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INTRODUCTION

With the increased concerns about carbon dioxide emissions reduction, China puts forward
carbon peak and neutrality goals. In February 2021, State Grid Corporation of China created
action plans for carbon dioxide emissions reduction targets. The purpose of the action plans is
to promote the upgrading of China’s energy system structures to energy Internet, which is an
ideal platform for optimal allocation of clean energy. Energy Internet supports the integration
of large-scale renewable power generation, energy storage and diversified loads (Zhang, 2022).
Accelerated rural electrification project is an effective way to reduce carbon dioxide emissions.
Another important way is to develop integrated management system for energy efficiency and
carbon reduction. At present, one of the most concerned renew energies is photovoltaic (PV)
power generation (Fu, 2022a). Solar PV grid integration has a significant impact on reducing
carbon dioxide emissions from burning fossil fuels and other sources, but it also brings power
flow uncertainties in modern power systems (Fu et al., 2020). The iron and steel industry is one
of the top pillar industries for China’s economy but is responsible for the majority of carbon
dioxide emissions. Gan et al. carried out several studies which have demonstrated that steel
mills can significantly reduce carbon emissions by participating in the demand-side response
program without affecting productivity (Gan et al., 2022). From the experiment, Zhang et al.
came to realize that wind energy penetration can affect the carbon dioxide emissions reduced by
integrating hydrogen-energy storages (Zhang and Yu, 2022). Yadav et al. intended to outline
the framework of a market-to-market coordination, which offered a low-carbon trade
agreement for PV producers (Yadav et al, 2021). Akbari-Dibavar et al. presented an
optimization dispatch framework of power systems with renewable-energy power plants
and coal power plants, and the simulation results indicated that carbon capturing and
storing systems can significantly reduce carbon dioxide emissions (Akbari-Dibavar et al.,
2021). An agricultural energy internet (AEI) can be identified as a smart renewables-dominated
power system, and it has been revealed that an AEI has great potential for emission reduction
(Fuand Yang, 2022). The preliminary results in (Huang et al., 2020) throw light on the nature of
photovoltaic AEI, which provided reliable and affordable energy to agricultural production
with PV power generation. Fu initiated experimental investigation to establish a fishery energy
internet, which provided a broad space for the installation of PV systems, consisting of
modules, inverter, converters, energy storages (Fu, 2022b). Compared with the study on
carbon emissions in the field of energy systems, the study on carbon cycle in the field of
agriculture is earlier and paid more attention. Agroecosystem has many ways to sequester
carbon in soil, and agricultural sequestration has a significant effect on atmospheric net carbon
flux (West and Marland, 2002). There are two main differences between AEI and traditional
agricultural energy system. The first difference is the physical system. The primary power
supply of an AEI is renewable energy, and the agricultural load is electrified. The traditional
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FIGURE 1 | A prosperous net-zero-emissions economy in the AEI.

rural energy system is supplied by the power grid, and the level
of agricultural electrification is low. The second difference is
the information system. The AEI is based on the combination
of smart grid and smart agriculture, while the traditional rural
energy system doesn’t take full advantage of the Internet of
things in agriculture. The research of AEI is still in the
primary stage, and renewable energy, agricultural
electrification ~ and  multi  energy = complementary
technologies have been applied in practical application.
However, the carbon cycle between agriculture and energy
system is still blank.

The rest of the paper contains three main parts. First, we
outline the carbon cycles through energy and agriculture in
Carbon Cycles Through Energy and Agriculture. Second, we
give the paths to net-zero emissions in Paths to Net-Zero
Emissions. Then, we list math formulas including the formulas
related to carbon footprint in energy and agriculture in Carbon
Footprint Calculation Formulas. Finally, the discussion is
presented in Discussion, along with the accompanying
conclusion section in Conclusion.

CARBON CYCLES THROUGH ENERGY
AND AGRICULTURE

Agricultural carbon emissions include the following four
aspects. 1) Animal husbandry and fisheries produce
methane, which accounts for more than a quarter of
greenhouse gas emissions from the agricultural sector. 2)
Nitrous oxide released in grain production, which involves
the production and use of chemical fertilizers, organic
fertilizers and pesticides. 3) Agricultural land use reduces
the absorption of carbon dioxide. Grassland and forest are

Low-Carbon Agricultural Energy Internet

transformed into agricultural land, and the annual harvesting
activities reduce the absorption of carbon dioxide. 4) Energy
consumption in the food supply chain leads to carbon
emissions, and the carbon footprint covers food processing,
transportation, packaging and retail.

AEI is the best experimental object to realize carbon cycle
and net-zero carbon emissions, as shown in Figure 1. The
carbon footprint forms a closed loop between the energy
system and the agricultural system. Whether on the source
side or the demand side, the AEI can always find a feasible way
to achieve net-zero carbon emissions. In terms of power
sources, we develop renewable energies to reduce the
carbon emissions from generation. Specifically, we replace
coal-fired generation with natural gas-fired power generation
and a straw power plant. The main difference between
biomass fuel and mineral fuel is that it contains less carbon
and can realize low-carbon power generation. We use carbon
capture and storage technologies to collect carbon dioxide
emitted by low-carbon energy, and the carbon is finally
absorbed in the form of carbon rich agriculture. In
addition, PV power generation, wind power generation and
hydrogen energy are largely integrated to the grid in rural
areas. These three energy sources are zero-carbon electricity
generations and produce no carbon dioxide. In terms of
demand side, an electric farm has become an agricultural
production mode net-zero emissions. We promote electric
energy substitution (EES) in the AEI via replacing oil tractors
with electric tractors, replacing pesticides control with electric
pesticides. EES not only avoids carbon emissions, but also
improves the quality of agricultural products. In addition, the
development of agricultural electrification based on EES also
provides the basis for the agricultural informatization, which
is the basis of smart farming.

PATHS TO NET-ZERO EMISSIONS

The upgrading route to net-zero emissions in an AEI includes
carbon capture and sequestration (CCS), electric energy
substitution and clean energy. Electric energy substitution
and clean energy can be regards as carbon emission reduction
technologies. In terms of electric energy substitution, LED
lighting, plasma agricultural nitrogen fixation, electric
insecticidal and electric agricultural machinery have higher
product quality and lower carbon dioxide emission than
petroleum agricultural technologies, which are represented
by petroleum machinery and chemical fertilizer. Electric
farms can significantly reduce the intensity of agricultural
greenhouse gas emissions. In terms of renewable energy,
rooftop PV, bagasse-based power generation, straw -based
power generation and biogas energy generated from livestock
manure can not only offset the emission of fossil energy used
in agricultural production and rural life, but also reduce the
electricity expenditure. In terms of CCS, it is worthwhile
mentioning the photosynthesis of farmland and grassland.
As a result of agricultural electrification, the carbon
sequestration of farmland can be improved, and “net-zero”
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carbon emissions can be achieved in an AEI. AEI has two ways
to supply the carbon dioxide for a closed greenhouse. The first
way is to transmit carbon dioxide from gas-fired power
generation to greenhouses. The second way is to use solar
energy to power the distributed carbon dioxide capture device
to capture carbon dioxide in the air.

CARBON FOOTPRINT CALCULATION
FORMULAS

Considering that the carbon emission of AEI has not yet formed a
standard, we introduce several important formulas to support the
application of carbon emission calculation in China. At present,
most of China’s agricultural production still uses electricity from
the power grid, whose carbon emissions can be calculated
according to the government documents of the Ministry of
Ecology and Environment of China'.

E, = AD, x EF,, 6y

where Eg, tCO,, is the emission from the purchased electricity,
ADg, MWHh, is the purchased electricity consumption, and EF,,
tCO,/MWHM, is the grid emission factor. In 2021, the Ministry
of Ecology and Environment of China set EF, to 0.5839
tCO,/MWh.

The carbon emission of natural gas power generation is
calculated by the following formula

Egas = ADgus X EFgas, (2)
ADyy, = FCpqe X NCV g (3)

EF g4s = CCygas X OF g5 x % (4)
where Eg,, tCO,, is the carbon emissions from natural gas power
generation, ADg,,, GJ, is the activity data of natural gas, EFg,,,
tCO,/G]J, is the emission factor, FCggs, 10*Nm’, is consumption of
natural gas, NCV,,,, GJ/ 10*Nm?, is the low calorific value of
natural gas, CCy, tC/GJ, is the carbon in per unit calorific, and
OFg,, %, is the carbon oxidation rate. In 2021, the Ministry of
Ecology and Environment of China set NCV,,, to 389.31 GJ/

10*°Nm”’ and set CCy, to 0.01532 tC/GJ.

DISCUSSION
Major Sticking Points

Net-Zero Emissions of AEI face many challenges and
difficulties. The major sticking points can be concluded as
follows. 1) Low carbon of rural energy system faces
unprecedented economic challenges. It can significantly
reduce the carbon emissions of rural energy systems via
promoting electric energy substitution and renewable
energy power generation. However, electricity substitution
and renewable energy power generation will significantly

'https://www.mee.gov.cn/xxgk2018/xxgk/xxgk06/202112/t20211202_962776.html.
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increase the cost of agricultural production and rely too
much on government subsidy to survive. Poor economy
may hinder the promotion of techniques for carbon
sequestration and greenhouse gas emission reduction. In
addition, China has experimented with emission reduction
technologies, but the energy-related production costs and
emission reduction effect, need to be demonstrated and
verified in the field of engineering. 2) China lacks special
policies and standards for agricultural energy system. China
has issued a series of policies and measures for green
agriculture and renewable energy, and they play a certain
role in carbon sequestration and greenhouse gas emission
reduction in agricultural energy systems. However, China’s
carbon peak and neutrality is still blank for the AEI, and there
is no technical standard for net-zero emissions of the AEI,
resulting in great obstacles to the promotion of a net-zero
emissions energy business. 3) We lack a professional research
platform for net-zero emissions energy systems in rural areas.
As there are no clear requirements for carbon sequestration
and greenhouse gas emission reduction in agriculture, there is
not only no clear route to carbon peak and carbon
neutralization in agricultural energy systems, but also no
specialized agency charging for carbon cycle monitoring of
agricultural energy systems. The carbon monitoring of the
AELI is scattered in different agriculture and energy sectors,
which is unable to form a closed-loop monitoring. To carry
out the systematic theory of carbon peak and neutrality for
AEI, there is an urgent need to establish a professional
research platform for net-zero emissions. 4) At present, the
development of renewable energy in rural areas lacks top-level
design, and the agriculture and energy sectors are
uncoordinated. Rural renewable energy planning is difficult
to implement and inefficient. Urban-rural dualization is one
of the important reasons for the plight of rural renewable
energy. To solve the problem of developing renewable energy
in rural areas, we should coordinate the urban and rural
energy systems. Rural areas should not only establish a
clean energy system to replace coal energy systems, but
also provide cities with energy products such as biological
natural gas and biomass briquette fuel, so as to give full play to
the role of renewable energy in reducing carbon.

Advantages

Building renewable energy in rural areas has outstanding
advantages and great potential for carbon emission
reduction. The vast countryside provides vast space and
cheap land for the construction of wind power, PV
generation, geothermal energy, etc. Agricultural waste
provides a steady stream of fuel for biomass energy. The
development and growth of distributed renewable energy
has become an important supplement to the rural low-
carbon economy growth. Under the background of the
vigorous development of rural renewable energy, the low-
carbon process of energy system has accelerated. In contrast,
the shortage of land and high cost in cities have seriously
limited the development of renewable energy. From the
perspective of demand side, agricultural production has the
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function of CCS, while industrial and commercial production
emits carbon dioxide.

CONCLUSION

The construction of AEI is an effective way to serve rural
revitalization. This was demonstrated in a number of studies
that AEI can not only significantly improve the reliability of
energy supply, but also improve energy efficiency and renewable
energy in rural areas. AEI relies on agricultural production,
renewable energy and electric energy substitution to achieve
the goal of zero carbon emissions. The low-carbon of AEI can
improve the income level of farmers and improve the human
habitat environment. Technical measures for AEI net-zero
emissions include the following two aspects: 1) An energy-
crop carbon emission model should be established according
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The uncertain and volatile nature of wind energy have brought huge challenges to power
system planning and operation. Therefore, it is necessary to model the wind power output.
In this paper simulation models of wind energy output for new power system planning are
reviewed. We begin by discussing the characteristics of wind power output, and then
introduce the wind power output simulation model based on different application scenarios
that are based on probability and time series. Finally, the directions for further research in
the future are anticipated.

Keywords: wind energy output, simulation, new power system planning, probability, time series

1 INTRODUCTION

The energy business is experiencing unprecedented profound changes as a result of the economic
development of society and the advancement of science and technology. The operations and
planning of power systems are becoming increasingly complicated as new types of energy
sources become available (Shortt et al, 2013). In response to the global energy and
environmental crisis, governments all over the world have stated that they want to establish a
system that uses a large amount of renewable energy (Kroposki et al., 2017). As a result of the
revolution in power systems, power system planning studies face new challenges. Increased
penetration of renewable energy in power systems, in particular, has resulted in significant
uncertainty and fluctuation in power systems (Conejo et al., 2017).

Electricity generated by wind energy differs significantly from that generated by traditional
sources. The main distinction is that wind power is uncertain and intermittent (Han et al., 2021). The
operation of the power system is made more uncertain by intermittent renewable energy sources.
New energy production’s growing effect in the power system puts new demands on planning and
operation.

Wind energy and other new energy products now play a significant role in the modern power
system. Despite the fact that the new energy power generation sector is rapidly expanding, it is
difficult to address the issue of new energy power generation planning in the short term due to lack of
planning, unstable development, and inadequate associated legislation. Therefore, it is critical to
accurately evaluate new energy production efficiency, account for the rational allocation of new
energy and conventional energy, increase unified planning and operation scheduling, and promote
the industry’s overall harmonious growth.

The output of wind farms is an uncontrollable source of energy, and its contribution to the
capacity of the power system when it is connected to the grid differs significantly from that of
conventional units. As a result, objective evaluation of the wind farm capacity credit is critical
for long-term planning, optimal system operation, reliability assessment and other associated
concerns.
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FIGURE 1 | Structure of the new power system planning.

Because of the scarcity of primary energy, wind power have
significant seasonal, random, and fluctuating characteristics,
necessitating greater use of flexible resources over a variety of
time scales, such as cross-seasonal distribution, cross-day
adjustment, intraday adjustment, and real-time power and
electricity balance. Renewable energy power is increasingly
converting the power system into a multi-energy
complementary power system (Zhou et al., 2018).

The modeling and processing of stochastic power supply is a
key problem in the simulation of renewable energy-led power
system production. Wind power output simulation is widely used
in power system planning, operation, and reliability assessment.
Effective wind energy simulation can boost wind power’s grid-
connected potential while lowering wind farm operating costs
(Zhang et al., 2022).

Figure 1 shows the role of wind power simulation in the
expansion planning of the new power system. There are three
levels as a whole. The first is to input the basic data required to
build the power optimization model, mainly including load data
(electricity demand, typical load curve, etc.), power plant data
(power plant type, fuel price, average coal consumption, etc.),
primary energy data (hydrological information, incoming wind
conditions, etc.) and market and policy factors (discount rates,
fuel prices, new energy subsidies, etc.). The second layer is the
core processing layer of the program, which is responsible for the
calculation of power optimization planning. The last layer is the
input and output information layer, which includes global
information of power supply planning results such as power
installation progress, annual investment, annual operating costs,
power and electricity balance, and new energy simulation and
modeling, stochastic production simulation, typical daily
operation simulation, etc. Important results of the module
during the iterative computation process.

However, many previous studies on wind power output have
focused solely on wind speed forecasting, with little attention paid
to wind power simulation.

To focus on addressing the long-term variability and
uncertainties of renewables, we particularly limit our
discussions to the following areas: 1) Modeling of wind power

Review of Wind Output Simulation

output without considering time series, primarily based on the
long-term characteristics of wind power to carry out modeling
based on probability statistics, which is used for power balance,
reliability assessment, etc.; 2) Time series modeling of wind power
output, mainly used to arrange the operation mode of units under
sequential production simulation; 3) Time series and probability
modeling, which overcomes the shortcomings of the previous two
categories and incorporates both uncertainty and volatility into
the model.

The contributions of the paper are listed as follows. First, the
characteristics of wind power output are summarized including
the uncertainties, peak shaving and correlation. Second, various
wind power models based on probability distributions and
stochastic scenarios are introduced. Third, wind power output
time series modeling, primarily used to arrange the operation
mode of units under sequential production simulation, is
discussed in this paper.

The remainder of this paper is organized as follows. In Section
2 the output characteristics of wind power are summarized,
including uncertainty, volatility, correlation, peak shaving
characteristics. In Section 3, the probability-based wind power
modeling is summarized, including probability distribution
model, capacity confidence, and Copula multi-wind farm
correlation. In Section 4, time series-based wind power
modeling is explained. Section 5 is about the current concerns
and challenges of renewable energy production modeling. Finally,
Section 6 adds a brief summary of the content of the article and a
brief outlook. And the structure of this paper is shown in
Figure 2.

2 WIND POWER OUTPUT
CHARACTERISTICS

In this section, the output characteristics of wind power are
discussed.

2.1 Uncertainty, Volatility and Ramping
Characteristics

The power generation capacity and power generation of wind farms
have a strong dependence on wind energy. Unlike fuel and water
storage, wind energy cannot be stored on a large scale. The features of
wind energy largely impact the output characteristics of wind power.
The random and fluctuating characteristics of wind energy result in
high unpredictability and volatility in the output and power
generation of wind farms. Daily wind power production
variations, monthly average power changes, and variances in
output characteristics in different seasons all represent the
unpredictability and volatility of wind power output.

Uncertainty and volatility are the essential characteristics of
new energy power generation such as wind power. Uncertainty
makes short-term production arrangements and long-term
system planning a certain risk, while volatility has a significant
impact on the short-term operation of the power system,
requiring the system to be equipped with more many flexible
resources.
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Coupling of Supply and Demand

Ramps events are a significant source of uncertainty in wind
power generation. Wind power ramps are defined as large
variations in wind power production that must adhere to a set
of rules, such as a minimum power swing or duration (Sevlian
and Rajagopal, 2012; Sevlian and Rajagopal, 2013; Ganger et al.,
2014). Extreme wind ramp events need to be closely examined
since such a ramp can cause power system security concerns.

2.2 Peak Shaving Characteristics

Wind power’s peak shaving characteristics refer to the
relationship between wind power and load over the course of
a day. Whether wind power can be connected to the grid for
power generation mainly depends on whether the system has
sufficient peak shaving capacity.

The impact of wind power output power on system peak
regulation can be divided into three situations based on the
different effects of wind power on the peak-to-valley difference
of the system equivalent load: negative peak regulation, positive
peak regulation, and over peak regulation. Wind power has
obvious anti-peak characteristics, according to statistical
analysis (Yang et al., 2014).

2.3 Correlation

2.3.1 Autocorrelation

Autocorrelation is the correlation of a series with itself after
applying a given lag (Feijoo and Villanueva, 2016).
Autocorrelation can be induced in a series of data by means
of autoregressive models, ie., AR, MA, ARMA, ARIMA
(Kashyap, 1982; Zhang, 2003).

2.3.2 Cross-Correlation

Wind resources differ greatly for wind turbines that are far apart
in a wind farm or wind farms that are farther apart in different
regions, according to studies. Wind resources in different parts of
the region show obvious differences due to spatial dispersion. The
decoupling or offsetting of each other’s fluctuations through the

synergistic decoupling effect of each part in the region, thus
alleviating the adverse effects on the whole. Grid operation has
intermittent fluctuation characteristics. The correlation between
multiple output series is used to mathematically express the
smoothing effect of wind farm group output.

The following formula can be used to calculate the correlation
coefficient between two wind farms:

(pi - ) (P — P;)

(P — ;) \]t

Among them, pi; , pj; are the sampling values of output in
wind farm i, j, and p; , p; are the sampling mean output of wind
farm i, j.

If the two output series have a positive correlation, the effect of
the volatility superposition will cause the overall output curve to
show a trend of large fluctuations, exacerbating the fluctuation of
the wind farm group’s output. The smoothing effect is influenced
by the negative correlation between outputs. The output
fluctuations cancel and complement each other, “cutting peaks
and filling valleys,” as it were. A smooth effect can be seen in the
overall output curve and output volatility.

(1)

~

1(P1f - f_’j)

2.4 Extreme Output Scenario

The wind power extreme scenario relates to the situation in which
the average net load (load minus renewable energy power) varies
the greatest over time. When the downhill event of wind power
and the load rise occur at the same time, for example, wind
desertion and load shedding may occur, compromising the power
system’s safety and stability.

In extreme circumstances of wind power production, robust
optimization may be employed to discover the best dispatching
system. The uncertainty set is primarily utilized to represent the
variation range of wind power fluctuations, and even in the
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FIGURE 3 | PDF of the Weibull distribution.
worst-case circumstances, a solution with high performance P(xi = Cij) = pij
may be found. ZPij -1 (3)

3 WIND POWER MODELING BASED ON
PROBABILITY

In this section, the probability-based wind power modeling is
summarized, including probability distribution model, capacity
confidence, and Copula multi-wind farm correlation.

3.1 Probability Distribution Model
Wind power has a range of outputs from 0 to its installed
capacity. Therefore, typical two-state models of conventional
units cannot be used to establish wind power output models.
The long-term characteristics of wind power obey the Weibull
distribution, according to research and analysis dating back to the
1980s, and a multi-state unit model was developed as a result
(Wang et al., 1984).

From the perspective of probability theory and statistics,
Weibull Distribution is a continuous probability distribution,
as shown in Figure 3, and its probability density is:

k(x k-1 k
i e - (x/2)
Ak = /\(A) ¢ x=20

0 x<0

2

The PDF of the Weibull distribution, f, has been widely
described in the literature, and can be expressed as a function
of three parameters, i.e. random variable (x), scale (A\) and
shape (k).

The multi-state unit model works by dividing the range of
wind power production (output) into numerous periods and
calculating the probability that the wind power output falls
within each interval (Kim et al, 2012). Wind power is
regarded as a multi-state unit whose output may take values at
these discrete points, with each interval corresponding to a
discrete output value (typically the middle of the period).

J

where the available capacity and probability of the unit in state j
are denoted by ¢; ; and p; ; respectively.

As can be seen, the continuous output curve of wind power is
the basis for the multi-state unit model. The form of the model is
consistent with the two-state model of conventional units. On a
longer time scale, it can properly capture the randomness of wind
power output and reflect the characteristics of wind power
replacing traditional power generation. The system reliability
of wind farms is directly calculated and considered in the case
of reliability calculation models and methods, which is widely
used in the research of wind power credit capacity. Also, it is
convenient to combine with the stochastic production simulation
calculation method based on equivalent continuous load curve
and electricity function.

Although the multi-state unit model is introduced in this
section on wind farm output modeling, the methods connected
with it may be applied to other units as well. Conventional units
may have local failures or individual auxiliary equipment failures,
but they are not always out of service. Instead, the generator
output may not achieve its rated output. The multi-state unit
model may also be used to model in this circumstance.

The probability distribution model can depict the long-term
power characteristics and power distribution range of renewable
energy, but short-term output fluctuation characteristics are difficult
to describe (Shao et al., 2021; Feng et al., 2022). The demand for peak
shaving and ramping of wind power has also been neglected.

3.2 Wind Power Capacity Credit

Due to the intermittency of wind power output, wind power units of
the same capacity have different load-carrying capabilities from
conventional thermal power or hydro-power units. Therefore, in
the power system sufficiency analysis, wind power capacity cannot be
treated the same as conventional units, which is not conducive to the
power planning.
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The concept of power generation capacity credit was first
proposed by Garver (Garver, 1966) in 1966, to measure the load
carrying capability of units with different random outage rates in
the sense of reliability. And then in the late 1970s, Edward Kahn
(Kahn, 1979) and Haslett John (Haslett and Diesendorf, 1981)
first applied the concept of capacity credibility to the analysis of
wind power, making it possible for uncontrollable, fluctuating
and random wind power to participate in traditional power
planning analysis and calculation.

The credible capacity of wind power assesses how many
conventional units the wind farm can replace in the power
balance, or how much creditable capacity the wind farm can
produce with a reasonable or acceptable probability of confidence
(Voorspools and D’Haeseleer, 2006). Wind power capacity credit
is defined as the ratio of capacity that is equivalent to
conventional generation to supply the load with the same level
of reliability (Zhang et al., 2015).

The concept of wind power capacity credit is usually separated
into the following four categories in present research (Amelin,
2009; Graham and Cooper, 2013; Zhang et al., 2015): 1)
Equivalent Firm Capacity, EFC; 2) Equivalent Conventional
Generation Capacity, ECGC; 3) Equivalent Load-carrying
Capability, ELCC; 4) Guaranteed Capacity, GC. From the
standpoint of uncertainty analysis, these four categories all
specify the fraction of wind power that should be examined
under the dimension of conventional unit capacity.

The above four definitions can be grouped into two categories,
from the power supply side and the load side, respectively, under
the premise of maintaining the reliability unchanged, the
conventional unit capacity or additional payload that
renewable energy can replace.

These two types of understanding each have their own
practical significance: on the power side, how much wind
power should be installed to replace conventional units that
are about to be retired in order to achieve energy savings and
emission reduction targets; on the load side, how much wind
power should be planned to meet future load demand increases.

3.3 Copula Multi-Wind Farm Correlation
Multiple wind farms with identical geographical locations in the
same wind region are common in places with abundant and
concentrated wind energy resources. The output of each wind
farm will be highly correlated due to the continuity of wind speed.
The impact of integrating wind power into the electricity system
will not be correctly evaluated if the correlation between the
production of multiple wind farms in the same wind region is
overlooked, which would raise the insecurity of system
functioning.

Copula function, as a linking function between multiple
random variables, is based on Sklar’s theorem (Kole et al,
2007). According to Sklar’s theorem, when the marginal
distribution of multivariate random variables and the
appropriate Copula function are determined, the joint
probability distribution of these random variables can be
obtained, which is the advantage of the Copula function in
practical applications.

Review of Wind Output Simulation

Copula function connects the marginal distributions of
numerous random variables to a joint probability distribution.
This function can capture nonlinearity, asymmetry, and tail
correlation between variables and theoretically and does not
limit the choice of marginal distribution. In (Hong et al,
2010), researchers assess the influence of wind farm
connection system reliability when wind speeds are entirely
related vs. completely independent. The Copula theory was
added into the output modeling of several wind farms in (Li
et al., 2013), which described the correlation characteristics across
wind farms. In (Cai et al., 2013), Copula function is introduced to
systematically model the dependent structure between wind
speed and output power of wind farms, and a joint
distribution function of wind speed and power of multiple
wind farms is established. Scientists utilized the Copula
function to model the dependent wind speed and wind power
production of several wind farms in (Zhang et al, 2013).
Researchers employed the Copula function to characterize the
output correlation between neighboring wind farms in space and
built a combined probability distribution model for the output of
many wind farms in (Wu et al,, 2015). On this foundation, a
method for assessing multi-wind farm capacity reliability based
on output is proposed.

The use of the Copula function can more correctly depict the
nonlinear correlation of wind power output (Li et al., 2013; Wang
etal, 2013; Ji et al., 2014; Xie et al., 2016), according to (Li et al.,
2019). But the modeling approach is difficult, and adaptability is
poor when there are a large number of wind farms (Xu et al,,
2016). Furthermore (Yang et al., 2018), describes the correlation
of the output of several wind farms using an adaptive
multivariable nonparametric kernel density function, which
can effectively improve the local adaptability problem of the
Copula function method.

In (Xu et al, 2021), Wind farms in adjacent locations are
affected by similar meteorological factors, and their output shows
strong spatial and temporal correlation. Copula function can
describe the dependencies between non-normal random variables
in detail, and it has become a common method for modeling the
joint probability distribution of random variables.

4 WIND POWER OUTPUT SIMULATION
BASED ON TIME SERIES

In this section, the time series-based wind power output
simulation is summarized, including model based on historical
statistics, model based on simulated time series, and model
considering both stochastics and variability.

4.1 Model Based on Historical Statistics

In addition to multi-state modeling, the load correction
approach, in which the new energy curve is subtracted from
the system sequential load curve, is also a widely used method for
modeling wind power production. In this way, the system could
be spared the effects of random fluctuations in new energy
output.
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From historical meteorological statistical data, the output
curve can be calculated (Hasche et al, 2011). The historical
statistics can well reflect the seasonal, diurnal, and
autocorrelation characteristics of wind speed, but it is difficult
to depict the stochastic characteristics. Especially when the
measurement conditions are limited or the wind speed data is
scarce, the data may not reflect the annual variation
characteristics of wind speed.

In some previous studies, historical meteorological data
reanalysis and downscaling techniques have been used to
calculate the historical output curve of wind power by
restoring the historical wind speed (Hawkins et al., 2011),
which solves the data quality problem.

4.2 Simulation Model Based on Time Series
Previous studies have proposed a variety of statistical methods to
simulate the sequential output of wind power to compensate for
the difficulty of obtaining actual wind power output, with the goal
of restoring the stochastic characteristics of wind power output
through stochastic simulation.

Auto-Regressive and Moving Average (ARMA) model is the
most widely used model in wind power output simulation. First,
the autoregressive and moving average model parameters of each
order are identified from the historical wind speed data. Then the
identifled ARMA model is sampled to obtain the time series of
wind speed. Finally the wind speed time series is converted into
wind power output through the wind output characteristic curve
(Billinton et al., 2009; Gao and Billinton, 2009; Chen et al., 2010;
Kloeckl and Papaefthymiou, 2010; Qu et al., 2013). ARMA model
can accurately describe the volatility of wind speed. However, the
wind speed simulated by the ARMA model is frequently normal
rather than Weibull distributed, and dealing with the spatial
correlation of the output of multiple wind farms is more difficult
with the ARMA model. To reflect the spatiotemporal correlation
(Lucheroni et al,, 2019), employs a multi-dimensional ARMA
model. In addition, the ST-ARMA model is used in (Zou et al.,
2019) to statistically model the spatiotemporal coupling
correlation of multidimensional sequences in a relatively
concise form. The ST-ARMA model can generate a large
amount of simulated data with the same statistical properties
as actual wind output.

The Markov chain model is based on the wind power multi-
state unit model, assuming that the state transition of wind power
output is only related to the position of the previous state. The
state transition matrix of wind power output is established based
on historical data, and it is sequentially sampled to obtain the
wind power output time series (Leite et al., 2006; Dobakhshari
and Fotuhi-Firuzabad, 2009; Salehi-Dobakhshari and Fotuhi-
Firuzabad, 2011; Luo et al,, 2014). The probability distribution
curve of wind power output has no shape constraints. The actual
sampling frequency of each state, however, is difficult to stably
converge to the expected probability due to the strong
autocorrelation of wind power output (Billinton and Huang,
2011).

Furthermore, In (Li et al., 2019) a new method on modeling
correlated power time series of multiple wind farms was proposed
based on hidden Markov model (HMM). A Markov chain was
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adopted to model the state of time-varying correlations between
wind farms, and wind power outputs at two adjacent moments
were set as observations of HMM, which established the
mathematical mapping model between wind power
correlations and power outputs at two adjacent moments.

(Ning et al.,, 2010; Olsson et al., 2010) have used the stochastic
differential equation model to simulate the wind power output
considering the wind speed fluctuation characteristics and the
spatial correlation of the output of multiple wind farms.

In general, the time series model of wind power can take into
account the time series characteristics of wind power output, but
it requires more information on these time series characteristics.
In the time series simulation of wind power, it is technically
difficult to consider the fluctuation of wind power output, daily
characteristics, seasonality, and output correlation of multiple
wind farms at the same time.

4.3 Stochastic Consideration

For stochastic factors in power systems, there are two main
optimization methods: stochastic optimization and robust
optimization. Stochastic optimization requires the use of a
random variable probability distribution model, which is
incapable of adequately describing the complex variations in
real-world uncertainty variables. While robust optimization
uses an uncertainty set to determine the changes in an
uncertain factor. It is not necessary to assume a probability
distribution model in advance, but when considering the
optimal solution in the worst-case scenario, the optimal
scheduling results may be conservative.

Therefore, stochastic multi-scenario models are described first
in this section, followed by robust uncertainty sets. A time series
multi-state model based on the Markov chain is further created,
and the randomness, volatility, and ramping features are
extensively addressed.

4.3.1 Multi-Scenario Model

Researchers suggest a stochastic multi-scenario model for optimal
scheduling (Wang et al., 2008). The basic idea of the multi-
scenario method is to select and determine multiple typical daily
output curves of new energy sources, and then describe the
randomness of new energy output using different typical daily
curves and their corresponding probabilities.

The data of multiple scenes is generated by sampling based on
the input typical new energy data and the normal distribution
probability model. The researchers used Monte Carlo sampling
(Wang X. et al,, 2016) to form the basic scene, and used Latin
hypercube sampling to generate the wind power scenario (Li and
Zhu, 2016). They may also start with the probability density
function of output at a single moment and discretize it using the
Wasserstein distance (Wang Q. et al., 2015), with the time series
connection generating the basic scene set. The precise probability
distribution of wind power production can be established by
sampling typical scenarios to represent a large number of
complex scenes.

This model is a useful attempt to simultaneously describe the
randomness and volatility of energy output. However, it should
be noted that the process of creating this type of model is
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relatively difficult, and the complexity of related calculations will
skyrocket as the number of scenes grows. This makes deciding on
the number of scenes difficult. If the number of selected scenes is
small, it will be difficult to fully describe the randomness of the
output distribution. But if the number of scenes is large, analysis
and calculation will be difficult.

4.3.2 Robust Uncertainty Set

Researchers built a robust model (Bertsimas et al., 2013) using an
uncertainty set (Dvorkin et al., 2016) to characterize the power
prediction error of renewable energy.

Robust optimization (RO) (Zeng and Zhao, 2013) is an
common optimization approach to deal with data uncertainty.
It is derived to hedge against any perturbation in the input data.
Due to the improved modeling capability, two-stage RO has
become a popular decision making tool.

Robust optimization is able to cope with any changes in
random variables. Traditional robust optimization replaces the
probability distribution information of stochastic variables with
uncertain sets and determines the best solution that meets all of
the requirements. Its solution speed is fast, and its decision-
making outcomes are still viable even when numerous unknown
parameters are perturbed at the same time.

The budget of the uncertain set was introduced to balance the
conservatism and economy of robust optimization. At the same
time, the method of reducing the cost of robustness was explored,
and a robust optimization model with adjustable conservatism
was proposed. Flexible uncertainty sets were first proposed (Zhao
et al., 2015), whose upper and lower bounds are optimization
variables rather than given values. Flexible uncertainty sets can be
applied to economic scheduling, reserve optimization, and unit
combination problems (Wang C. et al., 2016; Doostizadeh et al.,
2016; Shao et al., 2017).

In (Xu et al., 2020), The suggested method uses kernel density
estimation to create an ambiguous set of continuous multivariate
probability  distributions, and the integrated dispatch
optimization model is composed of stochastic and resilient
optimization problems.

Furthermore, in (Xu et al., 2022), the researchers propose a
data-driven distributed robust optimization method for power
system scheduling to deal with the power system operation
problem considering wind power uncertainty. The distributed
robust optimization method constructed is a combination of
stochastic optimization and robust optimization, which can
ensure the reliability of the optimization results while making
full use of the statistical information of random variables.

4.3.3 Temporal Multi-State Model

Several output curves can retain the fluctuation characteristics of
renewable energy output, but cannot fully describe its randomness.
Multiple different output states and corresponding probabilities can
describe the random characteristics of renewable energy output, but it
is difficult to describe its volatility. Simultaneously, the ramping rate
and the ramping features of the probability distribution of the
ramping rate, as an essential part of the output characteristics of
renewable energy, have not been adequately addressed or explained
in the aforementioned two kinds of modeling methodologies.

Review of Wind Output Simulation

Researchers have proposed a temporal multi-state unit model
(Zhaohong et al., 2009), which involves using different multi-state
unit models to describe the output characteristics of renewable
energy over time in order to account for its randomness and
volatility.

In addition, a sequential multi-state unit formation method
based on Markov process (E45 | et al., 2015) has been proposed
to describe the relationship between renewable energy output in
adjacent periods while taking into account its ramping
characteristics. The multi-state unit model reflects the
randomness renewable energy output. The multi-state model
of time series further contains the time series fluctuation
characteristics of the output of renewable energy. And the
Markov state transition matrix intuitively reflects the
transition of renewable energy output from a certain state to
another state. Compared with the existing methods, the method
can more comprehensively describe the output characteristics of
renewable energy.

5 ISSUES, CHALLENGES AND FUTURE
WORK

Issues and challenges in wind power output modeling research
are as follows:

1) Simulation model of wind power output in different seasons:
Existing wind power output simulation models frequently use
wind power and load data for a whole year, with the
calculation results representing wind power’s contribution
to system reliability throughout the year. However, wind
power in some areas has distinct seasonal and daily
characteristics. At the same time, in power planning, the
calculation of power balance is carried out on a monthly
basis, and the peak load on a typical day of each month is used
for calculation.

Changes in wind power with various weather conditions: Part
of the cause for the 2021 Texas blackout was that wind
turbines were wunable to produce energy owing to
equipment freezing, resulting in an inadequate power
supply on the power supply side. Under a variety of
meteorological conditions, the output power of wind power
is unstable and intermittent. Only a scientific power dispatch
mode can ensure the stable output of wind power.

Synergy of various forms of energy: Compared to traditional
power systems, which are primarily based on a single form of
energy source and utilization, new power systems realize the
transition from one energy source to multiple energy forms on the
energy source side. The output modeling of a new energy system
must take into account not just a single energy form as the
modeling object, but also the coupling and complimentary
interactions between the various energy forms. Further
research is required in order to realize the complementary
coordination of multiple energy sources at various time and
space scales.

Coupling of the energy supply side and the energy demand side:
The new energy power system realizes not only the

2)

3)

4)
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transformation from a single energy source to a variety of energy
forms on the energy supply side, but also the change from
traditional electrical loads to multi-type loads on the energy
demand side (such as energy storage, electric vehicles, etc.). As
a result, the output modeling of the new energy power system
must take into account the information interaction between
supply and demand. And a new energy power system output
modeling that complements supply and demand must be
established.

So for these issues, future work for new power system planning
considering variable wind power output will be as follows:

1) It is necessary to research on the simulation model of wind
power output in different seasons to better support the power
balance.

It is an important measure to improve the security of the
power system to study the relationship between wind power
and meteorological conditions, correctly simulate the wind
power output, and improve the emergency support capability.
To increase the power system’s ability to absorb new energy, it
is necessary to investigate the coordinated and
complementary properties of numerous energy sources at
various time and space scales.

To support the overall coordinated control and performance
optimization of the system, it is vital to consider the
information interaction between the supply side and the
demand side as a whole, and to develop a new energy
power system model with coupling linkage and
complementary supply and demand.

2)

3)

4)

6 CONCLUSION

Simulation models of wind energy output for new power
system planning have been reviewed. This paper focuses on
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Residential loads are essential resources, and they can participate in grid scheduling
through aggregation, with great potential. However, inherent uncertainties challenge the
realization of accurate load aggregation (LA), leading to the failure to fully play a role in grid
operation. In this context, this paper analyzes the influence of the probability of residents
participating in LA on the actual aggregation effect. Firstly, the LA problem is modeled, and
the optimization objective is equivalently transformed from minimizing the mismatch
between the actual load regulation and the target to minimizing the sum of variances
of the overall response probabilities. Response probabilities of residents are then simulated
based on the g distribution model, and various typical distributions can be generated by
modifying only two hyperparameters. In order to evaluate the actual aggregation effect, a
multi-armed bandit model that can be used for LA is adopted, and an evaluation
framework is designed. The simulation results show that for different probability
distributions, the smaller the sum of variances of all residents’ response probabilities
are, the more accurate aggregation can be achieved.

Keywords: residential load aggregation, response probability, p distribution, multi-armed bandit, error analysis

1 INTRODUCTION

Modern power grids are transitioning to a low-carbon energy system, and traditional coal-fired units
are gradually retiring (Zhou et al, 2021). Renewable energy sources (RES) represented by
photovoltaics and wind power have gained unprecedented development opportunities.
According to IRENA, the total installed capacity of global RES in 2021 is 3064 GW, accounting
for 38%, with a year-on-year increase of 257 GW (IRENA, 2022). The widespread access of a high
proportion of RES will become the fundamental feature of new power systems in the future.
However, the output of RES is random and uncertain, and large-scale grid connections will bring
significant challenges to grid scheduling. In recent years, many severe power outages have occurred,
such as “2019-8-9” in the United Kingdom (Sun et al., 2019) and “2020-8-14” in California (Hu et al.,
2020).

To solve these problems, researchers pay attention to the flexible, controllable loads with
increasing proportion, which have great potential to regulate their operating power quickly
without affecting users’ comfort (Chen et al, 2018; Qi et al, 2020). In this context, load
aggregation technology emerged as the times required. Appropriate control strategies aggregate
many scattered demand-side resources into a whole managed by load aggregators (Burger et al.,
2017). Through specific electricity prices or incentives means, users are urged to regulate their power
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consumption patterns to assist grid scheduling (Sun et al., 2017).
For residential thermostatically controlled loads (RTCLs) with
energy storage properties (Hao et al, 2015), such as air
conditioners and water heaters, the power regulation speed is
faster than traditional thermal power plants and hydropower
plants. Moreover, RTCLs have flexible control methods and low
response costs, which are ideal for participating in LA (Gong
et al., 2020).

In order to fully utilize the effect of RTCLs on the grid, a vital
requirement is to achieve accurate and reliable load aggregation
(Saleh et al., 2017). However, this is a challenging problem: the
residents’ response behavior to the load regulation signal is
uncertain (Mathieu et al., 2013), which is affected by many
factors, such as incentives (Qi et al., 2020), weather (Kou
et al, 2021), electricity usage habits (Baek et al, 2021), and
the load aggregator’s knowledge of these factors is limited.
Accurately estimating these uncertainties is essential.
Overestimating will reduce the utilization of RTCLs while
underestimating will blindly send load regulation instructions,
which will cause the actual aggregation to deviate from the target
and bring risks to the power grid (Syrri and Mancarella, 2016).

Much research has been done on the uncertainty of residents’
response behavior. Li et al. (2017) derived the relationship
between aggregated power and temperature based on the first-
order thermal parameter model of RTCLs and established an
approximate aggregation model of RTCLs. Luo et al. (2020)
established the uncertainty model of the load regulation by
analyzing the characteristics of different types of loads and
using the probability method and fuzzy theory. Sun et al
(2020) considered the uncertainty of electricity consumption
habits to establish a user preference model and obtained a
probability estimate of load regulation amount through
Bayesian inference. Gong et al. (2020) designed a hierarchical
robust control mechanism to achieve precise power tracking by
aggregating RTCLs in uncertain time-varying environments.

