progress of technology,
the cost of CCUS will gradually decrease, and the carbon dioxide transmission and storage
network will be increasingly perfect. As a more suitable way for CCUS to absorb carbon
dioxide, gas power will be maintained at the level of 30 TWh of annual power.

Liaoning province is the most critical junction connecting the Northeast Power Grid
and North China Power Grid and is an important line node for interaction between the
Northeast Power Grid and North China Power Grid. Because of the carbon peak, thermal
power since 2030 in Liaoning province will gradually reduce to zero; with the passage of
time, photovoltaic, wind, and new renewable energy will gradually increase; however,
nuclear power is different from the other three provinces of Liaoning province, efficient
nuclear generation will increase with the passage of time. Hydroelectric, wind, and gas
power do not change.
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Figure 3. (a) Heilongjiang power generation in the BAU scenario between 2020 and 2060. (b) Jilin
power generation in the BAU scenario between 2020 and 2060. (c) Liaoning power generation in the
BAU scenario between 2020 and 2060. (d) Mengdong power generation in the BAU scenario between
2020 and 2060.
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It can be seen from Figure 3c that more than half of coal-fired power will be eliminated
by 2035 because of the carbon peak requirement. Traditional coal-fired power will provide
only about 50 TWh of electricity per year, while wind power will become the main alterna-
tive to traditional coal-fired power generation, increasing from 19 TWh per year in 2030 to
80 TWh per year in 2035. Liaoning has great potential for nuclear power construction.
Among them, Hongyanhe Nuclear Power Plant has been put into use, and Xudabao Nu-
clear Power Plant is also under construction. Therefore, from 2030 to 2050, the number of
nuclear power plants will increase rapidly, and the annual power generation will increase
from 50 TWh in 2030 to 150 TWh in 2050. Meanwhile, nuclear power will also become the
largest power generation mode in Liaoning province in the future. Compared with other
power generation methods, the annual power generation will increase from 10 TWh in
2020 to 40 TWh in 2060. As the supporting power generation mode of CCUS, the annual
power generation of gas and electricity will be maintained at 25 TWh from 2025 to 2060.

The power structure of Mengdong, Heilongjiang, and Jilin are similar, but because of
their lower cost and less demand for electricity, thermal power generation will continue to
be used for a period of time. Wind power potential is high enough, and the cost is low in
Mengdong; so wind power will be the main mode of generating electricity in the future in
the Mengdong region. In the process of carbon neutralization, the Mengdong Power Grid
area will continue to deliver clean electricity to other areas.

As shown in Figure 3d, the cost of conventional thermal power generation in Meng-
dong is relatively low. Therefore, under the premise of meeting CO, emission requirements
in 2020-2040, the annual thermal power generation will basically remain at about 100 TWh
and decline rapidly in 2040-2045. The annual thermal power generation will decrease from
92.4 TWh in 2040 to 30 TWh in 2045. It will be basically reduced to zero in 2045-2050,
and the regional electricity carbon neutrality will be completed. The potential of wind
power generation in Mengdong is huge, the operating cost is low, and wind farms can
be deployed in a wide range of areas. Therefore, the annual power generation will grow
rapidly at an annual rate of about 10 TWh from 2020 to 2040, and the annual power genera-
tion will reach 211.4 TWh by 2060, accounting for 65.8% of the total power generation in
that year.

The basic principle of internal power transmission in the Northeast Power Grid is to
deliver cleaner and cheaper power to other regions on the premise of meeting local power
demand. Meanwhile, the upper limit of transmission line capacity should be considered
in power transmission. It is considered that the capacity of transmission lines between
provinces increases by 5% every year, and the transmission power is two-way. According
to the current grid interaction, the Northeast Power Grid only considers a large amount of
power transmission and acceptance with the North China Power Grid. Jilin and Mengdong
are important power output regions, which will deliver a large amount of clean electricity to
Liaoning and Heilongjiang with annual growth and play a key role in realizing the carbon
neutrality of the Northeast Power Grid region. Various electric power interactions within
the Northeast Power Grid region are shown in Figure 4. The results show that due to excess
power generation capacity and relatively cheap power generation cost, Mengdong will
supply a certain amount of power to the other three provinces, while Liaoning, as the node
of power interaction between the Northeast Power Grid region and North China Power
Grid region, will have a large power demand. Therefore, other provinces will send power
to Liaoning to meet the needs of the Northeast Grid region and North China Grid region.

