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ABSTRACT The rise of blockchain technology has injected new vitality into the energy market. At present,
blockchain projects for distributed photovoltaic power generation and carbon trading are rapidly emerging,
but due to the barrier of two markets and the independent operation of such projects in two chains, the two
market values cannot be two-way circulation, which is not conducive to the expansion of power trading
business and the scale of carbon market. This paper proposed a joint operation mechanism of cross-chain
trading, combined distributed photovoltaic power generationmarket and the carbonmarket by the blockchain
technology. The novelty is to construct two chains which includes the mainchain and sidechain that enables
the two markets to share data and circulate value, and to design a two-way anchoring method that achieves
equating between carbon trading and electricity trading by cryptocurrency. The simulation studies took the
improved IEEE 33 system as an example to simulate transactions on the Ethereum platform, and technically
verify the feasibility of cross-chain transactions in these two markets, and use Ether as the settlement
currency.

INDEX TERMS Distributed photovoltaic power generation market, carbon market, cross-chain transaction,
blockchain.

I. INTRODUCTION
Distributed photovoltaic power generation uses clean solar
energy resources to complete the production and consump-
tion of electricity nearby, which has the advantages of high
utilization rate and low level. Especially the users represented
by PV Prosumer (PVP) accelerate the process of distributed
generation but also put forward new requirements for the
management and trading of the electricity market. In recent
years, great progress has been made in distributed photo-
voltaic power generation in China. Distributed photovoltaic
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power generation has gradually moved from policy subsi-
dies to market competition. It is proposed to appropriately
reduce the standard of distributed photovoltaic subsidies and
gradually allow distributed photovoltaic power generation
projects to enter the market [1]–[3], but it is still restricted by
factors such as low degree of marketization, lagging public
services and imperfect management system. The degree of
market-oriented transactions still needs to be improved [4].
Distributed photovoltaic projects continue to grow all over
the world. However, there are few types of transactions and
low flexibility.

There are fewer subsidies and lower return on investment
for distributed generation projects, which has affected the
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enthusiasm of the power generation side to invest in such
projects. Now, some researchers are gradually focus on
the economy in the field of distributed photovoltaic power
generation market. An evaluation method to estimate the
marginal value of distributed household photovoltaic power
generation in the Australian power market environment, and
carried out relevant evaluation in Sydney is proposed by
Oliva et al in [5]; Guo Liang Luo et al. Analyzed the dis-
tributed photovoltaic power generation in combination with
China’s policies, the financial risks of power generation and
the suggestions for market-oriented reform is given [6]; The
distributed photovoltaic power generation business needs to
be expanded urgently in [7]. In order to expand PVP’s profit
path, renewable energy investors can earn revenues from
avoided carbon emissions, enabling partial compensation for
the higher electricity production cost [47]. Revenues from the
Clean Development Mechanism (CDM) and later from the
Chinese Certified Emission Reduction Exchange (CCERE)
system were thought to be compensating for PVP [48], [49].
However, there is a lack of practical trading system and
settlement methods. More importantly, when the return on
investment of distributed photovoltaic power generation
is declining, few literatures provide feasible measures to
achieve the multi-market transactions.

With the rapid development of blockchain technology,
on the one hand, it has been applied in the field of energy,
such as Brooklyn microgrid, solarcoin (SLR), grid+, energy
blockchain labs, etc. The Brooklyn microgrid project has
developed the energy platform on which distributed pho-
tovoltaic power producers can trade energy, and there is
no agent in this transaction mechanism [8]. The big grid
allows distributed generators to refer to time-varying tariffs
and use blockchain-based payment technologies [9]. Energy
blockchain lab provides a blockchain based platform for
carbon owners [10]. The introduction of blockchain-based
solutions aims to serve the photovoltaic production and con-
sumption group in the energy sharing community [11]. The
foundation of the P2P energy trading market is established,
and the bidding mechanism and strategy of P2P solar power
exchange are compared and analyzed from market demand
and supply index [12].

The blockchain technology has also been applied in the
carbon trading market [44]–[46]. Qu, Kaiping and others
have proposed a decentralized optimization method for
multi-energy flow of wide-area integrated energy system in
the context of carbon trading [13]; Nurulkhaqqi and others
have adopted blockchain technology to solve the manage-
ment and fraud problems of ETS (emission trading scheme),
and at the same time, the reputation system has been used to
improve the effectiveness of ETS Rate [14]. Sam Hartmann
and others have made important research contributions to
carbon market policy-making by developing a blockchain
design that can improve the functions of the existing carbon
market [15]. But the block chain of distributed photovoltaic
power generation market and carbon market operates inde-
pendently, which has become a technical barrier for mutual

trading between the twomarkets. However, the current carbon
trading is usually carried out in the carbon exchange, which
is inefficient and has a high threshold fee, so it is not suitable
for small users.

Due to the profit path of the distributed PV generation is
single, high threshold cost of carbon trading, unable to clear
small carbon trading volume and other issues a considerable
number of users consume both carbon and electricity.We pro-
pose a joint operation mechanism of the carbon market and
distributed photovoltaic power generation market based on
blockchain technology.Market access targets are the PVP and
the CEC (carbon and electricity consumers). In this study,
the conversionmethod from clean power generation to carbon
quota of distributed photovoltaic is designed. The PVP can
participate in carbon trading. Based on power trading and
carbon trading running in their own blockchain, the capital
circulation and data sharing of these two markets are realized
through cross chain trading technology.

