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Background

• The aim of carbon neutrality pushes the emergence of an increasing number of

distributed energy resources.

• Consequently, explosive amounts of energy data will be generated and analyzed in the

future smart cities.

• Data + Analysis = Smart.

=+

Data Analysis Smart City
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Background

• However, there exits data barriers…

• Laws & Regulations • Business Competition
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Background

• The Chinese government has issued a series of

documents confirming that data is an

emerging production factor reshaping market

economy and driving the great waves of the

next-generation industrial revolution.

Guiyang Shanghai ShenzhenBeijing

• Some cities in China have already paid attention to the data barrier problem and set

up data exchange centers.
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Background

• it has become a global consensus to facilitate the free flow of data across borders

• The 2021 Digital Economy Report on Trade and Development calls for a global data

governance approach to facilitate the free flow of data across borders. The global

data market is expected to exceed 22 billion dollars in 2024 (International Data

Corporation, IDC).

2016

2022
2021 Digital Economy Report 

released by the United Nations

Conference on Trade and 

Development  
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Overview

✓ Renewable generation 

forecasting

✓ Failure detection

✓ Demand side energy     

management

Data Buyer

Purchasing Price?

Data Owner

Selling Price?

How to clear the market?

Role of market operator?

Which scenario?

Daap
Raw data

Derived data

DaaS

Algorithms

Decision support

Automated decision making

Data Commodity

Traditional  Commodity

Different from traditional data?

V.S.

Data Products form? Data Transaction
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Data Attribute

• The attribute of data can be divided into internal and external attributes.

• The internal attributes include data form and data content.

Internal 
Attribute

Data form

Accessibility

Consistency

Completeness

Data content

Accuracy

Validity

Magnitude

Consistency: describe whether the 

information of same individual is the same in 

different data sets.

Completeness: describes the degree of how

many data information is missing.

Validity: describes the degree to which the 

data follows the related rules and whether it 

conforms to its definition.

e.g., type of data, the format of the data, and 

the value range of the data.
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Data Attribute

• The external attributes are based on cost driver and value property.

• The value of data is dependent on the applied scenarios. Specifically, the value of

data is obviously different in different scenarios, which brings about value uncertainty.

External 
attribute

Cost driver

Construction

O&M

Management

Value 
property

Scenario

Uncertainty

Cost attribute: In general, the costs 

contain three aspects: construction costs, 

operation and maintenance costs, and 

management costs. 

Value property: describes the value of data 

is obviously different in different scenarios, 

which brings about value uncertainty.
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Market Framework

• Data market includes three types of entities: data suppliers/vendors, market operator

and data customers.

Turbine

Plant Weather

Load

Power

prediction

Fault 

detection

Optimization

Planning

Information

vendor

Information

customer

Marker Operator

Collection

Procession Valuation

Security

Data providers are usually responsible for

managing, organizing, and making sense of a

great deal of data they collect and generate

data collection equipment and can collect a

large amount of raw data.

Market operator is responsible for operating

the data market, processing the original data,

transforming data into commodities and

publishing data prices.

Data consumers purchase and extract values

from these data products to make smarter

decisions and ultimately gain more revenues.
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Data Valuation

• Supply-oriented Strategy: Supply-oriented pricing strategies are mostly seller-driven,

emphasizing supplier profits

• Demand-oriented strategy: Related to the expected revenue of the product and the demand

intensity of the consumer

• Intensity of demand ~ Quality of the data,

• Expected revenue ~ Benefits that the data bring to the user

Data 
Market

Supply 
oriented 
Pricing

Cost driven 

Profit driven

Demand 
oriented 
Pricing

Value driven

Utility driven
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Market Clearing

• Different market structure affects the market clearing:

Game theory data product providers would like to cooperate and accomplish some

tasks together.

Non-cooperative games: competing behaviors and interest conflicts among data product

providers and consumers are the main issues.

                                                  

S
h

a
p

le
y

v
a

lu
e

Allocation plan

Cooperative profit
Profit 

Allocation

Cooperative game Non-cooperative game

Nash equilibrium

Negotiate
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Forecasting & optimization
Multi-energy loads in MES are deeply couped and considering cross-sector information can improve

forecasting accuracy. It means data sharing between different sectors in MES is meaningful.

However, power, gas, and heat/cooling load data are probably owned by different system operators

separately. These data owners tend to prioritize their own economic benefits over social benefits

when making decisions.

Only by reasonably valuing the data, will they be willing to share their data set.
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Forecasting & optimization

Economic value of data can be quantified by solving an optimization problem to minimize

operation costs, the approach of forecasting-then-optimization (FTO) handles

forecasting and decision-making as two separate processes.