Load aggregation is a behavior that residents voluntarily
participate in. Most of the existing studies only model the
regulation power of residents in the LA scenario, ignoring the
relevant research on their response probabilities. In addition, in
existing pilots, in order to improve the probabilities of users
actively participating in LA, blind incentives such as currency
are often used, resulting in high costs. Therefore, analyzing the
impact of the residents’ response probability distribution on the
aggregation effect can provide a reference for load aggregators to
formulate plans and make more effective use of RTCLs.

In order to fill the above research gap, aiming at the scenario of
residential loads aggregation, this paper derives and verifies the
mapping relationship between the response probability and the
actual aggregation effect. The main contributions of this paper
include the following:

1) A response probability generation model based on the f3
distribution is proposed, which can simulate a variety of
typical  distributions by  modifying only  two
hyperparameters, and derives the relationship between the
aggregation effect and the response probability distribution
through theoretical analysis.

Residential Load Aggregation Probability Analysis

2) An evaluation framework of the load aggregation effect based
on the multi-armed bandit (MAB) model is designed, which
can be utilized to analyze the effect of response probability on
the aggregation effect.

The rest of the paper is organized as follows: Section 2 models the
load aggregation problem from a probabilistic perspective and derives
a preliminary theory. In Section 3, a simulation method of residents’
response probability distribution is proposed, and the corresponding
analysis is carried out. Section 4 designs a framework for evaluating
the effect of LA, and based on this, a case study is carried out to verify
our theory in Section 5. Section 6 concludes this work.

2 LOAD AGGREGATION MODEL

Residents’ response to aggregation instructions is uncertain,
influenced by various factors, such as age, education, and
temperature. The concrete manifestation of this uncertainty is
whether the user agrees to regulate the load. This paper abstracts
it from the perspective of probability and sets the probability that
user i agrees to regulate as p;, that is, the response probability, and
can regulate the load of 1 unit. The binary variable X; is
introduced to characterize the response result. Obviously, X;
obeys the Bernoulli distribution, that is, X; ~ Bern(p,):

_ 1 pi
X,-—{O P (1)

According to the properties of Bernoulli distribution, when the
instruction is issued to resident i, the expected value of its load
regulation E (X;) = p;, and the variance Uiz = pi(1-pi).

We consider such a scenario: in the t-th event, the power
system needs to curtail the load D, and the load aggregator should
select a subset S; € [1] among all n users in the area A, to send
instructions. The goal is to minimize the deviation G(t) between
the actual curtailment and D:

minG; (t) = (Zl eSth‘i - D)2 2)

Since X;; is a random variable, Eq. 2 should be modified to
minimize the mathematical expectation of G,(f). Moreover, the
expectation operator can be removed by rigorous derivation, and
the simplified result is as follows:

2
pea- gy 50-0) + Xa0-m ©

ieS i€Sy

Eq. 3 is a combinatorial optimization problem, and the
decision variable is the set S; of selected residents. However, it
is NP-hard, and only approximate algorithms can be adopted.
Especially when the number of residents # and the target D are
large, many residents need to be selected each time, which will
produce a “Combinatorial Explosion.”

It can be seen from Eq. 3 that the actual load aggregation
deviation G(t) at the t-th event is affected by three factors, the
target D, the selected set S;, and the response probability set P, =
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{p:: i€S;}. These three are not independent of each other because D
affects the determination of S,, and S, determines IP,. It should be
noted that the power grid may be in various working states, such
as different levels of frequency fluctuations, which results in a
time-varying value of D issued to the load aggregator in A, rather
than a fixed value. Under this background, in order to minimize
G(t) for any D, two critical aspects should be considered: 1) the
determination of S, that is, the users’ selection algorithm, mainly
affects the first term on the right side of Eq. 3; 2) the set of
response probabilities of all residents in A,: P = {p;: V i €[n]},
affecting the second term.

The core of this paper is not how to solve S; accurately but
mainly focuses on analyzing the effect of P on the
aggregation effect, which is essentially more fundamental
than studying the precise selection strategy. For the
convenience of analysis, intuition is to approximately
transform Eq. 3 into the following optimization problem
and propose our theory:

min Y. p;(1-p;)< min Y o? = f(P)

ie[n] ic[n]

4)

Theorem 1. For M different P residents groups ¥ = {P}, Py, . . .,
Py}, the one with the smallest sum of variances can achieve the
most accurate load aggregation, defined as the optimal response
probability distribution P*:

P* = {P,IVP, € P: f(B,)<f (P,)} (5)

For rigorous analysis, the probability sets V P€¥ studied in this
paper should all have the same mean  p,eum
P=P,=...=Py = DPmean> Which is an important constraint.
For instance, for two probability sets P; and P, with mean values
of 1 and 0.1, respectively, given the same regulation target D, it is clear
that the response of the latter will be poor or even no response,
resulting in a high aggregation mismatch. In this case of inequality, it
is pointless to analyze still the effect of the probability distribution on
the aggregation, so it should be restricted to have the same mean.

From the non-negativeness of the variance ¢7, it can be seen
that the sum f(P) > 0, if and only if p; is 0 or 1, the equal sign is
true, as shown in Eq. 6. Therefore, for sets with the mean p,;,c4,,,
the optimal distribution P* that can achieve the minimum
aggregation mismatch is given by Eq. 7.

f(P)=0=p; €{0,1},Vp; e P
IP)* = {IP““P; = C]Pu]P)g: Pi = [npmean]) |]P2l =n- ’IPLI}

(6)
™)

where the symbol " " represents the complement, and ¥}, and ¥?
represent the subsets in IP,, whose values are 0 and 1, respectively. “|-|"
is defined as the cardinality of a finite set, and " [-]" means rounding.

g

3 RESPONSE PROBABILITY SETS
GENERATION METHOD

The core of this paper is to analyze the impact of residents’
response probabilities set P on the actual aggregation effect,

Residential Load Aggregation Probability Analysis

and a response probability generation model should be
designed to simulate P. The shape of the probability
distribution is infinitely different, not all cases can be
obtained, and it is not necessary. Therefore, this paper
adopts the f distribution, which is vital in the field of
machine learning, which is a parametric probability
distribution model that only contains two parameters, o and
B > 0, usually denoted as Y ~ Be (a, ). By setting the
parameters, a variety of typical probability distributions can
be simulated, all within the interval (0, 1), and then M x n
random sampling is performed to generate a set ¥ containing
M kinds of P. Some properties of the f distribution are as
follows:

3.1 Probability Density Function

. _ F(oc+ﬂ) a—1 _ p-1
f(Y;a,p8) = 7F(¢x)l“(ﬁ)Y (1-Y) (8)
where I'(z) is the T function.
3.2 Expectation and Variance
o
p=E()= (x—-l-ﬁ 9)
CE(Y - ) = ap
Var(Y)=E(Y - p) @ f (@rpl) (10)

Assuming that the elements IP within ¥ have the same mean g,
combined with Eq. 9, we can derive the relationship between «

and p:
=)

Therefore, a probability set P is generated based on the
distribution, denoted by P ~ Be [a, a(1/u-1)]. Only by
modifying the parameter «, the set ¥ of M probability
distributions can be obtained. In addition, the 3 distribution
has another property: as a increases monotonically, the variance
Var(IP) of V p; € P will decrease monotonically according to the
trend of the inverse proportional function, which means that p;
gradually approaches the fixed mean y, and the degree of
dispersion decreases. The relationship between the two is as
follows:

(11)

o _#(1-p)

(@+p) (a+p+1) a+y

Var (P) = (12)

Further, when the number of residents # is large enough, we
can simplify Eq. 4 to eliminate the summed symbol X and
analyze the analytical relationship between Eqs 4, 12. Before
that, two assumptions are listed first due to the limited
sample size.

Assumption 1. The mean of the probability sample p; is equal to
the expectation of the f distribution, which P follows:
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Beta distribution: (a, a(1/u-1))

v

P: Pl’ Pz,...,PM

v

CUCB-Avg Model
1. Train the model;
2. Execute K load aggregation events;
3. Calculate NRMSE,

v

NRMSE,

v

End

FIGURE 1 | Evaluation framework.

Z]Pi/”=/4

i€[n

Assumption 2. The sample mean of the probability square p? is
equal to the expectation of the distribution, which follows:

Z]p?/n=E(p2)

ie[n

Theorem 2. The relationship between the sum of variances f(P) of
the probabilities and the variance Var(IP) of the f distribution is:

nu (1 —u)
1+¢£

24

f@P) =n[u(l-u)-Var(P)] = (13)

As can be seen from Eq. 13, the trend of change between the
two is precisely the opposite. f{P) is a monotonically increasing

function of a, which means that the aggregation mismatch
becomes larger and less precise as the « increases.

4 EVALUATION FRAMEWORK OF LOAD
AGGREGATION EFFECT

In this section, we first introduce a CUCB-Avg algorithm that
can be adopted to select user sets in load regulation events,
and based on this, we design a framework to evaluate the

Residential Load Aggregation Probability Analysis

impact of the residents’ response probability set P on the LA
effect.

4.1 Users Selection Algorithm

The response probability set P of residents is unknown to the
load aggregator, and it is a complex problem how to select
appropriate users to send the regulation instructions in load
regulation events. This is similar to the setting of the classic
MAB problem: for a slot machine with multiple arms, after each
arm is pulled, it will obtain a payoff that obeys an unknown
distribution. How can the gambler obtain the maximum
cumulative payoff within a limited number of pulls? If each
resident corresponds to an arm, its actual curtailment X; can be
regarded as the reward of this arm. The common denominator is
to understand the uncertainty of an arm/user to make a choice.
Unlike the MAB problem, the goal of LA is to minimize the
mismatch Eq. 2.

MAB is an essential framework for dealing with uncertainty
problems, and typical sub-methods include CUCB (Chen et al,
2013), UCB1 (Auer et al, 2002), and LinUCB (Li et al, 2010),
etc, For the LA scenario, this paper introduces an improved
CUCB, the CUCB-Avg algorithm (Li et al, 2020), to select the
residents set S, This method considers the sample mean p; of p;
and assigns it a confidence interval. From an optimistic point of view,
the actual value of p; is estimated with upper confidence bound and
bounded to [0,1],

alnt

2T,v(t—1)’1> (14)

where « is a positive constant used to weigh the sample mean and
confidence interval. T; (¢-1) is the number of times user i has been
selected in the past (#-1) events. Based on Eq. 14, the CUCB-Avg
algorithm mainly includes three steps to select users: 1)
calculating Gi(t) for each user i, 2) selecting the highest m,
users in descending order and sending instructions, 3)
updating incrementally according to the actual response
feedback. The specific process of the algorithm is as follows:

Gi(t):min<[)i(t—1)+

Algorithm 1. CUCB-Avg

Inputs: D, a>2
Initialization: 7i(1), p;(1):
1: Calculate the ideal maximum regulation target Diz. = n. Send instructions to all n users;
2: Observe the actual curtailment Dy;
3:9;(1) = Dac/Dige:
fort=2,....,T, do
1: Based on Eq. 14, calculate the upper confidence bound for each i.
2: Rank Gi(#) in descending order, denote the order as idx.
3: Find the smallest m, such that ™ Py > D — 1/2.
4: Play Sy={idx(1), idx(2),..., idx(m)} and send instructions.
5: Update 7i(f) and p;(t), ViES;:
5.0 pi(8) = [Bilt — DT(e = 1) + Z1/[Ti(e — 1) + 1;
52Ti(t) =Ti(t—1)+1;
Outputs: Set of users S; and actual load curtailment D¢ (t) = Z:f‘] Ziax(j)-
end for

4.2 Evaluation Framework

In load regulation events, due to the uncertainty and randomness
of residents, CUCB-Avg’s estimation of the actual probability p; is
not entirely accurate, and there is still a mismatch between the
actual aggregation amount and the target D. In this paper, the

Frontiers in Energy Research | www.frontiersin.org

22

July 2022 | Volume 10 | Article 951618


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al.

Residential Load Aggregation Probability Analysis

Variance

O 1 1 1 1
2 3

Value of a

FIGURE 2 | The variance of different § distributions.

normalized root mean square error (NRMSEp) is adopted to
evaluate the effect of aggregation, where D, is the actual
aggregation amount of K times for the target D.

NRMSE, = / D (15)

Based on this, we propose a framework for evaluating the
impact of response probability on the aggregation effect, as shown
in Figure 1.

Step 1. Set M values {a;, oy, ..., oy } of the parameter «, and
calculate 8 according to Eq. 11. Generate the corresponding sets
of response probabilities for all residents based on the
distribution ¥ = {P;, P,, ... ,Py};

Step 2. Train the CUCB-Avg model with different IP as inputs;

Step 3. Based on the algorithm’s understanding of uncertainties,
the Monte Carlo method is adopted to perform K events, and
NRMSE}, is calculated according to Eq. 15;

Step 4. Compare NRMSEp, corresponding to different o, and
evaluate the effect of P on the aggregation effect.

5 CASE STUDY

To verify the theories derived in the previous section, we
conduct simulations based on the proposed evaluation
framework to analyze the impact of different sets P of
response probabilities on the actual aggregation effect. We
focus on the area A, with n = 1000 residents, equipped with
intelligent terminals that can participate in LA, and the
adjustable capacity contracted with the load aggregator is
2.5kW, which is equivalent to 1 unit load.

2
% --------
e
e
(W)
2
=
Qo
% a=>5
02 ----- Average
0 1 1 1
0 200 400 600 800 1000
Users
FIGURE 3 | Curve graph.
1.25 08 E::
. , Z
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3.75 02 &)
5 0
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FIGURE 4 | Heat map.

5.1 Setting of Response Probability Sets
Before analysis, ¥ should be generated containing various
probability distributions based on the § distribution model.
Additionally, we set all distributions with the same mean
Pmean = 4 = 0.7. Specifically, it includes the following steps:

1) Set the parameter « in the interval [0.01, 5], and take M = 20
values in equal steps;

2) Calculate 8 based on Eq. 11;

3) Generate n random numbers following the f distribution,
which correspond to the response probabilities of # residents,
and the setis P, j=1,2 ..., M;

As o increases, Var(P) is shown in Figure 2. It can be seen from
the figure that Var(IP) is monotonically decreasing and similar to
the hyperbolic function, which is consistent with Eq. 12.

Through the above steps, ¥ of M probability distributions with
the same mean y is generated. Due to a large amount of data, it is
not clear to visualize the dataset with a histogram. Therefore, we
adopt a curve graph and heat map as follows:
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FIGURE 5 | The sum of variances corresponding to different «

1) Curve graph. For IP; sort the response probability p; in
descending order, and draw M curves. The horizontal axis
represents the residents, and the vertical axis represents the
response probability, as shown in Figure 3:

It can be seen that as « increases, the curve gradually slopes
and approaches the horizontal dashed line with a mean y = 0.7.
This is because the variance Var(IP) gradually decreases, and the
value of p; shrinks to 0.7.

2) Heat map. It is similar to the previous graph but is equivalent
to looking down on the X-Y plane on the Z-axis of the three-
dimensional coordinate system. M curves are arranged in
parallel at equal intervals. Different colors represent the value
of p; Y-axis represents «, and the corresponding M color
bands are drawn, as shown in Figure 4:

Figure 4 shows the distribution of each IP; more intuitively.
When « = 0.01, P; has almost only probability values at both ends
of the color band, namely 0 and 1. As « grows, the probabilities
corresponding to the color of the middle segment gradually
increase and approach 0.7.

In addition, the variation of f{P) with the parameter a should
also be supplemented, as shown in Figure 5. It should be noted
that although Figures 2, 5 are both about variance, their
meanings are entirely different: the former means that o will
produce different § distributions, and Var(P) of the distribution
is calculated based on Eq. 10; the latter is related to the setting that
the load regulation follows the Bernoulli distribution, and the
sum f(P) of variances is calculated based on Eq. 4. The
mathematical relationship between the two is shown in Eq. 13.

5.2 Load Aggregation Deviation

CUCB-Avg model is trained for T = 1000 times and performs
K = 300 Monte Carlo simulations to calculate NRMSEp.
Additionally, to highlight the superiority of CUCB-Avg,
here we introduce a conventional random selection (RS)
method as the benchmark (Chen et al., 2020). RS only

4 , : : ,
3 L .
N {l
A
Q
= 1
—E— CUCB-Avg
—+H— Random Selection
0 1 L L L
0 1 2 3 4 5

Value of a

FIGURE 6 | NRMSEp, of D = 0.8 MW.
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FIGURE 7 | NRMSEp of D = 1.2 MW.

focuses on the average p,.., of P. For a given target D,
calculate the number of users Nzg to be selected based on
Eq. 16, and then send instructions randomly.

NRS = D/pmmn (16)

The relative relationship between the target D and the number
of residents # (or the maximum adjustable capacity Q) also affects
the aggregation mismatch. To eliminate this effect and purely
analyze the function of P, we set D to be 0.8, 1.2, and 1.6 MW,
respectively. NRMSEp, is calculated based on CUCB-Avg and RS,
as shown in Figures 6-8.

As can be seen from the three figures,

1) The curve obtained by CUCB-Avg is significantly lower than
RS, achieving smaller NRMSE, and better performance.

2) The curve corresponding to CUCB-Avg rises significantly,
consistent with Theorem 1 and Theorem 2: a larger « will lead
to a larger f(P) and a worse aggregation accuracy. Especially

Frontiers in Energy Research | www.frontiersin.org

24

July 2022 | Volume 10 | Article 951618


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al.

X
~
Q
:
=3
0.5 —&— CUCB-Avg i
' ) —+&=— Random Selection
O L L L L
0 1 2 3 4 5

Value of a

FIGURE 8 | NRMSEp, of D = 1.6 MW.

when «a is 0.01, the error achieved by CUCB-Avg is only
0.15%. Moreover, as « increases, the two curves gradually
approach because the variance of the f distribution decreases,
making all p; close to y, and S; selected by the two methods are
similar, resulting in an approximate aggregation effect.

3) The curve corresponding to RS fluctuates wildly, and there is no
apparent upward trend when D is small. This does not mean
that IP does not affect the aggregation effect. It is because RS has
been randomly selected without a strategy, and a different set of
users is determined in each Monte Carlo simulation. When D =
1.6 MW is close to the maximum adjustable capacity Q =
2.50Pmean KW = 1.75 MW, almost all users are selected to
send instructions. Therefore, the effect of IP on the aggregation
effect is more prominent, showing a slight upward trend.

4) As D increases, the gap between the two curves gradually
narrows. When D is small, only a part of users need to be
selected to send instructions, and CUCB-Avg strategically
determines S,, so it has more obvious advantages than RS.

6 CONCLUSION

With the transition from modern power grids to low-carbon energy
systems, residential load resources on the demand side play an
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With the announcement of the carbon peaking and carbon neutrality target in
China as well as the launch of the nationwide green power renewable
generation trading, one of the key issues is how to design an effective
renewable portfolio standard (RPS) and build an efficient tradable green
certificate (TGC) market. The quota that stipulates the share of electricity
supplied from qualified renewable energy (RE) sources has substantial
impacts on the TGC market, the electricity market, and the occurred time of
carbon emission peaking. However, few studies have been reported on
effectively quantifying the impacts of quota variation. Given this background,
this paper presents an innovative system dynamics (SD) model to evaluate the
impacts of quota variation on the trading results of the TGC market and the
trend of carbon emissions in China for the next decade. The proposed SD model
takes factors such as the accommodating capability by the power system for RE
generation, the policy-driven carbon emission reduction target as well as the
decreasing fixed feed-in tariff (FIT) for RE generation as constraints for the first
time. These factors are quantified in the constraints based on the current RE
policies and market trading mechanism in China to improve the evaluation
accuracy of the SD model. Using real-world data, simulations under various
scenarios are carried out to validate the feasibility and efficiency of the
proposed model. The methods for further improving the design of TGC
market are also further explored, which are expected to effectively guide
China to achieve the carbon peaking target.

KEYWORDS

carbon emission peaking, renewable energy generation, renewable portfolio standard,
tradable green certificate, system dynamics
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1 Introduction

Climate change is one of the major global challenges
currently faced by most countries and governments in the
world. In 2020, the Chinese government announced its carbon
peaking and carbon neutrality target by the year 2030 and 2060
(the so-called “3,060” target) respectively to achieve a clean and
low-carbon energy structure. One of the key measures to achieve
the “3,060” target is the restructure of energy mix and the
increase of the proportion of renewable energy (RE)
generation. Therefore, RE will gradually become the main
sources of power supply by replacing traditional fossil fuels.
Moreover, the RE generation project in China has no longer been
granted the feed-in tariff (FIT) from the central government since
2021 (Shayegh and Sanchez, 2021; Zhou and Solomon, 2021). A
new series of policies related to the renewable portfolio standard
(RPS) and tradable green certificate (TGC) will be developed for
RE generators after ceasing the FIT scheme (Tu et al., 2020; Yang
et al,, 2021). However, the development of the TGC market and
the electricity market is still in its infancy in China, and the RPS
policy is still not well defined. The quota in the RPS policy
stipulates the share of electricity supplied from qualified RE
sources. In practice, the preset quotas in the RPS policy will
affect the decision-making of participants in the electricity
market and TGC market trading, and then impact the time of
reaching carbon peaking in China (Tan et al., 2021). Therefore,
setting an appropriate RPS quota and developing a TGC
transaction mechanism by studying the dynamic development
of RE will be of great significance for achieving the carbon
emission target (Feng et al., 2021).

Currently, the TGC market in China is still in the cultivation
period (Das et al,, 2010; Kreikebaum et al., 2010). Aiming at
establishing an effective TGC trading market, several regulations
have been proposed by National Development and Reform
Commission (NDRC) in China to improve the TGC market
and RPS policy, as shown in Table 1. Although relevant policies

TABLE 1 Issued policies in renewable energy in China.

Year Authority Released policy

2017 National Development and
Reform Commission
and Reform Commission, 2017)

2019  National Development and
Reform Commission

The Rules of Green Electricity Certificate Issuance and ~ To establish an initial framework for
Voluntary Subscription (Trial) (National Development ~ TGC transactions

Notice on Establishing and Improving the Guarantee  To build the guarantee mechanism
Mechanism of Renewable Energy Power Consumption  for RPS

10.3389/fenrg.2022.963177

have been put forward to clearly specify the responsible entities
and quota implementation method under the RPS policy, these
policies have not established a feasible TGC trading mechanism
and an appropriate quota determination technique. Besides,
considering China’s RPS policy and TGC market are still in
their infancy, the lack of effective quota determination methods
will reduce the operation efficiency of the TGC market, thus
impede the willingness of responsible entities to trade in the TGC
market (Li et al., 2019; Feng et al., 2022). All those would bring
extra uncertainty for achieving the carbon peaking target.
According to the data from the China Green Certificates
Subscription Platform, the cumulative TGC transaction
volume of wind power and photovoltaic accounts for only
1.1245% and 10.9850% of the total issued volume. In addition,
the highest prices of TGC for wind power and photovoltaic are
382.3 yuan/piece and 872.8 yuan/piece respectively, which are
much higher than the international average prices. It can be seen
that without an effective method for determining the
consumption responsibility weights, the current TGC market
is inactive with a high TGC price and fails to promote RE
consumption in a market-oriented way. As a result, the quota
needs to be appropriately determined and the trading mechanism
of the TGC market under RPS policy should be optimized to
effectively guide the TGC transaction and thus promote low-
carbon development.

Meanwhile, existing research on the dynamic development of
RE mainly focuses on the following aspects: 1) Investigating RE
market systems that are appropriate for national conditions.
After studying the incentive policies of RE in various
countries, (Jiang et al, 2020), compares these mechanisms,
and then puts forward the suggestion that China should
promote the RPS in stages; Learning from the successful
experience of the RPS policy in Texas, some policy
recommendations for China are proposed in (Yang et al,
2011). 2) Studying the relationship between factors such as
consumer costs of electricity and electricity price in the

Main contents Policy limitations

Lack of market liquidity and a
mandatory mechanism

Lack of the bond between RPS
policy and the TGC market

(National Development a nd Reform Commission,

2019)

2020  National Development and
Reform Commission

Opinions on Promoting the Healthy Development of = To fully implement the TGC market
Non-Water Renewable Energy Power Generation

Lack of effective quota

based on RPS from 2021 determination methods

(National Development and Reform Commission,

2020)

2021 Zhejiang Provincial
Development and Reform
Commission

Commission, 2021)
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Renewable Energy Power Consumption Guarantee
Implementation Plan of Zhejiang Province (Trial)
(Zhejiang Provincial Development and Reform

To define responsible entities and
corresponding quota implementation
methods

Lack of feasible TGC trading
mechanism
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electricity market under the RPS. By using the National Energy
Modeling System (NEMS), the impact of enforced RPS
regulations on the US energy market and the power industry
is analyzed in (Kydes, 2007). Studies in (Unger and Ahlgren,
2005) show that the RPS would reduce the prices of wholesale
electricity and CO2-emission permits by simulating the
electricity markets of Nordic countries. 3) Solving the
optimization problem of RPS policy making and trading
portfolio: Based on the IOS New England test system, a tri-
level optimization model including a state regulator, a power
utility, and a wholesale electricity market is proposed in (Kim
et al, 2021) and used to analyze the impact of the incentive
intensity of the RPS on policy making; A decision-making
optimization model of the medium-and long-term electricity
market considering the risk cost of RE generation is established in
(Feng, 2020), and the best purchase plan of electricity is obtained
for organizers.

The development of RE is closely related to a variety of
factors such as electricity demand, electricity price, and profit
margins that generators can obtain in the electricity industry.
Besides, these factors can be further affected by the government’s
energy policies. Therefore, the well-developed system dynamics
(SD) model is applicable for the research. SD is a discipline that
analyzes information feedback systems. It will dynamically
simulate the changing process of each unit in the system
according to the causal feedback of internal and external
factors (Na ncy, 2012; Fetene Adane et al., 2019). Applications
of the SD method in hydropower station dispatching, fossil fuel
consumption, and other research directions are introduced in
(Ebert, Freitag, Sperandio), showing the feasibility and diversity
of this method in the electrical industry. However, there are few
applications of this method in the field of energy at present. In
(Koegelenberg and Pillay, 2015), the future power demand of the
forestry and logging sector in South Africa is predicted by SD,
and the impact of production lines and technical improvement
on power demand is studied through sensitivity analysis. Ref.
(Yang et al., 2006). employed the SD approach to model the
evolution curve of variables in the California electricity market.
Taking policies into account, the effects of different economic
growth rates on carbon emissions and energy consumption in
China are predicted based on SD in (Liu et al., 2015). The SD
model of the electricity market and the TGC market are
constructed in (Hasani-Marzooni and Hosseini, 2012) and
applied to analyze the incentive effect on wind energy
investment.

In general, the application of the SD method in existing
research mainly focused on the evaluation and sensitivity analysis
of RE proportion in the electricity market. However, the study of
the TGC market under the RPS is still insufficient. First, the
impact of the RPS policy on carbon emissions and the TGC
market needs to be evaluated quantitatively. In existing research,
the impact of green certificate quota on the dynamic evolution of
TGC market and the electricity market has rarely been studied.
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Second, the constraints of the power systems in accommodating
RE generation are not considered in the existing SD models,
which may result in an overestimation of the generation capacity
of RE. Third, the current policies in China are not studied
sufficiently in existing publications, which makes it impossible
to simulate the development of RE there accurately. To fill these
knowledge gaps, the main significance and contributions of this
paper are summarized as follows:

1) An elaborate curve of RPS quota value for the next decade and
three policy recommendations are proposed, which can
effectively help China construct the TGC market and
achieve the carbon peaking targets.

2) A multi-agent SD model considering multiple types of
complex factors is established to improve the assessment
accuracy, based on the current RE policies and market
trading mechanism in China. The formulated multi-agent
SD model can evaluate the impact of quota variation on the
trading result of the TGC market and the trend of carbon
emissions in China comprehensively and concretely for the
next decade.

3) Extensive numerical simulations using practical statistics of
China are conducted to demonstrate the feasibility and
efficiency of the

proposed SD model and policy

recommendations.

The rest of this paper is organized as follows: Section 2
constructs the causal loop and SD model to show the overall
framework of TGC market and electricity market. Section 3
enumerates the precise data needed in the proposed model
and discusses the simulation results of this study. Section 4 is
the conclusion of the paper.

2 Model construction

Based on the current status of RPS policy and TGC market in
China, the formulation of the quota is the key to the effective
operation of the RPS policy and corresponding TGC market.
Take the Zhejiang Province as an example, under the RPS policy,
the government established a series of policies defining responsible
entities that are obliged to have quota and corresponding quota
implementation methods (Yang et al, 2006). Specifically, the
responsible entities are divided into two types. The first type is
electricity retailers that supply or sell electricity directly to power end-
users. The second type is large scale power users that directly take part
in the wholesale electricity market and enterprises with self-provided
power plants (Fan et al,, 2021; Xu et al,, 2021). Each type of the
responsible entities can fulfill their demand of RPS quota in three
ways: 1) by purchasing or self-providing RE power directly; 2) by
subscribing to TGC (a unit of TGC corresponding to 1 MWh of RE
consumption); 3) by inter-provincial transaction of excess
consumption.
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FIGURE 1
Illustration of the constructed causal loops.

As observed from the practice in the Zhejiang Province, the
quota will have an impact on the trading behavior and clearing
results of the responsible entities in the power and the TGC
markets. The quantitative evaluation of impacts needs to be
thoroughly analyzed so as to better determine the policy that
improves the RPS policy. The TGC market and the electricity
market are linked with each other by shared elements existing in
both markets, including the electricity price and electricity
demand. Therefore, in this section, an electricity and TGC
market-coupled trading SD model is developed to simulate
the interactions between electricity and TGC markets as well
as the impacts of the RPS policy on market trading results and
carbon emissions.

2.1 Assumptions

The following assumptions are made when developing the
electricity and TGC markets-coupled trading SD model.

1) The subject restricted by the RPS policy in this paper is
electricity retailers, which are obliged to purchase a certain
percentage of electricity from RE generators.

2) One unit of TGC represents 1000 kWh of electricity

generated by RE, and it is the same for all RE generation

technologies.

Since the subsidized RE projects have already been

rewarded for their environmental values by their FIT,

3)

the subsidized RE projects are not allowed to participate

Frontiers in Energy Research

30

in the TGC transaction, but they still account for green
energy generation.

4) Wind power and photovoltaic generation are selected as the
representatives of RE generation technologies.

2.2 Causal loop

According to the analysis of the current RPS policy and TGC
market in China as well as the assumptions in section 2.1, the
causal loop model of the electricity and TGC market-coupled
trading is shown in Figure 1. The causal loop model is a method
to iconically describe the information feedback of internal and
external factors, and the causal loop is widely adopted in the SD
model to evaluate the trend of electricity market.

1)TGC Market
The TGC market is presented on the right side of Figure 1.
a) Loop-1 in the TGC market: RE generation —(+) TGC held
by RE plants —(+) desired sales —(-) excess demand for
TGC —(+) TGC price —(+) RE starting construction —(+)
installed capacity of RE; TGC price —(+) desired sales
In the TGC market, the RPS policy encourages RE generators to
compensate for the economic losses caused by FIT reduction via
selling the TGC. Specifically, the TGC issued by the government
will be sent to the RE generators based on their generating
capacity. Then the RE generators will sell the TGC in the
TGC market, and thus the TGC’s sales volume will be
increased. After that, the excess demand for TGC in the
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market will decrease, which will have a negative effect on the
TGC price based on the
relationship. Consequently, due to the decreased excess
demand for TGC, the TGC price will be reduced and the
profits that RE generators can obtain from selling TGC will be

typical  supply-demand

cut down. Since the investment willingness of RE generators is
closely related to the profit margin that these generators can get
in the TGC market, the investment of RE generators will be
reduced. The above process will gradually reduce the number of
newly installed RE generators.

b) Loop-2 in the TGC market: TGC held by RE plants —(+)
TGC held by electricity retailers —(-) desired purchases
—(+) excess demand for TGC—(+) TGC price —(+) RE
starting construction —(+) installed capacity of RE —(+)
RE generation; quota ratio —(+) TGC turned in for RPS
—(-) TGC held by electricity retailers; TGC price —(-)
desired purchases; electricity demand —(+) TGC turned in
for RPS

The output of RE generators is positively correlated with the
number of TGC available to electricity retailers. In the proposed
SD model, the number of TGC owned by electricity retailers is
defined as the difference between the number of TGC bought
from RE generators and the number of TGC that is required to be
submitted based on the predetermined quota. If the submitted
TGC is decreased, the TGC owned by the electricity retailers will
be lifted. Moreover, the increased TGC owned by electricity
retailers will cut down their demand in the TGC market,
which will further reduce the TGC price and finally cut down
the number of newly installed RE generators.

2)Electricity Market

The electricity market is on the left side of Figure 1.

a) Loop-1 in the electricity market: electricity demand —(+)
excess demand for electricity —(+) electricity price —(+) TE
starting construction —(+) installed capacity of TE —(+) TE
generation —(+) electricity supply —(-) excess demand for
electricity

In the electricity market, the excess demand for electricity will be
increased due to the economic development. The increase in
excess demand for electricity will lead to rising electricity prices
and the growth of profits for traditional energy (TE) generators,
which will further result in an increase in installed generating
capacity and total electricity generation. Finally, the increase in
electricity supply will in turn cut down the electricity excess
demand.

b) Loop-2 in the electricity market: policy restriction —(-) TE
starting construction

For China, in order to achieve the target of carbon peaking in
2030, the growth rate of installed construction of TE generators
will gradually slow down in the future, and its construction
volume will be determined not only by the profit space of TE
generators but also by the policy constraints. Considering the
limitation of the carbon peaking target, the carbon emission
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constraint is added to the installed capacity of TE generators in
the proposed SD model.

3)Interaction Between the Two Markets

The interaction between the two markets is highlighted by the
dotted line in Figure 1.

Loops of interactions: TE generation —(+) RE generation; RE
generation —(+) electricity supply; With the expanded
integration scale of RE, the fluctuation and randomness of RE
have a significant impact on the safe operation of power system.
In this context, the fluctuation of renewable power supply will
become the main source of system uncertainty. In practice, the
power generation of RE will be constrained by power grid
dispatching and planning (Al-Shetwi et al, 2020; Lei et al,
2020). Considering that the power system’s capacity to
consume RE is limited, the growth of RE generation will be
constrained by the system’s capability to consume RE. The above
constraints are considered in the proposed model.

2.3 SD model of markets

According to the causal loop, the SD model of market-
coupled trading can be obtained based on the operation
characteristics of electricity market and TGC market, as
shown in Figure 2. Factors in Figure 1 is subdivided into
several detailed factors, and the corresponding relationship
between the causal loop and SD model is shown in Table 2.
The function and logical relationships between the subjects are
also determined to illustrate the operation mechanism of the
market-coupled trading model, as presented in sections
2.3.1, 2.3.2.

2.3.1 TGC market

1) TGC price constraints:

In the TGC market, the TGC price is affected by the excess
demand for TGC and obtained from the incentive for TGC price
through the smooth function. In detail, the excess demand for
TGC is collectively determined by the desired purchases and the
desired sales of TGC, which depend on the amount of TGC held
by electricity retailers and RE plants respectively. According to
Assumption 3, the electricity of subsidized RE generators can be
converted into the corresponding quantity of TGC. The
quantitative relationships between the mentioned variables are
given by Eqs 1-3.

t
PIEC(0) = P+ [S1EC oyt O
0
Sexe. (1) = S5t (6) = Sy’ (1) ®
STGC (t) — STGC (t) + gE (3)
e,real e 1000
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Illustration of the developed SD model.
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TABLE 2 The corresponding relationship between the causal loop and SD model.

Factors Factors in SD model

in causal loop

RE generation 1. Initial generation of RE
2. Generation of newly installed RE

TGC held by electricity
retailers

1. TGC held by electricity retailers

2. Actual TGC held by electricity
retailers

Excess demand for
electricity

1. Excess demand for electricity
2. Incentive for electricity price
Excess demand for TGC 1. Excess demand for TGC

2. Incentive for TGC price

Justification

Due to FIT, the “initial generation of RE” is rewarded for their environmental values and not allowed to
participate in the TGC transaction while the “generation of newly installed RE” is allowed

The “initial generation of RE” still account for green energy generation. These projects and the “TGC
held by electricity retailers” combine the “actual TGC held by electricity retailers”

The “excess demand for electricity” will have a time-delayed effect on the electricity price. Therefore, the
“incentive for electricity price” is introduced

The “excess demand for TGC” will have a time-delayed effect on the TGC price. Therefore, the “incentive
for TGC price” is introduced

where PLCC (t) is the incentive for TGC price, is the initial
price of TGC, SLC (t) is the excess demand for TGC, S;f,c (t) is
the desired purchases of TGC, Szgec(t) is the desired sales of
TGC. SI%C (t) is the actual amount of TGC held by electricity
retailers, ST9C(t) is the amount of TGC held by electricity
retailers.

TGC
P 0
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2) Accommodating RE constraints:

The amount of completed installed capacity of RE is
determined by the amount of RE capacity at the beginning of
construction through the delay function. Due to the constraints
on the ability of the system to integrate RE, the amount of newly
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installed RE generation is restricted by the amount of TE
generation. The specific equations are shown in Eqs 4-6.

t

KRE (1) = K§F + JK?E (r)dt 4)
0
K§E (¢ +T) = K& (1) (5)
Qi (1) =
Q™ (1) x n—QYF, if KRE (1) x %+ QF=Q™ (1) x
KR (1) x h if KRE (1) x L QRE <QTE (1) x
new 12 > new 12 0 = ’1

(6)

RE
where K

(t) is the amount of newly installed capacity of RE,
KRE s the initial value of the newly installed capacity of RE,
K?E (t) is the amount of completed installed capacity of RE,
KRE(t) is the amount of RE capacity at the beginning of
TRE s
generators. QRE (t) is the amount of newly installed RE
generation, ORE is the initial amount of RE generation, A is
the annual utilization hours of RE, Q"? (¢) is the amount of TE

generation, # is the constraint parameter.

construction. the construction duration of RE

3) RPS quota constraints:

The quota of RPS is gradually increasing under the
influence of the growth rate, and the growth speed is
increasing by degrees. The calculation method is shown in
Eq. 7.

t
R¥S (1) = R™ + J[r x RS (£ - 1)]

0

%

where RRPS (t) is RPS quota, REFS is the initial value of RPS quota,
r is the growth rate of RPS quota.

2.3.2 Electricity market

1) Electricity price constraints:

As for the electricity market, the electricity price is affected by
the excess demand for electricity and obtained from the incentive
for electricity price through the smooth function, which is shown
in Egs 8, (9).

t

CE(H)=CE+ ijxc (t)dt (8)
0
Q1) = @, (0 - QE, () ©)

where CE_(t) is the incentive for electricity price, CE is the initial
price of electricity, QF_(t) is the excess demand for electricity.
Qgem (t) is the demand for electricity, qup (t) is the amount of
electricity supply.

Frontiers in Energy Research

33

10.3389/fenrg.2022.963177

2) Relevant policy constraints:

The amount of completed installed capacity of TE is
determined by the amount of TE capacity at the beginning of
construction through the delay function. Moreover, in order to
achieve the target of carbon peaking, policy will be proposed to
constrain the construction of TE. The constraint of policy-driven
carbon emission reduction target on the amount of TE capacity at
the beginning of construction are shown in Eqs 10-13.

t

K™ () = KI® + jK}"E (t)dt (10)
0
KF(t+T™) = K (#) (11)
Kcur (t) — 670.06175t+17.125 (12)
KTE(#) = min (m x K" (t), K“ (t)) (13)

where KTE (¢) is the amount of installed capacity of TE, KOTE is
initial value of the installed capacity of TE, K?E (t) is amount of
completed installed capacity of TE. T'® is the construction
duration of TE generators. K" (t) is the policy restriction.
KTE(t) is the amount of TE capacity at the beginning of
construction. m is the profit of TE.

3 Numerical results and analysis
3.1 Data configuration

To enhance the accuracy and credibility of the simulation, the
key parameters of the model are from the actual power system
operation of Zhejiang Province in 2020, as shown in Table 3.
Vensim PLE is used to simulate the SD model. Combined with
the actual situation of Zhejiang Province, the simulation cycle is
assumed from 2021 to 2030, and the step length is 1 month. The
growth rate of electricity demand is estimated based on the
average annual growth rate of Zhejiang Province. Meanwhile,
the initial value of the RPS quota is determined as 20% based on
the target of carbon peaking and the actual situations in Zhejiang
Province.

3.2 Scenario settings

Determining the appropriate quota is the key to ensure that
the TGC market comes into effect under the RPS policy.
Furthermore, appropriate quotas will encourage an increase in
non-fossil energy consumption (Xin-gang et al., 2020; Yu et al,
2021). In order to research the impact of different quotas on the
TGC market and electricity market, three scenarios of high
(0.008), medium (0.006), and low (0.004) growth rates are set
to simulate the interaction mechanism and development
tendency by the SD model. The specific curves of the RPS
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TABLE 3 Specification of key parameters in the simulation.
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Types Parameters Value

Constant Growth rate of electricity demand (%) 4
Network loss (%) 6.8

Initial value of variable Price of green certificates (yuan/piece) 150
Capacity of renewable energy (MW) 17,030
Electricity demand (10%*kWh) 4,830
RPS quota (%) 20
Incentive for electricity price (yuan/kWh) 0.4153
Capacity of traditional energy (MW) 59,940
Incentive for green certificates price (yuan/piece) 150

Quota ratio (%)
S L © Wn © wn © wn o
—

W

2020 2021 2022 2023 2024

2025

2026 2027 2028 2029 2030

Time (year)

high ——medium ——low

FIGURE 3
RPS quotas under three scenarios.

quota from 2020 to 2030 under three scenarios are shown in
Figure 3. Three curves rise at different speeds and reach the
highest points of 29%, 41%, and 59% by 2030 respectively.

3.3 Simulation results and analysis

3.3.1 The effectiveness of RPS

Through analyzing the variation trend of energy
structure under three different quota curves given in
Figure 3, it is found that the quota curve under the
medium growth rate best meets the requirements of the
energy development plan of Zhejiang Province in 2025
(Zhejiang  Provincial Development and  Reform
Commission, 2021). As a result, the following study is

conducted under the medium growth rate quota curve.

1) Impacts of RPS on the energy structure
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By comparing the simulation results of energy structure
change tendency under different scenarios, a series of RPS
quotas of medium growth rate is proposed to meet the
requirements of “The 14th Five-Year Plan for Renewable
Energy Development in Zhejiang Province” (Zhejiang
Provincial Development and Reform Commission, 2021). The
growth tendency of the energy structure and power generation of
RE and TE from 2021 to 2030 is shown in Figure 4.