The organization of this paper is as follows. The second
section will introduce the market mechanism of distributed
photovoltaic power generation and carbon trading in China,
and propose a system of electricity and carbon joint trading
based on blockchain technology in combination with the
power consumption characteristics of photovoltaic producers
and consumers; the third section will focus on the cross-chain
trading technology in blockchain, and analyze the adaptabil-
ity of the technology in the two markets; the fourth section
will build a double chain of the main chain and the secondary
chain In the fifth section, based on the cross-chain trading
technology, an example is analyzed. Finally, the conclusions
are presented in Section VI.

II. DISTRIBUTED PHOTOVOLTAIC POWER GENERATION
MARKET AND CARBON MARKET TRADING SYSTEM
A. DISTRIBUTED PHOTOVOLTAIC POWER GENERATION
AND CARBON TRADING RULES
1) DISTRIBUTED PHOTOVOLTAIC POWER GENERATION
TRANSACTION
According to the current market situation in China, there are
three main trading modes of distributed photovoltaic power
generation: ‘‘self-generation, self-use, Surplus power is sup-
plied to the main grid ’’, ‘‘All electricity is supplied to the
main grid ’’, ‘‘market-oriented trading’’:

1) For the mode of ’’Self-generation, self-use, Surplus
power is supplied to the main grid ’’, the distributed pho-
tovoltaic power generation shall be provided with a certain
amount of economic compensation in accordance with the
policy of full power subsidy; among which, the surplus power
of the distributed photovoltaic power generation system shall
be purchased by the grid enterprise according to the bench-
mark on-grid price of the local coal-fired unit. In addition, all
kinds of government funds and surcharges, system reserve
capacity fees and other related grid connection service fees
levied along with the electricity price are exempted from
distributed photovoltaic self-consumption [16].
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TABLE 1. Differences between China, EU and U.S. carbon emissions system.

2) For the ‘‘All electricity is supplied to the main grid’’
mode, the distributed photovoltaic power generation project
shall be implemented according to the benchmark price of the
photovoltaic power station in the resource area.

3) For the ‘‘Market-oriented transaction’’, China has
opened the pilot market-oriented transaction of distributed
generation at the end of 2017, allowing the ‘‘partition power
sale’’ of distributed photovoltaic power generation projects.
When the distributed generation project deals with the power
users directly, it should pay the ‘‘network fee’’ to the power
grid enterprises. First, the transaction scope shall be realized
nearby, and the network fee shall be borne by the power
users [17].

2) CARBON TRANSACTION
The carbon emission trading rules of China, the European
Union and the United States are shown in TABLE i1.
At present, China has carried out carbon market trading
pilot in seven cities, but the rules of carbon trading and
the carbon punishment system are quite different. The EU
carbon emission trading system (EU ETS and California
carbon emission system, there are also differences in different
degrees [18]–[22]. However, the trend of carbon trading
marketization is gradually strengthened It can also be seen
that the total cut-off benchmark method of carbon quota is
widely used in the world. This paper adopts this method for
the regulatory objects of carbon emissions, and CEC is part
of carbon emission.

B. JOINT OPERATION MODE OF DISTRIBUTED
PHOTOVOLTAIC POWER TRADING AND CARBON TRADING
Up to now, the profit channels of distributed photovoltaic
power generation only sell electricity and participate in the

auxiliary services of the grid [23], but in fact, the carbon
emission reduction of the power generation project can not be
ignored. Its clean power generation can be converted into the
carbon emission of thermal power generation under the same
power, so its carbon emission reduction can be used as a quota
to participate in the carbon market transactions. Based on the
above considerations and, Research on decentralized transac-
tion of related PVP market [50]–[52], we have designed the
following decentralized trading system:

The trading system in FIGURE. 1 is divided into two
layers, the lower layer is the physical layer and the upper layer
is the information layer. In terms of PV electricity trading,
in the physical layer, the PVP can balance supply and demand
with themselves and CEC. After being connected to the pho-
tovoltaic power supply, due to the reduction of transmission

FIGURE 1. Structure of electricity and carbon joint transaction.
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power on the feeder, the voltage at each load node along
the feeder is raised, which may cause the voltage deviation
of some load nodes to exceed the standard. The amount of
voltage rise is closely related to the location and total capacity
of the photovoltaic power supply. In general, the voltage
offset of load nodes can be controlled within the specified
range by setting on-load voltage regulating transformer, volt-
age regulator and other voltage regulating equipment in the
medium and low voltage distribution network. And some
PVP can transfer the redundant electricity to the nearby PVP
and CEC through the method of nearby consumption, while
the settlement needs to be realized in the information layer
by relying on the blockchain technology, which can achieve
P2P transactions within PVP and CEC instead of traditional
aggregation based transactions [53], [54].

In terms of carbon trading, there are two kinds of trading
channels: the first is the trading of carbon quota within the
carbon emission regulatory group, and CEC that fail to meet
the emission standard sell their excess carbon quota to the
CEC that exceed the emission standard. The second is to
assume that PVP can participate in carbon trading and sell
their carbon quotas for clean power generation to nearby PVP
with excessive carbon emissions. The sale and purchase of
carbon quota can be conducted by bilateral auction [33].

