[bookmark: OLE_LINK48]Low-Carbon Power Planning and Operation Decision-Making Platform: 
Depicting the Transformation Path of Green Power System

Overview
[bookmark: OLE_LINK112]With growing concern about climate change and carbon emission, low-carbon energy transformation has been an international consensus. The power system is a crucial sector for carbon emission reduction. How to depicting its transformation path is drawing growing attention both in China and abroad. APEC member countries have put forward their energy transformation goals. Such as, Australian government announced to achieve 80% of its electricity from renewable energy by 2035 and achieve near-zero carbon emissions by 2050. Japan proposed to increase the proportion of renewable energy and nuclear power to 36-38% and 20-22% of total electricity respectively by 2030 and achieve carbon neutrality by 2050. China will strive to achieve carbon peak by 2030 and carbon neutrality by 2060. To achieve the goal of low-carbon energy transformation, it is necessary to design the transformation path at both macro and micro levels. This includes the design of regional/provincial power transformation paths, as well as how to achieve the most economic and efficient green electricity consumption in low-carbon industrial parks. The core issue underlying these considerations is planning. The installed capacity of renewable energy in China has grew rapidly, surpassing 1 billion kW up to now. The surge of renewable energy and the tightening of carbon constraints have brought a series of challenges to power system planning and operation, especially how to model a secure, economic and low-carbon transformation scenario. For instance, there is a lack of accurate carbon emission monitoring methods. Additionally, the massive uncertainty scenarios of renewable energy are difficult to simulate, the coupling mechanisms of new technologies and elements with “electricity-heat-hydrogen-carbon” are unclear. What’s more, it is challenging to depict the operational status under high uncertainty, and the precision and efficiency of model solutions is also difficult to balance. To address the aforementioned challenges, State Grid Energy Research Institute has developed the Low-Carbon Power Planning and Operation Decision-Making Platform, which seamlessly integrates carbon emission monitoring, renewable energy uncertainty simulation, power system planning and operation simulation. The platform has been widely applied in the regional power system planning, urban carbon reduction strategy, building scheme of low carbon industrial park, and achieved good economic and social benefits.
Questions and Challenges
[bookmark: OLE_LINK43][bookmark: OLE_LINK49][bookmark: OLE_LINK23]Under the pressure of climate change, promoting energy transformation to reduce carbon emissions has been an international consensus. There are two key issues to promoting the low-carbon transformation of the power system. Firstly, Tracking the distribution of carbon emissions in the power system is the foundation for emission reduction, as well as the prerequisite of power system carbon trading. However, scientific and accurate carbon emission tracing and tracking of power system faces significant challenges. Secondly, Increasing the proportion of renewable energy generation is the most important means for low-carbon transformation in the power system. The biggest challenge lies in how to address the uncertainty, safety, and economic challenges brought by high renewable penetration. Currently, the scale of renewable energy is rapidly growing worldwide, especially in China. China added 300 GW new installed capacity of wind and solar power in 2023, which is equivalent to the cumulative installed capacity of renewable energy in the United State. Until now, the capacity of renewable energy in China has exceeded 1000 GW, ranking first in the world. The output of renewable energy exhibit randomness and volatility, making it difficult to provide stable and reliable power supply like traditional generators such as coal-fired power. This may lead to imbalances in power supply and demand.
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[bookmark: OLE_LINK8][bookmark: OLE_LINK41]Figure 1 Renewable energy development in China and the United States
[bookmark: OLE_LINK50]Generally speaking, the green transformation of power system must address the following questions:
· [bookmark: OLE_LINK37][bookmark: OLE_LINK28][bookmark: OLE_LINK7]How to accurately monitor carbon emissions in power production, transmission, storage, and utilization?
· How to take into account the uncertainty of renewable energy in power system planning and operation? 
· [bookmark: OLE_LINK35]How to plan the power system with a high proportion of renewable energy considering carbon constraint, strong uncertainty, demand response and other new factors?
· [bookmark: OLE_LINK38]How to comprehensively analyze the operating status of the power system and assess the economic feasibility of planning schemes?
To answer the above four questions effectively, a powerful power system planning and operation analysis software is needed. Currently, some mature power system planning software has been widely used internationally, such as ReEDS of National Renewable Energy Laboratory in the US and PLEXOS of Energy Exemplar in the AU. However, these models are not universally applicable to China, and are not good at considering carbon emissions and the uncertainty of renewable energy generation, making it difficult to analyze the adequacy of power system. 
To develop a planning and operation decision platform suitable for Chinese power system, the following technical challenges:
· [bookmark: OLE_LINK90]Unclear in coupling mechanism between power flow and carbon emission flow in power system, making it difficult to accurately identify the distribution of carbon emissions in power production, transmission, storage, and utilization.
· [bookmark: OLE_LINK6][bookmark: OLE_LINK34]Lack of modeling methods for renewable energy uncertainty and assessing methods of renewable energy confidence capacity.