Figure 4 shows that the capacity of TE and RE will reach
74.6942 and 34.3033 GW respectively in 2025, which approaches
the estimated data of thermal power (74.62 GW) and the capacity
of non-water RE (34.30 GW) based on the RE development plan
of Zhejiang Province in 2025 (Zhejiang Provincial Development
and Reform Commission, 2021). The installed capacity and the
power generation of TE will be increased in 2021-2027. However,
due to the restriction imposed by the RPS policy, the newly
installed capacity of TE will be substantially reduced from 2027.
As a result, the total capacity of TE is stable at 91 GW and the
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Carbon emissions under three scenarios.

annual TE power generation stabilizes at 347 TWh. Meanwhile,
the installed capacity of RE is increasing annually, and by
2029 the installed capacity of RE will exceed that of TE. In
2030, the total installed capacity of RE reaches 132 GW and the
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annual RE power generation reaches 108 TWh. It can be
concluded from Figure 4 that the TGC market and RPS policy
will promote the optimization of energy structures in Zhejiang
Province.
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2) Impacts of RPS on carbon emissions

The quota of RPS has an effect on the development of RE and
further influences the volume of carbon emissions. In order to
analyze the variation of carbon emissions under different growth
rates and evaluate the time of carbon peaking, three different
scenarios are simulated in this subsection.

According to the data of the China Electricity Council (CEC),
in 2020, the amount of carbon dioxide emissions per unit of
thermal generation is about 832 g/kWh. Meanwhile, the
exploitation and development of RE is a replacement of TE,
which brings a decline in carbon dioxide emissions. When the
monthly carbon emission of traditional energy is greater than the
monthly carbon emission reduction of renewable energy, the
carbon emission of the power system is in a growth period, and
the carbon dioxide emission gradually increases. The carbon
peaking target of the power system will be achieved when the
carbon emission of TE equals to the carbon emission reduction of
RE. The trends of carbon emissions under different RPS quotas
are shown in Figure 5.

In addition to the power generation, carbon emissions also
come from steel, cement, chemical industry, crude oil refining
and other sources. As a result, the carbon peaking time of the
power system obtained from the simulation is earlier than 2030.
As shown in Figure 5, the increased growth rate will enhance
carbon emission reduction. In addition, it can be seen that the
carbon peaking time under different scenarios varies from
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2026 to 2028, and the high growth rate will help achieve the
carbon peaking target in advance. Meanwhile, in the case of the
medium growth rate, the time of carbon peaking is in the first
quarter of 2027 when the volume of carbon emissions reaches
5.02*10% t. Figure
and RPS could reduce carbon emissions and advance the time of

5 indicates that the implementation of TGC
carbon peaking.
3) Impacts of RPS on TGC prices

The tendencies of TGC prices under different scenarios are
simulated through the SD model, as shown in Figure 6.

As can be seen from Figure 6, the TGC price keeps on rising
from 2020 to 2030. In addition, there is a positive correlation
between the quota growth rate and the growth rate of the TGC
price. According to the price-demand relationship, an increase in
TGC price will reduce the purchase demand of buyers, limiting
the transaction scale of the TGC market. However, considering
that the TGC market aims to stimulate the development of RE
through market-oriented transactions rather than FIT, the
limited transaction scale caused by the continuous rise of
TGC prices will not be conducive to RE development (Zhao
et al,, 2019; Li et al., 2020). Considering the current situation in
China, the TGC prices in China are much higher than the
international average. In addition, for the responsible entities
in Chinese enterprises, they still have insufficient understanding
of the TGC market and are highly sensitive to the TGC price.
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TGC prices under different scenarios.

Therefore, reducing the TGC price will promote the TGC trading
and activate the TGC market in China, which will further help
promote the development of China’s RE industry.

3.3.2 Analysis of TGC market

To encourage the efficient use of RE, targeted improvements
to the system of TGC transactions are proposed from three
aspects (Heimvik and Amundsen, 2021). The TGC prices of the
improved system and the original price are shown in Figure 7:

1) Improvement of TGC trading rules

By adjusting the relevant parameters in the process of TGC
trading, the changing trend of the TGC price under the
improvement of trading rules is simulated. Compared with
the original TGC price, the TGC price under the trading rules
maintains a similar growth trend during the initial years as
shown in Figure 7. However, the price will start to decrease in
2024, and will reach 113 yuan/piece in 2028 and then remain
stable. The TGC price reduction brought by the improved
trading rules will increase the total TGC trading volume and
enhance the transaction efficiency.

In this paper, the improvement of TGC trading rules is
realized by the expansion of the desired sales and desired
purchases. For the practical TGC market, several suggestions
are given to increase the desired sales and desired purchases.
Firstly, the secondary market for TGC should be established.
According to the existing rules, TGC has no right to conduct a
secondary sale after the transaction. Therefore, the secondary
TGC market improves the currency of the TGC and reduces the
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TGC price in a market-oriented way. Besides, a more
comprehensive information system should be added to the
TGC markets. By displaying detailed transaction information
such as TGC trading volume and clearing TGC price in the
transaction system, the transparency of the TGC market can be
improved. Furthermore, the government can simplify the
application and issuance mechanisms of TGC to improve the
transaction efficiency of the TGC market.

2) Expanding the scope of RE

As is shown in Figure 7, the TGC price, after expanding the
scope of issuance, shows a downward trend annually. Specifically,
from 2020 to 2025, the reduction of the TGC price is
insignificant. After 2026, the decline of TGC price becomes
more and more significant, and it will reach 126 yuan/piece
(20% decrease) in 2030. Consequently, expanding the application
scope of TGC and increasing the number of traded TGC in the
TGC market will decline the TGC prices. Meanwhile, there are
few types of RE applicable to TGC in China, including only
onshore wind and centralized photovoltaic generation projects
that are on the FIT list or sold at regulated prices. With the
continuous development of RE, the application scope of TGC
should be further expanded to allow more RE projects to
participate in TGC trading.

3) Improvement of the system capability of accommodating RE

Since the output of RE has strong uncertainty, the increasing
proportion of RE in the power system requires the cooperation of
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flexible generators and the participation of demand response to
realize the interaction of energy, information, and transaction on
both supply and demand sides.

It can be seen from Figure 6 that improving the consumption
capacity of the power system can reduce the TGC price. From
2020 to 2026, the prices increase slightly due to the delay effect of
the implementation of new policies and engineering
construction. From 2026 to 2030, the TGC prices will be
the in the
consumption capacity of the system, and will drop to
103 yuan/piece in 2030. Therefore, in the face of a high RE
proportion in the power system, it is necessary to improve the

significantly reduced due to improvement

system’s capability to consume RE and promote its development.
In the practical power system, the way to improve the
such as

system’s  capability in

transmission channel construction and auxiliary service device

accommodating  RE,

investment, will have a positive effect on the TGC market’s
development. However, considering both the cost of the above
construction and the benefit brought by the TGC market, the
reasonable improvement degree needs to be determined.

4 Conclusion

The implementation of the TGC market based on RPS policy
has a significant impact on the development of RE and the
achievement of the carbon peaking target. In this paper, a SD
model considering multiple types of complex factors is
established to construct a market-coupled trading system.
Compared with existing algorithms and models, the proposed
SD model is innovative by integrating constraints on the system
RE integrating capability, the policy-driven carbon emission
reduction target, as well as the decreasing fixed FIT for RE.
These factors are quantified in the constraints based on the
current RE policies and market trading mechanism in China
to improve the evaluation accuracy of the SD model. Then, the
tendencies of key elements and the volume of carbon emissions
from 2021 to 2030 are simulated based on the actual statistics of
China. The evolution processes of energy structure, carbon
emission and the TGC price are simulated and analyzed
under multiple scenarios. Finally, an elaborate curve of RPS
quota value for the next decade and policy recommendations
on the mechanism of TGC market are proposed from three
aspects, which is a useful guideline for China to construct the
TGC market and achieve the carbon peaking targets. Based on
the proposed model and simulation results, there are still some
problems that need to be studied in the future, which are listed as
follows: 1) In order to simulate the changing trend of electricity
prices more accurately, the electricity market could be further
broken down into the spot market and the forward market in the
electricity and TGC market-coupled trading SD model. 2)
Considering the differences in construction cycles and costs
between different types of RE technologies, the unit power
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generation of different types of RE technologies should be
quantified into different numbers of TGCs.
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In recent years, offshore wind farms have boomed all over the world. It is essential to
manage the energy dispatch of the offshore wind power systems to reduce transmission
losses. This article proposes an optimization method for the optimal power flow of
offshore wind power systems based on the convex—concave procedure. First, the
nonlinear variables in the power flow constraints of the offshore wind power system
are relaxed with newly defined variables. Second, the non-convex constraints are
reconstructed according to the variables’ characteristics so that the optimization method
satisfies all constraints at the same time. Meanwhile, by applying the Taylor series
expansion, the relaxation variables’ gaps are changed dynamically, and the convex
relaxation is tightened to ensure the effectiveness of the proposed method. Finally, the
feasibility of the relaxation and the optimized solution is verified by the simulation to realize
the power optimization in the real offshore wind system.

Keywords: offshore wind systems, optimal power flow, convex optimization, convex-concave procedure,
quadratic relaxation

1 INTRODUCTION

With the steady progress of energy reforms around the world, the proportion of renewable energy
sources, such as wind energy and solar energy, is increasing (Zhang et al., 2017). It is estimated that
by 2035, the installed capacity of wind power will reach more than one billion kilowatts, of which the
offshore wind power is about 350 million kilowatts. Wind power will become one of the main power
sources affecting each country’s energy structure and security. At the same time, considering the
vigorous development trend of offshore oil and gas platforms, and their complex network format, it
is very significant to carry out energy management for offshore wind power systems (Shafiee, 2015).

In energy management, how to reduce system losses is the top priority of optimization
(Khan et al., 2016; Li Z. et al., 2020). The loss of offshore wind power is usually caused by line
losses of the submarine transmission cable (Apostolaki-Iosifidou et al., 2019). Therefore, it is of great
significance to propose an effective solution method to reduce the line losses on the basis of ensuring
energy conservation and satisfying the corresponding physical relationship on the basis of how to
carry out refined physical modelling for offshore wind power systems.

The offshore wind system is a typical nonlinear system. In the optimization of nonlinear systems,
since the problem is non-convex and NP (HardKonar and Sidiropoulos, 2017), the commonly
used solution methods are the linear programming method based on the approximate fitting
(Bourguignon et al., 2015), gradient (Guirguis et al., 2016; Neftci et al., 2019) and Newton method-
based algorithm (Li et al., 2020a), Lagrange multiplier method (Ruan et al., 2020; Xie et al., 2022),
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interior point method (Fazlyab et al., 2017), and various heuristic
and intelligent algorithms (Rokbani et al., 2021; Goli et al., 2021;
Lietal,, 2022). In these algorithms, the approximated method
has high solving efficiency, but it will lead to some errors in the
process of linearization, which affects the feasibility of the optimal
solution. Gradient and Newton-based algorithms require a high-
quality initial value in the iterative calculation and may fall into
the ill condition. Lagrange multiplier and interior point method
have certain requirements for the value of obstacle function.
Therefore, it is difficult to solve the nonlinear and non-convex
problem using the common analytical solution algorithm. When
using the heuristic algorithm, it needs a lot of running time and
storage space, and it is hard to find the global optimal solution.

In order to find the global optimal solution of the optimization
problem, the convex optimization-based methods have gradually
entered the field of power system management. This is because
if an optimization problem can be written in a standard convex
optimization format, the local optimal solution is the global
one. In addition, convex optimization can be solved efficiently
by many analytical methods (Boyd et al., 2004). Therefore, to
apply the convex optimization technique into non-convex and
nonlinear problems, some relaxation methods should be imposed
to reshape the non-convex solution domain.

According to the mathematical expression form of the
relaxation, the convex relaxation methods can be roughly divided
into second-order cone relaxations (Abdelouadoud et al., 2015),
semi-definite relaxations (Jubril et al., 2014), convex hull
relaxations (LiQetal, 2018), and quadratic relaxations
(Hijazi et al., 2017). Among these methods, the method proposed
by LiYetal (2018) showed that the second-order cone
relaxation method is suitable for the network with a radial
topology, of which the recovery of the angle information is
conditional. Ma et al. (2020) pointed out that semi-definite
programming cannot obtain the feasible optimal solution in a
special three-node network. Cremers and Kolev (2010) pointed
out that the constructions of convex hulls lead to different relaxed
regions in the solution domain. Chen etal. (2021) proposed
a quadratic relaxation with certain constraints on the angle
difference in the network, which can only be applied to the
special meshed topology. Therefore, the above methods have
some limitations in the application of power optimization, and it
is difficult to ensure the accuracy of relaxation.

In the current research on the energy optimization of oftfshore
wind farms, few methods use convex relaxations. The convex
relaxation-based methods will enlarge the solution domain
through the variable replacement, which may cause the loss
of information. Therefore, it is challenging to recover the
complete system information after relaxations, and the feasible
optimal solution cannot be obtained unless the conditions of
exact relaxations are met. The change of topology and system
parameters will result in inexact relaxations. So the generality and
flexibility of the convex relaxation-based method is poor.

In summary, how to use the convex relaxation method to
realize the accurate relaxation is of great significance. To fill
the research gap of the above literature, this article proposes
a convex-concave procedure-based method for the energy
optimization of offshore wind power systems. This method

mainly focuses on the problem of wind turbines’ output and
the energy distribution in the offshore wind power system.
This method inherits the advantages of traditional convex
optimization methods, which can be efficiently solved with
the global optimal solution. In this method, the optimization
problem of the offshore wind power system is first modelled
mathematically, and the second-order cone relaxation method is
used to deal with the non-convex constraints in the optimization.
Then, in order to reduce the relaxation gap, a Taylor series
expansion-based technique is imposed to contract the relaxation
region; that is, the iterative process is imposed with the
convex—concave procedure so that the solution domain is close to
the one before relaxation. Thus, the efficient energy management
of offshore wind power systems can be achieved, and the energy
management problem of the offshore wind power system can be
solved while maximizing the economic benefits of the system.

2 OPTIMIZATION MODEL

Figure 1 is a schematic diagram of offshore wind power systems.
Among them, the wind power system is usually composed
of offshore wind farms and electrical collector systems, which
interconnects multiple wind farms. In order to transfer the power
of the offshore wind power system to the power grid side, the
substation is required.

The research of this article focuses on the oftfshore wind
power system, that is, the energy management of the offshore
wind farms and collector line systems. The offshore wind power
system is a typical nonlinear system, of which the mathematical
model is non-convex. It is composed of the objective function,
equality constraints, and inequality constraints. The aim of the
optimization is to maximize the transmitted power to the grid.
The constraints are about the power flow, energy, voltage, load,
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FIGURE 1 | Schematic diagram of offshore wind power systems.
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and generators’ constraints. In addition, the topology of the
system should be considered as well.

In the optimization model of the offshore wind system, define
the voltage variable of each node i with the complex variable
U, = V,£0,. The generated active and reactive power of node i is
P! and @. The active and reactive consumption power of node
i is P{ and Q. For branch i~j, the current variable is I;, the
admittance is Y}, the conductance is G;;, and the susceptance is
Bj. The transmitted apparent power, active power, and reactive

power of the branch i~jare denoted as S, P;, and Q;, respectively.

2.1 Objective Function

The objective function of the offshore wind farm is to maximize
the on-grid electricity, that is, to minimize the transmission loss
of the system. The mathematical expression of the power loss is

f=YP- 2P (M)

P! and P! are the generated power and consumption power of
node i, respectively.

2.2 System Constraints

Based on the operating conditions and physical relationships of
the offshore wind power system, the constraints are established
as follows:

1) The relationship between the transmitted power and current
with the node’s voltage is

S;=Ul;. 2

In the abovementioned equation,® is the conjugate operator.
Variables S;, U, and I;; are complex variables.

2) The relationship between node’s voltage and branch current:

L= (Ui - U;’) Y. G)
where Y is the complex variable.

3) Power balance law of active and reactive power:
P,=P;=Y P{-Pf. (4)

Q=) Q=) d-qQ. (5)
Superscripts g and ¢ denote the generator nodes and load nodes,

respectively. In the offshore wind farm system, a majority of the
nodes are generator nodes.

4) Voltage ranges

V<V <V (6)

omn < 6, < O™, (7)

5) Power ranges

pemin < pe < pamax, (8)
Q;‘min < ch < Qfmax. (9)
})fvmin < P;g < meax. (10)

Qlgmin < ng < Qflnax. (11)

Superscripts min and max are the lower and upper bounds,
which are constants. For the active power and reactive power of
node i, the limited bounds are defined according to the operating
constraints of the equipment. The active power and reactive
power in the abovementioned formula are real variables.

6) Branch constraints:

PP" < Py < PR, (12)

Q" = Q= Q™. (13)

For the active power and reactive power of the transmission line,
according to the operating constraints of lines, the bounds are
limited.

2.3 Optimization Model
Based on the objective function and constraints modelled earlier,
the optimization model can be summarized as

min (1)
s.t. (2) = (13). (14)

In this optimization problem, because of the constraints in Eqs 2,
3, it is a non-convex, nonlinear, and NP-hard problem.

By adjusting the active and reactive power output of the
offshore wind power system, it can provide reactive power
support for the offshore collector systems. Thus, the power loss
and the reactive power configuration of the substations can be
reduced. In view of this, the article proposes a convex relaxation
method to optimize the offshore wind power system efficiently.

3 CONVEX RELAXATION-BASED METHOD
FOR OFFSHORE WIND SYSTEMS

3.1 Slack Variables’ Definition

Six real variables are defined as follows:

a; = Vicos 6, (15)
b, = V’sin 67, (16)
a; = Vcos 0;Vicos 6, (17)
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b; = Vsin 6,Vsin 6, (18)
s = VicostVisin 0, (19)
s; = V,c0s 0,V;sin 0,. (20)

By substituting Eq. 3 into Eq. 2, we can get the branch power
flow of active power and reactive power as

P=R(V,VY;)-R(V,V'Y;), 1)

Q-a(vvir)-a(vyy). e

where R and J represent the real and imaginary parts of the
complex variables, respectively. By replacing the voltage-related
variables with the newly defined variables, the branch power flow
of each transmission line from the two directions will become

Py == (a;+by) Gy + By (5-55) + Gy a + b)) (23)
Py == (a;+by) Gy = By (5 -5;) + G
(555

)
Qi =~ (a;+b;)B;+Gy(s;—s;)+B;(a,+b)  (26)

Since we have the voltage constraints in Eq. 6 and Eq. 7, the
newly defined six variables have the corresponding ranges as well.

(VM) < a;+b; < (V™) (27)

J(a+b) (24

Q;=—(a;+b;)B;-G +B;(a;+b) (25

min{V,-Vjcos(G,-j)} <a; +b, <max{V Vcos(@ )}, (28)

ij =

min {sin(6,)} <s; - s,; < max{sin (6,)}, (29)

where Gi}. € [9;;““,01‘.1‘.“"]. The limits of Gij can be obtained from
the ranges of 6, and 9].. Therefore, min{ cos(@ij)}, max{ cos(@ij)},
min{sin(0;)}, and max{sin(6;)} are known in advance according
to the relationship of trigonometric functions. The six variables
defined in Eqs 15-20 have the following four series of equality
constraints.

s;=ab; (30)
s; = ab; (31)
a?j = a,a; (32)
by =bb (33)

With the slack variables added, the optimization problem in
Eq. 14 can be rewritten as

min (1)

s.t. (4)-(5),(8) -
The non-convexity of Eq.34 comes from the constraints of
Eqs 30-33, which are in standard quadratic formats. To deal with

this non-convexity, the convex-concave procedure is imposed in
the next subsection.

(13),(23) - (33). (34)

3.2 Convex-Concave Procedure
For the constraints in Eqs 30-33, we can reconstruct them with
the two groups of inequality constraints as

4 ! 4
b. b.z b__b_z-
(birb)" b%+(’ ) <0, (36)
4 ! 4
+b) =b)" ]
(“t+ 1) _ s?.+u <0, (37)
4 g 4
) [, (a-b)]
AR PRGN I (39)
4 ! 4
bo+b ) r b-—b.z-
CAL N PPN Gl 20, (40)
4 ! 4
+b) [, (a-p)]
(al+—)_ s?.+u 20, (41)
4 ’ 4
) [ (a-0)]
(alzf) B szﬁg > 0. (42)

It can be found that the constraints in Eqs 39-42 are second-
order cone relaxations, which are convex, and the convex
optimization problem is defined as

min (1)

s.t. (4)—(5),(8) —(13),(23) - (29),(39) — (42). (43)

Set the convex solution domain of convex optimization Eq. 43
with the convex set Q). In addition, all the variables in Eq. 43 are
defined with the convex set X. Then Eq. 34 can be equivalently
written as

min f, (X),
st fiX)-g(X)<0. XeQ. (44)
In Eq. 44, f,(X) refers to the first term in Eqs 35-38, and g, (X)

refers to the second term in Eqs 35-38. It can be found that both
f(X) and g, (X) are convex functions.
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Due to the policy of first-order Taylor expansion series at
X(t), where t is the index number of the iteration times, g, (X) in
Eqs 35-38 can be linearized as

(t) (t)
g, (X0 = a + % +2aijt (a,] a,]t )
(agt) _ a;t))l agt) a;t)
+ +
4 2
X (a,— agt)— a;i+ a;t)) (45)
O\®)' _ 12 (b, - 1)2 2(1) 0} ()
GXGXY)T = b+ ————=b;" + 2b; (s5-)
() ()2 t_ 1
+ (b, -b; ) + bi-b;
4 2
(b b~ b+b") (46)
b.)2
NS (a- A 0 ®
GXXO)T =sp 4 —— " +25 (1 sij)
0 _ 20 (t) (t)
( t t ) . ail _ b]t
4 2
X (al.— al(.”— b+ b;”) (47)
b,)2
Ly ()@ ( iJ A 2(t) ® ®
g (X;XW) o+ ——— " +2s; (sj =i )
(1) (t) (1)
( - b, ) N a; - b,
4 2
x (aj— ©_p+ bf.t)). (48)
Initialization

0 0 i
t=0,X 70 =™

Check

N g

The stopping criterion is not met

Yes

Optimization

Solve Optimization (49)

l

Update 7 :If £V < 7™,
Updater:1=1+1;

Update

(H—l)

= ur(u>1);

FIGURE 2 | Solving process of the proposed method.

To drive the Taylor expansion series be exactly equal to the
equality before the expansion, the penalty term is involved.
R(X)=1"Y" d, is defined, where w is the total number of
constraints (35)-(38) in the system, and 7" indicates the penalty
factor in the tth iteration whose limit is from ™" to ™. d,
is an introduced non-negative variable, which is intended to be
the slack variable for constraints in Eqs 35-38. Considering the
sum of d, is Z}”::ld](f“), which is expected to be around zero, the
solution obtained from Eq. 44 will be exactly the one from Eq. 34.
Therefore, the penalty term is added into the objective function
to drive d, to be zero.

With R(X) as penalty terms in the objective function, the
objective function differences between the tth and the t+1-
th iteration with R(X)"” — R(X)“*" are recorded. Substituting
(G X™)' to replace g, (X), optimization Eq. 44 will be

min f,(X) +7 Y d,,
k=1
st. (X)-g (XY <d, XeQ
d.>0. k=1,2...,w (49)

Since the convex-concave procedure method is an iterative
algorithm, the stopping criterion will be no more the
improvement of the objective function or Z,’(":ld](:“) , which tends
to be zero. Moreover, 7 is set with limited constant 7", and a
step length of 1.5 is set for 7 in the iteration. Thus, the algorithm
allows a low penalty on violations which in turn permits an
enlarged solution region with a lower objective value. Consider
a very small positive § = 0 as the stopping signal. Therefore, the
total stopping criterion of the convex—concave procedure method
will be all of the inequalities. Thus, Zzzld,(f“) > 8,7 < 7™ and
[R(X)® = R(X)"*V| > § are violated. The whole solving process is
shown in Figure 2.

Thus, with the convex-concave procedure applied, the non-
convex offshore wind system’s optimization problem in Eq. 14 is
transferred to Eq. 49. In each iteration, the convex optimization
is solved efficiently and the sum of gaps is considered. Thus,
when the iteration is stopped, the total violations are punished
and the relaxation gap will closely be zero. In summary, both
the solving efficiency and the optimization precision can be
guaranteed.

4 CASE STUDY

In this article, a real offshore wind farm in China is used as the
testing system. The system consists of 91 wind turbines in 14
loops. The topology is shown in Figure 3.

In this system, the length of the submarine cable between
most of the circuit is 735 m. In the circuit between No. 77 and
No. 83 wind turbines and the circuit between No. 84 and No.
90 wind turbines, the length of the submarine cable is 1715 m.
The selection of submarine cables between the wind turbines is
decided according to the multiple factors such as the line’s current
carrying capacity, thermal stability, and voltage drop. The length
of the high-voltage submarine cable between the wind turbine
and the offshore substation is shown in Table 1.
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FIGURE 3 | Topology of the offshore wind farm system.

Substation

@ Wwind Turbine — The 66KV submarine cable —— The 220kV submarine cable

Substation

The relaxation model established above is built and written
into Matlab through the Yalmip (Lofberg, 2004) toolbox,
and solved by the IBM commercial solver CPLEX (Shinano
and Fujie, 2007). The CPLEX is called to solve the convex
optimization in the iterative process. In this case, the active
power, reactive power, node voltage of each wind turbine node,
and current and power on the lines between wind turbines are
the variables to be optimized. At the same time, the upper and
lower limits of the active power and reactive power of the wind
turbine node, the upper and lower limits of the nodes’ voltage,
and the upper and lower limits of the active power and reactive
power transmission of the line are known quantities. In this
optimization, the output of the active power and reactive power
of the wind turbine will affect the node voltage and the current of
the line connected to it, thereby affecting the line loss, resulting

in the change of the on-grid power of the wind farm. If the line
loss is reduced, the on-grid power will increase. Conversely, if the
line loss increases, the on-grid power will decrease.

In the test, by setting the wind turbines’ output level with 25,
50, 75, and 100%, the optimized power loss is shown in Figure 4.
From this, it can be found that within four times of the iterations,
the objective function will no longer be changing in all scenes.
In addition, in the iteration, the power loss will be smaller. That
is to say, with the convex-concave procedure implemented, the
objective function changes toward a better result.

As mentioned earlier, Eq.43 is a standard convex
optimization, whose equality constraints are linear and the
inequality constraints are all convex. To compare the relaxation
gap of Eq.43 and the one in Eq.44, we have conducted the
following tests when the output level of the wind turbine is 100%.

TABLE 1 | Information of the connected wind turbines and their offshore submarine cables.

Loop no. Wind turbine no. Length of cables (km) Cross section of cables (mm)
1 18 13,581 3 x 300
2 12 17,413 3 x 300
3 6 22,178 3 x 300
4 31 5,339 3 x 500
5 46 5,303 3 x 500
6 72 22,190 3 x 300
7 77 1,609 3 x 500
8 24 9,773 3 x 300
9 38 1,117 3 x 500
10 39 1,609 3 x 500
11 53 9,753 3 x 500
12 66 18,067 3 x 300
13 84 12,783 3 x 500
14 60 14,217 3 x 300
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2
1 10 zijeE(lsﬁ_aJ'bil)
Gap, = ——— (51)
n
2
Z1jeE (|aij - aia}")
Gap,= —/—— ——~ (52)
n
2
ZijeE (|bij - bibj')
Gap, = ————— (53)

Power Loss(kW)
=
S
?
/

|
O0 1 2 3 4

ITteration

FIGURE 4 | Optimization results under different wind turbine output level
during iterations.

Value

Iteration

FIGURE 5 | Relaxation gap’s change during iterations.

The relaxation gap is defined as

(Iss—a;b]
Gap,, = 2y (b5t} . N (50)

In the aforementioned equations, set E denotes all the branches
of the system and # is the total number of transmission lines in
the power system. Thus, Gap,,, Gap,,, Gap,, and Gap, are the
average gap of four sets of the relaxed cones, respectively. In each
iteration, the value of Gap , Gap,,, Gap,, and Gap, are shown
in Figure 5. From this figure, it can be found that the second-
order cone relaxation gap is reduced during iterations. Without
the convex—concave procedure implemented, the initial value of
the relaxation gap is around 0.5. With iterations, the gap is driven
to be less than 10e — 6 and can be regarded as zero.

In summary, the proposed method is tested on a real
offshore wind system. Both the power loss of the transmission
lines and the relaxation gap are reduced by iterations of the
convex-concave procedure.

5 CONCLUSION

In this article, a convex-concave procedure-based method for the
optimal power flow of oftshore wind farms is proposed.

1) Itis established with the relaxation variables.

2) Two sets of the inequality constraints are implemented to
replace the nonlinear and non-convex equality constraints.

3) To drive the gap of the second-order cone relaxations to
be zero, the first-order Taylor expansion-based iteration is
imposed.

From the test results of the real wind farm, the superiority of
the proposed method is verified. It can be found that the proposed
method can optimize the power loss of the transmission lines
and improve the power transmitted to the power grid. Moreover,
the relaxation gap is tested to be around zero with the proposed
iterations.

In the future work, this method will be improved with high
solving efficiency.
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The proportion of renewable energy is increasing rapidly to develop low-
carbon power systems and the intermittence nature of renewable energy
harms the security operation of power systems. The participation of
interruptible loads is an effective means to handle the intermittence of
renewable energy. However, the capacity value of interruptible loads has not
been fully recognized, which results in limited involvement of interruptible loads
in power system operations. Hence, it is urgent to analyze the capacity value of
interruptible loads. In this paper, a capacity value calculation method of
interruptible loads is proposed. A joint optimal operation model of
interruptible loads and multiple power sources including thermal power
units, hydropower units, and wind turbines is established to realize the
application paradigm of power system operations with interruptible loads.
Case analysis based on the operation data of the power system in a
particular area verifies that the proposed method can effectively recognize
the capacity value of interruptible loads and reduce the installed capacity of
thermal power units. It thereby lays the theoretical foundation for analyzing the
role of interruptible loads in the low-carbon transition of the electric energy
industry.

KEYWORDS

interruptible loads, capacity value, energy transition, operation simulation, optimized
operation, unit aggregation

1 Introduction

The electric energy industry accelerates the transformation to low-carbon nowadays.
In the future, power systems will use a high proportion of renewable energy as the main
body of the power system. However, due to the uncertainty, volatility, and intermittence
of renewable energy, the power system operations in the future will face severe challenges
(Mashhour et al., 2010; Sarkhani. et al, 2011). In power systems, if conventional
generators are the only type of means used to handle the intermittence of renewable
energy, these generators are started and stopped frequently or their outputs are changed
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dramatically. This increases the difficulty of dispatching and
reduces the economy of power systems (Sampang et al,
2018). Demand response has developed rapidly in recent
years. It has gradually become a vital force that can support
power systems to peak load shifting, and absorb renewable
energy (Bessler and Jung, 2016), and its status is becoming
more and more critical (Sivaneasan et al, 2016). Hence,
measures to maintain the security operation of power systems
with high proportion of intermittent renewable energy should
not only be implemented on the power resource side but also the
demand side.

Demand response is generally divided into incentive-based
demand response and price-based demand response according to
the response mode of the demand side (Devatgaran et al., 2013).
Interruptible loads are an incentive-based demand response (Li
et al, 2013). According to the contracts signed by users in
advance, the loads will be cut off according to the agreement
when the peak load is very high, or the security operation of
power systems is threatened. Users will be given specific
compensations after the loads are cut off (Sharma et al., 2018;
Wang et al., 2020). The interruptible loads are developing rapidly
and have enormous potential. In recent years, plenty of regions
have successively introduced relevant policies on interruptible
loads (Argiento et al, 2012). With the advancement of the
electricity market, it has become inevitable for interruptible
loads to participate in the electricity market in the future
(Sampang et al, 2018). At this stage, the interruptible loads
pricing mechanism is still dominated by the government, which
cannot fully reflect the value of interruptible loads to power
systems. Therefore, the value of the interruptible loads deserves
careful analysis to develop effective price mechanisms in the
future electricity market. Interruptible loads mainly play the role
of peak load shifting in power systems (Mashhour et al.,, 2010).
The effect of interruptible loads in power system operations is
similar to energy storage systems. Therefore, interruptible loads
have a particular capacity value. In the crucial period when
interruptible loads need to be developed urgently, research on
capacity value analysis has essential theoretical and practical
value.

Some papers have had some exploratory analysis on the value
of interruptible loads. Wang et al. (2004) analyzed the value of
interruptible loads under different conditions such as advance
time of interrupting notification and the duration of interrupting.
Li (2017) analyzed the value brought by demand-side users of
different scales as the interruptible loads; however, few types of
users were analyzed, which ultimately failed to reflect the capacity
value of interruptible loads. Shao et al. (2012) studied the value of
interruptible loads to different bodies such as users, electricity
companies, and society; however, the analysis process lacked
quantitative calculations and could not expressly reflect capacity
value. Li et al. (2013) analyzed the benefit of interruptible loads
under different subsidy schemes from load aggregators; however,
the load aggregators’ scale was small. Zhang et al. (2016) uses the
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FIGURE 1
Capacity value analysis frame of interruptible loads.

stochastic operation simulation method to analyze the value of
interruptible loads participating in the electricity market;
however, the analyzed capacity value is not comprehensive
enough.

Based on the above analysis, the research gap in the existing
literature is that there is no unified method and standard for
analyzing the capacity value of interruptible loads, which results
in limited involvement of interruptible loads in power system
operations and hinders the improvement of power system
security while incorporating a high proportion of renewable
this paper
calculation method of interruptible loads and establishes a

energy. Hence, proposes a capacity value
mathematical model for the optimal joint operation of
interruptible loads, thermal power units, hydropower units,
and wind turbines. The proposed method can effectively
recognize the capacity value of interruptible loads and reduce
the installed capacity of thermal power units. The content is
arranged as follows. Section 2 introduces the methodology,
framework, and vital technologies of the capacity value
the

operation simulation model of interruptible loads and the

analysis of interruptible loads; Section 3 presents
calculation process of the capacity value; Section 4 shows the
case analysis on a power system in a particular region; Section 5 is

the conclusion of this paper.

2 Methodology
2.1 Research fundamentals

The coordinated operation of interruptible loads and power
systems can enhance the security and sustainability of power
systems. In this paper, the capacity value of the interruptible
loads is a value brought to the security operation of power
systems. However, the capacity value is difficult to be reflected
in power systems directly. Theoretically, the installed capacity of
thermal power units can reflect the capacity value of interruptible
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FIGURE 2
The realization process of interruptible loads.

loads on the premise of ensuring the balance of power
consumption.

To address the above issue, we proposed a calculation
method of the capacity value of interruptible loads and
established a of the
operation of thermal power units, hydropower units, wind

mathematical model coordinated
turbines, and interruptible loads in a regional power system
that ensures the balance of power consumption with external
electricity. The regional power system is considered infinite,
ignoring the internal operation constraints and the grid
structure. The frame of the value analysis of interruptible

loads capacity is shown in Figure 1.

2.2 The function of interruptible loads

Interruptible load controlling is a load regulation method
that considers both the system security and the users’ wishes. The
users sign agreements with the relevant departments of power
systems in advance. During the peak period of power
consumption, the interruptible loads can be activated to
maintain the power balance of the systems. When the
interruptible load needs to be activated to maintain the
the
department will interrupt them according to the former

security operation of power systems, dispatching
agreements (Sivaneasan et al, 2016). The realization process
of interruptible loads is shown in Figure 2.

Early interruptible loads only existed among large industrial
users for various reasons: single management means, low
management efficiency, and insufficient
Due to the
loads and
industrial users did not attend early interruptible loads
With  the

improvement of the intelligence level of power systems in

power  grid

intelligence. lack of experience managing

interruptible imperfect value analysis, large

practices for a large amount. continuous
recent years, the types of users that can participate in the
implementation of interruptible loads have been expanded

from single large industrial users to medium and small
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The function of interruptible loads

industrial users and even commercial users. Medium and
small users will participate in interruptible loads mainly
through load aggregators.

In the foreseeable future, the proportion of renewable energy
units such as wind turbines in power systems will increase, and
the power balance of power systems will face new challenges.
Interruptible loads will play a more important role in peak
shaving and maintaining the balance of power consumption
with intermittent renewable energy in the future, as shown in
Figure 3.

2.3 Aggregated modeling of conventional
generation units

2.3.1Aggregation of thermal units

The aggregation modeling method of thermal power units
mainly superimposes the output constraints and ramping
constraints, installs the capacity of all thermal power units in
the regional power system, and obtains the new output
constraints, ramping constraints, and installed capacity of the
aggregation thermal power unit

Pre =y pr (1)
=1

prin =y pme )
j=1
n

R™™ = 3y 3)
=

Rmin — Zr;nin (4)
=1

W, = zwc,j (5)
j=1

Where P is the maximum output of the thermal power unit
max

after the aggregation; Pe
power unit j; P™" is the minimum output of the thermal power

is the maximum output of the thermal

unit after the aggregation; P':}" is the minimum output of the
thermal power unit j. R™* is the upper ramping limit of the

1 1 . max
thermal power unit after the aggregation; r7

ramping limit of the thermal power unit j; R™" is the lower

is the upper
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Wind turbine output curve prediction process.

ramping limit of the thermal power unit after the aggregation;
™0 is the lower ramping limit of the thermal power unit j. W is
the total installed capacity of thermal power units after the

aggregation; w, ; is the installed capacity of thermal power unit j.

2.3.2Aggregation of hydropower units

The aggregation modeling method of the hydropower unit is
similar to the aggregation modeling method of the above-
mentioned thermal power unit. Superimpose the upper and
lower limits of all hydropower units in the regional power
system within a dispatch period to obtain the upper and
lower limits of the aggregation hydropower unit; superimpose
the installed capacity of all hydropower units to get the installed
capacity of the aggregation hydropower unit:

Sy =y s (6)
j=1

Spim =Yg )
j=1

Wiy =) wy, ®)
j=1

Where S;* is the upper limit of the hydropower unit in one
dispatch period after the aggregation; Shm‘;.“‘ is the upper limit of
the hydropower unit j in one dispatch period; S;"™" is the lower
limit of the hydropower unit after the aggregation in one dispatch
period; Shm)}“ is the lower limit of the hydropower unit j in one
dispatch period; W), is the total installed capacity of the
hydropower unit after the aggregation; wy,; is the installed

capacity of the hydroelectric unit j.

2.4 Conditional prediction of wind power
output

The wind power output curve is generated using Conditional

Generative Adversarial Networks (CGAN) (Kim, 2021). The
generator maps the noise vector z in the low-dimensional space
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to the high-dimensional space to generate new samples close to the
actual data (Xu et al, 2020). The discriminator’s function is
judging whether the input data is actual data. Usually, the
generator and the discriminator are two convolutional neural
networks with symmetrical structures. The robust feature
extraction capability of the convolutional network can improve
the quality of the generated data (Mohseni et al., 2020). Through
the adversarial training of the two networks, the generator finally
learns the distribution characteristics of the original data and can
generate data that conforms to the real laws. The wind turbine
output curve prediction process is shown in Figure 4.

First, the noise vector z is sampled from a Gaussian
distribution with a mean of 0 and a standard deviation of
1. It is horizontally spliced with the wind power output
historical data (conditional label ¢) and input to the
generator to generate the generated samples. The generated
and actual samples are combined with the corresponding
condition labels and then input to the discriminator. In the
game training process, the generator tries to generate new
samples close to the actual data under condition c¢. The
discriminator tries to distinguish between actual data or
generated data under condition ¢, and the two progress
together in this process. Finally, the output of the
aggregation wind turbine P,,, is obtained through training.

The loss functions of the discriminator and generator are:

Lg = =E.p,(»[D(G(z[c)|c)] )
_ | ~Exp,»[D(x[0)]+
to { E. .0 [D(G(z[c)l0)] (10)

Where E is the expectation; x ~ p, (x) is the probability that a set
of actual samples x, D (-) is the probability of the discriminator to
judge that the input samples are actual; is the noise vector
collected in the Gaussian distribution p,(z); G(zlc) is the
generated data under the condition c.

The objective function of the CGAN prediction process is:

min maxV (G, D) =
G D

(11)
{Exp, (x [D (x10)] = E.p, 5y [D (G (2c)[0)]}

The principle of constructing the objective function is that
while training the generator, the generator tries to generate data
that meets the mapping of condition ¢ and the distribution of
actual data to deceive the discriminator. At this time, the training
objective of CGAN is to minimize the above objective function.
While training, the discriminator tries to distinguish between
actual data and generated data under condition ¢, so the objective
function needs to be maximized while training the discriminator.
The CGAN training process is essentially a game of minimum
and maximum values. After the training is over, the generator
can learn the mapping relationship between the actual data and
condition ¢ to generate data that obey the real law under
condition c.
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3 Design of interruptible loads
operation model

3.1 Objective function

To minimize the total cost of regional power system operation,
the power generation cost of aggregation thermal power units and
the power abandonment penalty of renewable energy are considered
to meet regional power system power consumption balance
constraints, thermal power unit output constraints, and ramping
constraints. The objective function is as follows:

T T T
min{ Y Det Geg (Per) + ki Y Eus + ko ) Epg } (12)

t=1 t=1 t=1

Where T is the total number of periods; D,; is the 0-1 variable
representing the operation state of the aggregation thermal power
unit at the moment ¢, 0 means the unit is not running, and 1 means
the unit is running; P, is the output of the aggregation thermal
power unit at the moment # k; is the wind power abandonment
penalty factor; E,,; is the abandoned wind power in the system at the
moment £ k; is the hydropower abandonment penalty factor; Ej; is
the abandoned hydropower in the system at the moment t; G.; is the
cost function of the aggregation thermal power unit at the moment ¢,
its expression is as follows (Dey and Basalk, 2017; Yang et al., 2020):

Gy=a-P,+b-Py+d (13)

Where a, b, and d are the coefficients between the thermal power
unit’s power and the generator’s cost.

The abandoned wind power and hydropower in the system
are calculated as follows:

Ew,t = Ww,! - Pw,:
Eh,t = Wh,t - Ph,t

(14)
(15)

Where W, is the theoretical output power of the aggregation
wind turbine at time # P, is the actual output power of the
aggregation wind turbine at time t. W, is the theoretical output
power of the aggregation hydropower unit at time t; Py, is the
actual output power of the aggregation hydropower unit at time .

3.2 Constraints

In the operation simulation model of interruptible loads, the
regional power system is regarded as an infinite power system.
The constraints within the system and the power consumption of

the lines in the system are ignored.

3.2.1 Balance of power consumption constraints

P+ Pys+Pys+ Py + Py =L (16)
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Where P;; is the power of the interruptible loads responding to
the interruption command at time f; Py, is the power of external
power in the regional power system at time t; P;; is the local load
in the system at time ¢.

3.2.2 Output constraints

PPt <P, < P (17)

Where P™" is the minimum output allowed by the aggregation
thermal power unit at any time; PT* is the maximum output
allowed by the aggregation thermal power unit.