Due to the lack of trading rules for PVP to enter the carbon
market, we have designed a carbon quota calculation method
for PVP as follow:

Mcarbon quota = δ

12∑
t=1

Pt (1)

Mcarbon quota is the annual carbon quota value of the PVP, Pt is
the monthly power generation, δ is the emission reduction
conversion factor, that is, the amount of CO2 emitted by the
same 1kW·h power generation in the reduction of standard
coal consumption of thermal power plants. It should be noted
that our carbon quota calculation is not estimated, but cal-
culated at the end of each year according to the total actual
power generation of 12 months of a year by PVP.

The installed capacity of the distributed power generation
project is different from that of the centralized photovoltaic
power generation project. Its annual power generation capac-
ity is small, so its converted carbon quota will not be too
large. On the one hand, it will help to solve the problem of
rising investment cost caused by the elimination of subsidies
for PVP. On the other hand, a small amount of carbon quota
will not cause too much fluctuation to the carbon market.
Both types of transactions will be transacted and relevant
data will be stored through the blockchain. Given the current
application of the two types of transactions in the blockchain,
usually two independent and non-interactive blockchains are
running. Therefore, it is essential for the two markets to
integrate to get through the two chain transactions.

III. CROSS-CHAIN TRANSACTION TECHNOLOGY
The biggest problem faced by the transaction system men-
tioned in section II B is how to make these two chains share

data and trade with each other. The cross-chain technology
of blockchain is an important technical means to realize data
transfer and value circulate between blockchains, and can
also be used to improve the scalability of blockchain.

A. TECHNICAL PRINCIPLE OF CROSS-CHAIN
TRANSACTION
The asset transfer between blockchains is a difficult problem,
especially the alliance chain and private chain, which leads to
the inability of effective interconnection between blockchains
and the formation of an ‘‘island of value’’ actively or pas-
sively. Therefore, cross-chain technology has also been con-
cerned with and explored by people. Cross-chain technology
can bewidely used in cross-chain data interaction, asset trans-
fer and other scenarios. At present, there are threemainstream
cross-chain technologies: Notary mechanism, Hash locking
and side chain / relay [24].

1) NOTARY MECHANISM
The notary mechanism is a centralized cross-chain model,
and the two sides of the cross-chain blockchain build trust
through a trusted third party. The notary is a node or organi-
zation with high credibility jointly selected by both parties of
the transaction. The notary is only responsible for verifying
the legitimacy and consistency of the transaction information,
and does not participate in the transaction details. The biggest
feature of the notarial mechanism is that it does not pay
attention to the structure and consensus mechanism of cross-
chain parties. The representative schemes are Interleaver and
Corda [25].

2) HASH LOCKING
Hash locking technology realizes cross-chain interaction of
different blockchains by setting triggers for mutual operation
among different chains [29]; the basic process of hash locking
is account an on-chain x generates random number and sends
Hash (s) to account B on-chain Y; account a locks currency
on-chain X and sets conditions. If chain x receives s in
time ta (current time +2x), transfer If the account is sent
to account B, it will be returned to account a; If account B
receives Hash (s) and sees account A’s lock and time setting,
it will lock and set currency in chain Y, and set conditions. If it
receives s in chain y within time TA-x, it will be transferred
to account a, otherwise it will be returned to account B; If
account A sees account B is locked, it will send s to chain Y
within time TA-x to get currency in chain Y; If account B
receives s, it will send currency in chain Y within time TA
Send s to chain x to get the coin of chain X. However,
the information exchange cost of Hash locking technology
is high, and the security is insufficient.

3) SIDECHAINS / RELAYS
The concept of the side chain and protocol implementation
scheme was first proposed in enabling blockchain innova-
tions with pegged sides in 2014 [27]. The original intention
is to expand the function of blockchain. In essence, it is a
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FIGURE 2. Adaptability analysis of side-chain technology in carbon electricity joint trading.

structure of one main blockchain plus one sub blockchain.
The sub blockchain can view some information on the main
blockchain to complete the asset transfer and circulation on
the two blockchains. Besides, the technology divided into
single custody, alliance anchoring, two-way anchoring and
other modes [28].

B. ADAPTABILITY ANALYSIS OF SIDE CHAIN
TECHNOLOGY IN CARBON AND ELECTRICITY
JOINT TRADING
Considering the design requirements of distributed photo-
voltaic and carbon trading as well as the characteristics of
blockchain, such as no tampering, distributed and intelligent,
the technical route of establishing carbon electricity trading
and side-chain trading is as follows:

In Figure 2, the multi-layer architecture of the blockchain
can effectively solve the challenges of clearing and value
circulation of PVP, and overcome the problems of carbon
emission accounting consensus and carbon quota trading.
Its main technical features are embodied in the following
aspects:

1. Weak centralized trading network: there will be a big
controversy in the realization of complete decentralized trad-
ing in China’s energy market. Therefore, if the centralized
trading form is adopted, the open account book of the whole
network will be handed over to grid enterprises, energy reg-
ulatory departments, environmental protection departments
and other institutions with a good reputation. In the power
market and carbon market department, grid enterprises and
carbon exchanges are completely relied on for photovoltaic
Subsidy and carbon subsidy endorsement can promote more
users to join these two markets.

2. Value flow of side chain technology: at present, there has
been relevant research on distributed photovoltaic trading and

carbon trading based on blockchain technology. The value
flow between the two markets has a large space, but there is
no bridge for the flow. Therefore, the side chain technology
just meets the demand for a two-way flow of the distributed
generationmarket and carbonmarket value. At the same time,
the carbon market has small transaction volume and low data
throughput, which just meets the technical characteristics of
frequent side chain technology processing and small trans-
action. By designing the corresponding anchoring method,
the data sharing and asset transfer between the power market
and the carbon market can be realized, which can expand
the business scope of the power market and increase the
generation dividend for the PVP.