In FTO, the forecasting model is trained with 

traditional loss functions such as mean square 

errors (MSE).

Treat the positive prediction errors and negative 

prediction errors equally using a quadratic 

function, whereas they exert different impacts 

on costs.
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Problem statement

where C and 𝑧 are the cost and decision variables for 

the scheduling of MES. 

𝑋𝑛: Input feature of sector n

𝑤𝑛: Model parameters of sector n

𝑀𝑛 𝑋𝑛, 𝑤𝑛 ȁ𝑛∈𝑁: Load forecasts of sector n

FTO: 𝑤𝑛 and 𝑧 are determined sequentially.

➢ The forecasting and decision-making processes are treated separately so that data cannot directly serve 

final decision-making in MES.

➢ Cross-sector data/information has not been shared and fully utilized to reduce operation costs.
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Problem statement

𝐶𝑁 : The operation costs If all sectors cooperate with the 

MES operator, which means the sectors share their data 

𝑿𝐧 with the operator indirectly.

End-to-End approach: 𝑤𝑛 and 𝑧 are optimized as a whole.

2) How to make a fair plan {𝑣1, 𝑣2, ⋯ , 𝑣𝑁} to allocate the profits 𝑉(𝑁) to each sector ?

To encourage sectors to participate in the end-to-end model, the 

value of the data owned by various sectors should be quantified:

1) How many additional profits 𝑉(𝑁) can be derived from data sharing of various sectors in MES ?
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End-to-end Modeling

An intuitive idea to train the end-to-end model is forward and backward propagation, as used for 

traditional neural network training.

How to optimize 𝑤𝑛 and 𝑧 as a whole?

How to obtain the gradient of cost C

over load forecasts M ?

Optimization differentiable neural 

network (OptNet)
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End-to-end Modeling
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min 𝐶(𝑧,𝑀)

s. t. 𝑓 𝑧,𝑀 ≤ 0, ℎ 𝑧,𝑀 = 0

How to obtain the gradient cost C over load forecasts M ?

The MES optimization problem can be abstracted:

ℒ 𝑧, 𝜆, 𝜇,𝑀 = 𝐶 𝑧,𝑀 + 𝜆𝑇𝑓 𝑧,𝑀 + 𝜇𝑇ℎ 𝑧,𝑀

The Lagrange function of the optimization problem

The KKT condition of ℒ 𝑧, 𝜆, 𝜇,𝑀 :

𝑓 𝑧,𝑀 ≤ 0

ℎ 𝑧,𝑀 = 0
𝜆𝑖 ≥ 0, 𝑖 ∈ {1,2,⋯ , 𝑞}

𝜆𝑖𝑓𝑖 𝑧,𝑀 = 0, 𝑖 ∈ {1,2,⋯ , 𝑞}

∇𝑧 ℒ 𝑧, 𝜆, 𝜇,𝑀 = 0

𝑑 ǁ𝑧

𝑑𝑀
= 𝐺𝑧

−1 ǁ𝑧, 𝑀 𝐺𝑀( ǁ𝑧,𝑀)

𝐺( ǁ𝑧,𝑀) =

∇𝑧 ℒ 𝑧, 𝜆, 𝜇,𝑀

𝜆𝑓 𝑧,𝑀

ℎ 𝑧,𝑀

Implicit function:

The gradient of ǁ𝑧 over M can be obtained by the 

differential principle of implicit function:

where

𝑑 ǁ𝑧

𝑑𝑀
=

𝑑𝑧

𝑑𝑀

𝑑𝜆

𝑑𝑀

𝑑𝜇

𝑑𝑀

𝑇

𝑑𝐶

𝑑𝑀
=
𝑑𝐶

𝑑𝑧

𝑑𝑧

𝑑𝑀
Chain principle
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End-to-end Modeling
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However, OptNet is designed for LP/QP problem, What if there are integer variables in the optimization 

problem? 

OptNet-embedded branch and bound method：How about incorporating OptNet into the branch and 

bound search process (Construct OptNet for each yellow node)?        

Higher computational complexity and storage requirements.
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Data Valuation
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Additional Profit Quantification

The reduced operation costs can be regarded as the additional 

profits derived from the data sharing.

𝑉 𝑁 = 𝐶𝑁 −𝐶∅

1) Each sector 𝑛 ∈ 𝑁 utilizes its own data to develop the basic 

forecasting model 𝑀𝑛.

2) Computing operation costs of the traditional FTO approach 𝐶∅.

3) Integrating the forecasting model with the MES optimization 

problem for end-to-end model training.

4) Forward-propagating the end-to-end model to calculates the 

operation costs 𝐶𝑁.