· [bookmark: OLE_LINK10][bookmark: OLE_LINK117]Lack of planning methods suitable for different scenarios (such as the regional power system planning, urban carbon reduction strategy design and building scheme of low carbon industrial park) and insufficient consideration of carbon emissions, renewable energy uncertainty, and new technologies such as P2X, hydrogen energy, CCUS, and energy storage.
· [bookmark: OLE_LINK33]Lack of model solving algorithm to solve the “curse of dimensionality” of refined operation simulation model, and it is difficult to balance the precision and efficiency of model solutions.
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Figure 2 Challenges for low-carbon transformation of Chinese power system
Solution
[bookmark: OLE_LINK15][bookmark: OLE_LINK42][bookmark: OLE_LINK89][bookmark: OLE_LINK55]In order to meet the above challenges, State Grid Energy Research Institute developed the Low-Carbon Power Planning and Operation Decision-Making Platform over a 8-year period, which integrates four functions: carbon emission monitoring, renewable energy uncertainty simulation, low-carbon power system planning, and refined operation simulation. The platform has been widely applied in planning the regional power system and designing urban carbon reduction strategy and building scheme of low carbon industrial park. Currently, it has been deployed in the State Grid Renewable energy Cloud Platform, Energy and Power Planning Laboratory of the State Grid Corporation of China (SGCC), as well as the low-carbon industrial park in several provinces.
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Figure 3 Low-Carbon Power Planning and Operation Decision-Making Platform
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Figure 4 Energy and Power Planning Laboratory of the SGCC
[bookmark: OLE_LINK54][bookmark: OLE_LINK70]The platform is composed of four submodules, these submodules can operate independently to realize the above four functions. Alternatively, through the flexible combination and interactive operation of different submodules, higher and richer functions can be achieved, such as low-carbon strategic planning and policy simulation.
The platform framework is shown in Figure 5.
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Figure 5 Framework of low-carbon power planning and operation decision-making platform
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Figure 6 Home page of low-carbon power planning and operation decision-making platform
· [bookmark: OLE_LINK30][bookmark: OLE_LINK1]Submodule 1: Carbon Emission Monitoring
[bookmark: OLE_LINK106][bookmark: OLE_LINK56][bookmark: OLE_LINK53]Target: Tracking and monitoring carbon emissions of power generation, transmission, storage, and demand-side
Background:
[bookmark: OLE_LINK11][bookmark: OLE_LINK51]Better understanding of carbon emission distribution among different aspects of power systems is the foundation for carbon emission reduction. Currently, carbon emission monitoring mainly focusses on the power generation side, lacking tracking and monitoring technologies for carbon emissions throughout the entire process of power generation, transmission, storage, and demand-side. To address these issues, the module of carbon emission monitoring was developed.
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Figure 7 Challenges of Carbon Emission Monitoring
[bookmark: OLE_LINK26]Function:
· [bookmark: OLE_LINK29][bookmark: OLE_LINK91]Analysis of power system carbon emissions distribution on “node-level” precision. Submodule 1 establishes a high-precision mapping relationship between power flow and carbon emission flow though virtual network carbon emission transfer distribution model, which could reveal the spatial and temporal distribution of carbon emissions at node-level in power system, including generators, transformer substations, buses, loads, and energy storage nodes. 
Technological Breakthrough：
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]Submodule 1 constructs a virtual network carbon emission transfer distribution model based on the coupling relationship between power flow and carbon emission flow. This model enables the real-time tracking of carbon emission of power system and precisely monitoring carbon emission flow distribution of each nodes in power system.
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Figure 8 Technology for mapping and calculating carbon emissions from all aspects of the power system
Submodule Application:
· [bookmark: OLE_LINK92][bookmark: OLE_LINK52]Submodule 1 was embedded in a carbon asset aggregation and management system and applied in urban carbon emission monitoring in Nanchang, Jiangxi province.
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[bookmark: OLE_LINK84]Figure 9 Carbon asset aggregation and management system
· [bookmark: OLE_LINK32]The building scheme of Zero-Carbon Campus at Jiangxi Vocational and Technical College of Electricity was given by Submodule 1.
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[bookmark: OLE_LINK31]Figure 10 Zero-Carbon Campus at Jiangxi Vocational and Technical College of Electricity
· The carbon emission trend of China’s power system from 2020 – 2060 was analyzed by Submodule 1, and the relevant content was published as a part of the monograph “Analysis of Paths and Major Issues for Achieving Carbon Peaking and Carbon Neutrality in China's Energy and Power Industry”.
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Figure 11 The monograph “Analysis of Paths and Major Issues for Achieving Carbon Peaking and Carbon Neutrality in China's Energy and Power Industry”
· [bookmark: OLE_LINK96][bookmark: OLE_LINK2][bookmark: OLE_LINK82]Submodule 2: Renewable Energy Uncertainty Simulation
[bookmark: OLE_LINK86]Target: Modeling of renewable energy uncertainty and assessing of renewable energy confidence capacity
Background:
[bookmark: OLE_LINK83][bookmark: OLE_LINK98][bookmark: OLE_LINK100]Due to the probability distribution of wind and solar energy, massive scenarios should be generated to simulate the uncertainty of renewable energy output. However, massive scenarios make the planning and operation model too complex to solve. And it is difficult to cluster and screen the massive scenarios that simultaneously consider both the typicality and specificity of renewable energy output. In addition, traditional capacity evaluation methods generally assume that the confidence capacity of renewable energy is zero or a fixed value based on expert experience, which can lead to either conservative or aggressive planning schemes.
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Figure 12 The challenges of renewable energy uncertainty simulation
[bookmark: OLE_LINK5]Function:
· [bookmark: OLE_LINK102][bookmark: OLE_LINK39][bookmark: OLE_LINK59][bookmark: OLE_LINK101][bookmark: OLE_LINK99]Massive scenarios generation of renewable energy generation output. Based on the statistical characteristics of renewable energy output, Monte Carlo Markov Chain (MCMC) simulation is utilized to generate time series of renewable energy output with identical statistical parameters, ensuring both the statistical properties and randomness of the renewable energy output series.
· [bookmark: OLE_LINK97]Clustering and screening of massive scenarios. Typical scenarios with the highest probability are selected by K-means method, and the extreme scenarios should also be retained considering the randomness and volatility of renewable energy. Then, typical scenarios are used to accurately estimate power system operating costs in production simulation, and extreme scenarios are used to ensure safe and stable operation of power system.
· [bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK94][bookmark: OLE_LINK60]Confidence capacity evaluation of renewable energy generation. Confidence capacity refers to the contribution of a power plant to reliably meet peak power demand. This implies that if a 100 MW solar plant has a confidence capacity of 50%, it can contribute 50 MW of power to reliably meet demand, and thus reduce the strain on conventional power generation plants. Submodule 2 evaluate the confidence capacity of renewable energy based on effective load carrying capability during peak-load-period.
Technological Breakthrough：
[bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK64]Submodule 2 proposes an evaluation method of renewable energy based on limited meteorological data, massive operating mode simulation, and clustering techniques. This approach overcomes challenges such as limited data volume, insufficient recording duration, and difficulty in selecting the number of states for simulating the randomness of renewable energy sources. Additionally, by improving the ELCC algorithm to calculate the equivalent load capacity of renewable energy sources at a certain confidence level, the submodule can reasonably assess the ability of renewable energy sources to participate in power system balancing, thereby reducing the risk of power supply insufficiency.
[bookmark: OLE_LINK105][bookmark: OLE_LINK87]Firstly, the MCMC based massive scenarios generation technology was proposed. Addressing the challenge of selecting the appropriate number of states in existing Markov process-based simulation methods, an optimized state number selection approach for Markov Chain Monte Carlo (MCMC) was proposed based on the cumulative distribution function random power generation method. This approach can simulate massive scenarios while preserving key statistical characteristics. Secondly, a big data analysis framework and algorithm for massive renewable energy scenarios and power system operation modes have been proposed, addressing the challenges of selecting typical and extreme scenarios in power planning and operation analysis. This framework introduces preprocessing, dimension reduction, and screening techniques for massive renewable energy scenarios based on aggregated Euclidean distance. It can provide a set of typical and extreme state scenarios for power system planning and operation. Finally, the evaluation model for the confidence capacity of renewable energy based on the improved Equivalent Load Carrying Capacity (ELCC) was established. This model can effectively evaluate the confidence capacity of renewable energy while avoiding the risk of power insufficiency.
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Figure 13 Assessment of renewable energy resource characteristics and massive scenario simulation
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[bookmark: OLE_LINK13][bookmark: OLE_LINK12]Figure 14 Typical/extreme scenario sets adapted for planning and operation analysis
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Figure 15 Assessment of credible capacity of renewable energy based on equivalent load capability
Submodule Application:
· Submodule 2 is applied by State Grid to determine the renewable energy dispatch and operation modes in the Beijing-Tianjin-Tangshan region every year since 2020.
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Figure 16 Renewable energy base in the Beijing-Tianjin-Tangshan region
· [bookmark: OLE_LINK3]Submodule 3: Low-Carbon Power System Planning
[bookmark: OLE_LINK67][bookmark: OLE_LINK69][bookmark: OLE_LINK66][bookmark: OLE_LINK107]Target:Mid-Term and Long-Term Planning for Low-Carbon Power Systems
Background:
[bookmark: OLE_LINK16]With the increasing of renewable energy and tightening of carbon constraints, the new factors such as carbon emissions, renewable energy uncertainty, and new technologies of P2X, hydrogen energy, CCUS, and energy storage should be considered in the mid-term and long-term planning for low-carbon power systems. Additionally, the planning model of power system under the strong uncertainty has the characteristics of multi-stage, multi-scenario, and multi-variable, resulting in low efficiency of model solution.
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Figure 17 The challenges of low-carbon power system planning
Function:
· [bookmark: OLE_LINK85][bookmark: OLE_LINK109][bookmark: OLE_LINK111]Capacity Expansion. Based on boundary conditions such as power demand forecasting and predictions of the economic trends of power generation technologies, the power capacity expansion plan with the lowest power supply cost is proposed, including the size, location and time of put into production for different types of power plants.