3. Transaction calculation of smart contract: Smart contract
is a program, which realizes the automatic processing of
the traditional contract by means of computer instructions.
In short, a smart contract is a code that triggers execution
when both parties trade on blockchain assets. This code is
a smart contract. ’’Smart contract program is not only a
computer program that can be executed automatically, but
also a system participant. It can respond to the received
information, receive and store the value, and also send out
the information and value. This program is like a person who
can be trusted, who can temporarily keep assets and always
perform operations according to prior rules [38], [42].

The transaction situation of the carbon market and dis-
tributed photovoltaic market is complex. Adding smart con-
tract in the block and coding the contract and transaction
rules can ensure the effectiveness of power transaction and
carbon transaction. Besides, considering that the mechanism
of these two markets is not yet perfect, the plasticity of smart
contracts can be updated and upgraded simultaneously with
policy reform.

Smart contracts can also realize transaction clearing
between nodes, so that point-to-point transactions can be
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carried out between different trading entities such as different
PVP and CEC, and consensus incentive and photovoltaic
scheduling in the day market can also enter the application
of smart contracts.

IV. JOINT TRADING MODEL OF DISTRIBUTED OPTICAL
POWER GENERATION MARKET AND CARBON MARKET
There are many researches on the separate operation of
carbon trading chain and electricity trading chain. In the
following scenarios where there are asset transfer and data
sharing between them, a joint trading model of distributed
photovoltaic power generation market and carbon market
is constructed to research the underlying technology of the
chain structure. In addition, a two-way anchoring technology
of carbon trading chain and electricity trading chain designed
by us is also introduced.

A. PRIMARY AND SECONDARY CHAIN TRANSACTION
STRUCTURE
According to the double chain structure of the side chain,
the trading data of PVP is stored in the main chain, and the
data of carbon trading is stored in the side chain, aiming to
expand its functions without changing the parameters and
structure of the main chain. The main chain and side chain
structure are shown in the following figure:

In FIGURE 3, the main chain of block chain is the electric
energy trading chain, and the side chain is the carbon trad-
ing chain. The electricity trading chain mainly records the
trading information of the PVP market in a certain region,
and the carbon trading chain records the carbon emission
situation and carbon trading information of the carbon emis-
sion regulatory objects in that region. The generation time
scale of blocks in the two chains is different. The electric
trading chain generates blocks in a short time step, such as
seconds or minutes, while the block generation speed of the
carbon trading chain may be days/ blocks or weeks/blocks.
The electricity trading chain is generated according to the
real-time scheduling of the day ahead market of electricity,
and the carbon trading chain block is generated according to
the clearing cycle of the regulatory authority. At present, the
block generation rate of the mainstream blockchain platform
can meet the time requirements of the clearing process of
these two markets. The data and value exchange between the
carbon trading chain and the electricity trading chain needs
specific anchoring mechanism.

The specific block information is shown in the FIGURE 3.
The blockheads of both blocks contain the Hash value of the
previous block, that is, the length of the previous block is
256 bits except for the block area, the timestamp is the block
time information, and the nonce is the account transaction
serial number. The difference is that there is a Meckle tree in
the electricity trading chain, and there are photovoltaic trad-
ing subtrees and cross-chain trading subtrees below. There
are two subtrees in the carbon trading chain, root EOC is
the subtree used to record carbon emission data, and root
TOC is the subtree used to record carbon trading information.

FIGURE 3. Double chain structure and block information.

The EOC root in the carbon trading chain represents the car-
bon emission accounting information, specifically the carbon
emission of the carbon regulatory object in different unit
time. The TOC root includes the carbon trading information,
and the Hash (x, y) represents the carbon quota sold by
the carbon regulatory object x to y and calculates the Hash
value of the transaction. The tree structures in both chains are
encrypted by the Hash algorithm to ensure that the data of the
transaction and the record are not tampered with.

B. UNDERLYING TECHNOLOGY ARCHITECTURE
This section introduces the blockchain technology architec-
ture of the joint trading model of the markets, including the
reading and analysis of data across the chain, and the two-way
anchoring technology of carbon and electricity prices to real-
ize the transfer of assets on the two chains, the base layer of
the consensus layer and the data layer is also specified.

X A Data cross-chain reading and analysis
The data reading process of the carbon trading chain and the
electricity trading chain is shown in the figure:

As shown in the FIGURE 4, it is assumed that Node A
in the carbon trading chain sends a data retrieval request
with signature to the full Node B in the electricity trading
chain [39]. The full Node B includes all power transaction
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FIGURE 4. Cross-chain data reading.

information. In order to ensure the security of communica-
tion, the Elliptic curve digital is used between the Nodes
signature algorithm [30]. Node A sends a signature and data
request. By default, the data calls all transactions in the PVP
market that contain Node A on the electricity transaction
chain. B verifies that A’s signature is sent to A, and B retrieves
it. The transaction data related to A in its own Merkle tree is
packaged and sent to A.

After Node A gets its own transaction data, it can broadcast
it to the Nodes in the entire network, and theminer establishes
the correlation analysis between the electricity price and the
carbon price according to the Copula function theory.