3.2.3 Ramping constraints

Py =Peyy < —R™
Pc,t - Pc,t—l < Rmax

(18)
19)
Where P, is the output of the aggregation thermal power unit
at time t-1; R™" is the lower limit of the aggregation thermal

power unit at any time; R™* is the upper limit of the aggregation
thermal power unit at any time.

3.2.4 Aggregation hydropower unit's constraints

T
Epn <Y (Pyy + Epy) SEP™

t=1

(20

Where EI" is the lower limit of the aggregation hydropower unit
in a dispatch period; it E}?* is the upper limit of the aggregation
hydropower unit in a dispatch period.

3.2.5 Reserve capacity constraint

H™"<H, (21)

where H™?™ is the lower limit of the reserve capacity in the
regional power system at any time; H, is the reserve capacity in
the regional power system at the time ¢.

3.2.6 Interruptible loads constraints

The constraints of interruptible loads include interruption
quantity constraint, maximum interruption time constraint,
minimum interruption time constraint, maximum
interruption number of times constraint, and minimum
interruption interval constraint (Sousa et al, 2017). Because
the the the

interruptible loads in the regional power system, the operation

interruptible loads in model are actual
is simulated on a typical day. The constraints of the maximum
interruption time, the maximum number of interruptions, and

the minimum interruption interval are not considered. However,
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the total outage power constraint of the interruptible loads in
1 day is added.

3.2.6.1 Interruption quantity constraint

Pi min < Pit < Pj max (22)

Where P; in is the minimum interruption a quantity of the
interruptible loads at any time; Pjma is the maximum
interruption quantity of the interruptible loads.

3.2.6.2 Minimum interruption time constraint

T; 2T, (23)

Where T is the interruption time of the interruptible loads; Ty is
the minimum interruption time of the interruptible loads.

3.2.6.3 Total interruption power constraint

T
Zpi,t < Qmax

t=1

(29)

Where Qpax it is the maximum quantity of the total interruption
power of the load that can be interrupted in 1 day.

3.3 Linearization of aggregation thermal
unit cost

Due to the existence of the generator cost function of the
aggregation thermal power unit in the objective function, the
model of the interruptible loads and the coordinated operation of
thermal power, hydropower, wind turbine, and the regional
which the
constraints in 3.2, is a mixed-integer nonlinear programming

power  system, comprehensively  considers
problem. When solving, the power generator cost of the
aggregation thermal power unit should be linearized by the

following formula:

Gct = ZKSPES (25)
s=1

Py = )P (26)

s=1

pmax _ Pmin

F=-° £ 27)

n
Ki=a(2s-1F+b (28)

Where K is the slope of the aggregation thermal power unit in
the s segment interval; # is the number of segments; P is the
actual output of the aggregation thermal power unit in the s
segment; F is the maximum output of the aggregation thermal
power unit in the s segment.
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FIGURE 5
Flow chart of capacity value calculation of interruptible loads.

After piecewise linearization of the power generator cost of
the aggregation thermal power unit, the model becomes a mixed-
integer linear programming problem in each piecewise interval,
which can be solved by using the mature linear programming
commercial solver, Gurobi.

3.4 Calculation process

Figure 5 shows the flow of capacity value calculation for
interruptible loads

(1) Data preprocessing: thermal units’ and hydropower units’
aggregation; use CGAN to predict the output curve of the
aggregation wind turbine; linearize the power generator cost
of the aggregation thermal power unit;

(2) On a typical day, simulate the operation of the regional
power system when there are no interruptible loads; obtain
the output of the aggregation thermal power unit;

(3) Add the interruptible loads to the system; all other
parameters remain unchanged and perform the operation
simulation on the same typical day again;

(4) In the case of the interruptible loads and the coordinated
operation of the regional power system, calculate the output
of the thermal power unit in the system;

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.968873

Fan et al.

TABLE 1 Predicted generation and interruptible load capacities in
2025.

Unit type Predicted capacities in
2025/10 MW

Thermal unit 7,200

Hydropower unit 800

Wind turbine 2,800

Interruptible loads 200

(5) Judge whether the capacity of thermal power units in the
system put into operation is higher than the rated value. If it
is not higher than the rated value, perform step (7); if it is
higher than the rated value, perform step (6);

(6) Reduce the installed capacity of the thermal power unit, and
then perform step (4);

(7) Calculate the difference between the capacity of the thermal
power unit after and before the interruptible loads are added
to the system. The formula for calculating the benefit of
interruptible loads capacity is:

Fi=W.-W. (29)

Where F; is the capacity value of the interruptible loads; W is the
installed capacity of the thermal power unit under the condition
that the interruptible loads are added to the operation of the
regional power system to ensure the security operation of the
system and the system reserve capacity meets the constraints.

4 Case analysis

We designed the following cases to quantitatively calculate
the value of interruptible loads in regional power systems with
intermittent renewable energy in the future.

4.1 Related parameters

The data in the calculation example is based on the actual
installed capacity and actual local loads of a regional power
system in a particular region. The parameters of the system in
2025 and the annual load growth rate are set as 5.0. The data
sampling interval is 1 h. The data of external power is the planned
external power in the region in 2025. The minimum output of
thermal power units is 50% of the installed capacity. Interruptible
load refers to a load that can be positively activated 1 hour in
advance. Its capacity forecasts in 2025, according to the growth
rate of 5.0%, is about 2,000 MW, and the other scenarios,
including the capacity of 4,000 and 6,000 MW, are used for
comparison. The minimum interruption time is set to 1 h, and
the maximum interruption energy in 1 day in the three scenarios
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Local load and external power on typical day 1.
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FIGURE 7
Local load and external power on typical day 2.

is set to 16,000, 32,000, and 48,000 MWh, respectively. Other
parameters of the system are shown in Table 1:

4.2 Results and analysis

In this regional power system in 2025, the day with the largest
daily peak-to-valley difference was selected as typical day 1, and
the day with the highest load was selected as typical day 2. The
change of the installed capacity of thermal power units before
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Output forecast of wind turbines on two typical days.
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Comparison of the output of thermal power units on typical
day 1 with two million kW interruptible loads.

and after the interruptible loads participated in the operation of
power systems is calculated. The local load and external power on
the typical day 1 and 2 are shown in Figures 6, 7, respectively. The
output forecast of wind turbines on two typical days is shown in
Figure 8.

Figures 9-11 are the comparison of the thermal power unit’s
output before and after the interruptible loads participate in the
system operation under three different scenarios on typical day 1;
Figures 12-14 are the comparison of thermal power unit’s output
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FIGURE 10
Comparison of the output of thermal power units on typical
day 1 with 4 million kW interruptible loads.
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Comparison of the output of thermal power units on typical
day 1 with 6 million kW interruptible loads.

before and after the interruptible loads participate in the system
operation under three different scenarios on typical day 2.

On typical day 1, the operation simulation is carried out
for two cases whether the interruptible loads participate in the
operation of power systems. Compared with the time when
the interruptible loads do not participate in the operation of
power systems when the interruptible loads capacity is
2,000 MW, the addition of the interruptible loads can
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FIGURE 13
Comparison of the output of thermal power units on typical
day 2 with 4 million kW interruptible loads.

reduce 1,005.84 MW of thermal power units; when the
interruptible loads capacity is 4,000 MW, the addition of
interruptible loads can reduce the thermal power assembly
by 2,270.40 MW of thermal power units; when the
interruptible loads capacity is 6000MW, the addition of
interruptible loads can reduce 2,712.21 MW of thermal
power units. On typical day 2, the operation simulation is
carried out for two cases whether the interruptible loads
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participate in the operation of power systems. Compared
with the time when the interruptible loads do not
participate in the operation of power systems when the
interruptible loads capacity is 2 MW, the addition of the
interruptible loads can reduce 1999.73 MW of thermal
power units; when the interruptible loads capacity is 4 MW,
the addition of interruptible loads can reduce 3,232.26 MW of
thermal power plants; when the interruptible loads capacity is
6 MW, the addition of interruptible loads can reduce
4,876.73 MW of thermal power units.

In summary, the benefit statistics of interruptible loads
capacity are shown in Table 2:

In the simulation analysis of the operation of the
interruptible loads, the multiple units, and power systems,
it is undeniable that interruptible loads have plenty of capacity
value in the operation of power systems. However, this paper
uses the data of typical days for analysis. The response time of
the interruptible loads used is short, which cannot wholly
reflect the capacity value of different types of interruptible
loads. The interruptible loads capacity in the calculation
the

the
systems

example is predicted
consumption growth
loads

region.

according to electricity

rate according to current

interruptible capacity of power in a

The
calculates the value of interruptible loads in regional power

particular proposed method effectively
systems with intermittent renewable energy. In the future
the

interruptible loads will be higher than that in the

construction of power systems, capacity of the

calculation example, and the interruptible loads will be able
to reflect a higher capacity value.
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TABLE 2 Results of the capacity value of interruptible loads.

The capacity of
interruptible loads

SIMW Fi/MW

2,000 1,005.84
4,000 2,270.40
6,000 2,712.21

5 Conclusion

The participation of interruptible loads is an effective
means to handle the intermittence of renewable energy, so
the capacity value analysis of interruptible loads is an urgent
problem. In this paper, combined with the functional
characteristics of interruptible loads in power systems, a
mathematical model for the optimal joint operation of
the
are carried out based on actual

interruptible loads, several wunits, and operation
simulation analysis
operation data of power systems in a particular region. By
comparing the changes in the installed capacity of thermal
power units in power systems under the two conditions of
whether the interruptible loads participate in the operation of
power systems, the capacity value of the interruptible loads is
calculated quantitatively. The installed capacity of thermal
power units can be reduced obviously. The proposed method
can effectively promote the participation of interruptible loads

in power systems with intermittent renewable energy.
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The carbon neutrality strategy marks that green electricity will replace fossil
energy as the main power source in the future power system. The trading
varieties in the electricity market will be more diverse, and the demand for green
electricity by consumers will grow significantly. This paper innovatively
proposes a provincial market framework for voluntary flexible trading of
green electricity while elaborating on the conceptual design of differentiated
green electricity trading processes in a systematic way for Zhejiang province.
The proposed framework can not only reflect the carbon emission reduction
attributes of green electricity but also fully exploit its commercial and social
values. Moreover, the proposed green electricity trading certificate can realize
the authoritative certification of green electricity consumption and help the
construction of a carbon traceability mechanism. The proposed trading
mechanism is expected to give rise to a new green electricity service
industry and deepen the reform of the carbon and electricity synergy
mechanism. The experience of green electricity trading in the Zhejiang
province is expected to reveal the promotive impact of the electricity
market on the carbon neutrality strategy.

KEYWORDS

electricity market, green electricity, differentiated trading, consumption certification,
mechanism design

1 Introduction

In recent years, the issue of climate warming is continued to attract attention and a
wave of global carbon emission reduction is rising. At the 75th session of the United
Nations General Assembly, President Xi made an important commitment on behalf of
China to the international community to “achieve peak carbon and carbon neutrality”. In
the process of realizing the carbon neutrality strategy, green electricity (i.e., non-water
renewable energy) will become the main source of incremental energy supply in China
and gradually transform into various market entities of energy supply, which requires
corresponding technological and institutional innovation. As stated in gov (2021),
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market-based construction is the key means to addressing the
low-carbon transformation of the energy and power system.
Nevertheless, how to build a differentiated green electricity
trading mechanism with reasonable prices and high market
satisfaction is the key challenge that has long plagued the
effective synergy between the current electricity market reform
and green electricity development.

At the same time, multinational enterprises and foreign trade
enterprises are highly concerned about green electricity
consumption in the whole industry chain, and the demand for
relevant certifications is increasingly urgent. For example,
internationally renowned enterprises such as Apple Apple
(2020), 2020), and Facebook

(sustainability) have also announced implementation plans for

Amazon (sustainability,
100% green electricity supply and low-carbon emission reduction
initiatives. As an eastern coastal province with a large scale of
export-oriented enterprises, Zhejiang urgently needs to rely on
the power trading platform to address the certification needs of
corporate users to consume green electricity throughout the
production and operation life cycle. Although power users

should collaboratively —assume the responsibility  of
consumption and the amount of consumption should
correspond to the annual electricity = consumption

(zfxxgknea.gov, 2019), no clear green electricity quota
approach and assessment methods have been introduced for
power users, and no mention has been made of how to guide
power users to actively participate in the consumption
apportionment, and the huge user-side dormant resources
have not yet been awakened. Therefore, the necessity of
constructing an electricity market that can guide power users
to participate in green electricity consumption is becoming more
and more obvious.

Currently, some countries have initially implemented
trading. The
United States has a variety of mechanisms to support the

mechanisms related to green electricity
development of green electricity, and the system varies from
state to state. The green electricity certificate mandatory trading
market, or “green certificate market”, promotes green electricity
development through a mandatory quota system, which is
essentially a secondary financial market for green electricity
generation, i.e., a “separate certificate and electricity” trading
mechanism. Some states have also established voluntary green
electricity trading markets, and have opened a market model in
which green electricity and green certificates are bundled and
traded, i.e., a “certificate and electricity” system in which
electricity users can voluntarily apply directly to electricity
sellers or generating companies to purchase specified green
electricity and obtain a “green certificate” at the same time
(Overview of U.S., 2019). In addition, Europe has also
(GO)
mechanism to form a voluntary market for “green electricity”,

established the Guarantees of Origins certificate

in which customers and power producers trade green electricity
bilaterally across borders, and the price of electricity with GO
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certificates is slightly higher than that of electricity without
certificates (Shi, 2019).

China has carried out an initial exploration of market-based
trading of green electricity certificates (“green certificates”).
2017 saw the introduction of a voluntary subscription
program for green certificates (nea.gov, 2017), and further, the
introduction of a green electricity quota mechanism to promote
green certificate trading (zfxxgknea.gov, 2019; nea.gov, 2020),
which specifies that provinces and regions can allocate targets for
green electricity consumption weights, and for provinces that
cannot meet the quota requirements, they can purchase excess
green electricity consumption from other provinces or purchase
green certificates to supplement it. For provinces that cannot
meet the quota requirements, they can purchase excess green
electricity consumption in other provinces and regions or
purchase green certificates to supplement and replace them.
However, the existing green certificate mechanism is too
expensive, the certification system is not yet sound, and the
acceptance of users is not high, resulting in low transaction
volume and making it difficult to play its proper role. Although
the voluntary subscription of green certificates can guide
consumers to green consumption, and to a certain extent can
also alleviate the financial subsidy gap, from the fact that the
difference between the amount of subscription and the amount of
certification is large, the market regulation is very limited.

Furthermore, direct market-based electricity trading is an
important means to promote green electricity consumption.
Some scholars have conducted relevant research on green
electricity trading, covering market mechanism design, trading
decision optimization, green certificate accounting and issuance,
market impact analysis, etc., but generally speaking, it is still in
the initial stage. At the same time, the design of a green electricity
trading mechanism involving the “unification of certificates and
electricity” is still relatively small. In terms of the market
mechanism, literature (Zhang et al, 2019a) proposed an
electricity market system in the context of a renewable energy
quota system; literature (He et al, 2020) proposed a market
mechanism scheme in line with renewable energy quantity and
price preservation, and discussed the interrelationship within the
market mechanism; literature (Qian et al., 2020) explored in-
depth the coordination mechanism of constructing national
green certificate trading and provincial day-ahead electricity
(Shan et 2020) the
construction of green electricity market from the perspectives

market; Literature al., explored
of market mechanism and policy rules based on the experience of
foreign electricity market construction; literature (Liu et al,
2020a) proposed the design of green certificate trading system
for charging load aggregators. The literature (Li et al., 2019)
analyzed and discussed the implementation problems and the
reasons for the low trading volume of the green certificate
mechanism in China and introduced the corresponding green
certificate trading improvement model. In terms of market

behavior decisions, literature (Zhou et al., 2020) investigated
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the bidding strategies of the offering power producers in the
context of the GO certificate and quota system; literature (An
et al, 2017) modeled and analyzed the possibility of green
electricity generators using market forces to pull up the price
of green certificates in the green certificate trading market;
literature (Wang et al, 2020) proposed a power insurance
design scheme for power selling companies to reduce the
impact of green certificate price fluctuations. The literature
(Guo et al,, 2020) proposes a market equilibrium model that
integrates energy and green certificate trading, simulates the
decision-making process of renewable energy generators, and
analyzes and discusses their market behavior under different
scenarios. In terms of green certificate tracking and issuance,
literature (Cai et al., 2020) proposed a blockchain-based GO
certificate trading platform implementation scheme to solve the
green certificate tracking problem; literature (Liu et al., 2020b)
further considered the calculation and allocation method of GO
certificates. In terms of market impact analysis: literature (Feng,
2016) proposed a coupling model to portray carbon trading,
electricity trading and green certificate trading, and analyzed the
mutual influence among the three; literature (Yao et al., 2020)
proposed an optimization model of electricity trading
considering both green certificate market and carbon trading
market, and simulated and measured the influence of carbon
quota coefficient and green certificate ratio on the carbon
emission reduction effect of power producers; The literature
(Zhang et al, 2019b) explored the main influencing factors
affecting the willingness to trade green certificates and
analyzed the impact of relevant policies on green certificate
pricing by constructing a marginal price dynamics model; the
literature (Qu et al., 2020) established a medium- and long-term
secondary trading model for green certificates under the quota
system policy and measured and analyzed the national provincial
green certificate market trading volume; The literature (Lin et al.,
2021) constructed a market decision model considering green
electricity quota system and discussed the impact of green
certificate price and quota weight on market equilibrium point.

The construction of the provincial electricity market in China
is still in its initial stage, and there is still a lack of effective
market-based means to recover the investment costs of green
electricity power plants and the supporting grid construction and
operation costs, resulting in the low carbon value of green
electricity not yet effectively explored, and the increasing
pressure of government financial subsidies. In particular, the
consumption rate of green electricity in China’s receiving power
system is generally low, and the market competitiveness of the
relevant power generation entities is generally weak. In Zhejiang
Province, for example, although green electricity is developing
rapidly [expected to account for up to 26.05% in 2025 (Zhejiang
Provincial Energy Adminis tration, 2021)], unit utilization hours
are low [electricity generation in 2019 accounted for only 6.7% of
the total social electricity consumption (gov.cn, 2020)], and green
electricity units and conventional units have not been effectively
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distinguished in the regular market-based trading process, and
the low carbon value of green electricity is seriously
underestimated. In fact, Zhejiang Province needs to consume
non-water renewable energy up to 7.5% of the total social
electricity consumption in 2020 (nea.gov, 2020), however, due
to the relative lack of utilization hours of green electricity units in
the province, it is difficult to fully meet the green electricity
consumption weighting target. In view of the objective status quo
of green electricity scarcity in Zhejiang Province, the provincial
green electricity market space in Zhejiang presents a situation of
less supply than demand, which in turn has the economic
foundation conditions for green electricity marketization,
especially for customer-side bidding. 2020 pilot trading
example in the Fan Meishan demonstration area was a
complete success, which practically verified the feasibility and
effectiveness of the market system for differentiated green
electricity trading and laid the foundation for the official
operation of the subsequent market opening. On 13 May
2021, Zhejiang Province launched the preparation of a pilot
implementation plan for green electricity market-based trading,
aiming to further stimulate market vitality and deepen the reform
of green electricity market-based trading.

This paper provides the market design principles considering
electricity  differentiated the
corresponding trading framework system, and proposes

green trading, constructs
derivative mechanisms such as green electricity trading
certificates based on the operation practice and experience of
Zhejiang Province. Our contributions aim to actively respond to
the growing demand for green electricity consumption in the
whole society, reasonably discover the value attributes of green
electricity, and optimize the solution of the problem of the
construction and operating costs of new power systems with
renewable energy as the mainstay energy sources. The remaining
contents of this article are as follows: Section 2 will introduce the
green electricity market-oriented trading mechanism and market
organization process; Section 3 will analyze the characteristics
and connotations of green electricity differentiated trading by
comparing the existing green certificate trading mechanism;
Section 4 will discuss the value and extension of green
electricity from the three aspects of commercial value, social
value and carbon market cooperative operation; Section 5 will
analyze the results in combination with simulation cases, and
Section 6 will discuss practical experience and further market
start-up implementation suggestions and expected results
Section 7 summarizes the paper.

2 Design of green electricity
differentiated trading framework

This paper follows the general idea of separating green
electricity with gray electricity. Organizing differentiated
trading to construct a framework system of provincial
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FIGURE 1
Comparison of traditional and differentiated trading.

voluntary differentiated green electricity trading market in
conjunction with the actual situation in Zhejiang.

As shown in Figure 1, the conventional electricity market
does not distinguish between power source categories, while
power generation enterprises and consumers participate in the
unified market, and all transactions are of the same quality and
right, which makes it difficult to highlight the value of green
electricity. Under the differentiated trading model, green
electricity and traditional fossil power generation (“gray
electricity”) can be decoupled by setting the access conditions
for market entities, and trade with consumers in batches, thus
consumers’ willingness can be meet to choose the quality of the
purchasing power in a targeted manner, and the commodity
attributes of green electricity can be fully reflected. Furthermore,
the current main position of gray electricity trading can still
follow the original market model. Differentiated green electricity
trading is regarded as a new trading variety to open up a
dedicated market module and an effective diversion of gray
electricity without major adjustments to the original market
system. The following parts discuss the design concept and
market rules of differentiated green electricity trading.

2.1 Market access and trading mechanism
Market entities include power generation entities and

consumer entities. In the initial stage of the differentiated
trading market, the power generation entity is temporarily
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limited to green electricity power generation enterprises whose
voltage and capacity meet certain conditions. Specifically, Solar,
wind, and other green electricity power generation enterprises
that have the national capital construction approval process and
obtain or are exempt from the power business license (power
generation) of 6,000kW or above can participate in the
differentiated green electricity trading as a market entity in
Zhejiang province. Considering the technical constraints of
metering, the consumer entities need to meet the grid access
specifications, meet the technical requirements of grid security,
open an independent account in the grid enterprise, separate
metering and sign a formal power supply contract.

On this basis, the power trading center can regularly organize
green electricity contract transactions based on market demand
and transaction scale, taking annual, multi-month, and single
month as the time scale, and adopting the mode of centralized
bidding or listing transactions. Considering the scale and
maturity of green electricity generation entities, it is more
appropriate to adopt the unilateral centralized bidding model
at the initial stage of the market in order to avoid collusion
between power generation enterprises and keep the normal
operation of the market (i.e., the demand-side entity submits
the price and quantity while the generation-side entity only
submits the quantity but not the price). Therefore, the
following analysis only focuses on the green electricity
differentiated trading model based on unilateral centralized
bidding. The bidding model defaults to a unilateral centralized
bidding model if no special instructions are given.

2.2 Bidding and clearing mechanism

Electricity consumers use the benchmark price of coal-fired
power generation as the reference benchmark and declare the
purchase price according to the market regularity. After the
declaration is completed, the trading center will conduct
market clearing according to the marginal price. Moreover, in
the initial stage of the market, electricity consumers may not yet
have the ability to make skilled market bidding decisions, and the
prediction of the low carbon value of green electricity may
significantly deviate. Power generation enterprises, as the
recipients of the price, may have the risk of damage to their
interests. Therefore, the trading center may set a price floor based
on actual needs to protect the basic interests of power generation
enterprises and promote the further development of the green
electricity industry, while guiding consumers to discover the
scarcity of the low-carbon value attached to the green electricity.

Take Zhejiang as an example, the declared price floor in
annual trading is set at 10 CNY/MWh for the base price of coal-
fired power generation on the grid, and the declared price floor
p,, in monthly trading is set as follows:

P, =Pt (p.—py) x M
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Where p, is the annual transaction clearing price, p,, is the
coal-fired power generation benchmark price, and « is the
adjustment factor for the lower price limit. When « is 1, the
lower price limit of the monthly trading declaration is the annual
trading clearance price. When « is increased, the lower price limit
is raised and the minimum value of green electricity is pulled
up. To avoid the unintentional overvaluation of green electricity
and low market participation on the demand side, it is not
advisable to set too high a lower limit of the transaction price
at the beginning of the market. Usually, a can be taken as 1.2,
which means 1.2 times of the difference between the annual
transaction clearing price and the benchmark price of coal-fired
power generation feed-in price. Furthermore, when the market
entities corresponding to the marginal price are not unique, the
electricity quantity to be cleared in the marginal price segment is
allocated in proportion to the electricity quantity declared by the
market entities in that segment.

The market supply and demand balance analysis under
unilateral centralized bidding by consumers is shown in
Figure 2, where P, is the benchmark feed-in price for coal-
fired power generation, P, is the ideal clearing price, and P, is
the minimum bid by consumers. The minimum bid limit is set
to ensure that green electricity generators receive additional
revenue corresponding to the low carbon value of green
electricity (represented by the rectangular area of A + B in
the figure). Moreover, the determination of the reasonableness
of the minimum bid limit requires analysis and assessment
based on the actual market bidding situation. Assuming that the
market-clearing price is significantly higher than the set lower
price limit, it indicates that the set price limit is more
conservative and can ensure the smooth operation of the
market in its initial stage to a certain extent. If the clearing
price is close to the lower price limit for a long period of time, as
shown in the bidding curve 1, it proves that the set minimum
bid limit is too high and does not reasonably reflect the low
carbon value of green electricity, and even inhibits the green
electricity consumption demand. In this situation, if the price
limit is released, the actual bid curve may shift into bidding
curve 2, where the clearing price is lower than the lower price
limit. The formed rectangular area of area B represents the real
value of green electricity. Compared to the case of setting a price
floor, the rectangular area of area A is reduced which indicates
there is room for a price reduction for green electricity. In the
future, under the condition that new energy subsidies are
gradually withdrawn, the cost recovery of renewable energy
power generation enterprises is limited, which is not conducive
to promoting the healthy development of the renewable energy
industry, and the willingness to promote the construction of
supporting energy storage facilities may also be hindered.
Therefore, setting the lower limit of the bid is conducive to
guiding consumers to discover the price of green electricity and
protecting the income of renewable energy generation
enterprises. With the continuous development of renewable
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Analysis of market equilibrium under the one-sided
customers’ centralized bidding mode.

energy generation technology, the scarcity value of green
electricity is gradually diluted, and green electricity will be
gradually priced at parity. The price floor should be
withdrawn at this time.

2.3 Settlement mechanism

The settlement of green electricity differential trading can be
carried out in the way of “monthly settlement”. Specifically, the
uncompleted portion of the monthly contract power of each
market entity will not be rolled over to the next month for
settlement. The deviation will be settled according to the absolute
value of the difference between the average price of the contract
and the integrated price of coal-fired power generation on the
grid. The actual monthly electricity generation and consumption
of each market entity greater than the contracted electricity
consumption are settled in accordance with the approved
feed-in price and the consumer directory electricity price.

Taking Zhejiang as an example, the settlement price for
consumers p? is calculated as follows:

pl=p+T+p,+F @

p, is the green electricity clearing price, T is the transmission and
distribution price (including line loss), p,, is the apportioned cost
of auxiliary services, F is the governmental funds and surcharges.
For customers with peak and valley time-sharing prices, the
settlement of their time-sharing prices is based on the same range
of increases or decreases in the difference between the settlement
prices and catalog prices. The settlement price for power
generation enterprises p, is consistent with the clearing price,
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Deviation adjustment mechanism.

which includes the energy storage quota component and the
discretionary income component, which is as follows:

pe:pk+G1 (3)

where G; is the unit power revenue formed by the price
difference between the differentiated green electricity
trading price and the benchmark feed-in price of coal-fired
power generation in Zhejiang Province (converted by a
proportional coefficient); p, is the unit power revenue of
the discretionary part of power generation enterprises. The
special subsidy policy for clean energy has already provided
policy subsidies to relevant power generation enterprises. If
the entire share of differentiated green electricity trading is
attributed to the power generation enterprises participating in
the market, there is a risk of duplication of subsidies.
Therefore, we should set a reasonable G; to guide the
power generation enterprises to use part of the proceeds for
the construction of energy storage quotas, and then build the
positive cycle of “Take from the market, Benefit the society”
on the basis of stimulating the willingness of green electricity
enterprises to participate in the green electricity differentiated
trading market.

2.4 Contract deviation adjustment
mechanism

Market entities are required to bear the cost of deviation
penalties when there are deviations in contract execution. To
help market entities eliminate deviations and avoid deviation
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penalties, the market operation needs to consider a deviation
adjustment mechanism to further improve the forecast accuracy
of power generation and ensure the standardized rules.

The contract deviation adjustment mechanism is shown in
Figure 3. Specifically, after reaching a green electricity transaction,
market entities can adjust the transaction contract through
market-based transactions including contract replacement and
transfer on the premise that it does not affect the interests of
related parties or the consensus of related parties. The purchase
and sale of the two sides reach agreement and do not affect the
implementation of other market entities’ trading contract on the
basis of the following month before the implementation of the
transaction is allowed to adjust the subsequent months of the
contract sub-month plan. However, the total number of
differentiated green electricity trading contracts must remain
unchanged. Based on the deviation adjustment mechanism set
up, market entities can take the initiative to adjust the contract
power deviation through ex-ante and ex-post contract replacement
and contract transfer. However, it is worth pointing out that it is
limited to contract replacement and transfer transactions before
trade settlement.

2.5 Trading verification and authentication
mechanism

After the green electricity transaction is completed and the
contract is fulfilled, the trading center can issue the “Green
electricity Trading Certificate” to the electricity consumers
according to the settlement results. The certification process
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Process of market organization.

will be strictly in accordance with the settlement results record
settlement power to ensure the uniqueness of the green
attributes of each kilowatt-hour power purchased by the
electricity consumers. It is worth pointing out that this type
of certificate is mainly used to prove the authenticity of the
consumer’s consumption of green electricity, and cannot be
transferred for secondary trading. With the gradual

clarification of the principles of calculating carbon emission
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indicators for electricity consumption, such certificates are
expected to be incorporated into the carbon emission
indicator management system on their own initiative and
used as the basis for reducing carbon emissions for
consumers. At the same time, the issuance and certification
of such certificates need to comply with the physical
constraints of power balance and keep the synchronization
of issuance and consumption.
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Therefore, the power grid company must be deeply involved
in the process of trade organization and execution of trade
results, and guarantee the trade execution under the premise
of ensuring the safe operation of the power grid. Especially in the
initial stage of the market, the trading center and the power grid
company should fully combine the actual needs of the market
entities and consider the synergistic operation of the carbon
market, which should play the following key roles:

1) Auxiliary role: provide a trading platform for green electricity
power generation enterprises and electricity consumers, and
guide market entities to discover the economic value
attributes of green electricity.

2) Safeguarding role: providing power system security analysis
services to safeguard the physical execution of the transaction,
and strengthen the physical trading attributes of electricity.

3) Service role: it should play its own advantages in the
construction of the carbon market to provide consumers
with corresponding emission reduction services, and
actively serve the needs of market entities to achieve their

own emission reduction goals.

In summary, the organization process of green electricity
differentiated trading can be summarized as shown in Figure 4.
Power generation enterprises, electricity consumers, trading
centers and power companies, and other multi-party entities
collaborate to complete the financial settlement and physical
delivery of green electricity, so as to realize the large-scale
optimization of green electricity resources.

3 Differentiated trading features and
connotations of green electricity

By effectively dividing the market-based trading process of
green electricity and gray electricity, Green electricity
differentiated trading can not only promote the zero-carbon
power generation attributes of green electricity to be
effectively quantified as market value but also reduce the
design difficulty and reform cost of the electricity market
mechanism. Moreover, the green electricity trading certificates
delivered with power trading have the characteristics of
traceability, which help clarify the rights and interests of green
electricity consumers and stimulate the willingness of the whole
society to reduce carbon emissions.

3.1 Inherent characteristics of green
electricity trading certificates
Differentiated green electricity trading under the
government’s authorization and supervision, each market
entity relies on the provincial power trading platform to bid

Frontiers in Energy Research

10.3389/fenrg.2022.967290

and then produce the contract price. The trading results are
physically executed, and the trading contract and settlement
documents can form a strong evidence chain. On this basis,
the trading center issues green electricity trading certificates to
the settled green electricity based on credibility, which proves
those market entities (especially consumers) have substantially
participated in the green electricity trading. In turn, it is a more
convenient and direct way to promote the concept of green
electricity consumption to the whole society. Compared with the
conventional green certificate “certification and electricity
separation” mode, the green electricity trading certificate has
obvious “certification and electricity unity” characteristics. In the
trading process, the consumption of electricity can be traced, the
footprint of carbon emission streams can be tracked, and the
potential market acceptance space is large. Essentially, green
electricity trading certificates are markers of the green
electricity production and consumption process, which are by-
products of green electricity differentiated trading. Green
electricity trading certificates themselves have no additional
value and cannot be separated from green electricity and
traded. In contrast, the green certificate trading market is a
secondary financial trading market. Taking the mandatory
green certificate trading under the renewable energy quota
system as an example, it lacks a mandatory binding
relationship with the renewable energy power trading, but
mainly stimulates the green electricity consumption demand
of market entities by forming a matching relationship with
the renewable energy quota system. It is worth pointing out
that the differentiated green electricity trading mechanism has
certain limitations in terms of flexibility in the use of certificates,
which has constraints in terms of both consumption time and
consumption quantity.

Table 1 presents a detailed comparison between green
electricity ~trading certificates and conventional green
certificates. On the one hand, green certificates are approved
and issued on a monthly basis and are limited to onshore wind
power projects and photovoltaic projects within the national
renewable energy price surcharge fund subsidy catalog. The
trading price of electricity corresponding to conventional
green certificates is not allowed to be higher than the
renewable energy price surcharge fund subsidy. Differentiated
green electricity trading can be oriented to market demand and
different uses, relying on the power trading platform to organize
different time scales of market transactions. Differentiated green
electricity trading can be also extended to biomass power
generation, hydropower, and nuclear power as needed.
Through market-based means, conduct reasonable pricing to a
variety of clean energy carbon emission reduction values. On the
other hand, the characteristics of green certificates “separation of
certificates and electricity” make it difficult for consumers to
strictly declare the green electricity consumption process. It is
difficult for government departments and power grid enterprises
to effectively track the carbon footprint, and consumers are not
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TABLE 1 Comparison of green electricity trading certificates and green certificates.

Attribute Green electricity trading Green certificates
certificates

Relying on electricity trading Yes No

Real power consumption Certain Uncertain

flexibility in the use of certificates Limited Flexible

Carbon-electric synergy tracking Yes No

Price range Wider Narrower

Range of market entities Wider Narrower

promoting the development of energy storage Yes No

highly motivated to participate. The green electricity trading
certificate is only issued after the real delivery and settlement of
electricity. The green electricity consumption and carbon
emission reduction rights and interests are clearly defined.
Moreover, differentiated green electricity trading based on
unilateral centralized bidding by consumers can directly reflect
the green electricity price level acceptable to the whole society
and contribute to the integration of the electricity market and
carbon trading market.

3.2 Merits of the differentiated trading
mechanism

Differentiated green electricity trading explores the key role
of green electricity in the process of achieving the carbon
neutrality strategy through market-oriented and differentiated
bilateral trading to stimulate the sustainable development of the
green electricity industry after the withdrawal of government
subsidies, specifically including:

1) Solve the problem that the traditional electricity market

model cannot highlight the exclusive low-carbon value of
the
differentiated trading system, a reasonable green electricity

green electricity. Through establishment of a
price system will be gradually discovered and formed.

2) Promote the construction of supply capacity and cultivation
of the consumption system of green electricity. Guide the flow
of funds in the direction of increasing social welfare by
enhancing the adaptability of the power system to green
electricity.

3) Facilitate bilateral matchmaking of market entities. Discover
the true value of green electricity through transaction price
signals, relieve the pressure of the national green electricity
subsidy funding gap, and provide a transition path for green
electricity subsidy withdrawal.

Help their

competitiveness and social responsibility. Both foreign-

4) enterprises to  enhance international

funded enterprises, export-oriented enterprises, and high-
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energy-consuming enterprises can hedge their business
risks under the pressure of carbon emission reduction in
advance by participating in green electricity trading.

Green electricity differential trading is essentially a
customized market mechanism for green electricity special
trading in the medium and long-term electricity market
environment. To realize the diversion of green electricity and
gray electricity in the electricity market operation stage, its main
differences from the traditional medium and long-term
electricity market can be divided into three aspects: trading
timing, market entities and trading methods, which are as
follows:

1) Trading timing: differentiated green electricity trading in the
total monthly electricity consumption of consumers has
priority over ordinary direct trading and electricity sales
market to conduct settlement, which aims to achieve the
diversion of green electricity and gray electricity in the time
scale.

2) Market entity: the traditional medium and long-term
electricity market in the power generation entity, no
restrictions on the type of power generation, coal power
units, and gas units can participate. While the green
electricity differentiated trading market has an entry
threshold, limited to green electricity enterprises and
electricity consumers to participate. The gray electricity
represented by coal power is diverted to the traditional
medium and long-term electricity market for trading, to
realize the differentiation of market entities. It is worth
emphasizing that, unlike ordinary direct trading policy
price reductions that require considerable consumer access
thresholds, green electricity is traded competitively with no
thresholds required for consumers. Therefore, it is a truly
voluntary market. As the market develops and matures, non-
operating consumers including individuals can participate,
which will greatly enrich the participation of green electricity
trading, importing traffic for the market, and promoting
market prosperity.
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3) Trading method: the traditional medium and long-term
electricity market in the centralized bidding trading
method usually uses the seller and the buyer are both
submit quantity and price, while the green electricity
differential trading uses the demand-side submits quantity
and price, the power generation enterprises only submit
quantity for centralized clearing. Furthermore, Green
electricity can be designed as a standard product and sold
on the trading counter (OTC) with reference to the annual
trading price according to market conditions. For example,
for residential consumers, the price is increased by one cent
per kWh, and 100 kWh is one trading unit, which can be
bought and sold immediately. This will greatly reduce the
complexity of trading and the threshold of participation to
truly achieve the popularity of green electricity trading.

4 Value and outreach of differentiated
green electricity trading

Market-oriented and differentiated intra-provincial green
electricity trading is not only an effective transition for green
electricity generation entities in the Zhejiang power system to
participate in the electricity market, but also an important
exploration to relieve the pressure of government financial
subsidies. It has important commercial and social values to
awaken the consensus of carbon neutrality strategy in the
whole society and guide the transformation of the energy
supply side.

4.1 The value space of green electricity
trading

“Green, low-carbon, clean and environmental protection”
will be the core competitiveness of multinational enterprises and
foreign trade enterprises to participate in international trade
under the pressure of global carbon emission reduction. For
example, Europe has gradually implemented a carbon tax policy.
Green electricity consumption can bring tangible economic
benefits to enterprises. It is also an important step to enhance
the image of enterprises’ social responsibility. Important
technology giants such as Apple and Facebook have already
reaped wide acclaim for announcing and implementing green
electricity programs. In this context, multinational and foreign
trade enterprises that are in urgent need of environmental
protection or carbon emission reduction recognition can
participate in differentiated green electricity trading and
obtain credible certification from provincial power trading
centers, while being able to gain revenue or reduce
corresponding expenses in the carbon emission market.

Currently, China has started to implement an enterprise-
level carbon emission quota system, which has greatly increased
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the demand for lower carbon emissions from electricity
consumers, implying a potentially broad market demand for
green electricity with low-carbon attributes. In addition, China’s
Ministry of Ecology and Environment has made further
regulation of national carbon emissions trading (Measures for
the Administration, 2020). However, at present, China is still in
the initial stage of carbon emission reduction process, and the
carbon emission reduction technology of each market entity is
not yet perfect, so carbon emission rights will have a large market
demand. At the same time, in order to reduce carbon emissions
of the power system to achieve the goal of carbon peak, it is still
necessary to further cultivate green electricity enterprises and
their supporting industrial construction. Therefore, it is
especially important to lead and encourage the orderly
development of the green electricity industry chain through
market-based means, and further release low-carbon values to
meet the carbon emission reduction needs of corporate
consumers.

The differentiated green electricity trading mechanism is
significantly different from that of gray electricity trading,
which can play a positive incentive and guiding role in the
development of the green electricity industry and further
empower the whole society to make the low-carbon
transformation. The differentiated green electricity trading
highlights the added value of green electricity, which can not
only broaden the profit channel of green electricity generation
enterprises but also transfer the carbon emission reduction cost
from the energy supply side to the demand side, thus helping to
form a carbon neutrality strategy consensus in the whole society
and forcing the structural transformation of the energy supply
side. Furthermore, it can encourage green electricity power
generation enterprises to help the construction of new power
systems in a more active and forward-looking way by guiding the
surplus funds of differentiated green electricity trading to be used
for the construction of energy storage quota according to a
certain proportion.

4.2 Cohesive and coherence with carbon
emission allowances

The National Development and Reform Commission issued
the Gas
Measures”, which has explicitly included the carbon emissions

“Corporate  Greenhouse Emissions Accounting
embedded in the net purchased electricity of enterprises into the
scope of corporate carbon emission calculation (ndrc.gov, 2013).
However, the electricity carbon emission calculation of
enterprises in China is still based on the emission factors of
electricity consumption in their regions. Therefore, in order to
further release the outward application value of green electricity
trading certificates, it is necessary to differentiate the calculation
of carbon emissions of electricity consumption of enterprise
users, reflecting the low carbon benefits that users consuming
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green electricity should have. Specifically, power users can choose
to purchase relatively high-cost green electricity and relatively
low-cost gray electricity, and the price difference between the two
reflects the low carbon value obtained by power users. With the
further establishment of a national carbon trading market, the
carbon allowance system will stimulate companies to create a real
demand for constraining their own carbon emissions.

In fact, green electricity production and consumption are
The
corresponding differentiated green electricity trading can also

natural measures of carbon emissions reduction.
accurately measure and calibrate the carbon reduction cost and
contribution of the whole society. Moreover, green electricity
trading certificates are effective proof of the physical delivery of
green electricity for consumers. Compared to the consumption of
gray electricity, it reduces the enterprise’s own carbon emissions.
With the continuous improvement of carbon trading, the
purchase price difference based on green electricity and
carbon emission rights may become one of the profit ways for
electricity consumers. Specifically, consumers who switch from
using gray electricity to using 100% green electricity or those who
generate carbon surplus can trade their surplus carbon emission
rights to gain economic benefits. However, the final revenue still
depends on the price level of green electricity differentiated
trading and carbon trading.

Theoretically, meeting carbon allowance requirements can be
divided into indirect method and direct method. The indirect
method refers to the market entity buying the remaining carbon
emission allowances of other market entities by participating in
the carbon market. The direct method refers to the direct
adoption of emission reduction means by market entities to
reduce their own carbon emissions. Green electricity differential
trading is precisely to provide electricity consumers with new
options in addition to the conventional carbon emission trading
varieties. This means that consumers can not only indirectly meet
carbon emission allowances by purchasing carbon emission
rights but also directly reduce carbon emissions by purchasing
green electricity.