· [bookmark: OLE_LINK88]Transmission Expansion. Submodule 3 can optimize the optimal scale of inter-regional power exchange, propose transmission capacity expansion plans and operation modes, joint optimize the generation portfolio and transmission capacity for renewable energy bases on the sending-end, and investigate the impact of different transmission technologies, voltage levels and operation modes.
· [bookmark: OLE_LINK113][bookmark: OLE_LINK116][bookmark: OLE_LINK115]Analysis of rational ratio of wind and solar power curtailment. Submodule 3 can calculate the maximum install capacity of renewable energy under the constraint of a certain ratio of wind and solar power curtailment. It can also analyze the rational ratio of wind and solar power curtailment, and the optimal combination of measures to reduce wind and solar power curtailment from the perspective of lowest power supply cost.
Technological Breakthrough：
[bookmark: OLE_LINK93][bookmark: OLE_LINK95]Firstly, a power system planning model considering carbon emissions and renewable energy uncertainty is established. The massive renewable energy scenarios are embedded into the power planning model, and the new factors such as carbon emissions, renewable energy uncertainty, and new technologies are introduced. Submodule 3 addresses the technical challenges of probabilistic power and energy balance and optimal planning of power system with a high proportion of renewable energy. What’s more, it enables synchronized optimization of low-carbon transformation paths for primary energy and power. Secondly, a rapid solution algorithm based on multi-parameter linear programming theory is proposed. The core of this approach is the use of Benders decomposition method to solve operational subproblems by introducing Monte Carlo random sampling. The multiplier averages of typical scenarios are used to approximate the averages of the original multiple scenarios, making inferences about the whole based on local characteristics. It can significantly improve the efficiency of model solving.
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Figure 18 Low-carbon transformation planning model considering multi-objective, multi-period, and multi-factor collaboration
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Figure 19 Efficient solution algorithm for low-carbon transformation planning model in energy and power industry
Submodule Application:
· The research on the implementation path for achieving carbon peak and neutrality in the power industry of the Chinese Academy of Engineering was completed relying on Submodule 3, and the relevant policy recommendations were proposed and adopted by the State Council of the PRC;
· [bookmark: OLE_LINK68]The power system transformation path in the “Carbon Peak and Neutrality Action Plan” and the “New Power System Action Plan of the SGCC” were calculated by Submodule3 from 2020 to 2024;
· The carbon peak and neutrality path of Chinese power system was analyzed by Submodule 3, and the relevant content was published as a part of the monograph “Carbon Peak and Neutrality Path in Energy and Power Industry”, which is released publicly through Xinhua Finance with exceeded 360,000 audiences.
· [bookmark: OLE_LINK24][bookmark: OLE_LINK4]Submodule 4: Refined Operation Simulation
[bookmark: OLE_LINK73][bookmark: OLE_LINK114][bookmark: OLE_LINK108]Target: 8760-hour refined operation simulation of low-carbon power system
Background:
[bookmark: OLE_LINK25]The main purpose is to carry out 8760-hour hour-by-hour production simulations of the power system by constructing a multi-area equivalent model of the power system, in order to analyze the operation status of the power system at each time section within any time period. Traditional power system operation simulations have difficulties considering the uncertainty of renewable energy and the spatial and temporal distribution of carbon emissions. Besides, it is difficult to balance the precision and efficiency of algorithm to solve the refined operation simulation model.
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Figure 20 The challenges of refined operation simulation
[bookmark: OLE_LINK9]Function:
· [bookmark: OLE_LINK17][bookmark: OLE_LINK118][bookmark: OLE_LINK121]Analysis the operating status of power system. The operation status of power system at each hour can be obtained by 8760-hour refined operation simulation using Submodule 4. It includes the output of various generators, the power flow distribution of various transmission lines, carbon emissions of each nodes, and the adequacy and flexibility level of power system.
· [bookmark: OLE_LINK123][bookmark: OLE_LINK122]Analysis of wind and solar power curtailment. Submodule 4 can analyze ratio of wind and solar power curtailment under a determined planning boundary. It can further evaluate the effectiveness of flexibility sources in reducing wind and solar power curtailment, such as flexibility retrofits for thermal power plants, gas-fired power plants, energy storage, and demand response. 
· Economic analysis of power system operation. Submodule 4 can provide detailed operational costs for different scenarios. Such as the optimal system cost for the whole society in regional power system planning, the investment cost of urban power development or carbon reduction, and the operation cost of low carbon industrial park. 
Technological Breakthrough：
Firstly, Submodule 4 embeds massive operation scenarios of renewable energy into the operation simulation model and proposes a transfer distribution factor algorithm to achieve adaptive clustering of embedded massive scenarios. Additionally, Submodule 4 proposes a rapid operation simulation algorithm for power systems based on a clustered unit commitment model.
The similar-performing generators are clustered, and only the unit commitment constraints of the clustered groups are considered. Thus, the number of 0-1 variables for unit start-stop decisions is significantly reduced, and the efficiency of operation simulation has increased by more than 100 times.