Copula function can be uniquely determined by the
joint probability distribution between random variables.
It describes the information of the dependency structure
between random variables in addition to variable edge dis-
tribution information in the multivariate joint probability dis-
tribution [31], [32]. The steps are briefly described as follows:
i. Determine the cumulative distribution function of car-

bon and electricity prices and calculate the kernel den-
sity.

X ∈ (x1, x2, · · ·, xn, x ∈ X )

Y ∈ (y1, y2, · · ·, yn, y ∈ Y ) (2)

In formula (2), X and Y denote that the electricity market
clearing price and carbon trading price are random variables,
(x1, x2, . . . xn) and (y1, y2, . . . yn) are the sample space of
electricity price and carbon price, n is the sample size.

H (x1, x2, · · ·, xn, y1, y2, · · ·, yn)

= C
[
Fx1(x1),Fx2(x2), · · ·,Fyn(yn)

]
(3)

In formula (3), C is a Copula function of electricity price
and carbon price, Fx1 (x1) is an edge distribution function,
H (x1, x2, . . . xn, y1, y2, . . . yn) is a joint distribution function.

f (x) =
1
nh

n∑
i=1

K (
x − xi
h

) (4)

In formula (4): h is a smoothing coefficient; K (·) is a kernel
function, and the symmetric unimodal probability density
function centered on 0 is usually selected.
ii. Distribution transformation.

The edge distribution F (X) is transformed into a uniform
distribution U, for r has:

P(F(x)≤r) = P[x≤F−1(r)] = r (5)

X = F−1x (U )⇔ U = F(x) (6)

where P [·] represents the probability of ·.
iii. Find the joint probability density of electricity price and

carbon price.
Under the premise that the random variable obeys the

normal distribution, the Pearson linear correlation coefficient
ρ (x,y) is a measure of the correlation between the carbon price
and the electricity price, which is defined as follows:

ρ(x,y) =
C(x,y)√
δ2(x) ∗ δ

2
(y)

(7)

In formula (7): C(x,y) is the covariance; δ(x), δ(y) are the
variances; it is more reasonable to use the Spearman rank
correlation coefficient ρspearman with better performance to
reflect the dependence of random variables. For a random
variable with a cumulative distribution function of F (·), P is
a non-parametric rank statistical parameter that is equivalent
to the Pearson linear correlation coefficient of the respective
ranks of the random variables after the ranking. For a random
variable with a normal joint distribution, there is a definite
relationship between ρspearman and ρ. The calculation method
for ρspearman (x, y) is as follows:

ρspearman(x, y) = ρ [Fx(x),FY (y)]

= ρs(X ,Y ) =
6
π
arcsin

ρ

2
(8)

In formula (8), Calculate the Spearman rank correlation coef-
ficient ρspearman of the electricity price and the carbon price
and use the maximum likelihood estimation method to obtain
the unknown parameters of the Copula function, so as to
obtain the joint probability density of the electricity price
and the carbon price. Aiming at the Copula function, finally,
the Monte Carlo simulation sampling is used to obtain the
correlation in electricity and carbon price random vectors.
After the correlation analysis of Node A on the carbon trad-
ing chain, the carbon price is more targeted in the bilateral
auction.

X CONSENSUS LAYER OF CARBON-ELECTRICITY JOINT
TRADING
The current mainstream consensus mechanisms include
POW, POS, DPOS, etc. [34], [35]. The consensus mecha-
nism represented by POW consumes a lot of energy, and
the calculation results have no meaning and are criticized.
In the joint trading model of the PVP market and the carbon
market, we designed a consensus mechanism for carbon price
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copula function analysis and POW fusion. The competition
algorithm for the bookkeeping rights of each node is as
follows:

AC·H = (v,Ri, ki) ≤ dv + dbase (9)

In formula (9), AC·H is the Hash and copula correlation func-
tion, v is the dimension of the correlation analysis variable,
Ri is the root Hash of all the data packed into the block
by Node i, Ki is the random number that Node i needs to
find, and dv is the calculation difficulty of the correlation
analysis, dbase is the default base difficulty of the system.
Under the competitive accounting right algorithm proposed
by formula (9), the rules for a Node to obtain a complete
accounting are as follows:

1) Node i first packs all the data and calculates the root
Hash Ri of the transaction data;

2) Node ifinds random numbers that meet the requirements
in an enumerated manner. When it is found that ki = ki′
makes formula (9) true, ki is recorded in the block and the
block is broadcast to the entire network;

3) After the other Nodes receive the block broadcasted by
Node i, according to the legality of formula (9), and verify
the correctness of the data contained in the block. If the
verification is passed, the block is added to the blockchain,
and Node i obtains the transaction fee for all transactions in
the block to compensate for the electricity cost caused by its
mining and obtain a certain income; otherwise, the block was
abandoned.

The above consensus mechanism has the following advan-
tages: On the one hand, Node A can broadcast the data
it obtains, and the Nodes on the entire network carry out
calculations, avoiding the waste of computing power of POW.
On the other hand, it is appropriate to reduce the difficulty
of POW’s target calculation, aiming to distinguish the com-
puting power of Nodes in the entire network, to avoid the
difficulty of distinguishing the accounting rights causedwhen
the calculation target of copula association analysis is too
simple.