For the storage of carbon dioxide, the geological structures that can be used are gener-
ally onshore oilfields, deep saline aquifers, and coal seams; while there is enough storage
space in the Northeast Power Grid Domain, Songliao Basin, Sanjiang Basin, and Hailaer
Basin are the three largest deep saline aquifers for storage [49]. During storage, different
products will be produced due to different geological structures, and the northeast region
has rich geological oil storage potential, so it will also generate a part of considerable oil
extraction income with storage. The principle of transportation and storage adopts the
principle of proximity. The thermal-power carbon dioxide generated in the Heilongjiang
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region is preferentially transported to and stored in the Sanjiang Basin, the thermal-power
carbon dioxide generated in Jilin and Liaoning regions is preferentially transported to
and stored in the Songliao Basin, and the thermal-power carbon dioxide generated in the
Mengdong region is preferentially transported to and stored in the Hailaer Basin, until
the amount of CO, stored meets the geological storage limit. Jilin and Heilongjiang are
two provinces with good prospects for using CCUS, and CCUS sealing stock will increase
rapidly from 2030 to 2045, and the combination of the two provinces accounts for more than
80% of CCUS sealing stock in Northeast China. In Liaoning, the use of CCUS decreased
from 2035 to 2045 due to the rapid withdrawal of thermal power. The carbon neutrality
target requires all carbon dioxide from thermal power to be absorbed through CCUS, so
CCUS use will increase by 2050.
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Figure 4. CCUS sequestration of Northeast Power Grid region in the BAU scenario between 2020
and 2060.

Due to the limited transport distance of the CCUS pipeline, considering that most
of the carbon dioxide captured in power is stored in the address space of the province,
the thermal power emission in Liaoning is large, and the sealing stock in the province
is small, the use of CCUS pipeline in the process of carbon neutralization of power will
transport part of the captured carbon dioxide to the Songliao Basin for storage. From
2030 to 2045, due to the limitation of the upper limit of carbon emission of power in
Liaoning province, the thermal power CCUS system in Liaoning province will capture the
annual increase in carbon dioxide, which cannot be absorbed directly in Liaoning province.
The transmission needs to be carried out through the Liaoning-Songliao Basin Carbon
pipe network, which will reach a peak of 29.3 Mt/year in 2050. After that, due to the
reduction in thermal power, the carbon dioxide transport volume withdrawing from CCUS
will naturally decrease.

Figure 5 shows the overall CCUS CO, capture of the Northeast Power Grid under the
three power demand scenarios (HPD, BAU, LPD). It can be found that the main trend of
CCUS use under different power demand scenarios is consistent, with the usage greatly
increasing during 2020-2050 and declining during 2050-2060. The main reason for this
trend is that in the process of realizing the goal of carbon neutrality in the power system,
CCUS becomes a better choice for realizing carbon neutrality in the power system due to the
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reduction in CCUS cost and the increase in carbon dioxide emission price. However, after
conventional coal power is eliminated in 2045, there will be no need to use too much CCUS
to complete the purification of thermal power. At present, renewable power generation has
become a cost-effective choice. Therefore, with the reduction in thermal power, CCUS will
also decrease from 2050 to 2060. The period from 2030 to 2040 has a relatively fast growth
rate. The reason is that carbon dioxide emissions need to decrease rapidly after reaching
the carbon peak goal in 2030. In order to cope with the increasing power demand and cost
constraints, thermal power cannot be withdrawn on a large scale, resulting in the situation
that Northeast Power Grid still needs to retain part of thermal power. Therefore, the use of
CCUS thermal power generation has become an inevitable choice.
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Figure 5. The CCUS CO, capture under different scenarios in the Northeast grid region between
2020 and 2060.