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Figure 21 Efficient solution algorithm for power system optimized operation models
Submodule Application:
· [bookmark: OLE_LINK110]Submodule 4 has been applied to calculate the ratio of wind and solar power curtailment in 26 provinces within the operational area of the SGCC for five consecutive years and puts forward effective suggestions reducing the ratio by more than 2%;
[image: ]
Figure 22 The the ratio of wind and solar power curtailment
· The collaborative operation simulation of both the sending and receiving ends of the YaZhong UHVDC Transmission Project was completed by Submodule 4.
The four submodules can operate independently to address different issues, or they can be combined to achieve integrated analysis and application for low-carbon power planning, based on functional modularization and interface standardization techniques. It addresses the challenges of coordination and mutual feedback among different modules of carbon emission monitoring, renewable energy uncertainty simulation, low-carbon power system planning, and refined operation simulation. Through large-scale application and iterative upgrades, the cutting-edge theoretical models have been honed into a highly practical and versatile analysis platform, providing practical and systematic analysis tools for power system planning.
Application and Potential Impacts
[bookmark: OLE_LINK14]The platform has been widely used by various entities, such as national ministries and commissions, local governments, the World Bank, grid companies, and power generation groups. It has provided important decision-making tools and reference solutions in supporting the formulation of the national carbon reduction strategic plan, serving the low-carbon transformation of the energy and power industry, and assisting the SGCC and its subordinate grids in planning and building the power system with high renewable generation penetration.
· [bookmark: OLE_LINK74]Economic benefit
· [bookmark: OLE_LINK47][bookmark: OLE_LINK46]Cumulative investment 13 million CNY and direct economic benefit 137 million CNY. Relying on various scientific and technological projects, the cumulative investment in platform research and development is about 13 million CNY. In the past five years, relying on the key technical achievements and the platform, 88 technical consulting, service and transfer projects have been completed, and direct economic benefit have been achieved of 137 million CNY.
· Social benefit
(1) Renewable Energy Development
· Reducing wind and solar power curtailment. The platform has been applied by SGCC and its provincial subsidiaries to calculate the ratio of wind and solar power curtailment in 26 provinces and give effective suggestions to optimal renewable energy dispatch and operation modes and reduce wind and solar power curtailment.
[bookmark: OLE_LINK76](2) Low-Carbon Economy Development
· [bookmark: OLE_LINK27][bookmark: OLE_LINK20][bookmark: OLE_LINK19][bookmark: OLE_LINK77]Promoting interconnectivity among market entities. Submodules has been integrated and applied on multiple industry-level platforms such as the State Grid’s Renewable energy Cloud. The platform connects the entire industry chain of low-carbon technology planning, design, and operation, facilitating interconnectivity among renewable energy companies, equipment manufacturers, operation and maintenance enterprises. 
· [bookmark: OLE_LINK71][bookmark: OLE_LINK78]Fostering carbon reduction industries. The carbon emission monitoring submodule provides data services and technical support for fostering carbon reduction industries.
· Building Low Carbon Community. Relying on the platform, State Grid Energy Research Institute established carbon asset aggregation and management system and applied in Zero-Carbon Campus at Jiangxi Vocational and Technical College of Electricity.
(3) [bookmark: OLE_LINK79]Policy-Making
· [bookmark: OLE_LINK21][bookmark: OLE_LINK22]Servicing government departments. The platform has demonstrated significant effectiveness in supporting the energy and power transformation, renewable energy development, and carbon monitoring of national ministries and commissions as well as local governments. 
· Supporting policy formulation. The platform has also supported the issuance of multiple policies in the fields of energy storage and renewable energy development.
(4) Industry-university-research collaboration
· [bookmark: OLE_LINK80][bookmark: OLE_LINK36]Sharing technological resources. Relying on project cooperation, the scientific and technological resources are shared with universities, industry associations, and key enterprises. The paid access to the platform is opened for partners and free educational software is provided to universities.
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Figure 23 Free educational software provided to universities
· [bookmark: OLE_LINK40]Establishing joint research institutions. State Grid Energy Research Institute has established several scientific institutions with partners by the application of the platform, including the Jiangxi (Nanchang) Carbon Neutrality Development Institute and the Shandong Dongying Smart Energy and Zero-Carbon Industry Development Institute.
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Figure 24 Jiangxi (Nanchang) Carbon Neutrality Development Institute
(5) Talent Training
[bookmark: OLE_LINK72]In recent years, relying on the platform construction, a number of talents have been trained.
· [bookmark: OLE_LINK75]Four researchers were awarded the title of professor-level senior engineers, including one female. 
· Three researchers have been awarded the title of SGCC young talents.
· Two researchers have been awarded the title of Outstanding Young Scientific and Technological Workers by the China Energy Research Society. 
· Five researchers have served as expert committee members in academic organizations such as the IEEE PES Energy Technology and Economics Committee.
[bookmark: OLE_LINK81][bookmark: OLE_LINK18]The platform is continuously being developed and upgraded, aiming to contribute Chinese wisdom and inject green momentum into the global energy transformation.
image3.png
III é Nation
‘ i Region