X NETWORK LAYER
In order for all nodes in the system to reach a consensus
on the results of bookkeeping rights, the POW verification
mechanism remains unchanged, What needs to be explained
is the verification method for copula association analysis:

AIC = −2 ∗ A+
2
T
∗ P (10)

In formula (10), We use the AIC criterion for correlation
testing [36]. Where A represents the maximum likelihood
function, T represents the sample size, and P represents
the number of parameters of the fitting function. AIC con-
tains information about model and parameter estimates. The
smaller the value, the better the fitting effect. If the AIC
of the new block calculated by the node is the smallest and
the POW completion speed is the fastest, all nodes confirm
the block. Complete network analysis and POW nodes in

the network as a priority. They will obtain accounting rights,
package transaction information into blocks, and broadcast
transactions.

C. TWO WAY PEG TECHNOLOGY FOR CARBON TRADING
CHAIN AND ELECTRICITY TRADING CHAIN
The carbon and the PVP market have value circulation in the
following scenarios:

1. Carbon trading internal clearing: that is, the buyer and
seller is CEC, and the carbon quota sold by the seller can be
settled in the form of electricity fees on the electricity trans-
action chain, And pay electricity charges for the electricity
used by the seller in the future, and can also be transferred
back to the carbon trading chain;

2. Cross-market clearing, the buyer is a CEC, and the
seller is a PVP. Similarly, the seller can choose to settle on
the trading chain, or return to the carbon trading chain for
settlement; buyers and sellers can complete carbon trading
without entering the carbon exchange to pay handling fees.
Realizing the above value circulation requires the two-way
anchoring technology in the side chain.

It should be noted that the distributed photovoltaic power
generation market and the carbon market are jointly cleared.
The order of clearing is that the carbon market is prioritized
internally, and the surplus carbon quota is cleared with the
distributed power generation market.

The two-way peg process is as follows:
After the trading entities A andB successfully complete the

auction, the smart contract is started to lock the carbon trading
funds that A will pay to B. At the same time, the carbon
trading chain sends a certificate with SPV to the electricity
trading chain and verifies the carbon trading chain. The funds
on the account have been locked, and digital assets with
the same value are opened on the electricity trading chain.
On the electricity trading chain, obtains assets equivalent
to the carbon transaction amount. B will choose whether to
accept the electricity fee withholding service. If accepted,
The transaction deduction of B in the electricity market will
be paid by this part of the fee first; if it is rejected; the
electricity trading chain will send a rejection message with an
SPV certificate, and at the same time lock the electricity fee
asset of B on the electricity trading chain, and zero the asset,
the carbon trading link After the proof of rejection is reached,
the transaction amount will be unlocked, the contract will be
started, and A will pay the funds to B.

V. TRANSACTION PROCESS
Carbon and electricity’s cross-chain transactions are mainly
completed by smart contracts [38]. The smart contracts
are based on the Ethereum platform, and the platform is
open-source and has strong development ability. It can
develop and apply personalized solutions for different
projects. By allowing the full language to be used on the
blockchain, Ethereum has created a platform to run more
complex contracts on the network. In many cases, third-party
services are not required. This makes Ethereum a complete
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package, different from other blockchains [40], [41]. And are
deployed on two blockchains after being compiled and tested
for security and other conditions.

The TABLE 2 compares the features of the Ethereum with
other cryptocurrencies:

TABLE 2. Comparison of features in existing blockchain platform.

The following is the pseudo-code of the main algorithm for
carbon-electricity joint trading:

Algorithm 1 Carbon and Electricity Joint Trading Algorithm
1 Carbon trading blockchain: C, Electricity trading
blockchain: E;

2 Associated Node: i, i ∈C;
3 Data(i): Electricity trading related i;
4 if (cross-chain trading is valid) then
5 SendRequest_ Data (i)→E;
6 Package_ Data (i)← Data (i), Run cross-chain data

smart contract;
7 PublicNetwork{Package_ Data (i),POW(diff)};
8 PublicNetwork{carbon emiss(i)};
9 miner check(value){carbon emiss(i)};

return(value));
10 miner calculate{Package_ Data (i),POW(diff)};
11 if(HeadHash<TargetValue & Min[AIC]& carbon

emiss(i)== value);
12 publish the data to blockchain;
13 return block Number;
14 else
15 return: ‘‘Error Message’’;
16 end if
17 else
18 return ‘‘Blockchain runs respectively’’;
19 end

1) When cross-chain transactions are legal, Node i on car-
bon trading chain C sends a data request to electric transaction
chain E. The consensus is achieved by the oracle which
deployed on every Node. More than 51% the oracle voted the
requirement through, Node i can access to data;
2) E will retrieve the transaction history related to i on the

entire chain, and package and send related data to it, and start
the smart contract for data transmission;

3) Broadcast the data of i to the Nodes of the whole
network, and the difficulty of broadcasting POW at the same
time. The algorithm of POW can be described as follows: in
a period of time, there are multiple servers to package the
transactions in this period of time, and after the completion
of the package, the block header information is combined

with the SHA 256 algorithm for operation. There is a vari-
able nonce in the block header and the reward transaction
coinbase. If the result of the operation does not meet the
difficulty requirements, adjust the value of nonce to continue
the operation. If a server is the first to calculate a block that
meets the difficulty value, it can broadcast the block. After
other servers are verified to be corrected, they can be added to
the existing blockchain, and then we can compete for the next
block together. This process is also known as mining [43].