In summary, as shown in Figure 5, promoting the use of
green electricity consumption certification as a certification
mechanism for cutting carbon emissions is conducive to
encouraging the development of the green electricity industry
and helps provide a channel for green electricity consumption
certification for enterprises, which enhances the competitiveness
of Zhejiang enterprises in green trade. It also helps to realize
enterprise carbon verification to prove the carbon footprint of
products. From the perspective of promoting the construction of
a carbon market, promoting the construction of green electricity
differentiated trading market is precisely a practical attempt to
realize the synergistic operation of the electricity market and
carbon market and jointly serve the carbon neutrality strategy,
which is expected to release additional social and environmental
values. Combined with Zhejiang’s practical experience, two
possible cohesive mechanisms are proposed as follows:
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FIGURE 5
Applications of green electricity trading certificate.

1) Promote as soon as possible the transformation of green
electricity trading certificates from common in Zhejiang
province to national common certificates. At the same
time, the international influence of China’s green electricity
certification will be enhanced to further promote the
development of the green trade industry.

2) Scientifically design the mutual recognition and deduction
mechanism between green electricity trading certificates and
carbon emission management indicators (such as peer-to-
peer conversion). The certificate can be directly calculated as
carbon emission reduction by a certain factor.

5 Simulation analysis

In December 2020, the Zhejiang Provincial Power
Trading Center organized the first pilot green electricity
market-based trading in Ningbo Fan Meishan Highly
Resilient Grid Demonstration Zone. Green electricity
generation enterprise and power user complete green
power trading through bilateral negotiations with the
trading price for the feed-in tariff up 0.01 RMB/kWh. The
scale of traded green electricity is about 14 million kWh from
December 1st to 31st, 2020, which attracted wide attention
from society and provided Zhejiang experience of green
electricity trading.

Furthermore, to demonstrate in detail the process of green
electricity differentiated trading based on unilateral centralized
bidding by consumers, three scenarios are considered: 1) green

electricity is in short supply; 2) green electricity is in oversupply
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TABLE 2 Buyer's bidding behaviors of three scenarios.

Scenario name Buyer entity Price 1/CNY Quantity 1/MWh
Scenario 1 A 380 2,000
B 379 2,500
C 376 2,000
D 382 3,000
E 374 4,000
F 381 2,000
G 375 3,000
Scenario 2 A 366 1,800
B 357 2,000
C 368 2,000
D 355 2,000
E 363 1,500
F 356 1,500
G 364 2,000
Scenario 3 A 346 1,500
B 348 1,800
C 346 1,500
D 347 2,000
E 348 2,000
F 345 2,000
G 346 2,000

with minimum price limit protection; 3) green electricity is in
oversupply without minimum price limit.

5.1 Market declaration stage

Assuming the benchmark price of coal-fired power
generation is 345 CNY/MWh and the minimum price limit is
10 CNY/MWh above the benchmark price of coal-fired power
generation. There are 5 green electricity plants (including 2 wind
farms and 3 photovoltaic farms). The seller entities of green
electricity (power generation enterprises) participate in the
market declaration by only submitting the quantity but not
price. The buyer entities (power users) are 7 foreign trade
enterprises (including textile group A, textile group B, refining
group C, refining group D, electromechanical manufacturing
group E, automobile group F, and automobile group G).

Scenario 1: The declared information by the buyer entities
and their bids are shown in Table 2. The total quantity declared
by the buyer is 37,000 MWh and the total quantity declared by
the seller is 33,000 MWh. Since the market indicates that the
demand for green electricity exceeds the supply, it is more likely
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Price 2/CNY Quantity 2/MWh Price 3/CNY Quantity 3/MWh
387 1,000 401 1,000
385 1,400 400 1,100
385 2000 397 2000
390 1,200 407 800
379 2,800 389 1,200
389 1,200 405 800
382 1,500 390 500
378 1,200 386 1,000
375 1,600 382 1,600
379 1,200 388 800
365 1,400 379 1,200
376 1,200 384 1,000
372 1,500 381 800
377 1,500 385 800
353 1,200 368 1,000
354 1,200 369 1,000
351 1,500 366 800
354 1,500 369 800
355 1,200 372 800
350 1,400 365 1,200
352 1,600 367 1,600
410 r
400 | i
Z 300 |
% —
2 380 | 1
o F=1 peose
B0t
K]
g 360 |
350
340
8 26 57 74 98 122 172 207 252 300 @70
Declared quantity/100 MWh
FIGURE 6

70

The results of clearing in the market of Scenario 1.

that the power declared by the buyer entities will not all win the
bid, and thus there may be a higher declared price. The highest
bid of the seven buyer entities is 401 CNY/MWh, the lowest bid
is 374 CNY/MWh, the
383.78 CNY/MWh.

and average bid price is
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TABLE 3 Buyer's winning bid of Scenario 1.

Buyer entity

A 4,000
B 5,000
C 6,000
D 5,000
E 8,000
F 4,000
G 5,000
410
400
2390 |
o =
> 11—
S 380 o
8 T ——
T 370 -
ko T —
S —
& 360 .
350
340
8 26 52 72 96 123 154 192 226 261 296 310 330
Declared quantity/100 MWh
FIGURE 7

The results of clearing in the market of Scenario 2.

Scenario 2: the total declared volume of buyers is
29600 MWh and the total declared volume of sellers is still
33000 MWh. Due to the oversupply state of the market, the
probability of not winning the bid for the buyer entities is
relatively low. The highest declared price of seven buyer
entities is $388/MWh and the lowest declared price is $355/
MWh, which triggers the minimum price limit and the average
declared price is 370.90/MWh.

Scenario 3: The total quantity of green electricity declared by
buyers and sellers is the same as in Scenario 2, and the lowest
declared price of the seven buyer entities is 345 CNY/MWHh, the
highest declared price is 372 CNY/MWh, and the average
declared price is 353.69/MWh. Since green electricity is in
oversupply and there is no protection of the lowest declared
price limit, the buyer entities may use the market power to make
the average declared price significantly lower compared with
other scenarios.

5.2 Analysis of market clearing results

Scenario 1: As shown in Figure 6, the overall supply of green
electricity is in short supply, the final traded volume is
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Clearing quantity/ MWh

4,000
5,000
6,000
5,000
4,000
4,000
5,000

33000 MWh, the clearing price is 375 CNY/MWh, and the
market entity corresponding to the marginal electricity price
is power user E. Table 3 is the specific winning bid of the buyer
entities. As shown in Table 3, among the seven buyer entities,
except for the power user E which has not won the bid in full, the
rest of the power users’ declared quantity of green electricity is
fully traded.

Scenario 2: The total quantity of green electricity declared by
the buyer entities is 29,600 MWh and the total quantity declared
by the seller entities is 33,000 MWh, which indicates the green
electricity oversupply. As shown in Figure 7, the final traded
volume is 29,600 MWh, and the clearing price is 355 CNY/MWh,
which is close to the lowest price limit. At this time, all buyer
entities win the bids, while the winning bids of seller entities need
to be allocated according to the declared quantity. The market
clearing results are shown in Table 4.

Scenario 3: The green electricity still shows oversupply and
the seller’s clearing power allocation is consistent with Scenario 2.
As shown in Figure 8, the final traded quantity is 29,600 MWh,
and the corresponding unified clearing price is 345 CNY/MWh,
which is close to the benchmark price of coal power. The clearing
results show that the low carbon value of green electricity can
hardly be effectively reflected in the oversupply scenario if the
protection of the minimum bid limit is lost.

5.3 Market settlement

Without considering the transmission and distribution price
(including line loss) and the apportionment cost of auxiliary
services, the settlement of each market entity can be calculated
and analyzed based on formula (2) and formula (3).

Scenario 1: Since the difference between the benchmark price
of coal-fired power generation and the price of green electricity is
30 yuan/MWh, G1 should be 15 yuan/MWh (assuming that the
proportion of allocated funds for energy storage priority
construction is 50% and all electricity revenue paid to the
power generation enterprise). The five seller entities received
electricity revenue of 1.875 million yuan, 2.25 million yuan,
1.5 million yuan, 2.625 million yuan, and 4.125 million yuan
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TABLE 4 Seller's winning bid of Scenario 2.

Seller entity Declared quantity/ MWh

A 5,000
B 6,000
c 4,000
D 7,000
E 11,000
410
400
Z 390
(&)
?
£ 380
o
Taro Fl——
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4
& 360
%0 ____h—l—
S0 T

8 26 52 72 96 123 154 188 226 261 296 310 330

Declared quantity/100 MWh

FIGURE 8
The results of clearing in the market of Scenario 3.

respectively, and the power generator obtained considerable
income; while the 7 buyer entities spent 1.5 million yuan,
1.875 million yuan, 2.25 million yuan, 1.875 million yuan,
1.5 million yuan, 1.5 million yuan, and 1.875 million yuan
respectively, and the detailed transaction situation and the
allocation of energy storage priority construction funds are
shown in Table 5.

Scenario 2: The settlement results are shown in Table 5. In
the oversupply situation of green electricity, the buyer entity is
less likely to not win the bid, which leads to a clearing price close
to the minimum price limit. Although the revenue of seller
entities decreases compared to the scenario of green electricity
demand exceeding supply, they still earn additional revenue
compared to the benchmark price of coal power, and the
green electricity differentiated trading market is still attractive.
Moreover, the settlement results also indicate that in the initial
stage of the market, the scale of market entities should be
expanded as much as possible. Power users should be actively
cultivated and encouraged to participate in the green electricity
differentiated trading market to promote the discovery of green
electricity value for maintaining the stable market operation.

Scenario 3: The market settlement result is shown in Table 5.
Without considering the minimum declared price limit, the low
bid price of the buyer entity in the oversupply scenario may lead
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Declared
quantity percentage/%

Clearing quantity/ MWh

15.15 4,484.85
18.18 5,381.82
12.12 3,587.88
21.21 6,278.79
33.33 9,866.67

to serious damage to the interests of seller entities and weaken
their driving force to participate in the green electricity
differentiated trading, which is not conducive to the smooth
start of the market. Therefore, if the scale of the buyer entities is
significantly smaller than the seller entities, a minimum price
limit should be established to protect the basic interests of seller
entities and promote the expansion of the market scale of green
electricity differentiated trading.

5.4 Pricing mechanism

The above clearing and settlement analyses all use the
uniform clearing price mechanism. However, in terms of
pricing mechanism, there are two mainstream models namely
unified clearing pricing and pay-as-bid pricing. In the case of
pay-as-bid pricing, the buyer entity is required to settle separately
according to its price and the corresponding quantity, and the
seller entity is required to settle in proportion to the amount of
declared quantity because the seller entities don’t offer price.
Take Scenario 2 as an example, the market settlement using the
pay-as-bid pricing mechanism is shown in Table 6.

As shown in Table 6, it can be seen that the adoption of the
pay-as-bid pricing model can result in more additional green
electricity benefits for the seller entity. However, it is also
necessary to consider the possible impact of adopting the
pay-as-bid pricing model on the bidding behavior of the
buyer entity.

As the buyer entity needs to settle according to the declared
price, compared with the unified pricing mechanism, the buyer
entity’s enthusiasm to achieve the full amount of the winning bid
by increasing the bid price is inhibited. Therefore, the probability
of a high bid price is relatively low. Especially in the situation of
green electricity oversupply, the buyer entity may further depress
the green electricity price level. In turn, it may cause the main
interests of seller entities to be damaged, which is not conducive
to the discovery of the low carbon value of green electricity. In
addition, the adoption of the pay-as-bid pricing model as shown
in Table 6 may result in the differences of green electricity
purchase prices among buyer entities, which is not conducive
to enhancing power users’ recognition of the fairness of
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TABLE 5 Settlement of the differentiated green electricity trading market of three scenarios.

10.3389/fenrg.2022.967290

Scenario name Buyer entity Electricity cost/ten Seller entity Electricity revenue/ten Energy storage
thousand CNY thousand CNY funds/ten thousand
CNY
Scenario 1 A 150 A 187.5 7.5
B 187.5 B 225 9
C 225 C 150 6
D 187.5 D 262.5 10.5
E 150 E 412.5 16.5
F 150
G 187.5
Scenario 2 A 142 A 159.21 2.24
B 184.6 B 191.05 2.69
C 142 C 127.37 1.79
D 163.3 D 222.90 3.14
E 131.35 E 350.27 4.93
F 1349
G 152.65
Scenario 3 A 127.65 A 154.73 0
B 138 B 185.67 0
C 131.1 C 123.78 0
D 148.35 D 216.62 0
E 138 E 340.40 0
F 158.7
G 179.4

TABLE 6 Settlement of market entity under the paid as bid mechanism.

Seller entity

=g 0w >

Buyer entity  Electricity cost/ten thousand CNY

149.84
192.52
150.12
167.58
137.97
139.68

O ™ = g o0 w >

160.15

Electricity revenue/ten thousand

CNY

166.34
199.61
133.07
232.88
365.95

Frontiers in Energy Research

+7.84
+7.92
+8.12
+4.28
+6.62
+4.78
+7.5

Revenue change/ten thousand

CNY

+7.13
+8.56
+5.70
+9.98
+15.69

73

Cost change/ten thousand CNY

Average electricity price

CNY/MWh

370.90
370.90
370.90
370.90
370.90

Average electricity price CNY/MWh

374.60
370.23
375.30
364.30
372.89
367.58
372.44
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FIGURE 9

Case of contract deviation adjustment.

differentiated green electricity trading. Furthermore, users may
pay higher fees which results in a poorer sense of market
experience for users compared to the unified clearing pricing
mechanism. Therefore, in the early stage of the green electricity
differentiated trading market, it is more appropriate to adopt the
uniform clearing pricing mechanism.

5.5 Deviation adjustment mechanism

Considering the randomness and volatility of green
electricity generation, there may be deviations in the actual
execution of the contract. Take Scenario 1 as an example. As
shown in Figure 9, assume that power generator A forecasts its
actual monthly green electricity generation to be 4000 MWh,
which is lower than the contract quantity. Power generator B
forecasts its actual green electricity generation to be 7000 MWh,
which is higher than the contract quantity. According to the
market rules, the over-generated portion can only be settled at
the benchmark price of coal-fired power generation.

If power generator A and power generator B can transfer
part of the contract power, then power generator A can avoid
the annual settlement penalty of 30,000 CNY and power
generator B makes an additional profit of 30,000 CNY
(15,000 CNY of which can be used for supporting energy
storage construction in priority) relative to the settlement at
the base price of coal-fired power generation, achieving
mutual benefit and a win-win situation. Another case
considers there is a deviation in the green electricity
consumption of users. Assuming that the actual electricity
consumption of power user A is 3000 MWh, which is lower
than the contract quantity of 1000 MWh, a penalty of
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30,000,000 CNY shall be paid by power user A according
to the market rules. However, if power user A transfers
1000 MWh to power user E, then power user E purchases
additional green electricity in need, and power user A avoids
paying the penalty. The total green electricity traded volume is
not reduced severely by the change in actual power generation,
thus realizing a win-win situation for the market operator,
power users, and generators.

5.6 Analysis of implementation effect

Take Scenario 1 as an example as well. For the seller entity,
the profit space is further enhanced (additional profit of
150,000 CNY, 180,000 CNY, 120,000 CNY, 210,000 CNY, and
330,000 CNY respectively) compared with the direct settlement
based on the coal-fired power generation benchmark feed-in
tariff. For the buyer entity, although it pays an extra cost of
30 CNY/MWh for green electricity, it can obtain green electricity
trading certificates to enhance the competitiveness and honor of
with  the

improvement of the carbon emission index certification

international trade. Furthermore, continuous
mechanism, the buyer entity has the opportunity to obtain
additional benefits of carbon emission reduction. For instance,
the formula for calculating the net purchased electricity carbon
emissions of enterprises (ndrc.gov, 2013) indicates that net
purchased electricity carbon emissions = net purchased
electricity x electricity consumption emission factor in the
region. It is possible that the electricity consumption emission
factor corresponding to the part of green electricity purchased by
users can be adjusted to 0, thus reducing the risk of purchasing
carbon emission rights due to carbon emission overage.
According to Scenario 1, the total CO2 reduction for
customers is 13,200 tons assuming a carbon emission factor is
0.4tCO2/MWh. In terms of social welfare, a total of 495,000 CNY
funds can be used for the green electricity storage quota
construction project to continuously promote the low-carbon

development of power systems.

6 Experiences and suggestions of
differentiated green electricity
trading

The successful implementation of the pilot trading in the Fan
Meishan demonstration zone in Zhejiang Province means that
the basic links and key processes of green electricity differentiated
trading have been effectively verified. At present, the provincial
electricity market still stays at the stage of promoting green
electricity trading and consumption. In order to fully release
the potential market value of green electricity and promote the
formation of the environmental protection concept of “energy
transition and green development”, the green electricity
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differentiated trading mechanism needs to be further improved
in the following aspects:

6.1 Market entity cultivation

It is recommended to conduct in-depth research on the needs
of market entities. Through the digital training system and cloud
training platform, providing training services for the whole
process of differentiated green electricity trading operation,
thereby improving the maturity, satisfaction, and sense of
acquisition of market entities. Moreover, it should also fully
draw on the experience of power demand-side response trial
operation, actively guide eligible market entities to participate in
the trial operation of green electricity differentiated trading
through market invitation and participation incentives, etc.

6.2 Credit supervision and management

It is recommended to actively introduce third-party credit
institutions and power trading platforms to supervise the signing
of green electricity trading contracts and strengthen the credit
supervision of market entities. In addition, the performance of
market entities is included in the credit appraisal system. Adopt
punitive measures for market entities with behaviors that disrupt
market trading order and untrustworthy conduct following law and
compliance, thereby ensuring orderly market operation. In addition,
the introduction of blockchain technology is considered to build a
security management mechanism for the whole life cycle of green
electricity trading certificates covering issuance, maintenance, and
audit functions to strictly prevent double counting and invalid
issuance. The green electricity trading certificates adopts the
issuance method of “one certificate and one code” to ensure the
authenticity of green electricity consumption based on the technical
advantage of blockchain technology of data traceability and anti-
tampering. Furthermore, the security and trustworthiness of the
blockchain-based consumer certification platform can further
simplify the certification process of carbon emission reduction
and reduce the cost of using the certificate.

7 Conclusion

This paper makes the mainly following contributions to
the
consumption in Zhejiang Province:

meeting growing demand for green electricity

« This paper illustrates the design of a differentiated green
electricity trading mechanism applicable to the Zhejiang
objective situation and sustainable development needs
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combining the practical experience of electricity market
reform with carbon neutrality strategy in Zhejiang

province.

This paper provides a market mechanism to support the
low-carbon transformation of China’s receiving-end power
system and alleviate the pressure of government financial
subsidies.

o The proposed derivative mechanisms such as green
electricity trading certificates can meet the practical
needs of power users for green electricity consumption
certification and explore new paths to further enhance
China’s international trade image.

We hope that this paper and the related practice in
Zhejiang Province can inspire more policymakers and
researchers to further improve the green electricity market
trading mechanism. Our next work aims to optimize the
operation mode and product design to explore the path of
market-oriented reform of the green power system.
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Efficient whole-process carbon
Intensity calculation method for
power users in active distribution
networks

Zhiheng Shen?, Yangging Dan?, Mengxue Qi?, Feifei Sun?,
Yikai Sun® and Linjuehao Mei?®*

*Economic Research Institute of State Grid Zhejiang Electric Power Company, Hangzhou, China,
2College of Electrical Engineering, Zhejiang University, Hang Zhou, China

With the tightening restrictions on carbon emission globally, the carbon
intensity of the economic is receiving more attention than ever, but the
results obtained by conventional methods are not accurate enough for the
responsibility division. To change this situation, a power flow tracking method
aimed at the distribution networks and an electricity-consumption-based
carbon intensity calculation framework are proposed in this paper. Firstly, to
overcome the obstacles created by the three-phase asymmetries and the scale
expansion of the networks while processing power flow tracing, a phase-split
calculation regime and a high-efficiency power flow tracing method are
proposed, respectively. On that basis, a whole-process carbon intensity
calculation framework is reported. By adding simplified models about
industrial production processes, this paper gives the calculation route from
the energy consumption to the carbon intensity for each user in the distribution
network. Finally, we emulated with the IEEE 34 bus and 123 bus test feeders and
analyze the numerical results, to prove the efficiency and effectiveness of the
framework proposed.

KEYWORDS

active distribution network, carbon intensity, asymmetric distribution, power flow
tracing, power flow modeling

1 Introduction

As the world pays more attention to the emissions of greenhouse gases, how to achieve
the balance between carbon emission reduction and economic development has become a
common concern of all social groups (Song and Xia, 2022; Yuan and Zheng, 2022). The
carbon intensity of the economy (called carbon intensity, CI) refers to the carbon emission
per unit GDP (U.S. Energy Information Administration, 2022), which represents the
advanced level of low-carbon technology for a company or a group, comparing with peers.
In order to make people more active in the low-carbon career, it is necessary to provide
appropriate rewards and punishments for enterprises with different CI. The electricity
carbon emissions account for nearly 50% of the total (Zhang et al, 2021), with the
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improving electrification in the production processes (Ciller
et al,, 2019; Wu et al, 2022), the carbon emissions related to
the usage of the electricity should be taken into consideration
when calculating CI. However, this type of carbon emission is
unintuitive, so the tracking of the carbon emissions flow in the
power system has become an integral part of CI calculations
(Kang et al., 2015).

At present, two categories of methods are used to extract the
corresponding relationship between electricity consumption and
carbon emission, namely the statistical methods (Wang et al.,
2013; Chen et al., 2018) and the carbon flow analysis methods
(Sun et al, 2016; Cheng et al, 2020). On the one hand, the
statistical methods calculate the total energy consumption in a
long period of time. While being utilized in traditional
distribution networks, the slight inaccuracy of these methods
can be ignored considering the low penetration rate of renewable
sources in the network, and its high-efficiency advantage is
highlighted. However, for the active distribution networks
with distributed renewable sources (Le et al., 2022; Ma et al,,
2022), the calculation results of the statistical methods are too
rough, to deduce the load users’ whole-process CI.

On the other hand, the carbon flow analysis methods are
based on active power flow in the distribution network. The first
step of these methods is to associate the electricity consumption
of each load with the output electricity of the sources in the
distribution network (power flow tracing, PFT). The second step
is to calculate the carbon emissions efficiency of each power
source in the distribution network, by dividing the gross carbon
emission by the output active power of the source. Finally,
calculate the carbon emission corresponding to all electricity
consumption according to the above results. The utilization of
these methods relies heavily on the amount and accuracy of data.
As the distribution networks grow in size and operational
complexity, the loss and the inaccuracy of required data are
becoming inevitable (Deka et al., 2018; Huang et al., 2021), which
causes difficulty in striking a balance between economy and
accuracy when tracing the power flow by the conventional
methods. Additionally, these PFT methods can only analyze
the three-phase balanced power grids, which is unsuitable for
the distribution networks with asymmetric loads and lines
(Kwon et al., 2015; Tellez et al., 2015). However, the carbon
flow analysis methods can achieve a fair division of carbon
emission responsibilities in theory. Therefore, after correcting
the deficiencies above, the carbon flow analysis methods can be
utilized to calculate the CI of the distribution network’s users,
efficiently and accurately.

After simplifying the power flowing model in the
transformer with delta connections, this paper proposes a
high-efficiency PFT method for the active distribution
networks based on the radial nature (Arefi et al, 2020;
Shaheen et al., 2021) of the networks. On that basis, a
framework is proposed to calculate load users’ CI, which
only needs the users’ electricity consumption and a small
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amount of the state information of the related distribution
network. The innovations are as follows:

1) A method to separate the distribution network into three
independent one-phase networks.

2) A subgraph selecting method for the selection of the required
data, together with a high-efficiency PFT method for the
selected data.

3) A CI calculation framework considering the carbon emissions
related to the electricity consumption.

The remainder of this paper is organized as follows:
Section II introduces the proposed PFT method for a three-
phase unbalanced distribution network; Section III shows the
CI calculation framework for the load users, and demonstrates
the application mode of the framework with simplified
models; Section IV verifies the efficiency and effectiveness
of the proposed method and framework by analyzing the
structures and numerical results of several IEEE test
feeders; Section V concludes the paper and introduces the
work plans in the future.

2 Power flow tracing method for
asymmetric distribution networks

2.1 Phase separation for the distribution
networks

Due to the possible asymmetries in the loads, lines, and
other equipment in the distribution networks, the power flow
and the
independent between phases. Therefore, for the accuracy of

loads” electricity consumption are relatively
the final results, the proposed PFT method separates the three
phases of the distribution network and calculates them
independently. However, there are two major types of
participants in the distribution networks that have power
flow between phases, the loads and the transformers, and
the

respectively as follows.

solutions to these two obstacles are introduced

For the loads. The active power input to each phase of all
loads can be measured by the smart meters, and the values of the
phase-wise loads are recorded as a matrix Py, in the form of L*3,
L is the quantity of the loads, the 1%, 214 and 3" element in the

ith

row of the matrix represent the power absorbed by the load i
from the 1%, 2", and 3¢ phase of the buses, respectively.

As for the transformers. On the one hand, the transformers
without delta connections can be directly regarded as the lines in
the power-flow perspective, because there is no power flowing
between phases. On the other hand, since the current in the delta
circuit is not acceptable for the safety and stability of the
distribution networks, the conditions that the asymmetric
power flowing into the delta-connected transformers are
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FIGURE 1
Power flow diagram of the star-delta transformer.
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extremely rare, and such situation will not be discussed in this
paper. Additionally, the power flow in the transformer is distinct
between different operation states, so further research about it is
expensive and with limited benefits. Accordingly, we assume that
the output power of each phase has the same power composition,
that is, the output power of each phase is provided by all input
phases, and each input phase accounts for 1/3. Figure 1 shows the
power flow of a star-delta transformer. Assuming the
transformers as the loads is good enough for the calculation
process of the proposed PFT method, and the utilization of this
power flow model is illustrated in Section 2.1.

In practice, the first thing to do is to convert the other
transformers into the lines firstly. At the same time, convert each
transformer with delta connection into three loads, each load in a
phase. Then, record the power flowing into each phase of the
transformer as the related load in that phase. Considering that
the load data is recorded phase by phase at the beginning, the
distribution network has already divided into three independent
networks after the above processes. Figure 2 shows the process of
converting a three-phase asymmetric distribution network into
three independent one-phase networks.

10.3389/fenrg.2022.974365

2.2 Process of the efficient power flow
tracing method

Due to the scale expansion of the distribution network, the
cost for the data collection has risen sharply (Kaiyuan and
Kueshun, 2018; Yahya et al,, 2020). Thus, a PFT method that
only utilizes minimal data is helpful to deal with this situation.
To this end, we define the subnet in the distribution network
with the following rules: all buses in the subnet can be
connected to any bus in the subnet, and the connection
route is composed of the buses and lines that belong to
that subnet. At the same time, record the proportion of the
power from different sources in the load as the power
proportion (PP) of that load. It is obvious that in each one-
phase network, the PP of the loads will be the same when the
subnet’s power injection only happens in one bus. Based on
the radial feature of the distribution network, this paper uses
the above settings and proposes a PFT method that requires
less data. The process of the method can be divided into three
main steps, and the first step is to find the redundant data
while processing PFT:

1) Converting the transformers with delta connections into
three loads, each in a phase, the value of each load is the
input power to the related phase of the transformer

2) Representing the distribution network as a graph, in which
edges represent lines and nodes represent buses (Rusek et al.,
2020), the features of each node is the same as those of the
related bus.

3) Finding all nodes that are connected to power sources, and
find the shortest path between each pair of these nodes
(Krasnobayev et al, 2020).Then, recording all nodes on
these paths as the minimum node set (MNS), and record
the subgraph only including the nodes in the MNS as the

minimum subgraph.

@ photovoltaic power station — line

@)= 3-phase bus-@- Single-phase line
fiheat power station = 7= transformer |

FIGURE 2

Flowchart of dividing the distribution network into three independent networks
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FIGURE 3

Schematic diagram of the proportion sharing principle.

Clearly, for each subgraph obtained by the above processes,
the quantity of the buses that has inflowing power is equal or less
than 1. Therefore, the PP of the loads in the whole distribution
network can be broadcasted by those in the minimum subgraphs.
So, the second step is to analyzing the topology and power flow of
the minimum subgraph, and calculate the PP of the loads in each
phase of it. The specific method is as follows:

1) Generate three independent networks by the method in
Section 2.2 and transform them into three one-phase
graphs as in the first step.

2) For each graph, delete the nodes in the MNS, and divide the
nodes and the lines remained into multiple subgraphs
according to their connectivity.

3) Add the nodes in the MNS that are directly connected to each
subgraph to that subgraph, if a node in the MNS is connected
to multiple subgraphs, merge the node and the subgraphs into
one subgraph. The subgraphs created in this step are denoted
as remained subgraphs (RS), each RS is related to a single
node in the MNS.

4) Record the total power consumption of each RS as the load of
the related node. Then, use the traditional PFT method, to
calculate the PP of the loads in the minimum subgraph.

The traditional power flow tracking method uses the
proportion sharing principle (Rao et al., 2012) to analyze the
power flow of the network, and obtain the position where all
power from each source is finally consumed. The proportion
sharing principle can be explained from two aspects: for the lines,
among the power flowing at the beginning and end of a single
line, the proportion of power from different power sources is the
same; for the buses, the percentage of power from each input
terminal is the same in each output terminal. Figure 3 shows the
schematic diagram of the proportion sharing principle. Under
the constraints of the above principles, a bus-by-bus iteration is
used to calculate the PP for the loads in the minimum subgraph
related to the three phases. The three-phase PP of the loads can
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be represented as the proportional matrix E; = [sm @ ei(3)]T,

i &
where i is the id of each load; £¥ = [si(f),si(f),...,si(]k)]; ] is the

(k
ij
proportion of the power flowing to the k* phase of load i that

total amount of power generation equipment; ¢ ) represents the
comes from source j.

The results above can be broadcasted to the loads outside the
minimum subgraph, and by which, the result of the PFT can be
deduced in the third step as:

1) While regarding the delta-connected transformers as loads, for
each RS in each one-phase graph, the PP ofloads in that RS is the
same as the PP of the load which that RS was equivalented to.

2) According to the simplified power flow model of the
transformer with delta connections in Section 2.2, for the
transformer iu that the input power of which was

the

proportional matrix of the downstream loads can be

equivalented as load iu in the previous steps,

calculated as:

T
m m m
Eid(”) = [Eiu’ Eiw> €iu

& = (si(l) +el + s§j>)/3

m u

1
2

where Ej o is the proportional matrix of the load id(©
downstream of the transformer iu. si(,f) (Vk € (1,2,3)) is the

k" row of the loadiu’s proportional matrix.

3) For each load in the distribution network, obtain the power
magnitude from the sources as: S; = Py [i] - E;, where Py [i]
is the i'" row of Py, and the j value of S; (¥j € {1,2,..,J})
represents the active power in load i from generator j.

The introduction of the proposed PFT method is above, and
the flowchart of it is shown in Figure 4.

According to the differences between the process of the proposed
and the conventional PFT methods, it is clearly that the proposed
method reduces the requirement of the data and while remaining the
accuracy of the results, which will be verified in Section 2.2.
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Flowchart of PFT method proposed in this paper.
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FIGURE 5
Flowchart of the CI calculation framework.

It is worth noting, when there are sources in both sides of the
delta-connected transformer, the power-injection side should be
calculated as a load firstly. Then, calculate the PP for the output
power of each phase of the transformer. By treating the output of
the transformers as the power sources, the PP of all loads in the
network can be calculated by the proposed method.

3 Whole-process Cl calculation
framework

Industrial Carbon emissions can be divided into the industrial
process emissions and the energy consumption emissions. The
former refers to the carbon emissions produced by physical or

Frontiers in Energy Research

chemical changes other than combustion. The latter refers to carbon
emissions deduced by fuel combustion and other forms of energy
usage. At present, the carbon emissions related to the usage of
combustion energy are based on the statistical methods. In those
methods, the industrial process emissions are calculated by
multiplying the referred carbon emission ratio by the product
output, for each production. The energy consumption emissions
are calculated likewise, and the referred ratio is multiplied by the
consumption of electricity and fuels. Due to the uncertainty of
combustion efficiency under different production environment
conditions, the results are often insufficient. Considering the
strong correlations between the usage of different types of
energy, this paper makes a few assumptions and simplified
models. Accordingly, we report a framework to calculate the
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whole process carbon emissions of the load users based on their
electricity consumption, as shown in Figure 5.

3.1 Related models and parameters

For the high-accuracy of the framework, the detailed
information that describing the generation processes is
indispensable for the construction of the models. Due to the
fact that no model can achieves absolute unity in all situations,
the simplified models are utilized to illustrate how the proposed
framework extract CI from the electricity consumption. The
models and the parameters are as follows:

The user corresponding to load i is marked as user 7, and we
assume that the industrial process emission per GDP is a
constant value for user i, denoted as uf. For each industrial
power user, we assume that the required energy from electricity
and combustion are constant when generating each unit of GDP,
and the demands are pf and p? for user i, respectively. The
corresponding relationship between carbon emissions and power
generation (Wang et al.,, 2022) of thermal power source j is:

M. 2
Aj= Cj‘r]-(l - vj)ﬁZb;”)Power(Pf,n - 1)
=0

where A; is the tons of carbon emission per kWh of the power
source j. b;") is the characteristic parameter related to the carbon
emission efficiency of the source j. i T and v ; are the carbon
content rate, carbon oxidation rate and carbon capture rate of the
source j, respectively. M.,, and M, are the molar masses of
carbon and carbon dioxide, 12 g/mol and 44 g/mol, respectively.
Pf is the output power of the source j. Power (P¥,n—1) is
the (n—1)" power of PJE. The ¢; of each renewable power
source is 0, and the A i of all power sources constitute the vector
Yo = [AsAas Al

The corresponding relationship between the combustion
power and carbon emissions of industrial users is similar to
that of thermal power plants, and the expression is:

M, <
B _ co; (n) B
A =qTi(l-v)—= E b;" Power (P}, n—-1)

¢ n=0

where A? is the carbon emission generated by user i per kWh
combustion energy. b is the characteristic parameter related to
the carbon emission efficiency of user i. ¢;, 7;, and v; are the
carbon content rate, carbon oxidation rate and carbon capture
rate of the user i ‘s combustion equipment, respectively. PP is the
combustion power of user i.

3.2 Calculation process of Cl

For the calculation of instantaneous CI: According to the
operating status of the distribution network and the active power
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flowing to each load, by the PFT method Section 2.2 in and the
parameters in Section 3.1, the instantaneous CI of the related user
can be obtained. The calculation is as follows:

The carbon emission ratio conducted by electricity
consumption for user i is ¢ =S;-yL, where pl is the
transpose of y;. Besides, the GDP generation rate of user i
can be calculated by the related active power usage P; and the

E

£, as g; = P;/pF. Accordingly, the combustion power

parameter P
of user i can be calculated like P? = g;#p?, the carbon emission
related to which is calculated by P = PPxA”. Therefore, the
energy consumption emissions ratio of user i is ¢; = c? + ¢,
and the energy-consumption-part CI uf is obtained by
by g the

instantaneous CI of user i is y; = pf + ut.

dividing ¢; Combining the above results,

As for the CI calculations in a period of T seconds. The
sampling frequency of the input power and the energy
consumption of each user is ¢ hertz, and the sampling time
points are denoted in sequence as {t¢, 1, ..., tT*¢}. The long-term
carbon intensity of the users can be calculated by the
(tm)

instantaneous carbon intensity y;

(tm)

i

at each time point, with

the electricity consumption w
(tm)
i

between time t,,_; and time t,,,, the unit is kWh. With the above
parameters, the total GDP and the total carbon emission of user i

in the corresponding time

period. where w;™ is the power consumption of the load i

can  be  calculated as G;= Zﬁ*jﬁl wi(t"‘)/ pF and
Ci=Yr 4 ws (u' + ul))2pE, respectively. Therefore,

the CI of user i in the target time period is M; = Ci/G;.

4 Case study

We use IEEE 37-bus and 123-bus test feeder (namely
feederl and feeder2) to verify the
effectiveness of the method in this paper.

advancement and

Firstly, we prove the necessity of dividing the distribution
network into three phases for the PFT. There are only delta-
connected generators in feederl, the topology and the lines
parameters of all three phases are the same, the phases are
also symmetric. So, the result of the PFT will remain accurate
whether the is divided
independent networks. However, the topology diagram of

distribution network into three
each phase in feeder two is shown in Figure 6. There is
topology inconsistency among different phases, and most of
the loads are only connected to 1 or 2 phases of the network.
Therefore, it is more convincing to divide the distribution
network into three before processing PFT.

Then, this paper verifies the efficiency and the effectiveness of
the data usage by using the method we proposed, the verification
is divided into two aspects.

On the one hand, we calculated the reduction of the required
data by comparing the quantity of the nodes in the minimum
subgraph and the whole graph. Specifically, we add
Nagy(VNgy4 € {1,...,20}) distributed photovoltaic devices at the
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FIGURE 7

Percentage of data requirement reduction.

non-repetitive random buses in both test feeders, then calculate
the number of buses that are needed for the proposed PFT
method. Repeat 1,000 times and average the number of required
nodes, divide by the number of buses in the feeder, and get the
proportion of nodes that need to be sampled. The values obtained
by subtracting this proportion from 1 can infer the improvement
of data utilization efficiency when using the method proposed in
this paper. The values correspond to different Ny, in both feeders
are shown in Figure 7.

As shown in the figure above, the amount of the required
data is greatly reduced by using the proposed method when
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processing PFT. When the quantity of the distributed sources
is less than 1/5 of the number of buses, the amount of the
required data is decreased by over 50%, and the efficiency of
data usage is boosted by more than 100% in average. The result
proves that the requirement of data has significantly reduced,
which demonstrates the high efficiency of the method we
proposed.

On the other hand, we verify the effectiveness of the
proposed method. On the basis that the PFT is processed
phase by phase, the conventional PTF method has already
achieved people’s expectations to the fairness (Wang et al,
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2022). Therefore, we verify the effectiveness of the proposed
method by comparing the users’ carbon emission, which are
deduced by the proposed method (PM) and the conventional
method (CM), respectively. The emulation software is
OpenDSS. 5 and 10 distributed photovoltaics are set in the
feederl and feeder2 respectively, the power from the
abspanntransformator is regarded as the power from one
thermal power station, and its carbon emission efficiency is
calculated by the formula in 3.1. The topology of the
distribution network and the location of each distributed
power generation equipment are shown in Figure 8. The
photovoltaic output curve of each day is the standard curve
shown in Figure 9 multiplied by a random number from 0 to 1.
All parameters related to industrial production are random
numbers. The input power of each load is generated by the
minute as the average power for that minute, and the value of
it fluctuates randomly between 0 and 1 times the initial value
of the feeders. The load is sampled every 15 min to obtain the
active power consumption of the load within 15 min, as well as
the power at that moment. We use both PFT methods to
obtain the carbon emissions related to the electricity
consumption of each load in 1 month. The results are

Frontiers in Energy Research

shown in Table 1, where each users’ ID (UI) corresponds
to a load user.

By comparing the results calculated by the two methods, it
can be found that the carbon emissions calculated by the two
methods are equal for all users. Therefore, the method described
in this paper uses only a small amount of data to achieve the
trustworthy results that traditional methods require several times
the data.

The monthly CI of each load users in both feeders are given
in Table 2, in t/GDP.

The data requirement of the conventional CI accounting
method is different from which of the proposed method, these
two methods are not comparable. So, we analyze the advantages
of our method from a mechanism prospect. The proposed
method has a much smaller requirement of the data quantity,
because the usage of each type of production raw materials are
not indispensable. At the same time, the proposed method can
tell the difference in CI under different working conditions,
instead of calculating all carbon emissions from energy usage
by a standard ratio. In conclusion, the proposed framework has
the potential boost the accuracy and efficiency when calculating
the CI of each user.
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TABLE 1 Monthly carbon emission calculated by TM and PM.

10.3389/fenrg.2022.974365

Ul 0 1 2 3 4 5 6 7 8 9 10

Feederl CM(t) 20,515 1,479 1869 883 2,377 33,608 1,365 1,076 3,010 1,493 3,306
PM(t) 20,515 1,479 1869 883 2,377 33,608 1,365 1,076 3,010 1,493 3,306
Ul 11 12 13 14 15 16 17 18 19 20 21
CM(t) 960 1716 3,061 918 3,160 838 1704 945 34,173 2,840 1825
PM(t) 960 1716 3,061 918 3,160 838 1704 945 34,173 2,840 1825
Ul 22 23 24
CM(t) 807 1900 4,157
PM(t) 807 1900 4,157

Feeder2 CM(t) 3914 2,154 4,837 2,121 4,774 1951 4,466 3,409 4,434 2,100 318,651
PM(t) 3914 2,154 4,837 2,121 4,774 1951 4,466 3,409 4,434 2,100 318,651
Ul 11 12 13 14 15 16 17 18 19 20 21
CM(t) 1938 3,855 11,471 3,367 3,784 3,632 3,674 3,485 1741 1776 3,820
PM(t) 1938 3,855 11,471 3,367 3,784 3,632 3,674 3,485 1741 1776 3,820
Ul 22 23 24 25 26 27 28 29 30 31 32
CM(t) 3,964 3,721 3,689 1881 1961 2,419 1890 3,940 1846 4,706 33,327
PM(t) 3,964 3,721 3,689 1881 1961 2,419 1890 3,940 1846 4,706 33,327
Ul 33 34 35 36 37 38 39 40 41 42 43
CM(t) 22,191 3,270 3,810 5,351 4,034 4,951 3,363 2015 1960 2,293 1925
PM(t) 22,191 3,270 3,810 5,351 4,034 4,951 3,363 2015 1960 2,293 1925
Ul 44 45 46 47 48 49 50 51 52 53 54
CM(t) 4,046 3,817 7,928 9,319 7,700 1889 3,827 1925 3,773 3,786 4,315
PM(t) 4,046 3,817 7,928 9,319 7,700 1889 3,827 1925 3,773 3,786 4,315
Ul 55 56 57 58 59 60 61 62 63 64 65
CM(t) 3,734 130,596 8,382 6,753 4,305 6,069 1949 2,340 9,841 2,685 5,803
PM(t) 3,734 130,596 8,382 6,753 4,305 6,069 1949 2,340 9,841 2,685 5,803
Ul 66 67 68 69 70 71 72 73 74 75 76
CM(t) 5,305 5,070 4,646 5,060 2,668 2,592 3,787 6,492 4,005 2023 4,357
PM(t) 5,305 5,070 4,646 5,060 2,668 2,592 3,787 6,492 4,005 2023 4,357
Ul 77 78 79 80 81 82 83 84
CM(t) 4,061 12,540 4,222 32,744 1792 37,410 3,961 1804
PM(t) 4,061 12,540 4,222 32,744 1792 37,410 3,961 1804

TABLE 2 The CI of users in both feeders.
Ul 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Feeder1 CI 234 138 163 48 272 331 26 26 126 54 80 257 144 47 73
Ul 15 16 17 18 19 20 21 22 23 24 15 16 17 18 19
CI 80 113 243 50 690 216 106 211 60 127 80 113 243 50 690

Feeder2 CI 95 102 38 106 76 24 91 67 67 69 368 92 90 54 20
Ul 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
CI 47 62 57 76 80 10 120 117 80 114 108 95 41 104 25
Ul 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
CI 26 41 74 38 117 81 108 103 75 64 42 59 21 58 94
Ul 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59
CI 114 140 107 129 86 52 42 84 43 47 96 55 27 92 51
Ul 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74
CI 86 89 91 7 59 86 39 67 136 86 39 110 127 72 64
Ul 75 76 77 78 79 80 81 82 83 84
CI 30 112 95 70 84 520 112 192 81 8
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5 Conclusion

In order to obtain a more accurate CI for the load users in
the distribution network, this paper proposes a high-efficiency
PFT method suitable for three-phase-asymmetric distribution
networks. The proposed method splits the distribution
network into three one-phase networks, and solves the
obstacles brought by the asymmetries of the lines and loads
in the network. Additionally, the method makes the best of the
radial feature of the distribution network, and overcomes the
challenges brought by the scale expansion of it. Furthermore,
we proposed the simplified models describing the energy-
carbon relationship of power sources, as well as the
production processes of the load users. On that basis, a
calculation framework about the users’ whole process CI is
proposed. Although there are a few assumptions in the
proposed framework, after perfecting the simplified model,
the user’s CI can be obtained more precisely by the user’s
electricity consumption.