@ s iy

@ BEX  mdustrial Park

[El BRUSTUHER Corbon Bmission Monitoring

G SRESEERL Rencwable Energy Simulation
g {EBRHR!]  Low-Carbon Transformation Planning
JBEIFHEREL Detailed Operation Simulation

I R Govermen: 5 AZEALRAY Power Bnterprise
i BB Power Grid R EFEHUE Rescarch Insitute





image4.png
State Grid Energy
and Power Planning
Laboratory

Sichuan Jiangxi Fujian
Branch Center Branch Center Branch Center

THE NEXT




image5.png
Low-Carbon Power Planning and
Operation Decision-Making Platform

-

v Rapid construction and expansion of models
v Standardized functional modules
v Plug-and-play, Flexible integration

Submodule 1: Carbon Emission Monitoring

Micro-
monitoring

Real-time tracking and online analysis of carbon
emissions based on small-signal analysis

Macro-
measurement

Assessment of average emission factors for
electricity based on network matrixing

Submodule 2: Renewable
Energy Uncertainty
Simulation

Resource assessment and
multi-scenario generation
based on limited
meteorological data

+

Data-driven selection of
operation modes

Method

ap

Application

Assessment of reliable capacity
based on ELCC

Submodule 3: Low-Carbon Power System Planning

1

1
1 1 . . .