4) Node i broadcasts its own carbon emission data, and the
miners verify the carbon emission data and return a verifica-
tion value;

5) The entire network of miners began to perform copula
analysis and proof of workload for carbon and electricity
prices.

6) If the proof of work and the AIC value calculated by
the miner is the smallest, it is also necessary that the carbon
emissions of Node i need to be consistent with the check
value, and then a block can be generated and connected to
the chain; otherwise, a report of information error needs to
be returned.

The above code completes the main framework of cross-
chain transactions, but the specific transfer of assets in
cross-chain transactions require further analysis. The fol-
lowing is the pseudo-code of the asset transfer algorithm
for carbon and electricity transaction chains in cross-chain
transactions:

Algorithm 2 Cross-chain trading Smart Contract Algorithm
1 Carbon seller: x, number of seller: N , Carbon buyer: y,
number of buyer: M .

2 Carbon trading blockchain: C, Electricity trading
blockchain: E;

3 Initial cross-chain data smart contract;
4 for (x ≤ N & y ≤ M )
5 i← copula function(x, E);
6 x quote, y quote;
7 x ++, y++,Bid Matching(x, y)
8 if(carbon quote is clear out)
9 initial payment;

10 if (x send transfer request & SPV )
11 initial payment;
12 lock asset of x in C;
13 create asset of y in E, amount of money: G(x);
14 while (G(x) ≥0 or cancel is null) do
15 x has the priority to use the amount to pay electric-

ity
16 end while
17 if (SPV of cancel is valid)
18 G(x) = G(x,T )-Gused(x,T+n,)
19 lock asset of y in E;
20 unlock asset of x in C, update G(x).
21 end if
22 end
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Through the above algorithm, the asset transfer between
the carbon trading chain and the electricity trading
chain-chain can be summarized as the following process:

1) After launching a smart contract for cross-chain trading
in the previous main algorithm, initialize the contract;

2) Call the copula function and return the analysis result to
Node i.

3) The members of seller set N and buyer set M begin to
perform bilateral transaction auction matching;

4) If the carbon transaction has been cleared, start the
payment process;

5) Otherwise, if seller x submits an asset transfer request
and the SPV proves legal [37], the payment is locked and
the carbon transaction amount obtained by x on the car-
bon trading chain is locked. At the same time, a corre-
sponding account is generated on the electricity trading
chain and an equivalent amount is generated. Currency
anchoring

6)When the amount on the electricity trading chain has not
been cleared or the asset cancellation order is illegal, the user
of x and the priority use this amount to pay electricity fees on
the electricity trading chain

7) If the SPV certificate of the cancellation order is passed,
the balance is settled and the assets on the electricity trading
chain are locked at the same time.

8) Settle the assets on the carbon trading chain, but the
asset value of seller x on the carbon trading chain needs to
be updated.

Through the above algorithm, the security of funds on
the two chains can be guaranteed. It has the following two
advantages. On the one hand, it is the sharing of carbon price
and electricity price data. Bids aremore effective; on the other
hand, the transfer of funds back and forth gives carbon trading
parties more choices, making transactions more flexible, and
expanding the business scope of the PVP market.

VI. CASE STUDY
In order to verify the effectiveness of the cross-chain transac-
tion mechanism proposed in this article, tests were conducted
on the Ethereum platform, and smart contract deployment
tests were conducted through the Metamask and remix. Core
CPU, 16GBmemory server, test network is Ropsten and local
private chain. In this section, the improved IEEE33 node sys-
tem such as FIGURE 6 is used to simulate the transaction pro-
cess. With the original load and line parameters unchanged,
CEC are added at Nodes 5, 11, 12, 22, and PVP are added
at Nodes 6, 14, 18, 20, 24 32. The historical transaction data
of electricity and carbon prices in China’s Fujian Province is
shown in FIGURE 7.

From the FIGURE 13, the sidechain is initialized. The ini-
tialization of side chain includes starting P2P nodes, allocat-
ing memory and files, initializing the structure of blockchain
and initializing the contracts in Ethereum. It can be seen that
the P2P network has been started and the terminal of IPC has
been opened

FIGURE 5. Two-way anchoring technology.

FIGURE 6. The improved IEEE33 node system.

FIGURE 7. Historical data on electricity and carbon prices.

A. CORRELATION ANALYSIS BETWEEN CARBON PRICE
AND ELECTRICITY PRICE
The data of carbon price and electricity price come from
the historical data of a carbon trading market and distributed
power generation transactions in a certain province in China.
After obtaining data from a certain node, the data is broadcast
to the nodes in the entire network. Copula correlation test
result of the lowest AIC value:

In the FIGURE 8 and FIGURE 9, the correlation between
the carbon price and the electricity price historical data
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FIGURE 8. Sample Frequency Histogram.

FIGURE 9. Joint Frequency Density Function Graph.

samples at the corresponding time is large. The distribution
of the carbon price and the electricity price is U-shaped, with
a top-bottom correlation, and its joint density function has an
approximately symmetrical tail. Copula correlation analysis
Recommendations for effective carbon price bidding can be
given for the blocks on the current carbon trading chain.

TABLE 3. Market member information.

B. CARBON AND ELECTRICITY JOINT TRADING PROCESS
AND RESULTS
1) BEFORE CROSS-CHAIN TRANSACTIONS
Take a carbon quota clearing process as an example to sim-
ulate the cross-chain transaction process. A negative sign
indicates that the carbon emissions exceed the standard, and
a positive sign indicates that the converted carbon quota of
the PVP does not exceed the benchmark. To participate in the
sale. Each node publishes an estimated carbon quota value,
and other nodes in the network check to get a consensus check
value. The information ofmarketmembers before cross-chain
transactions is as the TABLE 3.