End-to-End data valuation:
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Data Valuation
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Additional Profit Allocation

Shapley value has been widely adopted to measure the members’ contributions to the 

collaboration earning.

𝑣𝑛 =
1

ȁ𝑁ȁ


𝑆⊆𝑁\{𝑛}

1

𝑁 − 1
ȁ𝑆ȁ

𝑉 𝑆⋃ 𝑛 − 𝑉(𝑆) +

𝑉 𝑆 : the value of the cooperation formed by union S

⋅ + = max {0,⋅}

Zero-Shapley value:

Γ(𝑣𝑛) =
𝑣𝑛

σ𝑖∈𝑁 𝑣𝑖
(𝑉 𝑁 − 𝑉(∅))

➢ The zero-Shapley value does not satisfy 

the budget balance property:

➢ When some sectors within the MES do not 

participate in the end-to-end modeling,

how to measure 𝑉 𝑆 ?

Shapley value may be negative

Two remaining question:
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Data Valuation

Additional Profit Allocation

When only sectors in 𝑈 participate in the cooperation, how to measure 𝑉 𝑈 ?

min
𝑧,𝑤𝑛ȁ𝑛∈𝑁

𝐶𝑛 𝑧,𝑀𝑛(𝑋𝑛, 𝑤𝑛 ቚ
𝑛∈𝑁

)

min
𝑧,𝑤𝑛ȁ𝑛∈𝑈

𝐶𝑛 𝑧,𝑀𝑛(𝑋𝑛, 𝑤𝑛 ቚ
𝑛∈𝑈

, 𝑀𝑛 𝑋𝑛, 𝑤𝑛 ቚ
𝑛∈𝑁\𝑈

)

𝐶𝑈 denotes the operation costs of the “partially integrated” 

end-to-end model.

➢ Only sector n ∈ 𝑈 will update their model. 

➢ Sectors in 𝑁\𝑈 will remain their model parameters 

unchanged (denoted as 𝑤𝑛) and only submit final 

forecasts 𝑀𝑛 𝑋𝑛, ഥ𝑤𝑛 ȁ𝑛∈𝑁\𝑈 to the operator.
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Case study

Daily operation costs for 12 months in 2017 (kCNY)

Monthly additional operation cost of FTO and 

end-to-end model compared to ideal cost (kCNY)
2017 all year:

Ideal: 31012.06 kCNY

FTO: 31418.71 kCNY (101.31% ideal cost)

End-to-End: 31294.04 kCNY (100.91% ideal cost)
➢ Operation achieves a 0.40% reduction, 

resulting in annual cost savings of 124.66 kCNY.
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Case study

The distribution of the forecasts error of heat sector

➢ Electricity sector makes little contribution.

moves in the direction 

of over-forecasting

➢ Heat sector cooperates with the MES operator can 

markedly improve additional profits.

• The deviation of the electricity price in intra-day 

and day-ahead is relatively small.

• Accuracy of the electricity sector is relatively high.
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Case study

Allocation fairness:

The heat sector's enrollment significantly reduces the operation costs → Largest share of profits. 

The electricity sector has made the least contribution. → Least share of profits.

Profit allocation result （kCNY)

Incentive effect:

The electricity and cooling sectors: accuracy improvements  & modest profits.

The heat sector: The degradation of the forecasting accuracy is compensated with economic reward. 
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Real-world Implementation

The signing of data sharing contract

➢ Before the data owners share their data, data owners must sign a transaction agreement with the 

MES operator.

➢ There are two important items in the sharing contract, which are the transmission of price signals 

and the exit mechanism.

Cost of data sharing

➢ These costs may include expenses related to data processing, storage, transmission, and privacy 

protection.

➢ If the cost of sharing becomes significant, the proposed framework can be easily adjusted to 

address this situation by deducting the costs from the additional profits.

Platform Support

➢ To support the real-world applications of the proposed data valuation method, well-developed 

software or platforms are necessary and achievable.

➢ In the software/platforms, the contents of the data-sharing agreements should be strictly enforced.

➢ A centralized market can reduce communication requirements and prevent the participation of 

dishonest sectors.
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Conclusions
Conclusions

1. The construction of a data market is a promising solution that would allow for the well 

exploitation of data value to benefit data owners and break down data barriers.

2. We proposed an end-to-end data valuation approach, which is allocation fair, incentive 

effective and real-world implementable.

3. Conceive a specific and comprehensive data trading scenario to shorten the distance 

between academic research and industrial application. 

Outlook

1. Current and ongoing research and applications are at a relatively preliminary stage.

2. Data value and data sharing platforms need to be cross-sectoral as well as cross-

enterprise and cross-industry.
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