Compared with the research results of Shu [1], it can be found that different power
demand scenarios affect the elimination speed of traditional thermal power and determine
the input and usage of CCUS. When the Northeast Power Grid area achieves carbon
neutrality around 2060, about 80 Mt of carbon dioxide will be captured every year.

5. Suggestions and Policies

As a power grid region with a large power output, the Northeast Power Grid region
must first achieve carbon peak and carbon neutrality and deliver relatively clean electricity
to the North China Power Grid region with a large demand for electricity so as to achieve
the goal of carbon peak and carbon neutrality in the national power field. Different regions
have different potentials in applying CCUS to complete carbon neutralization of the power
system, so there are great differences in application.

A large-scale CCUS pilot can be carried out in the Northeast China region so as to
better complete the transition of the power system from conventional thermal power to
new energy. Provincial policy recommendations are as follows:

(1) Jilin and Heilongjiang:

Jilin and Heilongjiang can apply CCUS for carbon neutralization to a large extent.
The initial construction and operation cost of wind power is relatively cheap compared



Energies 2022, 15, 6455

18 of 22

with that of optoelectronics. Therefore, a large number of wind power stations should
be established before the carbon peak is reached in 2030 to sufficiently prepare for the
large-scale elimination of thermal power generation after 2030. With the progress of
technology, the cost and difficulty of photovoltaic construction are gradually reduced,
and a large number of photovoltaic constructions can be carried out around 2035 so as
to make up for factors such as wind power generation ceiling and instability in the later
period. Therefore, CCUS transportation and storage centers in the Northeast Power Grid
are located in Heilongjiang and Jilin provinces. To realize the development of power system
CCUES, it is necessary to increase the capacity and length of carbon dioxide transmission by
CCUS and further expand the total and scope of carbon dioxide capture and storage.

(2) Mengdong:

Mengdong also has great potential for wind and photoelectric power. Different from
the Northeast China Power Grid, thermal power generation in Mengdong is cheaper and
has a large ratio of thermal power generation capacity to power demand. Considering the
cost before 2030, it is not suitable to directly eliminate a large number of thermal power
generation units. In the early stage, thermal power generation can be retained without
growth, and it is economically feasible to adopt a large number of wind power constructions
to meet the growing power demand and output demand; also there is no need to build a
large-scale CCUS outward pipeline, and carbon dioxide can be captured and absorbed in
the nearby area, such as in the Hailaer Basin.

(3) Liaoning:

Liaoning is the province with the largest power demand in the Northeast Power Grid
region, and it is the only province in the region that has the potential to use nuclear power
on a large scale. Therefore, after 2035, nuclear power generation may become the largest
power generation mode in Liaoning, which will keep increasing. Therefore, under the
background of increasing power demand and interaction, it is necessary to expand the
capacity of transmission lines between Liaoning province and other regions. First, there
can be a lot of expansion in the Mengdong region of the transmission line, as it has a
large, redundant renewable energy power generation capacity, which can be performed
through the expansion of the transmission line of electricity in Mengdong and Liaoning
and through the Liaoning electric power hub station by transmitting the power to the
higher demand in the North China region, contributing to the country’s carbon neutrality
in the domain. However, Liaoning does not have as much geological storage potential
for CCUS as the other three provinces. Therefore, considering the transportation distance
and cost of the carbon dioxide pipe network in the short term, Liaoning is not suitable for
the deployment of a large number of CCUS capture devices. This may change with the
progress of technology and the reduction in CCUS technology cost.

6. Conclusions

By using the two-stage power optimization model and aiming at the lowest total cost,
multi-regional power optimization was carried out for each major power grid region in
China to obtain the power generation situation and mutual power transmission situation
at first. Then, the second stage of the regional power optimization model, considering
CCUS is established to optimize regional power in Northeast China. The situation of power
generation and transmission in the Northeast Power Grid and CCUS usage can be obtained.