Low-carbon power planning with multi-factor, € . .

[N — ~carbon g m o
)1 | @ multi-objective, and multi-period collaboration £ Fastsolution algorithm
| e ok £ based on embedded
[ Eo | dl b Janni o scenario adaptive
T ntegrated low-carbon planning across energy 2 (lustering and reduction
: | and power systems <

N
1 N D o o o o e e o e e e e e e D D f D f D f D C D CfCCfC e e oo c oo -—: -
, - Low-carbon Transformation Paths for Power Systems
I e o o o e e e e e -

.

S Submodaule 4: Refined Operation Simulation

1
1
ro Stochastic simulation considering -
: 1 Model  multi-modal sources and loads, as well o
|»: as carbon emission distribution ] Costs and Reasonable
: 1 + + .2 Utilization Rate of New
! — - - [N Energy Systems
1 : ) Efficient solution algorithm for &-

\ Algorithm clustered unit commitment

N

Ne—— -




image6.png
@?jgnﬂﬂii &% 5 WREAN  BERRA) sger-ghot

EHER
EWAG





image7.png
Carbon Emission Monitoring

Existing carbon emission monitoring
mainly focusses on the power
generation side, lacking tracking and
¥ monitoring technologies for carbon
emissions throughout the entire process
of power generation, transmission,
storage, and demand-side.





image8.png
Session 1 Session 2

U Ay

PN ‘
ol cosmpion | A gL R .;h;:wolum
H KL | hydroelectric

information for

senerating unts
Carbon nformation T power flow
of generatorsd calculation
<= ol L

Real-time carbon ) .
_________ nfomation | ]
ol o0 (L LL T "ll'm ) lm-m:

m

) w2

Carbon mformation
of load side _ _ . _of gridside





image9.png
Carbon Asset Aggregation and Management

S e e |

- A

i




image10.png
# Photovoltaics
Developing
building
photovoltaics
Integrated
demonstration.

Energy storage: to enhance
Renewable energy
consumption rate.

Wind power:
teaching
demonstration, not
considered as the
main form of
energy supply.

Multi form development of renewable
energy: ground source (air source) heat
pumps, recycled water heat pumps





image11.png
Analysis of Paths and Major Issues for
Achieving Carbon Peaking and Carbon @& &“
Neutrality in China's Energy and " -

Power Inqustry 2023

T 7 & o [E &R R D TRIA I B AN
S T Eg'.il;tﬁzmﬁ
Fomrseine mt.j-ni " | |

—SGERI=S
[T LY

{28
B

EaEsLana




image12.png
massive scenarios make the
planning and operation model
too complex to solve. It is
difficult to cluster and screen
the massive scenarios that
simultaneously consider both the
typicality and specificity of
renewable energy output.

Traditional capacity evaluation
methods generally assume that
the confidence capacity of
renewable energy is zero or a
fixed value based on expert
experience, which can lead to
either conservative or
aggressive planning
schemes.




image13.png
NEGEIE
characteristic Wind speed
s analysis of time series
historical simulation
data

Wind speed probability distribution, fluctuation
characteristics, seasonal characteristics and daily
characteristics

v" The typical period is used to plan the model
v" The 8760-hour curve is used for high-precision
operational simulation

MCMC
timing curve
simulation

=

~ Typical scenairo ~— — Extreme scenairo —

Consistency Output
of diversity
distribution





image14.png
30, Medium penetration scenario (2020) ) High penetration scenario (2025)
&
20 Pl
2
]
10 &
o iz
2
10 £
&
20 E)
]
30 3 -3
=30 -20 -10 0 10 20 0 @ =30 -20 -10 0 10 20

First principal feature (p.u.) First principal feature (p.u.)

KEABERIFEEE (2020) SEBERIRSER (2025)
TRAEEETAR 10/ ESET AR




image15.png
LOAD(MW)

Marginal confidence
capacity of renewable
energy generation

n hour

Stock renewable energy
power generation
confidence capacity

HOUR





image16.png




image17.png
With the increasing of
renewable energy and tightening
of carbon constraints, the new
factors ions)
renewable energy uncertainty,
and new technologies of P2X
should be considered in low-
carbon power system
planning.