In the future, we intend to additionally increase the precision
and practicality of the CI calculation in two aspects. Firstly, we
intend to focus on the distribution network with distributed
storage devices, and study the flow of carbon emissions in the
temporal and spatial dimensions. Secondly, we plan to use deep
learning methods to replace the simplified models in this paper,
and improve the accuracy of the results of the CI while
maintaining the calculation speed.
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This study proposes an online finite-time adaptive parameter estimation
method for grid-connected voltage source inverter (VSI) with LCL filter.
In this framework, a time-continuous state-space system model is first
developed, which is different from the nonparametric frequency-response-
based method. Then, the parameter estimation error information is extracted
by introducing a series of filter operations. Moreover, a sliding mode term
is studied and cooperated with the obtained parameter estimation error to
design the parameter estimation error-based finite-time adaptive parameter
estimation algorithm. With the help of this novel adaptive law, the physical
parameters of electrical components can be driven to their true values
accurately and fast. Theoretical analysis is conducted in terms of the Lyapunov
theory to demonstrate the convergence of the parameter estimation error.
Finally, numerical simulation results are provided to illustrate the superiority of
the proposed method over the conventional method.

KEYWORDS

adaptive parameter estimation, finite-time convergence, LCL filters, voltage source inverters,
parameter identification

1 Introduction

Voltage source inverters (VSIs) are widely implemented in many grid-connected
applications due to their capability of converting the DC source to an AC output. In
order to convert the current, the inverter is required to implement the pulse modulation
technique which will cause high-order harmonic pollution and may trigger a negative
impact on grid-connected performance; especially, it may disturb the supply voltage
of sensitive loads or devices tied to the grid (Mohamed (2010); Feng et al. (2022)). In
order to attenuate the switching frequency harmonics caused by the VSI and improve
the quality of the grid capability, a proper filter is needed and implemented between the
VSI and the grid practically (Reznik et al. (2013)). Compared with a traditional L-filter
(Gomes etal. (2018)), a high-order LCL filter has been generally used in the electrical
power system because of its higher attenuation ability and better dynamic characteristics
(Tang et al. (20115 2015)). Moreover, when the range of power levels up to hundreds of
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kW, the LCL filter can effectively reduce the overall size and
weight of the componentswith a small value of inductors and
capacitors (Liserre et al. (2005a)).

However, the three-order LCL filter suffers from the
resonance problem, which may lead to oscillation of the
power grid (Tangetal. (2015)). Although the LCL filter can
accommodate the oscillation phenomenon by properly designing
the filter parameters (Massingetal. (2011)), some of these
parameters may have uncertainties due to the manufacturing
tolerances, temperature changes, and the aging of electrical
components in practical application. Moreover, if there is
a transformer between the filter and the grid, the leakage
inductance of the transformer will also lead to uncertainties
in the filter (Schlesinger and Biela (2020)), and these lumped
uncertainties will impact the overall grid performance.

Since the proper estimation of grid impedance including
the LCL filter and VSI has a significant influence on the
grid-connected quality, various work based on frequency-
response estimation methods (i.e., also known as nonparametric
methods) and model-based estimation methods has been done.
This kind of method does not assume an exact model and
only requires the injected stimulus and the responses. In the
work of Liserre et al. (2005b) and Reigosa et al. (2012)), the grid
impedance is identified by injecting sinusoidal currents into a
grid, in which the Fourier analysis is introduced at a steady
state by using the grid-side current and voltage responses. The
utilization of sine sweeps provides the highest signal-to-noise
ratio (SNR), and thus, it can achieve high-precision identification
of the grid impedance. However, this method is not suitable for
online identification due to the measurement time and additional
power of electronic hardware.

Though frequency-response-based methods are able to
describe the dynamic characteristics of the grid, they cannot
get the physical parameters of electrical components directly.
Furthermore, in many VSI control applications, model-based
methods are commonly employed (the controller gains are
related as a function of the LCL filter and VSI parameters), such
that the prior-knowledge of these uncertain physical parameters
is of vital importance. To address the uncertain parameters
that existed in electrical power systems, model-based estimation
methods are studied in recent years. In (Mohamed and El-
Saadany (2008)), the neural networks (NN) based estimation
method is proposed, it can obtain great estimation performance,
but the NN-based control performance heavily depends on the
convergence estimation and rate of NN weights which leads to
heavy computational burden. In (Hoffmann and Fuchs (2013)),
an extended Kalman filter (EKF) is applied to estimate the
electrical components connected in the grid, but the covariance
matrices need a tedious parameter tuning procedure.

According to the certainty equivalence principle, the overall
performance of the grid will be greatly improved provided that
the high accuracy and fast converge rate of online physical
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parameter estimation in the grid can be obtained. Especially, the
start-up performance of the inverter can be simplified and the
transient response can be improved. In the traditional adaptive
parameter estimation algorithm framework such as the gradient
descent method, a predictor and/or observer are generally used
to generate predictor and/or observer error to design the adaptive
law (de Mathelin and Lozano (1999)). However, the utilization
of the gradient descent method may suffer from the potential
bursting phenomenon, especially when the system is subject to
the external disturbances. In order to overcome this issue, several
prevalent robust adaptive laws have been successively proposed
such as e-modification (Ioannou and Kokotovic (1983)), and
o-modification (Ortega and Tang (1989)). One salient of such
robust adaptive law is that a leakage term is established to
ensure the boundedness of the estimated parameters. However,
the introduced damping term prevents the estimated parameters
from converging to their true values, which means that there
is a trade-off between accuracy and boundedness. It is worth
noting that the online test of persistent excitation (PE) condition
which is used to prove the parameter estimation convergence still
remains a difficult challenge in the parameter estimation field.
Therefore, it is worthy to further investigate a novel adaptive
parameter estimation algorithm, which can not only estimate
the system parameter accurately but also provide an intuitive
approach to verity the PE condition.

Motivated by the above discussions, this study will propose
a novel parameter estimation algorithm for the grid-converter
system with LCL filter. To realize this purpose, a series of
filter operations and auxiliary variables are used to extract
the parameter estimation error information, which is used to
construct a novel leakage term and online validate the PE
condition. Then, a sliding mode term is studied and cooperated
with a new leakage term to design the adaptive finite-time
parameter estimation algorithm, by which the system parameters
can be driven to their true values accurately and fast. The
parameter estimation error convergence is rigorously proved
in terms of the Lyapunov theory. Finally, simulation results
are provided to demonstrate the effectiveness of the proposed
method.

This study is organized as follows. Section2 provides
the dynamic modeling of the grid-connected VSI with LCL
filter in continuous-time model. Section 3 presents the finite-
time adaptive estimation algorithm design and analysis, and
a comparison to another estimation algorithm. Comparison
simulations are given in Section 4. Some conclusions are
summarized in Section 5.

2 Dynamic modeling

In this section, continuous-time model for grid-connected
VSI with LCL filter is first described. As shown in Figure 1,
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FIGURE 1

Schematic diagram of the estimation setup.

the inverter is supplied with a constant DC voltage u;.and an
LCL filter is inserted between VSI and the grid to attenuate
the switching frequency harmonics caused by VSI. A current
controller is applied to regulate the grid-side inductor current
and digital control delay G, of the controller is also considered.
Moreover, a parameter estimation scheme is added to the
system with external disturbances d(t). Note that the aim of
this study is to propose a novel parameter estimation scheme
to identify the physical parameters of the LCL filter and the
digital control delay of VSI with accuracy and fast converge
rate.

2.1 Model of LCL filter

For the ease of subsequent analysis, a single-phase equivalent
circuit model of a typical LCL filter is shown in Figure 2,
which is widely used in the grid application. As shown in
Figure 2, the symbols u; and i; denote the inverter voltage

+
@u. U, Cr==|u @ug

FIGURE 2
Single-phase equivalent circuit diagram.
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and inverter current. u; is the voltage across the shunt

branch’s filter capacitor, Ug

voltage and grid-side current. L;, L, and C; represent the

and i, represent the grid-side

inverter side inductance, the grid-side inductance, and the filter
capacitance, respectively. Note that in practical engineering
applications, the electrical components such as L;, L, and Cf
exist uncertainties because of the manufacturing tolerances,
temperature changes, and aging phenomenon. Moreover,
inductive grid impedance and the leakage inductance caused
by the transformer will also lead to the parameter changing
of L; and L,. In order to estimate the physical parameters of
electrical components online, the dynamic of the LCL filter can
be given by applying the Krichhoft’s law (Massing et al. (2011)),
note that equivalent resistors could be ignored since
their impedances of them are far less than the one of
inductance L; and L.

L,-i',- =uj— U
Cfuf:ii_ig (1)
Lytg = up—u,

To facilitate the estimator design, we define the system states
. T
as x;, = [zi, up, zg] € 9”3, and hence, the state-space form of
system (1) can be written as

{x,—g = A,-gx,-g + Bju; + Bgug @)

y= Cxig
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- 1
0 -z 0
[ .
Azg_ Cf ) Cf >
0 +— 0
L7 I
rL
Li
Bi=|o | (3)
[ 0
[0
_| o
Be=| O |
L L,
C=[0 o 1],

where A;, € RP? and B; e B! and C; € R"® denote the
system matrix, input matrix and output matrix, respectively. B,
represents the unknown parameter of the grid-side voltage.

2.2 Model of digitally controlled VSI

The digitally controlled inverters existing time delay includes
the computation delay of the microprocessor, sampling period
time delay, and time delay of the zero-order hold in the pulse
width modulation converter (Agorreta et al. (2010)). Though the
three elements are analyzed in the z-domain, few research works
focused on the time-domain analysis. In this sense, the following
time-continuous model is given:

TS (1 _ e—r~5)

Gdeluy = I-s >

(4)

where 7 denotes the sampling period.

Note that Eq.4 cannot be used to establish the desired
state-space form due to its complex transfer function. As
analyzed by Agorreta et al. (2010); Houpis (1999); and Houpis
and Sheldon (2013), Eq. 4 can be rewritten in terms of the Pade
approximation technique as follows:

e (1-e) 1 1 T
Gdeluy = = T
TS 7-s+1 7 0.57-5+1 (5)
~ 1 '
0.57%s* +1.57s + 1
Based on Eq. 5, a new G,; can be obtained:

Gottent = Gty = —— 6
delayl ~ Ydelay — m (6)

Based on Eq. 2 and 6, the comprehensive state-space form of
grid-connected VSI with LCL filter can be formulated as follows:

{x = AX+ Bypofth; o+ Boglig + 0 )

y=Cx

T .
where x = [ii, ui] € R! is the overall system state. &

Mf, ig,
denotes approximation error and measurement noise which can
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be considered as abounded disturbance i.e., [|8]| < &5 for a positive

constant &5 > 0.

1
—_

0 - 0

[e] Nl"';—

0 — 0

oq
(=]

L -2/(37)
[0
0

Buref: 0

L
0
1
L
0 0 0
}’ 8)

L2/(37)

[0

ga” | - —

c=[0o o 1 o,

where A € R** and C e R™* denote the augmented system
matrix and augmented output matrix. B, € R*! represents the
augmented input matrix corresponding with the control input
Uys while B, € R*! denotes the unknown parameter of the
grid-side voltage u,. Different from nonparametric frequency-
response-based identification, model-based estimation method
can describe the power electrical system by modelling with
physical laws i.e., Kirchhoft’s law. It is not difficult to find out that
inductances, capacitances and digital control delay in the grid are
directly included in the model Eq. 7 which paved a new way to
estimate these components directly.

ASSUMPTION 1: The system state and the reference control
input of the system Eq.7 are bounded and accessible for
measurement.

Note that Assumption 1 has been widely used in the
estimation field [marino1995adaptive, adetola2008finite], and it
can be satisfied by applying a proper controller.

3 Online parameter estimation

In this section, we will propose a finite-time adaptive
parameter estimation algorithm to online estimate the unknown
parameters encountered in the VSI with LCL filter.

3.1 Finite-time adaptive parameter
estimation

For the ease of subsequent analysis, Eq. 7 can be rewritten as
)

where ©=[1/L, 1/C, 1L, -2/37)] R’ is the
to be

X=D(xu)O0+0,

augmented parameter estimated and @ (x,u) =
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diag (—up+u, dj—ip U~y —U+ 1) € RYY represents
the augmented regressor matrix. To extract the estimation error,
a low-pass filter operation is imposed on both sides of Eq. 9, and
the filtered variables xf <Df(xf, uf), 6f of x,®(x,u) and § can be

defined as:
KXp+xp = X, xf(O) =0
K(Df+ (Df = (D, q)f(O) =0
K(Sf‘l‘ 8f: 6, 8f(0) =0

(10)

where k > 0 is a positive filter parameter. Note that & is only used
for analysis.

The motivation for adopting the low-pass filter operation
can be divided into two aspects. First, the low-pass filter can
significantly eliminate the effect of the high-frequency noises
(such as measurement noise), which is contributed to improving
parameter estimation performance. Second, the measurement of
the derivative terms such as i, ity and i'g is not an easy task, such
that the adopted low-pass filter operation can avoid using such
derivative.

Substituting Eq. 10 into Eq. 9, one can deduce that

. %
@f@ZXf—6f: p

It should be pointed out that the non-zero initial condition

—Sf. (11)

x(0) may bring an exponentially decaying term ie%x(o) -0
when t — oo. Based on this conclusion, the effect of the initial
condition will not be considered in the subsequent analysis as
(Ortega et al. (2018); Aranovskiy et al. (2016, 2015))

In order to extract the parameter estimation error
information with simple algebraic calculation, the auxiliary
matrix P € 3% and vector N € R* are first defined as follows:

P=-IP+®T®,P(0)=0
{ ol Y (12)

N=-IN+ (DfT[(x—xf)/K],N(O) =0

where the parameter [ > 0 is designed to guarantee the boundness
of auxiliary matrix P and vector N. By integrating on both sides
of Eq. 12, one can deduce that

P(r) = J;e’l(t”)Q;(r) Dy(r)dr

' (13)
- -l T
N(t) = Joe t (Df (r) [(x(r) —xf(r))/k] dr
Furthermore, another auxiliary vector H € R* is designed
along with Eq. 7 as

H=PO-N=-PO+Y, (14)

where ® denotes the estimation, i.e., error of unknown system
parameters. @ = 0 - O is the parameter estimation error. ¥'=
Ige_z(’"’) gbfT(r)(Sf(r)dr represents the bounded residual error since
state x is assumed to be bounded which further means that @ and
Oy are also bounded. Hence, the condition ||'Y]| < 8y is true for a
positive constant 8y, > 0. Moreover, we can see that the parameter
estimation error information is included in H, which will used to
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construct a new leakage term to design the adaptive parameter
estimation algorithm.

Generally, the persistent excitation (PE) condition is required
to guarantee the parameter estimation convergence in the
adaptive parameter estimation. To verify the PE condition online,
the following Lemma is given.

Lemma 1:

If the regressor matrix @ defined in Eq. 9 fulfils the PE
condition, the matrix P is positive define, i.e., the minimum
eigenvalue of P in Eq. 12 fulfils the condition A ;, (P) > o> 0 for
a positive constant o.

Proof: According to the definition of PE (Na et al. (2015))
condition, the inequality I?T(DfT(Dfdr 2 pl is equivalent to
J‘LT(DfT(Df dr > pIfort> T > 0. Therefore, one can deduce that the
inequality Ii_ T(D]T(Df dr 2 pIistrue for t > T > 0 provided that the
filtered regressor matrix @ satisfies the PE condition. Note that
the (I)f is the filtered variable of @, such that the PE condition
for @ is equivalent for @;. Therefore, considering the integrating

—1(t-1) > e—lT

interval A € [t— T, t], the inequality e > 0 is true for

t—A < T, one can deduce that

t t
jt Te-’<f-”q>qu>fdA > J cofod>e'pl  (15)
- =T
For t > T >0, Eq. 15 can be rewritten as
t t
~U(t-A) 3y T, ~U(t-A) 3y T,
| evooms [ e Pofoa  as)
Based on Eq. 15 and 16, we can obtain
t t
P= Joe-’(f-”@f@fd/\ > e-lTL_T@fT@fdA >eTpl. (17)

According to Eq. 17, we can claim that if the matrix P
is positive definite, the condition A, (P)>0¢>0 is true for
o= e’lTp.

Remark 1: In order to increase the excitation level, an
excitation signal in aff frame is added to the output of the
current loop controller which is also the reference input voltage
of inverter u,,;. The excitation signal is given as u,, = u,, + it g.
We add the excitation signal in f-direction since it can reduce
the effects of the inverter nonlinearities on the PWM generator
and parameter estimation (Koppinen etal. (2017)). Moreover,
the trade-off between excitation power and current harmonic
distortion should be carefully considered since a small amplitude
of excitation signal will not excite the desired frequency
components, while a larger one will cause harmonic distortion
in the grid current.

Given the fact that the utilization of parameter estimation
error PO in adaptation will be beneficial for the parameter
estimation performance, a finite-time adaptive parameter
estimation scheme is developed as follows:

P'H

b, PH.
"H]

(18)

where I', > 0, I € R¥4,
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Theorem 1:

For inverter system with LCL filter Eq. 9 and the parameter
adaptation law in Eq. 18, the estimation parameter @ is bounded
and the estimation error @ will converge to a small set around
zero i.e., O is uniformly ultimately bounded (UUB) in a finite
time satisfying lim,_,_.P,0 = 7.

Proof:

In the inverter system equipped by LCL filter with extra
excitation signal, we assume that @ fulfils the PE condition. And
(P) > 0> 0. Then,
we first proof that the estimation parameter @ is bounded. By

based on Lemma 1, we can guarantee that A ;,

calculating the time derivative of P"'H = —@ + P™' ¥, one can get

—1 2 —1 . Iy .
oF H_ -0+ aL‘P+P’1‘P: 6O-ppply
ot ot

+P V=04V, (19)

where ¥ = -P'PP'¥+ P71, we then choose the Lyapunov
function as V=1/2H'P'P'H, and its derivation can be
deduced as

- T
—— =-H'PI, PH, prpiy
ot IH]

<= (Ain @) = [P ) IH] (20)

, one can find that ¥ and ¥
is bounded since the disturbance § and filtered residual error
‘I’f are bounded, P and P! are also bounded for bounded
‘I’f. Furthermore, PE condition can further ensure that P! is
bounded. Hence, if I' is large enough to satisfy A ;. (T'}) >
[P~¥|, the estimation error ® and estimation parameter are all
bounded.

According to Eq. 20 and rewrite it as V < —uVV with y =
V20 (A, (T) = |[P7¥'||) which is a positive scalar and needs
to be selected large enough. From finite-time convergence of

Focusing on the term |P'Y¥/|

min

Lyapunov solution V, that the auxiliary vector with parameter
error will converge to zero in finite time, i.e., lim,, ,H=0 in
t;=2/V(0)/u. Based on V< -uVV we can claim that in t e
{0, tf], the plant Eq. 18 evolves in a sliding mode along the
surface H = 0, which further means that lim,_,_,P® = V¥ is true
in finite time. It should be noted that the sliding mode term
in Eq. 18 will not lead to severe chattering problem in the
estimated parameters as the integrating operation imposed on
term H/ || H || (Na et al. (2019)).

Remark 2:

From the above proof, one can find that the convergence
rate of estimation error depends on the learning gain I', and
excitation level 0. Generally, a large learning gain and excitation
level can obtain a faster converge rate, while too large gain may
trigger parameter oscillation. The forgetting factor / in Eq. 12 is
set to the penalty of the initial condition which is not suggested
to be large. Filter parameter « in Eq. 10 denotes the “bandwidth”
of the filter. Hence, there is also a trade-off between converge rate
and robustness in selecting the value of the forgetting factor and
filter parameter.
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3.2 Gradient-based adaptive parameter
estimation

In order to further show the superiority of the proposed
adaptive law over conventional method, a brief discussion
of gradient-based adaptive parameter estimation algorithm is
provided in this subsection. First, an observer is designed for the
system in Eq. 7:

X=0(u)a+A(x-3%), (21)
where 1>0 denotes the observer gain, ®@(x,u)=
diag(—uf+ Up iy Up— Uy Ut uref) e RP*  denotes

. . - p N 1T
the regressor matrixand & = [I/Li, l/Cf, 1/L, -2/ (31)] €
PS 4 ~ 4 1T
9R* represents the unknown parameter. X = [1i, oy g, ui] €
9* is the observer state which is needed to be observed. First, we
design the observer error e = x — %, e € 9:i* and the corresponding
time derivative can be calculated as
e=-Ae+D(x,u)a. (22)
In order to minimize the power of the estimation error e by
0e*/da = 0, one can design the adaptive law by using the observer
error e as
£

mZ

&=r,07 (23)

where I', denotes the learning gain of gradient-based adaptive

law, m?

is a normalizing signal designed by m=1+| @| as
explained by de Mathelin and Lozano (1999). According to
Eq. 23, we can find that different from the finite-time estimation
algorithm Eq. 18 with parameter estimation error, the gradient-
based method depends on a predictor/observer to create the
predictor/observer error for driving the adaptive law which may
indirect for online parameter estimation.

Remark 3: Grid converters are usually controlled by model-
based control algorithms, which means that the estimated
parameters like the LCL filter will participate directly/indirectly
in the design of the controller. Moreover, from (Xie and
Chen (2021); Tao etal. (2022)) we can find that the accuracy
and the converge rate of the estimated parameter can impact
the overall control performance, which further suggests that a
proper estimation algorithm dedicates to grid-connected control.
Though there exist some online parameter estimation methods
such as gradient-based adaptive law and o-modification, the
estimated parameters may need a fairly time to converge or
even not able to converge to the real value. On the contrary,
the proposed finite-time adaptive estimation algorithm can drive
the estimated parameters toward the real value in finite time. In
this sense, the overall control performance can be improved, the
controller's overall performance, especially during the start-up
period.
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4 Simulation

In this section, the parameter estimation of the LCL filter
with VSI is simulated in MATLAB/SimPowerSystems software
environment. Comparative simulation results are given to
demonstrate the effectiveness of the proposed method. The
parameters to be estimated and the associate parameters are
listed in Table 1 (Koppinen etal. (2017)). Note that the DC
voltage is constant and the time delay of digitally control in
VSI is considered. Moreover, the sampling frequency is set as
f, = 10kHz and the inverter switching frequency is set at half of
the sampling frequency i.e., fpy; = 5kHz.

The current controller implemented in this simulation is
a typical PI controller based on dgq synchronous reference
frame and the purpose of the controller is to regulate

the grid-side inductor current i,. Note that some existing

PWM-based control strategies stfch as repetitive controllers
(De Almeida et al. (2014)) and resonant integrator controllers
(Yepes etal. (2010)) can be used instead. Moreover, the up-to-
date grid-voltage angle w, can be calculated from the measured
grid voltage by the phase-locked loop (PLL) method.

Comparison to gradient-based algorithms: For a fair
comparison, the control parameters in the current controller
and PLL are taken as the same value, which means that
the input signal u, is the same in two estimation process.
Moreover, an extra noise d = 10rand(0.1) with mean 0 and
variance 0.1 is added into the system to increase the excitation
level.

From Figure 3, it can be found that the minimum eigenvalue
of matrix P(t) is larger than zero (e.g., A, (P(#)>0>0).
Therefore, the regressor vector @ satisfies the PE condition
according to Lemma 1. Moreover, by calculating the A, (P(%)),
we can online validate the PE condition, which is helpful in
practical application. Note that in finite-time estimation, as one
can find in previous proof of the theorem, input signals with high
excitation levels may improve the convergence rate of estimation
errors.

The associated parameters I, =
5diag(50,5 % 10%,5, 1), filter constant x =0.01 and forgetting
factor [ = 0.2 via a trial-and-error method. Note that the initial

are chosen as

values in the simulation are set as zero. And the parameters
in gradient-based parameter estimation Eq.23 are set as
T, = 5diag(400,5x 10%,6,1) and A = 5diag(30,5 x 10°,50,20).
Figure 4 illustrates the comparative parameter estimation
performance between the proposed adaptive estimation
algorithm and gradient-based estimation algorithm. The
estimated parameters based on the aforementioned algorithms
are listed in Table 2. As shown in Figure 4 and Table 2, we can
find that the proposed adaptive estimation algorithm Eq. 18
obtains a fast parameter convergence speed and accuracy
than that of the gradient-based algorithm. The reason for this
phenomenon is that the information of parameter estimation
error PO in H is used to drive the adaptive law Eq. 18, while
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TABLE 1 Simulation system parameters.

Symbol Value Symbol Value
uy, 800 V L, 33mH
u, 400+/2/3 V Cf 8.8 uF
w, 27 - 50 rad/s L, 3.0 mH
fi 10 kHz fowm 5kHz
0.7 : - - : -
—_— I\min(p)
0.6}
0.5 :
H]
Fo04r 1
5
S03F i
=
0.2 i
01 1
o ! ! ! I |
0 05 I 15 2 25 3
Time/s
FIGURE 3
Minimum eigenvalue of P(t).
TABLE 2 Estimation of parameters.
Symbol Reference value Finite time Gradient based
1/L; 303.03 302.14 334.33
1/Cf 113636.36 113510.83 94854.50
1/Lg 333.33 332.46 340.10
1/t 10000.00 9920.66 10288.59

only the observer error e is employed in the gradient-based
algorithm, and it can again verify the effectiveness of the
proposed algorithm.

Figure 5 provides the frequency responses of the proposed
adaptive law and gradient-based adaptive law in terms of the
Bode diagram, respectively. We can find from Figure 5 that the
proposed adaptive law can accurately estimate the resonant peak
and slopes at the high frequency of the LCL filter in the presence
of time delay compared with the gradient-based adaptive law due
to the precise parameter estimation performance. The improved
performance can be also found from the phase angle. Based
on the above simulation results, we can further deduce that
the proposed parameter estimation method for the LCL filter
may provide an alternative way to carry out the corresponding
controller design to attenuate the resonant peak to obtain a stable
grid current.
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Parameter estimation compared with the proposed method and gradient-based method.
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5 Conclusion

In this study, an online finite-time adaptive parameter
estimation method was proposed for a grid-converter system
with LCL filter in time-continuous state-space form. Different
from the conventional predictor/observer-based method, the
proposed framework could achieve high accuracy and fast
converge rate by applying parameter estimation error in
driving adaptive law and a sliding mode term is studied and
cooperated with new leakage term to design the finite-time
adaptive parameter estimation algorithm. Theoretical analysis
was studied by Lyapunov theory to demonstrate the convergence
of the estimation error. Moreover, a comparative simulation
was developed to illustrate the effectiveness of the proposed
method. Applying the proposed method to estimate the electrical
components can be beneficial for fault diagnosis of the electrical
power system. The future work will focus on combining the
proposed parameter estimation method with a certain controller
to enhance the overall control performance of the grid, and
experiments will also carry out in the future.
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With the rapid development of large-scale distributed renewable energy in China,
the load factor of distribution transformer increases year by year, this directly
become a new challenge to the load capacity of the transformer. Once subjected
to this condition for a long time will have an impact on the hotspot temperature
and consequently, the useful life of the transformer. In this regard, load capacity
assessment of the distribution transformer becomes an essential work for unit
upgrading or even replacement. This article systematically summarized the
evaluation methods of transformer load capacity, as well as the load capacity
prediction and dynamic capacity enhancement strategies of transformer.
Discussions for the future work regarding this topic are also carried out.

KEYWORDS

renewable energy, distribution transformer, hotspot temperature, load capacity,
dynamic capacity

1 Introduction

To fulfill the goal of carbon neutral, the Chinese power utilities are advancing the
development of a new power system dominated by new energy, especially for large-scale
integrated wind and solar power generations and the distributed renewable energy
resources, as shown in Figure 1. This directly leads to the increase of the load factor
of transformers year by year. On the distribution side, the power flow is no longer one
direction, ie., flowing from the distribution transformer to users, but becomes a bi-
direction mode as distributed renewable energy resources integrated to the network (Feng
etal, 2018; Feng et al., 2022; Jiang et al., 2022). Figure 1 shows a schematic diagram of a
distribution network dominated by new energy generation, demonstrating the load
changes from the traditional single distribution load curve to a composite load
combining distribution load and new energy online load.

The introduction of large-scale distributed renewable energy sources poses a great
threat to the safe operation of the power grid. If the load capacity assessment and dynamic
capacity enhancement of the transformer can be realized, the load potential can be fully
exploited and the threat posed to the grid by the composite load can be controlled. This
enables real-time regulation of the transformer load, so intelligent transformers (Ma et al.,
2015) with information sensing technology become a new trend. To improve the
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FIGURE 1

A schematic of the new energy power generation dominated distribution network.

intelligence of transformer, the condition assessment model,
overload model, insulation aging model, heat balance model,
cooling model, etc. have been established to assess and predict the
condition of the transformer. This greatly advances the
condition-based maintenance of the transformer.

Therefore, the study of the load capacity of transformers is
essentially a matter of ensuring that the actual maximum load that
a transformer can withstand and the duration it can last without
the hotspot temperature (HST) exceeding the limit (Tang et al,
2017). In the standards of IEC 60076-7, GB/T 1094.7 and IEEE Std
C57.91-2011, the limits for overload operation of oil-immersed
power transformers are specified. The HST of the transformer
winding insulation system is the main determinant of the load
capacity, and when the HST exceeds the limit, it will lead to
insulation damage or loss of life (Zhong et al., 2021).

This paper briefly summarizes the current load capacity
assessment methods and expounds the load prediction methods,
as well as the necessity of dynamic capacity enhancement. The
problems of current load capacity assessment methods are discussed
and suggestions for the future study are proposed.

2 Influence factor of transformer load
capacity

The load capacity of a transformer is determined by factors
such as material selection and process control during its
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manufacturing phase, which reflects the inherent level of
transformer load capacity. The load capacity of a transformer
in operation is not only determined by its inherent level, but is
also influenced by the operating factors such as the HST, ambient
temperature, and cooling method. This section will detail such
factors one by one.

2.1 Hot spot temperature

The core and winding of the transformer are the main source
of the heat generation, where the temperature of the hottest spot
in the winding is called the HST. Currently, there are three kinds
of method to obtain the HST of transformers, including the direct
method, the numerical analysis method, and the thermoelectric
analogous model. The HST temperature limit for transformers is
specified in GB/T 1094.7, which can be expressed as Eq. 1. The
load condition of the transformer can have an effect on the HST.

1+Rx K"
W] _Aeor} Xfl(t)

+ AGh, + {Hg,Ky - AH;,,} X f2 (t)

6, (t) =6, + A6, + {AGW X [

1

where, 0, is the ambient temperature, A6, is the standard oil
temperature rise, Afy, is the oil temperature gradient, R is the loss
ratio, K is the ratio of actual load to rated load, x is top oil index,
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H is HST coefficient, g, is the temperature difference between the
average temperature of the winding and oil temperature
measured by the test, y winding index, fi(t), f5(t) are in the
exponential form, indicating the slow process of internal
temperature rise or fall.

2.1.1 Direct detection method

The direct detection methods incorporate two categories:
invasive measurements (Qian et al., 2003; Lobo Ribeiro et al,
2008; Liu et al, 2020) and non-invasive measurements (Ruan
et al., 2020).

The invasive detection of winding HST is mainly realized by
direct measurements. For example, the U. S. Luxtron
Corporation applies a stable light body temperature sensor
(Qian et al., 2003) to sense the HST of a transformer, and a
multipoint fiber optic temperature sensor network system is
integrated inside the transformer (Lobo Ribeiro et al., 2008).
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Some built-in distributed fibers combined with thermocouple are
also introduced to for direct measurement (Liu et al., 2020).

In comparative, the non-invasive measurement of HST is
mainly realized by infrared techniques with interpreting the
streamline heat dissipation model of the internal heat source
of the equipment (Ruan et al., 2020). The mapping relationship
between the shell characteristic temperature measurement point
and the internal HST of the transformer is established.

2.1.2 Numerical analysis method

The numerical analysis methods predict transformer
temperature rise based on multi-physics field coupling
calculations. The establishment of the solution model and the
determination of the boundary conditions are complicated.
Experts use the fluid-solid coupling method (Xie et al., 2016)
to calculate the HST of the transformer, or use magnetic-thermal

coupling (Liao et al., 2021) to solve the temperature distribution
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to improve the accuracy of the internal temperature calculation
results. For the simulation model, the shortcoming lies that it is
difficult to reflect the real oil flow and heat transfer inside the
transformer and the final temperature rise distribution cannot
reflect the temperature rise in the full domain. For load capacity
analysis, the numerical analysis is often realized by Ansys Fluent
and COMSOL, and the results are used as complementary to
experimental testing verification to justify and support the overall
analysis.

2.1.3 Thermoelectric analogy model

Considering the heat flow is similar to the current flow in
circuit, the hot circuit model of transformer conduction is
constructed by thermoelectric analogy (Swift et al., 2001). In
load capacity assessment, researchers (Susa and Nordman, 2009)
considered the change in oil viscosity and winding loss with
temperature and established a simplified model of HST based on
the top oil temperature. Such models greatly reduce the demand
of input parameters. Some experts also use a thermoelectric
analogous model to estimate the HST, thermal resistance and
thermal capacity to improve the dynamic response of the model,
and propose a load capacity assessment model in consequence
(Lietal., 2018). Besides, the influence of HST on the load capacity
of traction transformers is also studied and a collector heat path
model is established to simplify the nonlinear thermal resistance
to real-time thermal capacity evaluation (Zhou et al., 2021).

Since the results of transformer HST directly affect the
accuracy of transformer load capacity, a large number of
scholars have conducted research in HST calculation. At
present, the HST is mainly obtained by direct measurements,
analyzed and demonstrated by applying numerical analysis
method, and estimated by the idea of thermoelectric analogy.

2.2 Dissipation mode

The dissipation theory of the transformer assumes part of the
heat generated by the core and coil can be dissipated by
transformer oil and dissipated by dissipaters. The process of
heat dissipation is actually the process of reducing the internal
temperature and increasing the load factor. It is suggested to
introduce dissipation mode as a factor of load capability
assessment to provide better guidance for transformer
optimization (Li et al, 2018). If damage to the fan occurs
when the transformer has to withstand an overload situation,
it can lead to an impact on the overload capacity.

2.3 Ambient temperature
As one of the important parameters affecting the load

capacity of transformer, ambient temperature plays a key role.
In order to establish a more accurate load prediction model, the
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highest as well as the lowest temperature of the day needs to be
taken into account, and the ambient temperature will be fuzzy
discretized according to the standard GB/T 1094.7-2008.
Moreover, under different initial loads, the change of
allowable overload time has similar characteristics: it decreases
rapidly with the increase of ambient temperature. Therefore, the
accuracy of ambient temperature has a great influence on the
calculation of transformer overload capacity.

3 Progress on load capacity
assessment

With the integration of large-scale new energy, load capacity
assessment becomes a critical task for the new energy power
systems. In this regards, it is necessary to pay more attention to
load capacity prediction as well as the dynamic capacity
enhancement strategy of transformer.

3.1 Load capacity prediction

According to the prediction requirement in temporal
dimension, load capacity prediction can be classified as ultra-
short-term prediction (in hours and minutes), short-term
prediction (in days), medium-term prediction (in months)
and long-term prediction (in years). The accuracy of load
capacity prediction requires both the reliability of data and
the applicability of the prediction algorithm. Load capacity
prediction mainly focuses on two types: one is prediction
based on actual transformer measurement data, such as top
oil temperature and HST, and the other is simulation results
prediction based on computational model.

3.1.1 Measured data-based prediction

The top oil temperature prediction based on Kalman filtering
combines current data with historical loads to predict the trend of
transformer load capacity (Zhou et al., 2020). For such method,
an evaluation model would be constructed with multiple data
inputs, as shown in Figure 2A, but it has not been applied in
practices.

3.1.2 Computational model-based prediction
load
methods mainly include statistical methods as well as machine

Computational model-based capacity prediction
learning methods. For statistical methods, the typical algorithms
include Kalman filter, linear extrapolation and wavelet fractional
solution method (Shen et al., 2016). Since statistical methods
require high stability of time series, so it is difficult to reflect the
non-linear influence of weather, events and other factors. In
comparison, the machine learning algorithms such as fuzzy
inference (Wang et al, 2022), support vector machines,
artificial neural networks (Fan et al, 2022) and cluster
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analysis (Shen et al., 2016) have demonstrated their capability of
improving the non-linear fitting ability of the models. It is
believed that the computational model-based load capacity
prediction methods have a good prospect. However, its ability
of extracting deep features from actual highly fluctuating time
series is still a problem to be solved in the future.

3.2 Dynamic load capacity enhancement

Dynamic load capacity enhancement refers to the operation
of power transmission line or transformation equipment with
load exceeding rated capacity under the premise of ensuring
safety and reliability. The existing studies on dynamic load
capacity enhancement of transformer pays more attention to
the evaluation of HST and failure rate, and also combines
economic indicators (Zhang et al., 2013; Dong et al,, 2021). In
this regard, the load curve, ambient temperature and relevant
operation and maintenance information of the transformer are
firstly obtained to determine the scenario and operating
conditions of dynamic load. The equipment load scenario,
service age and condition monitoring information are then
taken to carry out thermal ageing for health state evaluation.
Based on that, load constraints and corresponding threshold
values can be determined for dynamic load capacity
enhancement.

Besides, some researchers also use the Weibull model to
calculate the real-time failure rate and risk of transformer when
the load capacity increases (Qian et al., 2015). Under constrains
like temperature, failure rate and economic investment,
load  capacity approaches
proposed (Zhang et al., 2017). The flow chart for this

solution is shown in Figure 2B. The method is carried out in

dynamical enhancement are

two stages: firstly, the working condition prediction data is used
to obtain a pre-capacity enhancement solution under the HST
temperature and fault rate constraints, with load reduction if
any of the constraints are not met to ensure the safety and
reliability of the capacity increase. Afterwards, the economics of
each capacity enhancement decision is evaluated and the
economically optimal solution is selected. Such method can
be taken as a typical solution for dynamic transformer capacity
enhancement.

4 Discussion

For a long time, studies on transformer load capability
assessment mainly concentrated on remaining useful life of
the insulation system as well as the economy investment. For
the equipment installed in the new energy power system, the
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traditional load capacity evaluation approach becomes no longer
adaptive due to the following issues:

» Some factors like historical health condition, dissipation
mode and ambient parameters are not fully considered,
since they can affect the load potential of the transformer.

o Load capability forecasting did not attract enough
attention. With large-scale integration of new energy
and impulsive loads like electrical vehicles, uncertainties
in both source side and load side become a new factor for
influence the load capability of the transformer.

o In terms of dynamic load capacity of transformer, the
constraints are limited to HST, failure rate and investment.
To meet the goal of carbon neutrality, the constraints of
load capacity should consider the health status and power
loss or carbon emission of transformer itself, residual life
and other factors, and increase the constraints of dynamic
difference.

In the new power system, the distribution transformer plays a
vital role, dynamic capacity enhancement can improve the
transformer load capacity, and more accurate load capability
assessment model should be constructed to consider different
factors. The objective function and the adaptive adjustment
scheme of the cooling system should be determined to adapt
to minimize transformer loss and maximize its insulation life.
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Increasing penetration of wind power with intermittency and variability
threatens the stability of the power system frequency. The fast response
capability of the energy storage system (ESS) makes it an effective measure
to improve frequency regulation performance. However, designing an optimal
control for numerous energy storage units (ESUs) with different power and
energy characteristics is challenging. To solve the dilemma that the distributed
control methods cannot achieve optimality over time horizons while the
centralized optimization methods would cause high computational burdens,
a bi-layer optimal control approach is proposed in this study. In the upper layer,
a multi-area secondary frequency control (SFC) problem is established to
determine control policies for ESS clusters under continuous wind power
fluctuations and is solved by the [t6 theory-based stochastic optimization
(ITB-SO) method with high computational efficiency in a rolling-horizon
manner. In the lower layer, the power output of ESUs is dispatched and
coordinated using the distributed algorithm (DA) method via communication
networks, considering different characteristics and the current state-of-charge
(SoC) levels. Simulation studies carried out in a dual-region test system
evidence the improvement of system frequency stability by compensating
for rapid wind power fluctuations immediately via ESSs. The results show
that the proposed ITB-SO method without scenario generation is suitable
for real-time SFC for the ESS. The effectiveness of the DA method and its
robustness in encountering loss of communication links are also verified.

KEYWORDS

energy storage, frequency regulation, wind power uncertainty, stochastic
optimization, 1t6 theory, distributed algorithm
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1 Introduction

In the past few decades, the penetration of renewable energy
sources (RES) has been increasing rapidly. At the end of 2020, the
RES capacity, including wind power and photovoltaic power
generation, was 1300GW, accounting for 9.4% of the total
installed power generation capacity in the world (Khan et al,
2021). The the
interconnected power grids results in a decrease in the system

increasing RES penetration level in
inertia (Meegahapola and Flynn, 2010). For example, the wind
turbine generators are decoupled from the system frequency by
converters, so they cannot provide frequency regulation support
for a long time (Tsili and Papathanassiou, 2009). Severer
frequency fluctuations would happen in the areas with low
system inertia than others in the interconnected power
systems (Miller et al, 2011). Meanwhile, the intermittency
and variability nature of RES power generation would lead to
continuous power imbalances and system frequency deviations
(Bidram and Davoudi, 2012). Therefore, the increasing
integration of RES will inevitably bring challenges to the
stability of system frequency.