First of all, the Northeast Power Grid region and the Northwest Power Grid region
have huge potential for wind power and photovoltaic power. Making full use of the
redundant power generation capacity of these two power grids and transmitting part of
the power to the North China Power Grid and the East China Power Grid, which have high
power demand and small renewable energy power generation potential, will assist the
North China Power Grid region and the Northeast Power Grid region in reducing the use of
conventional thermal power, increasing the use of clean energy, gradually reducing the total
carbon emissions of regional power, and solving the problems of excessive dependence on
thermal power and excessive carbon emissions in the two power grids region.
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In the Northeast Power Grid region, through regional optimization analysis, the carbon-
neutral transition mode of the Northeast Power Grid using CCUS technology in the power
industry can be obtained. The abundant renewable energy generation potential and CCUS
storage potential of the Northeast Power Grid can be fully utilized in the process of realizing
the carbon neutrality of power. Cheaper and abundant wind power and photovoltaics will
be the main source of power generation for each province in the future, and Liaoning’s
unique nuclear power will also occupy a certain proportion of power generation in the
future. The gradual arrangement of CCUS can ensure that thermal power in Northeast
China is used for a period of time to give some buffer time for the expansion of renewable
energy installations and also to generate considerable benefits. Due to the limitation of
the distance between the CCUS storage area and the pipeline, the arrangement of CCUS
in Heilongjiang, Jilin, and Mengdong is more economical and convenient, so it is a better
choice for electricity carbon-neutral transition.

However, some problems are not taken into account in this research. The transmission
cost of each region only considers the distance factor but does not specifically consider the
transmission power difference and loss difference of each region. The model can be refined
to optimize the power generation situation each year from 2020 to 2060. However, due to
the amount of calculation, the two-stage power optimization model does not consider the
power generation situation each year but only makes the optimization analysis every five
years. The research direction that can be expanded in this paper is that the annual power
generation situation of the region can be further analyzed in detail, and the direct or impact
of changes in each input factor on the results can be analyzed by DEA theory.
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Nomenclature

Symbol and Definitions

Ejj Annual power generation of generation mode j in region i

T;i Annual generation time of generation mode j in region i

Rjj The unit generation cost of generation mode j in region i

eTrans The annual power transmission from region i to k

eTrans_cos t; The annual transmission cost from region i to k

CO,_cost; The cost of carbon dioxide emission in region i

Myt i The CO?F of ne.wly. installed power generation units of power generation
M mode j in region i

nir The time value of money

Build;;, The newly installed capacity of generation mode j in region i in year y

Need; The total power demand of region i in the current year

COy_out; Electricity CO, emissions in region i

eTrans_capacityiy Inter-regional transmission line capacity upper limit from i to k

eTrans_capacityi yin Inter-regional transmission line capacity lower limit from i to k

Upper limit of transmission line capacity between Northeast grid province
i and external grid areas
Lower limit of transmission line capacity between Northeast grid province
i and external grid areas

eTrans_capacityi, max

eTrans_capacity;y yin
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COy_catch; CCUS power CO; capture in region i

COy_sealy, CCUS power CO, seal in region m

cTrans;y, The annual CO, transmission from region i to m

€]oss Power production and transport losses

TL Cross-regional transmission line loss ratio

Capacityij max Installed capacity of j power generation mode in region i
Capacity;j min Lower generation capacity limit of j power generation mode in region i
Times; The annual generation time limit for generation mode j

Times;j max The upper limit of annual generating hours for generation mode j
Times; min The lower limit of annual generating hours for generation mode j
COy_max; Power carbon dioxide emission quota of i region

Quantity of electricity transferred from Northeast grid province I to the
external grid area

Actual power interaction between Northeast Power Grid area and external
power grid area (second stage)

eTrans;, NE

ETra”Snefout,NE

Build;; The newly installed capacity of j power generation mode in region i

per_catch CCUS unit carbon dioxide capture cost

per_trans CCUS unit carbon dioxide transmission cost

per_seal CCUS unit carbon dioxide seal cost

eTrans,e_s The annual Electricity transmission from the NortheastPower Grid region
to the outside
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