It can be seen from the TABLE 4. that compared to the
quotation on the traditional carbon trading, on the blockchain
platform, the buyer nodes 5 and 12 have undergone copula
correlation analysis, and the carbon quotation is more rea-
sonable, that is, the difference between the price quoted by the
seller and the seller is smaller. At the same time, it can be seen
that the bidding space offered by the buyer is more stable,
and the matching of the seller’s bid is better. The subjects of
transactions with different attributes obviously need to con-
duct cross-chain transactions, and node 5 and Node 11 both
belong to the carbon trading chain, and Node 11 still sends
an application for cross-chain transactions in this transaction,

FIGURE 10. Transaction without submitting a cross-chain request.
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TABLE 4. Carbon trading clearance results.

FIGURE 11. Transaction with submitting a cross-chain request.

that is, to start the smart contract for electricity fee generation.
In the transactions of Nodes 12 and 11, Node 11 did not send
a request because the cross-chain transactions with relatively
small transaction amounts are more secure, and the local
preservation of large amounts of funds can improve its own
capital circulation.

2) CROSS-CHAIN TRANSACTION RESULTS
The main chain (electricity trading chain) runs in the Rop-
sten test environment, and the side chain (carbon trad-
ing chain) runs in the loom API. Due to the limited
Ethereum resources in the current Ropsten test environment,
we selected 2018.5.5 USD and Ethereum. The conversion

rate 1Eth = 816.58USD is the settlement exchange rate. The
trading results are shown in the figure below:

From FIGURE 10 and FIGURE 11, it can be seen
that the buyer and seller of each transaction have unique
Hash addresses, and each transaction requires an addi-
tional handling fee, every transaction has its own Hash
address, the amount of transaction and height of block are
also known, height of block represents the order of the
block.

The transaction on Ethereum, which is called gas, is not
an integer. It also provides monetary support for accurate set-
tlement in transactions. FIGURE 10 shows two transactions
for which no cross-chain transaction request was provided,
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Node 5 and Node 11, and Node 12 and Node 11. Both
transactions were performed on the carbon trading chain.

In the FIGURE 11, an application for cross-chain trans-
action was submitted. Node 5 submitted 7 cross-chain
transactions, and two of the cross-chain transactions failed
when transferring to a smart contract. The third transfer
was successful, because loom network may be delays in
the test network, resulting in unconfirmable transactions.
Therefore, the stability of the test network needs to be further
strengthened.

C. CROSS-CHAIN TRANSACTION FEES
Each transaction on the Ethereum platform costs gas, that
is, the handling fee of the transaction and the payment by
the transaction initiator. In addition, we also perform a lot
of cost statistics of cross-chain transactions and on-chain
transactions. The statistical results are shown in the following
figure:

FIGURE 12. Cross-chain transaction fees.

Both types of transactions in the FIGURE 12. consume
gas, and a unit of gas price is GWei [55]. It can be seen that
the high amount of fees will speed up the block confirmation
speed and allowminers to package transactions into the block
earlier, but there is a bottleneck in the increase in transaction
speed, even if the fees are too high. The amount of handling
fee cannot greatly shorten the confirmation time of the trans-
action. In addition, the block confirmation time of cross-chain
transactions is significantly longer than that of on-chain
transactions. Furthermore, the time fluctuation range under
the same transaction fee is also larger than on one chain.
However, for the transaction time requirements of carbon and
electricity trading chains, such cross-chain transaction time is
acceptable.

We recommend that sellers on small carbon trading chains
do not need to conduct cross-chain transactions, because
higher transaction fees will reduce the economics of the
transaction. There is not a systematic method of calculating

the transactions cost, but it is very clear that the cross chain
transaction needs to set a higher handling fee in order to
allocate enough resources for the miner in the two chains to
support the successful transaction, otherwise it will fail.

VII. CONCLUSION
This paper proposed a operation mechanism of electricity
and carbon trading market based on cross-chain trading tech-
nology. This mechanism is expected to be jointly traded in
the carbon market and the distributed photovoltaic power
generation market with the support of blockchain technology.
We have also designed the underlying technologies of cross-
chain transactions, including cross-chain data sharing and
correlation analysis of electricity and carbon prices, and the
coding of carbon and electricity joint transactions through
smart contracts, and finally based on the Ethereum platform
conducts simulated transactions and demonstrates the feasi-
bility of two types of markets in cross-chain transactions.

Through the test of simulated transactions, joint trading of
carbon and electricity markets is achievable, and cross-chain
data sharing can make bilateral auctions in carbon trad-
ing more efficient, and the transaction costs of cross-chain
transactions are higher than general on-chain transactions.
This is also a problem that buyers and sellers should pay
attention to when performing cross-chain transactions. The
study strengthens the marketization degree of distributed
photovoltaic power generation, reduces the dependence on
government subsidies, widens the way to make profits. The
study also confirmed that it is suitable to carry out pilot
projects to explore the feasibility of electricity trading and
carbon trading integration.

In future research, we will conduct transactions with
greater throughput and expand the transaction volume of
the two markets to meet the transaction needs of the larger
market.

APPENDIX
See Figure 13.

FIGURE 13. Initialize the sidechain.
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