Exploiting energy storage systems (ESSs) for maintaining
frequency stability of the systems with high penetration levels of
the RES has recently attracted attention both in industry and
academia. In recent years, the application of the ESS is gradually
becoming widespread. In 2021, the rated power of installed ESS
was 173.7GW, and 1,363 ESS projects were operational globally
(US.DOE, 2021). The ESS has higher ramping and faster
response capability than conventional generators, so better
dynamic tracking performance is available for frequency
regulation control. Since the traditional automatic generation
control (AGC) signal is unsuitable for ESSs with limited energy
capacity, filtering mechanisms are developed to extract fast-
moving and high-frequency components of the AGC signal
for the ESS to participate in SFC (Cheng et al, 2014).
Meanwhile, the management of state-of-charge (SoC) for ESS
during frequency regulation is important as well. It needs to
prevent the second frequency drop issue due to sudden
withdrawals of some ESSs. Karrari et al. (2020) propose an
SoC recovery mechanism for flywheel ESS so that the residual
energy capacity is always in the optimal state. Garcia-Torres et al.
(2021) apply the
considering the management SoC level and address the

stochastic optimization (SO) method

prediction uncertainties of RES.

In order to further exploit the complementary advantages
of different types of ESSs in terms of rated power and energy
capacity, hybrid ESSs are developed and utilized in frequency
regulation. The main ESS types, including batteries (Li-ion,
Pb-Acid), flywheels, and supercapacitors, possess different
power-to-energy ratio characteristics. Jan et al. (2020) used
a fuzzy PI controller for ESSs to cater to the frequency
variations adaptively. Shim et al. (2018) proposed droop
control with the SoC feedback to improve their frequency
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response and regulation services to the grid. However, the
these
independent, which means

control strategies in studies are separate and

different ESSs
coordinated, and hence unnecessary mutual regulation and

cannot be

waste of resources would be caused. Esmaili et al. (2013)
decomposed the power signal into fast/slow components to
allocate responsibility for hybrid ESSs. Oshnoei et al. (2020)
adopted the model predictive control method to determine an
ESS control scheme with various characteristics, which is
these
centralized ways are sensitive to noise and communication
failure (Zhao and Ding, 2018b). On the contrary, the
distributed realizations relying on local and neighboring

robust to wuncertain disturbances. Nevertheless,

information can reduce computation time and
take advantage of local intelligent agents (Anderson et al,
2021).

Distributed methods such as the consensus algorithm are
widely used in economic dispatch problems (Li et al., 2019),
control for photovoltaic arrays (Zhang et al., 2021) and batteries
(Chen C. et al, 2019), etc. Alsharif et al. (2020) applied the
distributed algorithm (DA) method coordinating ESS power
output to enhance the frequency nadir and improve the
dynamic performance. Lee et al. (2016) coordinated the group
battery ESS by a distributed control algorithm for voltage and
frequency deviation regulation. Cherukuri and Cortes (2018)
developed a distributed method for ESSs considering the change
of load, but uniform storage efficiency is assumed. However,
these studies did not take into account random wind power
generation or the influence of ESS control strategies on the
frequency of interconnected grids. Zhao and Ding (2018a)
present a DA method to maximize the total welfare of battery
ESSs during frequency regulation considering changes in wind
power. But, it relies on accurate predictions of wind power, which
is difficult to accomplish, considering their inherent variability.
As a result, the stochastic characteristics of RES should be taken
into account when designing accurate control strategies for
the ESS.

However, a disadvantage of the distribution methods is that
the optimality of power dispatching between ESSs can only be
achieved at the current time step, instead of considering the
optimal solution over a future finite time horizon. The power
output scheme is possibly not adapted to the energy-constrained
ESSs when the signal is constantly biased, resulting in storage
saturation. It indicates that the ESS can participate in the SFC
only if the energy content of the signal is kept low (Megel et al.,
2018). So, it is necessary to develop reasonable control strategies
to maintain optimal energy levels of ESSs. But, on the other hand,
if the power output of all ESSs is decided in a centralized
optimization problem over a period, a large scale of variables
would lead to computational burdens and intractability, which is
unsuitable for real-time SFCs.

In order to fill the abovementioned research gap, a bi-layer

SEC framework for the ESS is presented in this article. Different
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energy storage units (ESUs) in the same area are combined as an
ESS cluster to reduce the computational complexities of upper-
layer control, and the optimal control policies are updated in a
rolling-horizon manner to ensure frequency regulation
performance. Then, the ESUs coordinate their power output
via communication networks in real-time. Therefore, different
from the previous studies, the proposed approach can achieve a
balance between the optimization method considering wind
power uncertainty and the distribution method with high
efficiency. The main contributions of this article are
summarized as follows:

1) An upper-layer optimization problem of multi-area
frequency regulation considering stochastic wind power
fluctuation is established to determine the optimal control
policy of ESS clusters. The Itd theory-based stochastic
optimization (ITB-SO) method is proposed to efficiently
obtain the solutions, in which the wind power uncertainty
is modeled by stochastic differential equations (SDE) without
scenario  generation. The computational burden is
significantly reduced so that it is suitable for real-time
frequency regulation.

2) To make full use of the local computing capability, a DA
method with high efficiency and robustness is applied to
dispatching power output among ESUs. The power command
can be adaptively decomposed considering the different
characteristics of power-type and energy-type units. The
evaluation of the SoC level is improved by adopting the
logistic function to better reflect the safe and dangerous
SoC zones. Sudden withdrawal of ESUs due to energy
saturation and violation of power limits can be avoided to
guarantee power tracking performance.

The remainder of the article is organized as follows: Section
2 describes the multi-area frequency regulation model
considering ESSs and wind power uncertainties. Section 3
proposes an optimal SFC approach for ESS clusters based on
the ITB-SO method. Section 4 proposes a power dispatching
approach for ESUs in the clusters based on the DA method.

Case studies are presented in Section 5. Section 6 gives a
conclusion.

2 System model

2.1 Dynamic model of frequency
regulation considering the ESS

The system frequency is affected by load and generation
sources, including conventional generators and ESSs. Regardless
of the power loss, the dynamic frequency response model of
multi-areas can be expressed as follows (Mauricio et al., 2009; Li
et al., 2016):
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where A is the set of area systems; A f; is the frequency deviation of

the ith area from the rated value; A pﬁvl is the active power deviation
E

of conventional generators from the nominal value in the ith area; p;
is the active power of the ith ESS cluster because numerous units can
be equivalently combined to reduce the number of variables; Apr is
the change of load; A pge represents the tie line power from the ith to
the jth area; A p?GC is the AGC reference; H; and D; are the
equivalent system inertia and damping, respectively; T} is turbine
time constant; R; is the droop coefficient; Tj; is the synchronizing
coefficient; B; is the frequency bias factor; and K! is the integral
coefficient. Eq 1 gives the frequency dynamic characteristic; Eq. 2
shows the change of regulation output from the generators,
including primary frequency regulation and AGC; Eq. 3 shows
the power change on the tie line between different areas; tie-line bias
control in Eq. 4 automatically adjusts the AGC reference by driving
the area control errors (ACE) to zero.

The wind power output can be considered a negative system load
as shown in Eq. (5), which is more difficult to accurately forecast than
load. Hence, the continuous wind power fluctuations would pose a

threat to the safety and stability of the system frequency.
Ap;=-Apl,Vie A ©)

where Ap}" is the deviation of wind power from its initial value in
the ith area.

2.2 Energy storage model

Different ESUs are combined into an ESS cluster, so the
overall power output and energy level of the ith cluster can be
represented by the sum of that of the member ESUs as follows:

pi=pt-pi =) (P i) Yk eSS ©)
k
sF= Zsk,Vk €S; (7)
k
d
5% = Pyt~ Pl (o) €0 1L, Vk €S (®)

where S is the set of ESS clusters; p©¢ and pF are the discharge
and charge power of the ith ESS cluster, respectively; p¢ and p§
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are the discharge and charge power of the kth ESU, respectively;
sf and s; are the energy level of the ESS cluster and ESU,
respectively; the initial condition is sp; and 7§ and #¢ are the
charge and discharge efficiencies, respectively. The power output
and energy level satisfy the limit constraints as shown in (9 and
10), and the state-of-charge (SoC) can be obtained according to
the energy level as shown in (11).

0< pf <P.™,0< pf <P ™ ©)
0< s <8 ™ (10)
SoC, = (11)

Sk max

where P ™ represents the rated power; S ™ is the rated

energy capacity; and SoCy is the SoC level of the kth ESU.

2.3 Model of wind power prediction error

SDE has been widely used as an effective model of RES
prediction error, such as wind power (Verdejo et al,, 2016) and
photovoltaic power (Lingohr and Miiller, 2019). The probability
distribution information and the temporal correlation characteristic
could be simultaneously expressed. It is convenient to fit the non-
Gaussian distribution via the Itd process by adopting different
functions in SDE models so as to well-reflect the detailed
characteristics of RES uncertainty. On the other hand, the SDE
model can be embedded into SO problems without scenario
generation in order to significantly release computational burdens.

Specifically, the wind power output value consists of the
ultra-short-term prediction in a finite time period and the
prediction error, which is modeled via the Itd process as follows:

ApY = Ap! P 4 £ Vie A (12)
d&; = u(&)dt + 0 (&)dwW,,Vie A (13)
b b
p(&) = _g)o—(fx’) = ?2 (& -b3)(bs= &) (14)
where Ap, P! is the predicted wind power deviating from the

initial forecast; &; represents the prediction error; p(-) and o ()
are the drift and diffusion function of SDE, respectively; W, is a
Wiener process; 7 represents the time constant; parameter b is
the mean deviation from the predicted value; b, is the fluctuation
intensity; and b3 and by indicate the fluctuation interval. The
parameters can be easily adjusted in different time periods
according to the preference of operators in advance.

2.4 Bi-layer SFC framework for ESS
clusters

The optimal SFC for ESS clusters is divided into two control

layers. In the upper layer, the convex SO problems are established
to decide the optimal power output minimizing the frequency
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deviation. However, modeling numerous ESUs will result in a
large number of decision variables for the optimization problem,
which is difficult to solve rapidly. Therefore, optimal control
policies for the overall power output of ESS clusters are
determined to reduce computational complexities. The ITB-
SO method is applied instead of scenario-based methods in
order to quickly obtain the optimal solutions for the SFC.

In the lower layer, the total power command is dispatched
between the ESUs in the same ESS cluster with a communication
network. The optimal dispatching scheme is obtained by the DA
method considering the current SoC levels and different
characteristics of power-type and energy-type units. In
summary, the framework of the bi-layer optimal SFC is
shown in Figure 1.

3 Optimal SFC of ESSs based on
ITB-SO

3.1 Objective function

The frequency regulation control problem to minimize the
frequency deviation and operation cost of the ESS can be
described as a SO problem over 7:t¢€ [0,T], and the
objective function is defined as

T
min J = EEO{ J (AffALAf, + RtTARRt)dt]»
0

+Ey, { As Y (SoCir — SoC™ )’ }

(15)

1

where 7 is the set of time index; T represents the terminal time; Af,
is the vector form of the frequency deviation of each area shown in
(16); Ry is the vector of control variables of the ESS shown in (17),
including the discharge and charge components of power output.
Since the objective is to achieve a minimum of the square power
output, simultaneous non-zero charging and discharging power can
be avoided; SoC™ is the reference value for SoC, which is set as 0.5 in
this study; &, is the vector of wind power prediction error &;; E¢ {-}
denotes the expectation operator under the initial conditions &; A,
Ag, and Ag are the weight parameters.

Af, = [Afu] Vie AvieT (16)

R = [pipic] VieAvieT

it

17)

Since different ESUs are combined into an ESS cluster and
meet the power command, their overall SoC level can be
estimated by

iSOCi = (pFen

dt

—pt i) vied  (18)

S_ max
i

where nf"eq and 7! are the equivalent discharge and charge
efficiency, respectively, which are set as the average over ESUs;
and S; ™ is the total rated energy capacity of the ith ESS cluster.
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Input: predicted wind power; initial SoC of ESS cluster.
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Measure: real-time wind power output;

Obtain: power command for each ESS cluster.

I
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Dispatching power between ESUs based on DA method.

Framework of bi-layer secondary frequency control for energy storage clusters in multi-area systems.

It can be seen that the objective function (15) shows the
trade-off between frequency regulation performance and the
power and energy cost of the ESS. At the terminal time, the
SoC level is forced to be close to the reference value by the
objective function because it is necessary to maintain the
feasibility of the next rolling horizon after the terminal time.

Moreover, the frequency deviation constraint and SoC
constraint should be considered, as shown in (19) and (20), to
enhance frequency regulation performance and guarantee the
operation of the ESS. It is to be noted that constraint (19) could
be violated sometimes when ESSs do not have enough power
capacity to participate in frequency regulation, and hence it
should be removed if the problem is infeasible.

“AfTSAf <AfTVie AVt e T
SoC <SoC;;<SoC,Vi € ANVteT

19)
(20)

3.2 1t theory-based stochastic
optimization method

3.2.1 Series expansion of stochastic assessment
function

To obtain the expected value of the objective function under
all uncertainties, an ITB approximation method is adopted to
evaluate it in a deterministic way (Chen et al., 2019¢) so that the
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SO problem can be solved efficiently. For convenience, the

stochastic system is expressed as (21) considering the

stochastic resources &, described by SDE.

dX, = (AX, + BE,)dt

dE, = u(&)dt + o (&)dW, 1)

where X; represents the state variables, which isa N, x I column
vector; & is a Ng x I column vector representing wind power
prediction error in this study; A and B are the coefficient
matrices; and the initial condition of the stochastic system is
Xy and &,.

The stochastic assessment function (SAF) is defined and
denoted as u(t,Xy) when specific functions of X; are given
and can be expanded into a series of deterministic terms as
follows:

()

Z an (t)XO)

n

u(t,Xo) = Ego{ Jo g(Xs)ds + h(Xt)} = (22)

where g(-) and h (-) are functions of X; with continuous second-
order derivatives and 1, is the nth order deterministic
components of the SAF. Therefore, SAF can be approximately
estimated by ignoring the high-order terms.

Specifically, the objective function (15) evaluated by SAF at
time T can be decomposed into low-order terms as

J=u(T,Xo) =~ Jo+ ], (23)
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Given that g = AfFAFAf, + RTARR, and
h=AsY (SoCi; —SoC™)2 the 0-th and 1-st order terms of
the objective function are defined as

T
o = j g(X)dt + h(Xr) (24)

- T .71 -

o= | o) 0o (3)
where X; is the auxiliary state variables by ignoring o (£,)dW, in
(21). Hence, they can be recognized as the expected state
variables in the deterministic system without the influence of
uncertain resources; ft is independent of the state variables, so
a(ft) can be obtained once the initial condition &, is given. 6;
represents the second-order derivative of SAF components and is

defined as

t
0, - J K [V2g]Rods + X' [VH]X,

0

(26)

where V? is the operator of the Hessian matrices and X, is
another group of auxiliary state variables  with
X, = 0X,/0&y, X, = On.xn,. The detailed proof of the
abovementioned series expansion method based on Itd theory
can be found in (Chen et al., 2019¢).

3.2.2 Control policy

The control output of the ESS should be appropriately
adjusted in response to different wind power values. However,
it is hard to accurately predict wind power so the design of the
control strategy is challenging considering unrevealed
uncertainties. Disturbance feedback control is needed to
address the problem (Skaf and Boyd, 2010). An effective
measure is parameterizing the control policies as an affine
policy (Chen et al, 2019b; Qiu et al, 2020), which is
expressed in (27). The control policy only needs to be
updated once in each rolling period, and once &, is measured,

the control output can be determined in real-time.

R=r()=ry +KE{ NVt eT (27)

where rg; is the base control output and K is the gain matrix
which leads to correction of power output according to the
disturbance &,. Thus, the auxiliary control variables are

R o=ro +KENteT

- K 28
R =KEVteT (28)

where R; and R, are included in X, and X;, respectively; there is
& = 08,108, &, = In,«n,. Based on the control variables, the
auxiliary variables of SoC can also be obtained as

d _— ) B
2 50C, = — _qR,VteT
dt g max
d 1 (29)
aﬁt = SmﬂKEp Vt € T
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where SoC; and # are the vector forms of SoC;; and
[nf’eq,lln?’eq], respectively. It can be seen that the auxiliary
variable of SoC is related to the historical information of wind
power uncertainties, so the assessment of SoC would be gradually
inaccurate over time. Therefore, the rolling-horizon manner

should be used to guarantee good control performance.

3.2.3 Chance constraint

In the established SO problem, the constraints are classified
into equality constraints, including (1)-(6), (18), (28), and (29);
and inequality constraints, including (9), (19), and (20). The
linear inequality constraints are considered in a probabilistic way
as chance constraints, expressed as

Pr{¢/X.<$,} >y, VreC (30)

where C is the set of all inequality constraints; Pr{-} represents the
probability operator; ¢, and ¢, are the coefficients vector and the
upper bound of the rth constraint, respectively; and y is the
chance tolerance. Chance constraint (30) can be rewritten as (31)
for inner approximation with coefficient x, under specific
probability level (Calafiore and Ghaoui, 2006).

K, \[Var{¢ X} + ¢TX, < ¢, (31)

According to the abovementioned series expansion theory,
the variance term can be evaluated by SAF as (32), and a detailed
explanation of (31) and (32) can be found in Supplementary
Appendix SA.

Var{(/)th} = j; a(fs)TXprIXso(fs)ds (32)

3.2.4 Convex optimization problem
reformulation

The convexity of the SO problem can be guaranteed when the
affine feedback policy is adopted, and the optimization problem
is formed as a quadratically constrained quadratic programming
(QCQP) problem. The trapezoidal rule (Sanchez-Gasca et al,
1995) can be used in the numerical calculation of the integral. To
express the chance constraints as a second-order cone constraint
form, the coefficient vector 7, is introduced to reformulate the
(32), the
characteristic of integral operator as

1 ~ _
7Y, Y m <~ - (¢]X, - ¢,),VreC
14

where Y, = [XZ,X?, -~-,XtT]T,Vt eT

variance term in considering accumulation

(33)

Moreover, the “ = in the objective function can be replaced
by >’ to relax and can be rewritten into second-order cone
constraints similar to the method in (33). In summary, the overall

optimization problem is expressed as
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m increases from 25 to 65
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FIGURE 2
Different curves of F (SoC) when the value of the adaptive
factor m increases from 25 to 65.

min ] >¢’
rot K. X, Xt

I 0}X <9yl @X < || ]| <o
1

(34)

| 2L |l < (¢ X: - ¢,),VreC

x
Ky
equality constraints (1) — (6), (18), (28), (29)

where ¢, and ¢, are the square root value of J, and J,,
respectively; wy and w; are the introduced coefficient vectors;
and | - ||, represents 2-norm operator.

10.3389/fenrg.2022.1005281

4 Power dispatching approach for
ESUs based on DA

Once the total power command is given by the upper-layer
optimal SFC, different ESUs in the same ESS cluster are required
to coordinate with each other to determine their power output
and completely meet the command. However, the characteristics
of different ESUs are probably inconsistent, including rated
power, rated energy capacity, and the current SoC level. Thus,
the possible energy saturation and violation of power limits
would lead to sudden withdrawals of ESUs, which might
influence the frequency regulation effect. Therefore, a DA
method is proposed in this section to coordinate the power
output of ESUs with communication networks and guarantee the
frequency regulation performance.

4.1 Optimization control problem of ESUs

Similar to the cost of conventional generators in economic
dispatch (Wen et al., 2018), the virtual cost function of ESUs can
be defined as a quadratic function with respect to the power
output of the ESU and the current SoC level (Megel et al., 2018) at
each time step t as

1
Ck,t( Pk,t) = 5% Pis + Bi (SoCrt) prs (35)

where pi, denotes p,it = Pjs % is the quadratic term coefficient;
and B, (SoCy,) is the linear term coefficient, used as an evaluation

[ Set I=0; Initialize consensus variables x;

Step 1

l

Update consensus variables x; by (46)

|

Calculate the theoretical power output by (48)

Step 2

}

Obtain the practical power output by (49)

.
J
).

[X[l+1]-x,[1+1] | < &1
[Pev[I+1]] < &2

Step 3

( Obtain the final power output scheme J

FIGURE 3
Flowchart of the DA method.
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Structure of two-area systems considering wind power and energy storage systems.

function of the current SoC level. The detailed derivation of (35)
can be found in Supplementary Appendix SB.

Thus, the optimization control problem of ESUs is to achieve
the minimizing objective function (36) under equality constraint
(37) and other inequality constraints.

Ni
min Z N; Ck,t (Pk,t)

(36)
=1
Ni
Z N; pie = pin Vi € A Vk € (37)
k=1

where N; is the number of ESUs in the ith ESS cluster and pf, is
the total power command determined by the upper control layer
for all ESUs in the same cluster.

In addition, the inequality constraints are twofold: power and
energy limits, and power direction constraints,
ie., sign(pre) = sign(pF,). It is to avoid the opposite direction
of the ESU power output, which might cause some to charge
others and result in a waste of resources.

This problem is a quadratic programming problem and can
be solved in a centralized way (Yin et al., 2021). However, the
local computing capability in a parallel way is not fully used, so
the efficiency of solving optimization problems would be
reduced. Therefore, the DA needs to be developed.

According to the general process of utilizing distributed
methods to solve optimization problems (Wang et al., 2019),
the Lagrange function L(p, 1) is constructed in (38) based on
the objective function (36) and equality constraint (37). p
represents the vector form of pi. The inequality constraints
are ignored here, which will be considered later in DA. For

convenience, the time step label t is omitted hereafter.
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TABLE 1 Parameters of the system frequency regulation model in p.u.

Parameters Values Parameters Values
H, 12 H, 10

D, 1.6 D, 12

R, 0.08 R, 0.09

TS 03 T 0.2

K 0.01 K 0.015

By, B; 20 T, 1.67

Ni Ni
L(p.A) = ) NiCi(ps) +A<pf -2 N Pk) (38)
k=1 k=1

where A is the Lagrange multiplier. If oL (p,1)/0px = 0, Vk, for
any ESU, there is

9Ck (px)

-A=0,Vk
Bpk

(39)

In other words, when all 0Cy (pk)/Opy are equal to A, the
original objective function (36) can achieve its extreme value.
Therefore, the value of the consensus variable xj should
approach the value of A as shown in (40). In addition, xi is
the input for the dispatching scheme of pi, where a higher xi
leads to a higher py and vice versa.

Xk = aCk—(pk) = (kak +ﬂk (SOCk),Vk

e (40)

Specifically, the evaluation function f3, (SoCy) with the basic
form of logistic function (Postnikov, 2020) is proposed in this
article to better-reflect the safe and dangerous zones of SoC as
shown in (41).
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TABLE 2 Parameters of energy storage units.

10.3389/fenrg.2022.1005281

Number Type P ™ (MW) S$max (MWh) 7, 1 SoC’
ESS cluster 1 1 Power-type 20 1.085 0.80, 0.85 0.62
2 Power-type 14 1.125 0.85, 0.95 0.58
3 Power-type 14 1.755 0.95, 0.95 0.73
4 Energy-type 10 436 0.80, 0.85 059
5 Energy-type 6 6.0325 0.90, 0.85 0.66
6 Energy-type 5 15.17 0.95, 0.85 051
ESS cluster 2 1 Power-type 11 2.1375 0.95, 0.85 0.47
2 Energy-type 9 4.44 0.85, 0.85 0.39
3 Energy-type 8 5.0625 0.95, 0.95 0.33
4 Energy-type 6 10.325 0.80, 0.80 0.38
5 Energy-type 2 10.625 0.95, 0.90 0.41
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FIGURE 6
Comparison of frequency deviation under different control
methods of (A) area 1 and (B) area 2.
By (SoCi) = wy - sign(SoC™ - SoCy) - F(SoCy)  (41)

where wy is the weight factor with wy € [0, 1] and F (SoCy) is
constructed above and below the reference value and
defined as

o ([$oCk=80C"" |-} [SoCym~S0C™![)

F(SoCy) = ! (42)

+ ™ (|80Ck=SoCrel| -3 [SoCy™~SoCrel )
where SoC}jm is the SoC limit: when SoCy < SoC™, there is
SoCli™ = SoCy ™in; SoCy, > SoC™,
SoCi™ = SoC, ™; and m is an adaptive factor used to
adjust the steepness of F(SoCy) in (42), in order to adjust

when there is

the scope of safe and dangerous SoC levels. After several
comparative analyses, m is selected as 35 as shown in Figure 2.
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4.2 Discrete consensus algorithm

The main idea of DA is that the agents use a
communication network to share information to complete
the
topology can be modeled by a directed or undirected
graph denoted by G = (V, E) (Pourbabak et al., 2018),
where V is the set of nodes and E is the set of edges

iterative calculation. The communication network

formed by adjacent nodes. A Laplace matrix L = [Lg,] is
defined as shown in (43), where the diagonal element is
the degree of nodes in graph G, and the non-diagonal
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FIGURE 7

Comparison results under different control methods of (A) ESS cluster 1 and (B) ESS cluster 2.

element is the (0-1) element ay,, which is determined by
whether the nodes k and n are adjacent.

L= ) i

k#n (43)
Lkn = —0kn

The agents obtain information from their neighbors through
the communication network and update their own information.
All agents finally converge to the same value after several
iterations. The first-order discrete consensus algorithm can be
updated according to (44).

N
xell+1]1 =) di[l1x, 1] (44)
n=1

where | is the discrete sequence representing the Ith iteration; xj
is the consensus variable of the kth agent; and di,[l] is the
element of D,,, = [dk,] and is defined as

|Lkn|
N
Z |Lkn|
n=1

din (1] =

(45)

4.3 Control procedure of DA
1) Step 1: Initializing power dispatch and consensus variables.

Set [ = 0. Current SoC level information is measured to
compute the evaluation function by (41). The total power

Frontiers in Energy Research

command is allocated equally to each ESU as the initial
condition, and the consensus variable is initialized by (40).

2) Step 2: Iterative calculation.

The consensus variables are iterated by DA. In order to
ensure that the final dispatching scheme can match the total
power command, a power correction term is introduced for the

leader agent. The update rule is shown as

Ni
X[l +1] =) Nidi (11, [1] + 8 ey [1, kis leader
n=1 Ni (46)
xe[l+1] = z N; di, [l %, 1], k is follower

n=1

where § is the convergence coefficient that determines the
convergence speed of the leader and pge, is the deviation
from command at the current iteration:

Ni
Pae[l] = pf = ) Ni pill] (47)

n=1

Pk is updated according to the consensus variable x; by the
following rules:

_ x¢ 1] = B (SoCy)
=

pill] (48)

Pk [l] = {ﬁk [l] }restriction (49)

where (49) makes a restriction on the theoretical power output by
(48), which is possibly infeasible due to inequality constraints,
i.e., power and energy limits and power direction constraints.
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FIGURE 8

Actual results and Monte Carlo samples of (A,B) wind power deviation, (C,D) frequency deviation (E,F) power output of the ESS cluster, and (G,H)

SoC level of the ESS cluster.

Then, the remaining power deviation would be fed back to
the consensus variable through the correction term and shared
by other neighbors.

3) Step 3: Judging the convergence condition.

First, each ESU agent should reach an agreement with the
adjacent agents on their consensus variables. However,

complete  consensus cannot be achieved for all
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agents actually, so the approximate condition is

implemented as

[xe I+ 1] = x,[l+1]|<e, ko n (50)

where k <> n means adjacent and ¢; is a small constant.
Second, the power deviation is also taken as a factor in the
(51).

to avoid over-iteration, &, is set as a small constant close

convergence condition as shown in In order

to 0, and it determines the accuracy of tracking the command.
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distributed algorithm.

|paev 1+ 1]| < & (51)

In summary, the flowchart of the control procedure of the
DA method is shown in Figure 3.

5 Case study
5.1 Simulation model setting

The simulations are performed using Matlab software and run on
a machine equipped with Intel i7 3.2 GHz CPU and 16 GB RAM. The
established optimization problems are solved by the Yalmip toolbox
called Gurobi optimizer. The test simulations based on the actual
wind power scenario are conducted using the Simulink platform.

The structure of the simulation system for frequency
regulation is shown in Figure 4 containing two areas with rated
capacities of both 600 MW and a rated system frequency of both
50 Hz. The parameters of the simulation system are listed in
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Table 1 (Kundur et al, 1994; Pathak et al, 2018). The
parameters and initial SoC levels of the ESSs are listed in
Table 2. The predicted and actual wind power deviations in the
two areas are shown in Figure 5. The total simulation time is set as
7200s; the time step is set as 1s; the parameters of the SDE models
can be found in Supplementary Appendix SC; the upper-layer SO
problem is solved every 60 s, in which the parameter A f ™ is set
as 0.2Hz, x, as 1.7, and SoC and SoC as 0.2 and 0.8, respectively;
and the lower-layer DA is implemented at each time step, in which
the matrices D; are listed in Supplementary Appendix SD.

5.2 Frequency regulation results

In this section, two contrast cases are introduced for
comparison. Contrast method 1: the contribution of the ESS
is not considered during the frequency regulation, and Contrast
method 2, namely, PI: the power command for the ESS is
computed via PI controller, where the input signal of PI is
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Power output and SoC level of each ESU compared under
(A,B) DA control and (C,D) equally allocation method.

high-frequency components of the ACE signal via a high-pass
filter. In addition, our proposed method is denoted as ITB-SO for
convenience.

The results of frequency deviations under these different
control methods are compared in Figure 6. It is clear that when
the ESS participates in frequency regulation, the peak and nadir
value of system frequency is always reduced and increased. Most
of the time, the frequency deviations of the two areas can be
limited within the +0.2 Hz bounds, both under the PI and the
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Results of iteration times and mean value of connectivity for
simulation systems with different numbers of ESUs Nomenclature.

ITB-SO methods. However, the PI method cannot respond
immediately to wind power fluctuation, so it is difficult to
make full use of the rapid adjustment capability of the ESS.
The root mean squared (RMS) value of frequency deviations is
given for comparison as shown in Figure 6. It can be seen that the
RMS value under the ITB-SO method is the lowest, and that of
the two different areas can be restricted to a similar level.

To verify that the proposed ITB-SO method can adaptively
adjust the power output of the ESS considering different rated
power and energy capacity, Figure 7 gives the simulation
results under the PI and the ITB-SO methods. It can be
seen that the power command for ESS cluster 2 cannot be
accurately met by the actual output during several periods
because the rated power of ESS cluster 2 is small. On the

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1005281

Wang et al.

contrary, the scheme determined by ITB-SO is based on the
estimation of the future possible power and SoC in a finite
horizon; therefore, the violation of power and energy
restriction can be avoided, and the frequency regulation
performance can be guaranteed.

In addition, the SoC level under ITB-SO is closer to the
reference value than that of the PI method. For example, the
ESS cluster 2 operates near the lower SoC bound, i.e., 0.2 after
5500 s under PI control, while under ITB-SO, ESS cluster 1,
with a higher energy level, discharges more power to release
the burden of ESS cluster 2. That is because the penalty of
SoC the
objective function in order to force the SoC to the reference

deviation is also considered in

value.

5.3 Accuracy and results of stochastic
assessment

The effectiveness of the rolling-horizon manner is validated
in this section by comparing it with Monte Carlo sample (MCS)
simulations, where the MCS simulations are conducted under
100 wind power generation scenarios. Results of the two
successive rollings (100th and 101st) are shown in Figure 8.
The violet bands represent 85-100% (5% interval) of all
100 MCS results, and the actual operation results are clearly
in the scope of the MCS. The four subgraphs in the left column
show the wind power deviation, frequency deviation, power,
and SoC of the ESS cluster in area 1, and those in area 2 are in
the right column.

In Figures 8C and D, the expected value is obtained without
taking into account wind power uncertainty, where the impact of
stochastic fluctuation on the objective and chance constraints in
the optimization problem cannot be considered. Therefore, the
application of SO is necessary. In Figures 8E and F, it can be seen
that the control output of the ESS can be further corrected
according to the feedback policy and respond to the real-time
wind power prediction error rapidly. In Figures 8G and H, the
curve marked ‘real” is the mean value of all ESUs in the ESS
cluster, and the estimated results are obtained by equivalent
discharge and charge efficiency as in (18). It indicates that
accuracy can be ensured, and the effectiveness of ITB-SO can
be verified.

To verify the of the
decomposed reformulation of SAF in the first-order form,

effectiveness approximately
the objective value assessed by SAF of each rolling iteration is
compared with the results via MCS simulations. The gross
objective is divided into multi-objective for comparison as
shown in Figure 9, including the objective of frequency
control variables, and SoC deviations. It
the of SAF without
generation; thus, the computational efficiency can be

deviations,

evidenced accuracy scenario

enhanced.
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5.4 Results of DA

Taking the ESUs in the ESS cluster 1 as an example, Figure 10
shows their output power and SoC level under the DA method,
compared with the contrast method, which is to reach the
average command signals. It is easy to be implemented
without iteration, and the power command can be met under
ideal situations.

However, the tracking error cannot be eliminated because of
the SoC saturation or violation of rated power in some cases
when the power command is equally allocated to each ESU. For
example, in Figures 10C and D, some ESUs withdraw from
frequency regulation since their SoC level reaches the upper
bound (such as 800 s) and the lower bound (such as 2500 s) or the
power signal is larger than the rated output (such as 1080 s),
while others with large energy capacity are barely used.
Therefore, the effect of frequency regulation could deteriorate
due to sudden withdrawals. In contrast, the proposed DA
method enables all ESUs to coordinate their output power
and adjust their SoC at optimal levels. It is clear from
Figure 10B that the SoC level is attracted to their reference
value and the saturation can be avoided. Therefore, the DA
method can make full use of the characteristics and advantages of
power-type and energy-type units effectively.

Random communication failure between the ESU agents is
implemented to verify the robustness of the DA dispatching
method. The results are studied in different simulation systems
containing 5, 10, 20, and 50 ESUs. The situation with complete
connectivity is defined as all units being connected with each
other. Then, the proportion of missing communication links
varies from 10 to 80% (10% interval) by disconnecting the
communication links randomly. The boxplot of iteration times
and the mean value of algebraic connectivity are shown in
Figure 11. The algebraic connectivity is the second smallest
eigenvalue of the Laplace matrix L, which reflects the
connectivity of the graph (Yoonsoo and Mesbahi, 2006).

When parts of the communication links disconnect between
ESUs, they can still share information through other remaining
links and successfully track the power command as well. It can be
found in Figure 11 that with the increase in the number of
missing links, the connectivity gradually decreases while iteration
times increase. However, the trend is diverse with different
numbers of units: iteration times with 20 and 50 units
increase slower than that with 5 and 10 units, and the
iteration characteristic is more stable. It indicates that random
communication failure has a slight impact on the system with
numerous ESUs and the robustness is higher.

6 Conclusion

In this article, a bi-layer optimal SFC approach is proposed for
ESSs to participate in multi-area systems frequency regulation under
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continuous wind power fluctuations. The upper-layer control based
on the ITB-SO method in a rolling-horizon manner is implemented
to determine the power command for different ESS clusters
considering wind power uncertainties. The power output of ESUs
in the same cluster is coordinated using the DA method in the lower-
layer control to track the total power command. The simulation
applications reveal that 1) the stability of the system frequency can be
enhanced by compensating for wind power volatility immediately via
ESSs. Moreover, the trade-off between frequency regulation
performance and the operation cost of the ESS can be achieved.
2) The ITB-SO method can solve optimization problems precisely
without generating scenarios of wind power. The computational
efficiency is high, so it is suitable for real-time SFCs. 3) Sudden
withdrawals of ESSs due to energy saturation and violation of power
limit can be avoided by dispatching power signals using the DA
method. The robustness of the DA method is also validated while
missing limited communication links between ESUs. In future work,
the addition of PV systems would be considered.
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Glossary

RES Renewable energy sources
SFC Secondary frequency control
ESS Energy storage system

ESU Energy storage unit

SoC State-of-charge

AGC Automatic generation control
ACE Area control errors

ITB-SO It6 theory-based stochastic optimization
DA Distributed algorithm

SDE Stochastic differential equation
SAF Stochastic assessment function

MCS Monte Carlo samples

Variables
Af; Frequency deviation of the ith area

A le Active power deviation of conventional generators in the
ith area

pE Active power of ith ESS cluster

ApF Change of load in the ith area

Apif
ApACSC AGC reference for the ith area

Tie line power from the ith to the jth area

Ap}" Deviation of wind power in the ith area
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y\”Pred Predicted wind power in the ith area

Ap
&, Prediction error of wind power in the ith area
PP, pB< Discharge and charge power of ith ESS cluster
pi, p§ Discharge and charge power of kth ESU
sE Energy level of ith ESS cluster

sk Energy level of kth ESU

SoCy. SoC level of kth ESU

1o Base control output of the ESS

K Gain matrix of feedback control

Parameters

H; Equivalent system inertia

D; Equivalent system damping

T} Turbine time constant

R; Droop coefficient

Tj; Synchronizing coefficient

B; Frequency bias factor

K! Integral coefficient

15, i Charge and discharge efficiencies

Py ™ Rated power

S ™ Rated energy capacity

A f ™ Bound of frequency

SoC,SoC Lower and upper bound of SoC

D; Communication matrix of ith ESS cluster
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Traditional centralized transactions require a control center for user demand
matching, settlement and other processes. However, with the increase in the
penetration rate of distributed energy in the community, the explosive increase
in the number of transactions leads to a decrease in efficiency and it is difficult to
guarantee user privacy and information security. The smart contract technology
based on blockchain technology has the characteristics of decentralization,
traceability and tamper resistance, and these key factors show unique
advantages in distributed energy transactions. This paper explores Ethereum
and smart contract technology, designs a peer-to-peer energy sharing
mechanism with reward and punishment incentives and establishes a smart
contract trading platform for smart community-based virtual power plant
(CVPP). This paper verifies the functionality and effectiveness of smart
contract. The results show that when the supply and demand ratio changes,
the user can conduct energy transactions according to the contract without a
third-party organization, which solves the problem of trust between the two
parties and achieves the expected effect and runs successfully. In addition, the
simulation results show that the peer-to-peer transaction based on smart
contracts reduces the energy cost per household and increases the total
benefit of CVPP.

KEYWORDS

virtual power plant, electricity market, blockchain, smart contract, trading platform

1 Introduction

With the increasing maturity of distributed generation technology, the penetration
rate of renewable energy such as solar energy and wind energy in the power system
continues to increase (Wang, Li, Shahidehpour, and Jiang). Multi-energy entities are eager
to participate in electricity market competition (Gong et al.,, 2110; Wang et al., 2019a;
Wang et al., 2019b). Distributed energy nearby autonomous trading has become the
future development trend of distribution network (Feng et al., 2022; Gan et al,, 2022).
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Among them, CVPP acts as an energy supplier by aggregating
multiple types of distributed generator sets, energy storage
facilities, etc.

Although some studies believe that CVPP energy trading can
learn from the experience of traditional markets and establish a
centralized trading center (Kristov et al., 2016). But in fact, there
are big differences between distributed power trading and
traditional power trading: 1) the number of prosumers is
huge, but the scale of a single transaction is usually small; 2)
prosumers have complete control over their own power
generation and consumption equipment, but the power
generation and consumption characteristics and quotation
strategies have strong uncertainties and differences; 3) The
self-interest of prosumers makes them have higher
requirements for transaction fairness, privacy and non-
discrimination (Masiello and Aguero, 2016). Facing the
transformation and upgrading of the electricity market, the
method has

limitations: 1) the operation and maintenance costs of the

traditional centralized ~management great
trading center are high, the trading freedom is low, and the
effective operation of the microgrid cannot be guaranteed; 2) It is
difficult for wusers to trust third-party institutions, and
management institutions have high trust maintenance costs,
lack of transparency and credibility; 3) The trading center has
a large target and is easily attacked, so there is the possibility of
data loss or tampering, and information security risks are high.

Compared with traditional centralized energy trading, peer-
to-peer (P2P) energy trading based on smart grid is safer, faster
and more automated. It can effectively deal with the penetration
of distributed energy and is more suitable for solving the problem
of distribution network. The National Development and Reform
Commission and the National Energy Administration of China
issued the “Guiding Opinions on Accelerating the Construction
of a Unified National Electricity Market System” (The National
Development and Reform Commission and the National Energy
Administration of China, 2022), which encourages distributed
photovoltaics and other entities to trade directly with
surrounding users. This policy pushes China to build a
distributed trading market, which promotes the sharing of
electricity, carbon emissions and backup resources. The
Sonnen pilot, a community of owners of the Sonnen Batterie,
was originally launched by the German business Sonnen and has
continued to expand. There are Sonnen community members in
Germany, Austria, Switzerland and Italy and Sonnen is currently
developing a new community pilot in Australia. In the Sonnen
pilot, there is a central software that connects and tracks all
community members to balance energy supply and demand at all
times (Clean Technica, 2015; IRENA, 2020). The UK Piclo pilot
is one of the relatively mature peer-to-peer trading pilots
currently. Based on this, the United Kingdom has launched
an online peer-to-peer trading market for clean energy. In this
pilot, the power generation entity can choose and know the
counterparty to which it sells electric energy, and users can also
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choose which power generation entity to purchase electric energy
on blockchain (Zhang et al., 2017; Open Utility, 2021). For the
P2P transaction of electric energy between VPPs, the literature
(Shan, Hu, Wu) established a P2P market transaction
mechanism and model for VPP energy management, and
realized the energy transaction between the prosumers within
the VPP. The literature (Wu, Ma, Yang, Wu, Kong) established a
P2P transaction model between VPPs to formulate the price and
capacity of P2P transactions between VPPs.

In 2014, Buterin and Wood created Ethereum and firstly
apply the smart contract to the blockchain (Buterin, 2014). The
application of blockchain is no longer limited to digital
cryptocurrency transactions. The two combine to complete
more complex functions such as transaction settlement. Smart
contract forces the execution of pre-implanted commands
through code and the process done automatically and without
intervention. The programmable features of smart contracts
allow both parties to a transaction to agree on various
transaction terms, ensuring the automation and integrity of
transaction execution. This technology has been relatively
mature in the fields of finance (Turkanovi¢ et al, 2018),
medical (Angraal et al, 2017), and the Internet of Things
(Zhang and Wen, 2017). In P2P energy trading, research on
smart contract is still in its infancy. At present, there are some
pilot projects. For example, LO3 Energy Company of the
United States cooperated with Consensus System Company to
design a distributed photovoltaic power sales platform based on
blockchain technology (Mengelkamp, Garttner, Rock, Kessler,
Orsini, and Weinhardt), which is the first time to apply the
Ethereum blockchain technology in the field of energy trading.
The Scenery-Project funded by European Union is studying ways
to implement decentralized transactions based on blockchain
technology to achieve high efficiency and high returns for peer-
to-peer transactions (Mihaylov et al., 2014). The German electric
power company RWE has cooperated with Slock.it to develop an
electric vehicle charging station management system based on
blockchain smart contracts to verify user identities and achieve
independent billing and transaction settlement (Xu, 2016). In
addition to this, there is the Brooklyn Microgrid Project (Molle,
2016). It enables residents to directly sell the electricity generated
by rooftop solar equipment to nearby users, and the two parties
trade directly without the participation of third-party companies.