ch as carbon emis

The planning model of
power system under the strong
uncertainty has the
characteristics of multi-stage,
multi-scenario, and multi-
variable, resulting in low
efficiency of model solution,




image18.wmf
Load 

Demand

Existing& candidate Units

Fuel 

rate

Existing& candidate 

Transmission lines

Inves

tmen

t cost

Fixed 

O&M 

cost

Variable 

O&M 

cost

Emission 

characte

ristic

Renewable 

Energy

GESP

-

V

Generation 

Portfolio

Transmission 

Expansion Plan

System Cost

Curtailment of 

renewable

UC and power dispatch 

of typical week

Investment cost

Fuel cost

Environment cost

O&M cost

Capacity 

credit

Multi

-

scenario

Nora

mal

UHVDC

UHVAC

Input

Existing and 

candidate 

system

Output

Different 

scenarios

Demand 

forecast

Demand 

response& 

EV

Solver: CPLEX

Mixed

-

integer Programming (MIP)

Objective function

：

Least cost during planning periods

Co

-

optimization of generation and transmission

Co

-

optimization of capacity expansion and production simulation

Policy Target

Carbon 

Budget

ULE

ZE

NE

CCUS 

Capacity

Carbon 

Emission

CCUS retrofit cost

Residual value

Energy 

Storage

Pumped 

storage

EES

cost

efficiency

Economic 

life


image19.png
min f(%)=c"y ::lnm

=]
s1. Ay2b, + EO
y . ERESEID

decompos 3 yeR AR

The solving efficiency is
greatly improved





image20.png
Factors Algorithm

Traditional power system
operation simulations have
difficulties considering the
uncertainty of renewable energ
and the spatial and temporal
distribution of carbon
emissions.

It is difficult to balance
the precision and efficiency
of algorithm to solve the
refined operation simulation
model.





image21.png
Traditional method

A few typical modes of operation

VS.

New requirement

Massive and diversified operation
scenarios

The number of units is

reduced by clustering Network power flow b SlmPl‘fY operating .
I constraint set ' constraints for each unit
» L
e ——— —
" Cluster group combination ™, 7 Simplified scheduling model ™,
! ' Macro Micro ,' L i
! ad [y !
'-—" Yy E> A g4 '
i i S QS p° gpee i
umof | !
i i i
; g(u.p}SO : Clustered = outputof & l—l‘” “spiope capn |
: l" are [nteger { unit output small unit i
! i H 1
. Fast unit combination .
e model e )





image22.png
renewable energy utilization

94.00%

2.00%
90.00%
88.00%
86.00%
84.00%

2.00%
80.00%

96.00%

98.00%

9.

100.00%
8!

xSuenn
SuoqBueno
Suezrx
Suerury
eIXBUIN
TeH3weI)
nsuen
TXUeYS

M photovoltaic

UENNH
gy
UENPH
rxSuerr
weirng
mpuy
Suergoyz
ngSuerr

Wind power

Sunoer]
SuoqBuel





image23.png




image24.png
Technology Exhibition and
Experience Hall

Entrepreneurship coffee
bar+book bar

Expert Apartment




image1.png
RENEWABLE CAPACITY

x102 GW

N
N
N
\\
capamty R
in China :
I | \
N
N
N
N

Cumulative
capacity in
the USA

2019 2020 2021
@ China

2022 2023

2023
® USA




image2.png
{ 1 Target ’ ‘ 4 Questions (4 How) ’ [ 5 Challenges ]

HOW to accurately monitor carbon emissions Unclear in coupling mechanism between power flow and
in power production, transmission, storage, and carbon emission flow in power system, making it difficult
utilization? to accurately identify the distribution of carbon emissions.

HOW to take into account the uncertainty of ' Lack of modeling methods for renewable energy
renewable energy in power system planning and I:> uncertainty and assessing methods of renewable energy

operation? confidence capacity.

Transformation i . ; - .
of Power System HOW to plan the power system with a high i Lack of planning methods suitable for different scenarios

proportion of renewable energy considering |___> and insufficient consideration of carbon emissions,
carbon constraint and strong uncertainty? renewable energy uncertainty, and new technologies.

Low-Carbon

HOW to comprehensively analyze the operating |  Lack of algorithm to solve the “curse of dimensionality” of
status of the power system and assess the :> refined operation simulation model, and it is difficult to
economic feasibility of planning schemes? i balance the precision and efficiency of model solutions.

Low-Carbon Power Planning and Operation Decision-Making Platform was developed for carbon emission monitoring, renewable
energy uncertainty simulation, low-carbon power systems planning and refined operation simulation to answer the 4 questions and
overcome 4 challenges