In terms of the application of this technology in CVPP,
American LO3 Energy and ConsenSys have developed the Trans
Active Grid project in a community in Brooklyn (Orsini et al.,
2019), which allows resident users in the community to
participate in peer-to-peer electricity transactions within the
community. Users can obtain real-time data such as electricity
generation or electricity consumption by using smart meters and
use the blockchain to sell or buy electricity energy. But the
shortcomings are that the initially designed device is
cumbersome, the user interface is not friendly enough, and
there are very few users involved and the scale is small in a
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community. Subsequently, the American Exergy Engineering
pilot followed the application of Trans Active Grid to peer-to-
peer distributed transaction technology, especially blockchain
technology (Exergy, 2017).

Although the combination of blockchain technology and
distributed energy trading has the advantages of safety,
efficiency and automation, there are still some shortcomings
and many risks in practical applications. On the one hand, the
security of distributed energy transactions based on blockchain
and smart contract technology needs to be improved. The
evaluation revealed that 8,519 existing smart contracts contain
at least one new defect (Wang et al., 2020). On the other hand, the
transaction rules and settlement mechanisms in smart contracts
still need to be improved. A more complete and reliable trading
mechanism is needed to improve user income, enhance the
enthusiasm and initiative of wusers to participate in
transactions and ensure the development of the distributed
energy trading market.

In summary, the P2P trading behaviors between the nodes
during the negotiation process is studied to set up the P2P
bidding
Considering the negative impact of forecast error, this

system and corresponding smart contracts.
contract incorporates a reward and penalty mechanism
according to The Incentive Principle of Positive Economics.
Prosumers are encouraged to refine their models for
predicting power generation, while consumers are urged to
regulate their consumption habits. The feasibility of the smart
contract on P2P energy trading under multiple conditions are
verified and validated. Then the economic impact of P2P energy

transactions conducted by this contract is further discussed.

2 Overall design

This paper learns the design science guidelines proposed by
Hevner et al. (Hevner, March, Park, Ram), and the design idea is
shown in Supplementary Material.

2.1 Trading rules

It is assumed that prosumers, including CVPP, generate
electricity through distributed equipment and have reliable
forecasting models. Prosumers are willing to sell their surplus
energy and consumers with continuous demand for electricity
intend to purchase energy from prosumers through the P2P
market.

1) Prosumers and consumers upload their forecasted power
generation and demand, as well as expected electricity prices.
2) The contract sorts consumers’ bid amounts from high to low
and then selects the optimal bid for each user. If multiple
consumers give the same price, the system will preferentially
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match consumers with higher demand, thereby reducing the
possibility of wasting energy. On the other hand, since each
blockchain transaction needs to consume Gas, reducing the
number of transactions under the premise of ensuring the
efficacy of the contract is conducive to maximizing the overall
benefit.
3) The contract matches all users in the queue. If the needs of
both the prosumer and consumers are met, the transaction
will be fired and then removed from the matching queue.
Users who fail to match will complete the transaction with
those who still have surplus power or their energy suppliers.
4) The smart meter reads the actual power generation and
consumption of the previous transaction and uploads it to
the platform.
5) The platform calculates the difference between the expected
transaction volume and the actual power generation or
consumption in this trading cycle.
6) The platform rewards and punishes users for this transaction
performance according to the incentive policy.

2.2 Incentive policy

Although electricity is continuously generated in real time, it
is usually traded in half-hour segments for ease of settlement.
Both parties predict the supply and demand through the models,
and the actual transaction volume may not be consistent with the
predicted volume. For example, a consumer may purchase
electricity without planning to use an air conditioner, but the
weather is hotter than expected, the consumer finally uses the air
conditioner. In this case, the agreed transaction volume does not
match the actual situation and the system is difficult to maintain
balance and becomes fragile, thereby increasing the operating
cost of the microgrid (Chakraborty et al., 2018). According to
The Incentive Principle of Positive Economics, a person is more
likely to take an action if its benefits rises, and less likely to take it
if its cost rise (Shen et al, 2008). This paper introduces an
incentive mechanism into the contract to minimize the impact of
residents’ behavior and renewable energy uncertainty on P2P
transactions. The contract records the number of users defaults
and rewards or punishes accordingly to regulate electricity
consumption, such as a higher P2P transaction probability as
a reward and an appropriate fine as a punishment.

Referring to the current fault handling standard of the Short
Term Operating Reserve (STOR) of the British power grid (National
Grid, 2015), in order to facilitate settlement of the difference between
the agreed electricity and the actual electricity, the system sets two
unbalanced electricity prices (Elexon, 2020). System Buying Price
(SBP) is the unit price paid by the grid to purchase excess electricity
from prosumers. The System Selling Price (SSP) is the price paid by
prosumers when they purchase energy from the distribution grid,
measured in pennies per kilowatt-hour (p/kWh). User losses can be
controlled within 30%.
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Taking into account the uncertainty of renewable energy, this
contract has been adjusted on the basis of the current STOR
standard. The punishment is controlled within 15% and
incentive measures have been added to the contract to fully
mobilize the enthusiasm of users to participate in the P2P energy
trading market. On the one hand, it ensures that users will not incur
higher costs by participating in P2P transactions. On the other hand,
this distribution method is more easily accepted by small-scale
prosumers, incentivizing them to participate in P2P transactions
and reducing the risk of energy waste. The reward and punishment
incentive mechanism adopted is shown as follows:

For prosumers, if the actual power generation exceeds the
forecast, the contract will record the excess power. Other users
can continue to buy the excess and prosumers can choose to sell to
the grid as well. If the actual power generation is less than the
transaction volume, prosumers are slightly penalized to encourage
them to improve their forecasting models. The specific punishment
mechanism is as follows, and summarized in Figure 1:

1) Considering the uncertainty of renewable energy, the forecast
error of prosumers is allowed to be between —5% and +5%.
Prosumers are not penalized when actual production is higher
than 95% of the forecast and receive payments that match the
actual transaction volume. Consumers need to purchase the
credits from the energy provider themselves. Since SSP is
usually higher than the transaction price, in order to subsidize
consumers, the system will waive the service fee for users
participating in P2P transactions this time and next time.

When the actual power generation is less than 95% of the
the

transaction

predicted amount, prosumers receive amount
the
the
themselves, and prosumers should subsidize consumers by
10% of the shortage amount. Considering that SSP is usually

higher than the P2P transaction unit price, this contract

actual volume.

shortage of electricity by

corresponding  to

Consumers purchase

waives the service fee for this and the next P2P transaction
for consumers whose interests are damaged.

For consumers, if their actual power consumption exceeds the
transaction volume, consumers should purchase the excess
power by themselves. If the actual electricity consumption is
lower than the transaction volume, the user still needs to pay
the prosumers in full. But the consumers can sell the excess
electricity to the grid or other consumers. The SBP is usually
below the contract price, and other consumer bids may also
be lower. Defaulting consumers could face some of the losses,
prompting them to regulate their energy usage.

When the actual power generation or power consumption
meets the agreed transaction volume, the user will be rewarded.
If the forecast by the prosumers is accurate or the consumer’s
power consumption is consistent with the agreed amount, it is
considered that the user has performed well in this transaction,
and the system will record it. If the user has accumulated five
good performances, each transaction can be reduced by 20% of
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the service fee. Accumulate ten good performances and get a
40% discount. Twenty well-performing user transactions get
60% off. And so on.

2.3 Safety measures

1

~—

Function encapsulation. Encapsulates one or more functions and
only provides a simple calling interface to external programs.
The caller cannot access the internal logic of the function. Key
variables and functions are declared as internal calls.

2

~

Declare main storage type variables and basic functions as
internal parameters. In order to reduce the cost of data
storage, data in the blockchain is divided into two types:
storage variables and memory variables. Storage variables
refer to variables stored in the blockchain, while memory
variables are only for temporary storage. For example, public
variables are forced to be of storage type, while function
return parameters are defaulted to memorized types. For
security reasons, critical storage variables and functions
cannot be called directly by external accounts.

3) User transaction authorization. Users need to obtain
transaction authorization from the management node
before calling the contract function, which further helps
the
Authorization information will be stored in the user structure.

trading platform to screen individual users.
Use a mapping structure to ensure that variables are unique.
A map is a key-value store structure. In the Solidity language,
“msg. sender” is a special mapping that represents the
Ethereum address of the current function caller. When the
user calls the contract function, this variable is automatically
set as the sender’s address, which ensures the unique

correspondence between key values.

3 Smart contract based trading
platform

The main functions of the contract include user registration,
quotations uploaded by prosumers, sealed bids by consumers,
system matching, smart meter reading, transaction balance
settlement, and incentives for rewards and punishments. The
contract also provides auxiliary functions to query order status
based on ID or address. Figure 2 shows the logical relationship
between contract functions.

3.1 User registration

Users participating in P2P energy trading need to register for a
blockchain account. The account corresponds to a pair of public
key and private key. The key serves as the account address and can
be used to activate the account. The user enters information such
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« If the user maintains the performance for 5 cumulative
transactions, the service fee discount will be 20%.

« If the user performs 10 cumulative times, the discount will be 40%.
« If the user performs better, the discount will upgrade.
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«» If the shortage is within 5%, the seller shall bear the expense

« If the generation < 0.95 predicted, the seller pay compensation
to the buyer of 10% * shortage * deal price.The buyer pay the
grid for shortageand won't be charged with service fee.

Actual consumption> Predi:tio%

« Purchase the shortage from other prosumer/the grid
« the user will bear the expense

Actual consumption < Predidioa—‘

FIGURE 1
Illustration of incentive policy.

= The buyer still need to pay the seller in full
« The surplus can be sold to the grid/other users
« the earning belongs to the buyer
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FIGURE 2
Logical relationship of contract functions.

as name, email address, zip code and smart meter number, and the
registration is successful after obtaining authorization.

3.2 Upload quotation

The system queries the authorization information of the
prosumers to ensure that only authorized prosumers can call
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this function. After passing the inspection, the prosumers enter
the following information: 1) the quotation ID, which is used as
an index label to find the quotation; 2) the total transaction
volume, which represents the electricity expected by the
prosumers; 3) the expected electricity price, the prosumers can
decide the expected price selling price. After the quotation is
the the

stamp. Quote stored on

time
the

submitted, system records

details

automatically
are permanently
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FIGURE 3

Platform data flow.

blockchain as transactions. The system defaults to this quote as
“valid.” All consumers are free to participate in bidding unless the
prosumers actively mark the offer as invalid.

3.3 Sealed bid

After entering the address and quotation ID corresponding to the
quotation, the consumer creates a bid ID and determines his expected
unit price and demand. The system first verifies that the electricity
purchased by the consumer does not exceed the electricity provided by
the prosumers and then checks whether the bid already exists. If a bid
already exists, duplicate submissions are not allowed, preventing
malicious bidding behavior. After the bid passes the checks, the
function will execute and record the bid on the blockchain. Bids in
this contract can only be set to four states of “create,” “reserved,”
“confirmed” and “rejected.” At this point, the bid is in the “created” state

and will be added to the sequence of consumers participating in the bid.

3.4 Contract matching

The bid confirmation function is called, and the system
checks all bids and selects the best bid according to the
transaction mechanism. The best bid is not selected based on
unit price, but is prioritized based on the total bid amount. It can
not only maximize the interests of both users, but also reduce
energy waste. In the case of multiple users bidding the same total
amount, the system will give priority to matching consumers
with higher demand. Successfully matched bids have their status
changed to “Accepted.”

3.5 Smart meter reading

Call the smart meter to obtain the actual power generation
and consumption of the user. Enter the smart meter number to
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verify against the smart meter number stored in the sealed user
structure. After validation, the data will be imported into the
corresponding user structure.

3.6 Transaction settlement

The system calculates the difference between the predicted
transaction volume and the actual amount of electricity
generated or consumed, and settles between prosumers and
consumers, as well as energy suppliers. The blockchain stores
the calculation results, and the user completes the token transfer.
This function can only be called by the contract owner.
Therefore, there is no interface for the user to input
parameters. Supplementary Material shows the three basic
built-in functions of this process.

3.7 Query function

The query function does not change any data in the
blockchain, so calling the query function does not consume
Gas.
structure and outputs the requested information. Users can use

The query function returns the data in the caller’s

the ID to get order details, including bid quantity, expected unit
price, total supply and demand, and remaining unsold electricity.

4 Deploy contracting

All node data in the blockchain is synchronized (Vranken,
2017) and each node can fully participate in the negotiation
process. Public blockchains allow everyone read and write access,
while private blockchains limit the read or write rights of nodes.
Public chains are open and allow anyone to access the blockchain
network. There are many public chain nodes, it takes a lot of time
to propagate transactions, the throughput of operations is
limited, the latency is high, and the processing efficiency is
relatively low (Hahn et al, 2017). The private chains are
managed by administrators, and only specific nodes are
allowed to join the negotiation process. Compared with public
chains, private chains are in a sense more centralized and operate
more efficiently (Xiaoling et al., 2019). This contract is more
suitable to be deployed in a private chain with internal control,
faster processing, lower cost and higher security.

Deploying a smart contract can be understood as a special
transaction on the blockchain. Before deploying the contract, the
destination address is empty. Transactions are sent from the
deployer address and the destination is the contract address.
When a transaction is recorded on the blockchain, a new address
is automatically generated for the contract.

First, the constructor function which only executes once in a
contract is called to input the necessary initial information,
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including the address of the grid, SBP, SSP, and the service fee.
Then, Web3 Provider is adopted to deploy smart contracts
compiled with Remix to a private blockchain created by
Ganache. Call the constructor and enter the necessary
information, including the energy provider address, SBP, SSP,
and service charge. Constructors can only be executed once in a
contract. Several accounts can be created to test the smart
contract. Specially, the first address who deploys the smart
contract is default as the owner of the contract. Each account
has an initial amount of ethers, which can be used to pay gas for
making transactions on the blockchain. Those test account can be
used to call the previously constructed functions in turn, and the
running result of each function are written in the contract log.

However, the blockchain cannot store the calculation details
of the smart contract. This is because the blockchain technology
stores data in blocks of the blockchain network. Each node will
get a copy of the data on the chain to be kept synchronized with
the network. Therefore, there is no specific data storage zoom for
the operating details of the smart contract. To further test the
function of the contract, this paper uses the flask API to interact
with Python as a tool for storing and analyzing contract
operation data (Atia, 2016) The data flow is shown in Figure
3. After system interaction, the following functions can be
realized: 1) Send ether from wallet to smart contract address
in exchange for energy; 2) Call functions in the contract to
execute transactions or access certain inform.

5 Case analysis
5.1 Evaluation standard

Based on the evaluation system of literature (Zhou et al,
2018a), this study uses two technical indicators and two
economic indicators to evaluate the P2P energy trading
platform. Technical indicators include validation basis and
condition adaptation index. Economic indicators are made up
of value utilization index and participation willingness index.

5.1.1 Verification basis

According to Magazzeni et al. (2017), verifying the validity of
a smart contract should be based on five criteria: 1) whether the
natural language contract accurately and adequately expresses
the mutual intent of both parties; 2) whether the computer code
is compiled correctly natural language contract; 3) whether the
computer program can do what it is supposed to do; 4) whether
the program only does what it is designed to do; 5) if multiple
programs run in parallel, does the system operate only as
expected and no errors. Through the five criteria, developers
can test whether the contract structure conforms to the logical
paradigm and requirements of the research, check whether the
contract can adapt to different usage scenarios, and ensure the
efficiency and effectiveness of the test.
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Criteria 1 and 2 verify the validity of the contract’s natural
language and encoding. The most basic attribute of a smart
contract is the accurate coding of requirements, and this contract
conforms to the trading wishes of all users. Criteria 3 and
4 validate individual program properties. The contract is
completed and only what is required to be done, subject to
the agreement of the parties. Input that meets the criteria can lead
to the desired result, whereas incorrect input will lead to incorrect
results. Criterion 5 verifies the effectiveness of the platform as a
whole. All nodes cooperate to execute the contract, the data in the
block is kept synchronized, and the contract is locally valid, that
is, globally valid. In conclusion, the contract conforms to the
logical paradigm and requirements of this research.

5.1.2 Performance indicators

Zhou et al. (2018b) have developed an evaluation system P2P
energy trading mechanism. The evaluation method of these
contracts is adapted and built on this indexing scheme. Two
economic indexes and one technical index are eventually
adopted. The meaning of each indicator is described below.

1) Condition adaptation index, which measures how the
contract operates under different conditions. This study
explores the operation of the contract under two
conditions of high supply-demand ratio and low supply-
demand ratio.

2) Value mining index. Compare the energy cost of residents

under the traditional transaction framework, measure the

energy cost saved by P2P transaction, and reflect the overall
benefit of CVPP. The higher the indicator value, the higher
the CVPP return, that is, the higher the value obtained.

3) Participation willingness index. In addition to evaluating the

overall benefit, the income per household is equally

important. Participation willingness index reflects the
benefits obtained by users after participating in the
contract, thereby affecting the willingness of residents in
the region to join the CVPP and P2P markets, which is
the of the P2P

ecosystem. If participating in P2P transactions leads to an

crucial to long-term  development
increase in user energy costs, users will have sufficient
incentives to return to the traditional transaction state.
Therefore, the willingness to participate index measures
the willingness of residents to participate in CVPP and

P2P energy sharing mechanisms through user interests.

5.2 Example description

5.2.1 Power data

Al-Ammari and Al-Thani (2019) tested and compared
blockchain 10, 20, 30
140 nodes, proving that smart contracts in this range are

transaction throughput for to

capable of handling large numbers of transactions without
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FIGURE 4
PV daily power generation curve of each prosumer.

sacrificing performance. Network expansion within a reasonable
range will not affect the efficiency of the network. Therefore, this
study tests 10 nodes of the system and performs economic
analysis on each node.

In this paper, the photovoltaic power generation of each
household collected by the Thames Valley Vision project (Potter
etal., 2015) is selected as the data of the virtual power plant. The
photovoltaic penetration level is 30%, the statistical accuracy is
30 min, and the data of smart meter uploaded in 24 h, the unit is
watt per hour (Wh). This accuracy is not only in line with the
general settlement time of the electricity trading market, but also
better understand the customer’s electricity consumption
behavior.

The types of energy storage devices that provide or absorb
energy are not discussed separately herein. Although energy
storage technology can provide greater versatility for P2P
energy trading, they are also very costly. The energy storage
facility is equivalent to a special prosumer, which does not affect
the feasibility and validity of the contract.

The blue part of Figure 4 is the energy consumption of all
participants in the P2P market over a 24-h period. The orange
part represents the net electricity generation after CVPP
actual electricity generation minus electricity consumption.
Assuming that all consumers put their excess electricity into
the P2P market for sale, the net electricity generation is equal
to the electricity available for sale. Figure 4 shows the daily
power generation curve of prosumers participating in P2P
transactions. Assuming that all consumers put their excess
electricity into the P2P market for sale, the net electricity
generation is equal to the electricity available for sale. Figure 5
shows the net production curve after integrating the power
consumption of CVPP.
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According to the electricity consumption characteristics of
CVPP, electricity consumption is concentrated in lighting,
kitchen supplies and electronic equipment. The use of home
appliances is not completely random, which is largely affected by
the living habits of residents (Torriti, 2017). Also, electricity usage
varies by household size. These differences and fluctuations are
verified in the Supplementary Material. This study focuses on whole-
household energy costs and overall CVPP benefits and therefore
does not consider the specific size within each household.

5.2.2 Pricing model

The electricity price of each user varies according to their
needs, usage habits and the frequency of electricity price package
updates. The price gap between energy suppliers does not exceed
10% (Quarterly Energy Prices, 2019). Therefore, the average
electricity price is used for settlement between users and
energy suppliers in this study. In 2019, the average retail price
of electricity in the United Kingdom was 18 pence per kilowatt-
hour (p/kWh) (Sonnichsen, 2021).

This article refers to energy prices in the market. Octopus
Energy (Octopus Energy, 2020) is a new type of green energy
supplier that emerged in the UK in 2016. The company buys
energy from home solar at 6 p/kWh. Another British company,
Green Energy, proposed tidal electricity pricing strategy (Green
Energy UK, 2020). According to statistics, customers who choose
this package have an average electricity price of 4.9 p/kWh
between 11 p.m. and 6 a.m. However, electricity rates between
4 p.m. and 7 p.m. are five times the nightly rate. The source of
energy supply in this study is solar energy and P2P transactions
are concentrated during the day. Consumers only need to buy
low-cost off-peak electricity from the grid at night, thus cutting
their electricity bills during peak hours. Even taking into account
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Auction-based pricing strategy.

tidal electricity prices, the economic advantages of P2P are
further increased. Therefore, this paper only uses average
prices to model P2P transactions. Although the effectiveness
of the P2P transaction mechanism may be underestimated, this
does not affect the verification results of contract validity.

Taking the above considerations into account, the electricity
price for the user to sell the surplus energy to the grid is 6 p/kWh
in this case. The price the user buys from the grid is 18 p/kWh.
Usually the transaction price of P2P transactions will remain
within this range.
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Although prosumers can freely set energy prices under the
auction-based market transaction mechanism, the settlement price
is mainly affected by demand and power generation in the actual P2P
market. Therefore, this study adopts the pricing model proposed by
Amin et al. (2020) to simulate bidding. The purpose of the tender is to
minimize the cost per household and the total CVPP cost to
maximize benefits. Take the settlement time of 11:30 am. as an
example. The energy supply in the P2P trading market is higher than
the demand. According to the pricing strategy, the consumer’s bid
and the price of the consumer’s bid are shown in Figure 6.

5.3 Result analysis

5.3.1 Technical performance

The supply-demand ratio (SDR) is defined as the ratio of
total supply to total demand. When the SDR is greater than 1, it
means that the production supply is oversupplied. If the SDR is
equal to 1, it means that supply and demand are exactly the same.
Likewise, if SDR is less than 1, it means that supply is not
sufficient to meet demand. Figure 7 compares the shifts in the
demand and supply curves over a day. Total supply is higher than
demand during the settlement period in 11:30-12:30. In most
other cases, the SDR is less than 1.

Figure 8 shows a trade settlement at 11:30 with an SDR greater
than 1. For prosumers, the bar graph reflects the revenue they earn
from selling energy. And for consumers, this represents their energy
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bills. It can be seen that the income of prosumers participating in
P2P transactions is higher than that of directly selling energy to the
grid. For users, the energy cost of P2P transactions is lower than that
of direct transactions with the grid.

Figure 9 shows the settlement results at 17:00 with SDR less than
1. Although there is still enough solar energy to generate electricity at
this time, the demand of prosumers has also increased. So there is less
energy available for sale in the market. In this case, as long as the
prosumers also provide electricity, the revenue from P2P transactions
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is much higher than that of selling electricity directly to the grid.
However, if the net power generation is insufficient, participating in
P2P transactions will improve the energy cost very little. At this time,
the power generation in the CVPP area cannot meet the demand and
some users who participate in the bidding may not be able to trade.
Even for the winning bidder, the savings in energy costs are not
significant due to the smaller transaction volume. However, it is still
economical to participate in P2P transactions when all-day returns
are taken into account.
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No matter how the SDR changes, the Condition Adaptation Index
and Value Mining Index indicators are within the normal range and
do not affect the validity of the contract. It indicates that the contract
can accurately balance and settle transactions under different
conditions. The contract performed well on the technical level
including the extreme conditions. In addition, users participating in
the energy sharing mechanism reduce energy costs to a certain extent.
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5.3.2 Economic analysis
In this paper, all prosumers have their own forecasting

methods and models by default. Does not focus on
optimization of predictive models. The prosumers’ forecast
bias is shown in Figure 10.

Among the seven consumers, consumers 1 and 2 are set as
users with extremely irregular usage behavior. In other words,
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they are not used to using appliances as planned. Consumers 3,
4 and 5 are considered to be slightly irregular users. Sometimes
they follow the rules and sometimes they don’t follow the plan.
Consumers 6 and 7 are considered to have good electricity habits.
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The users’ prediction errors are shown in Figures 11-13
respectively.

The cost of each household is obtained after the simulation
shown in Figure 14. The negative bar represents the revenue
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Daily energy consumption of each household.

that prosumers receive from selling surplus energy. Compared
with trading directly with the grid,
participating in P2P transactions have increased their profits

some prosumers
and the rest have also succeeded in further reducing energy

costs. Likewise, consumer energy bills have been reduced to
some extent.
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The transaction results of each settlement period are affected
by various factors, including bid price, estimated power
generation or consumption, and user performance in previous
P2P transactions. The contract calculates and compares the
number of deals for each consumer and its deal probability is
shown in Figure 15.
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Consumer transaction probability.

While suppliers tend to seek high returns, buyers tend to go
after low costs. However, users not only look at the price but also
give more consideration to the credit of the trading partner under
the incentive mechanism of reward and punishment. It turns out
that the prosumer is more likely to prioritize the Consumer 6 and
Consumer 7 transactions with good performance. It seems
strange that Consumer 5 with normal performance also has a
greater chance of clinching a deal than consumers with similar
credits. This is because Consumer 5 usually has higher demand
and the contract will recommend prosumers to make a deal with
him preferentially. As for the ones with poor performance,
Consumerl and 2 have a much lower trading chance. The
incentive system allows users who perform well to be
rewarded, encouraging them to maintain a good state, and
in P2P The
mechanism, on the one hand, encourages producers to

actively participate transactions. penalty
improve their forecasting models. On the other hand,
consumers who do not use electricity properly are urged to
regulate their usage behaviours. However, the punishment is
very humanized so as not to bring users too much loss, avoiding
affecting their enthusiasm to participate in P2P transactions.

The case study shows that all households participating in P2P
energy trading have reduced energy costs without reducing
demand. In addition, P2P energy trading can balance local
demand and reduce the transmission amount of electricity
between CVPP and the grid, thereby reducing the risk of
power system. The P2P transaction model is worthy of further
promotion and becomes the soil for the growth of distributed
energy.
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6 Conclusion

This study proposes a smart contract model for P2P energy
trading by taking advantage of the decentralized nature of the
underlying technology of blockchain. On the one hand, user data
is more secure, which solves the problem of trust between the two
parties of the transaction. On the other hand, heavy maintenance
costs such as unified management and data storage are avoided.
At the same time, the transaction network based on blockchain
technology can also ensure the traceability and real-time
of addition, this paper

introduces a reward and punishment mechanism into the

performance transactions. In
energy sharing mechanism to motivate participants to upgrade
the prediction models and regulate electricity consumption
behaviors. The simulation results show that the trading
platform can reasonably and reliably complete resource
allocation according to the trading mechanism and achieve a
partial balance between distributed generation and regional
demand. This paper conducts a preliminary study on the
application of smart contract in the field of P2P energy
trading. The research results provide theoretical basis and
practical knowledge for the research and growth of future
blockchain networks.

Smart contract is still a developing technology. Once the
contract is deployed on the blockchain, it cannot be modified. If
there is a breach, the consequences would be catastrophic. To
avoid unnecessary losses, smart contracts need to be fully verified
and tested. The prosumer data used in this case study is all
photovoltaic power generation and there is almost no excess
energy flow in the nighttime P2P market. Introducing other types
of renewable power generation methods to extend the
transaction time of P2P, the validity and practicality of the
contract needs to be further explored. This paper does not
the and
countermeasures on P2P energy trading. Future work can

consider impact of power flow constraints
continue to study smart contracts combined with power grid
models, expand security control and market assessment, and
establish diversified P2P

indicators. At the same time, the strategic behavior of

trading mechanism evaluation

participants deserves to be studied and modeled in detail to
design a P2P energy trading mechanism that is more stable and
friendly to the power system, and further develop an integrated,
advanced and reliable P2P energy trading platform.
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Intelligent power distribution
system based on Bi-level
optimization

Lei Weichong?, Sun Wenyao'*, Zhao Yi' and Ban Mingfei?

College of Electric Power, Shenyang Institute of Engineering, Shenyang, China, 2School of Mechanical
and Electrical Engineering, Northeast Forestry University, Harbin, China

With the continuous promotion of the “dual carbon” idea, future power
generation will rely heavily on renewable energy sources. As an effective
utilization form of clean power sources, it is of positive significance to study
the trading strategy of microgrids in the intelligent power distribution system
under the influence of carbon quota. In this research, a bi-level optimization
method is used to build a trading model of the distribution-side power market,
with the upper-level planning aiming to reduce the cost of distribution system
operators and the lower-level planning aiming to increase the revenue of
microgrids. Secondly, the genetic algorithm and sequential quadratic
planning algorithm are applied to the upper and bottom models to
determine the optimal clearing strategy for the microgrid and the optimal
scheduling scheme for the distribution system operator, respectively. Finally,
a typical day is used as an example to analyze in detail the market trading
strategy of a multi-microgrid intelligent distribution system under the influence
of carbon quota, and the effectiveness of the method described in this paper is
verified.

KEYWORDS

microgrid, carbon quota, distribution side power market, bi-level optimization, market
transactions

1 Introduction

With the continuous promotion and implementation of the concept of “carbon
peaking and carbon neutral,” China has implemented various carbon policies in order to
effectively reduce carbon emissions, including carbon quotas, which are an important
basis of the carbon trading market (Jin et al., 2021). In the form of power generation, clean
power will gradually replace thermal power as the main power source in the future. The
new power system needs to have greater power balancing capacity on both the power side
and the customer side to undertake more clean power consumption tasks. As an effective
carrier for clean power consumption, the microgrid is an important means to revitalize
the power regulation potential on the user side. In the future, the intelligent power
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distribution system will be more friendly to cope with multiple
microgrid grid connections, and its regulation method should be
based on the originally planned regulation, and build a fair and
effective distribution side power market trading mechanism and
method, to stimulate the initiative and flexibility of clean power
supply grid connection. (State Grid Cooperation of China, 2021;
Zhao et al., 2022Yi et al., 2022).

Current research by scholars in China and abroad on
distribution-side

electricity market trading mechanisms

focuses on the following two aspects:
(1) Game theory-based market transaction mechanism

Most of the studies on market transaction mechanisms based on
game theory are based on the autonomous operation of micro-
networks (Du et al., 2021). For example, (Zhao et al., 2015, Min et al,,
2015), used noncooperative game theory to build a general model of
the trading model between multiple microgrids, and analyzed and
proved the existence of Nash equilibrium of the game; (Le et al,
2016); proposed a new regional grid market-oriented operation
model based on game theory to meet the demand of market-
oriented reform on the distribution side in the context of high
penetration distributed electric energy resources access operation;
(Bai et al., 2017, Peilin et al., 2017); uses cooperative game theory to
solve the problem of bidding and revenue allocation among multiple
microgrids, considering the source-load duality of microgrids; (Zhao
et al, 2018, Wenhui et al, 2018); constructs a three-party
noncooperative game model based on Nash equilibrium for the
wind-fire grid and analyzes the factors affecting the utility of each
game party; while (Wang et al., 2019, Xian et al., 2019) establishes a
joint game equilibrium model for multi-energy markets and uses a
nonlinear complementary approach to solve the bid variance
problem of microgrid participation in distribution-side electricity
market transactions with uncertain power output.

(2) Optimization theory-based market transaction mechanism

At present, the research methods based on optimization theory
mainly focus on two-tier optimization methods and two-stage
optimization methods (He et al, 2020). In (Peng et al, 2021), a
two-tier model of the optimal bidding strategy of integrated energy
service providers is established for the bidding behavior of multiple
integrated energy service providers in the integrated energy market,
and the impact of each integrated energy service provider’s bidding
strategy on the integrated energy market clearing is quantitatively
analyzed; (Zhao et al,, 2022, Yue et al,, 2022); constructs a two-tier
optimization model for dynamic pricing and market clearing to study
the distribution side market trading strategy taking into account
multiple stakeholders. In (Liu et al,, 2017), a two-layer optimization
model is developed to study the distribution side market trading and
bidding mechanism for multiple microgrid operators to participate in
the distribution side market bidding. In (Liu et al,, 2018), a two-stage
robust optimization model with a min-max-min structure is
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developed for the uncertainty of renewable energy and load within
the microgrid to find the scheduling scheme with the lowest operating
cost under the worst scenario; (M. H. Moradi et al,, 2016), a two-stage
optimization model is developed for the power system, where the
optimal distribution problem of the microgrid is solved in stage 1, and
stage 2 combines Nash equilibrium theory and two-layer The second
stage combines Nash equilibrium theory and two-layer planning
theory to solve the optimal clearing problem in the distribution
side of the electricity market. In (De Gejirifu et al,, 2019), the
uncertainty of wind storage plants participating in the electricity
spot market bidding is considered and modeled by the two-stage
optimization idea and stochastic chance constrained planning theory,
and the developed model can provide a basis for the wind storage
plants to participate in the electricity spot market bidding scheme and
the operation plan formulation; (Fazlalipour et al,, 2018); considering
that the microgrid can be used as a rotating backup resource, a two-
stage bidding model for microgrid participation in the joint market of
day-ahead market and rotating backup market is established.

Overall, the above study considers the economic benefits of
distribution networks and each microgrid operator in the electricity
market. However, there is a missing consideration of the influence of
carbon quotas, which are an important basis for carbon trading
market, on the bidding strategy of each microgrid after the
introduction of regional distribution networks.

In this paper, we study the regional distribution-side day-ahead
electricity market with the participation of multiple microgrids and use
two-layer planning theory to solve the optimal bidding strategy of
microgrid operators and the optimal dispatching problem of
distribution network operators under the consideration of carbon
quotas. The upper-level planning is solved by a genetic algorithm to
minimize the cost of the distribution market operator; the bottom-level
planning is solved by a sequential quadratic programming algorithm to
maximize the revenue of the microgrid, and finally determines the
optimal clearing strategy of the microgrid and the optimal dispatching
scheme of the distribution network operator. The article concludes with
a detailed analysis of the trading strategy of the distribution-side
electricity market under the influence of carbon quotas and the
participation of multiple microgrids, taking a typical day as an example.

2 Distribution side power market
model

2.1 Market structure

The structure of regional distribution-side electricity market
transactions is shown in Figure 1, where market players include:
distribution system operators (DSO), microgrid operators,
wholesale electricity markets, and load aggregators, and the
behavior of each player in the market is:

(1) The DSO is responsible for the operation and clearing of the
electricity market and needs to receive the load demand for
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FIGURE 1

Power market construction of distribution system.

the next day and information on the offers of the parties, and

the DSO can purchase electricity from the microgrid

operators and wholesale markets in the region.
(2) The load aggregator, which owns the load resources in the
region, is responsible for purchasing electricity from the
electricity market and selling it to customers, and it needs
to submit to the DSO the load demand P, (t) for each period
on the second day.
(3) The wholesale power market is required to issue the next
day’s wholesale tariff A ywem (¢) to the DSO, and the power
purchased by the DSO is required to satisfy the line operating
constraint (Pwsy ™ (£), Pwsm ™ (1)), where Pwsy ™ (t)
and Pysy ™" (¢) are the upper and lower limits (kW) of line
transmittable power, respectively.
(4) Based on the historical data and the carbon quota issued by
the Ministry of Ecology and Environment, microgrid m shall
declare the power range (Pygm ™" (£), Pyg.m ™ (t)) and
corresponding quotation for DSO to participate in the
bidding for each period on the following day. The power
range declared for the microgrid is explained as follows:
Firstly, in the electricity market, power generation
equipment can be divided into high-carbon power sources
and low-carbon power sources according to carbon
emissions. Taking microgrids with the same capacity and
free carbon allowances, for example, the declared upper limit
of microgrids with high-carbon power sources is lower than
that of microgrids with low-carbon power sources. Secondly,
at present, the primary purpose of accepting clean energy-
based microgrids to the grid is to reduce carbon dioxide
emissions, so microgrids connected to the grid should
contribute to the achievement of carbon emission targets
in the regional electricity market, i.e., the declared power
limit is the minimum power commitment of the microgrid to
meet the carbon emission target.

Frontiers in Energy Research

139

10.3389/fenrg.2022.1032051

START

DSO receives:
(DLoad aggregators submit next day's load demand;
(@Wholesale markets issue next day wholesale tariffs;
@Microgrid declares next-day power generation range
and price
l

Initialize each micro-grid bidding power
and price
]

Establishing a distribution-side power
market clearing model

I

Output evaluation value

Does it stop iterating?

Output optimal clearance solution

Update the initial value
of each microgrid

END

FIGURE 2
Transaction flow chart.

The trading process is shown in Figure 2.

Step 1. The load aggregators in the region forecast the load demand for
each time slot of the next day and declare it to the DSO, the wholesale
market issues the wholesale power price for the next day, and each
micro-network operator declares the power sales range for each time

slot of the next day to the DSO and offers the corresponding price.

Step 2. After receiving the information from each entity, DSO shall
establish a power market clearing model to minimize power purchase
cost and the constraints of load power, declare the power range of the
microgrid and safety operation constraint of the system, etc., and make
the dispatch plan for the region by solving the optimal solution of this

model.

Step 3. DSO shall promptly announce to each microgrid and wholesale
market the regional dispatch plan derived from Step 2, i.e., the winning
power Pygm (t) and corresponding clearing power price Augm (t) of
each microgrid and the power purchased by DSO from the wholesale

market Pysm (t) on the next day.

2.2 Market model

In the electricity market bidding process, from the perspective of
the DSO, the objective is to meet the next day’s load demand, ensure
the safety of system operation, and minimize the cost of power
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purchase; from the perspective of the microgrid, the objective is to
maximize its revenue through bidding. In this process, the behaviors
of microgrids and DSO are independent of each other and affect
each other, so this problem can be described as a two-layer planning
problem. In this regard, the upper-level optimization problem aims
at minimizing the cost of expenses of the distribution system
operator, while the bottom-level optimization problem aims at
maximizing the profit of the microgrid operator from electricity
sales, and determines the market clearing scheme after considering
the load power, the declared power of the microgrid, the carbon
emission index and the system security constraints. The decision
variables are the power purchased by the distribution system
operator from each microgrid and the wholesale market and the
clearing tariff of the microgrid operator .

2.2.1 Mathematical model for distribution system
operators

The core of the upper-level optimization problem lies in the
DSO’s comprehensive consideration of system security constraints
based on the offers of all parties to achieve economic optimality. The
objective is to minimize the total system power purchase cost, and
the upper-level optimization model is.

N7 [Ny
minY"| " Py (DA (£) + Pwss (DAwsae ()| (1)

t=1 =1

N
s.t. ZPMG,m(t) + Pwswm () = P (1), Vi (2)

m=1
Puigm ™ () < Prigyn () < Puigm ™™ (1), Y, Vit 3)
Pyysm ™" (£) < Pysu (£) < Pywsu ™™ (1), Vt 4)

where: N1 denotes the total number of bidding periods, generally
taken as 24; Ny, denotes the total number of microgrid operators
participating in the bidding; Pyig,» (t) denotes the declared power of
microgrid m in time slot £ (kW); Ayic,m (¢) denotes the declared power
of microgrid m in time slot ¢ ($/kWh); Pwswm (£) denotes the power
purchased by DSO from the wholesale market in time slot t (kW);
A wsm (t) denotes the wholesale power price of the wholesale market
in time slot £ ($/kWh); Py, (¢) denotes the load demand in the region at
time slot ¢ (kW); Pyigm ™" (£) and Pyig,, ™ (t) are the lower and
upper limits of the declared power of microgrid m at time slot t (kW),
respectively; and Eq. 4 represents the upper and lower constraints to
be satisfied by the DSO to purchase power from the wholesale market.

(2) Mathematical model of micro-network operators

The goal of micro-network operators is to maximize their
interests, and the underlying optimization model is shown below.

N
max ) (Puan (O atcm () = (@vmPiygm () + By Pricom (1)

+ Yugm) ) VE
(5)
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st Py (8) = [icn () = Bugm | /200Gm 6)
aMG,mPIZ\/[G)m (t) + ﬁMG,mPMG,m (t)
+ )/MG,m < PMG,m (t)AMG,m (t)) Vl’l’l, vt (7)

In this paper, the quadratic function is used to approximate the
generation cost of microgrid m, amGm» Pyg,, and Yy, denote its
quadratic term coefficient ($/(kW)’h), primary term coefficient
($/kWh), and constant term ($/h), respectively; Eq. 6 represents
the relationship between the winning power bid and the clearing
tariff when the microgrid operator’s revenue is maximized; Eq. 7
ensures that each microgrid benefits from the competitive bidding.

3 Solution method

By analyzing the market model, we can see that any micro-
network competes with other micro-networks to win the power bid
through competitive bidding, and any party who offers too much or
too little will damage its interests; meanwhile, DSO makes the most
economical scheduling plan based on each party’s offer and
considering various constraints. Therefore, the upper-level
optimization problem is essentially a linear programming
problem with constraints; since there is competition among
multiple subjects in the bottom-level optimization problem, and
the introduction of constraint (7) can ensure that each micro-
network is profitable in the bidding, this paper simplifies the
bottom-level optimization problem to a quadratic programming
problem to find the maximum profit of each micro-network. For the
distribution-side electricity market model depicted in Figure 1, this
paper establishes an embedded algorithm that solves the upper-level
problem by genetic algorithm and the bottom-level problem by

sequential quadratic programming (SQP) method.

3.1 Upper-level optimization problem

The upper-level optimization problem aims at solving the
optimal offer strategy for each microgrid to achieve its economic
optimum. It is assumed that the wholesale power price of the next
day in the wholesale market is known. The offer price of microgrid
m affects its winning power and clearing tariff, and thus its profit.

In this paper, the genetic algorithm is used to solve the upper-level
optimization problem, and the offer of each micro-network and the
corresponding outgoing power (Ayigm (£), Py (t)) are taken as the
population individuals, and the optimal outgoing of micro-network
can be found through the selection of population individuals.

3.2 Lower-level optimization problem

The lower-level optimization problem aims to find the
optimal amount of power cleared from each microgrid and
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the optimal amount of power purchased by DSO from the
wholesale market. In this paper, we assume that the microgrid
cost is a quadratic function concerning the generation capacity,
so this paper adopts the SQP algorithm to solve the bottom
planning problem.

3.3 Approximation g—mapping

The general form of the Bilevel Programming Problem is
shown below.

min F (x,, x;), Vx, € Xy, Vx; € X1 (8)

s.t. x; € argmin f(xu,x,): 9; (% x1) 20, 9)
j=L.,]

Gy (Xu, Xl) <0,k=1,.,K (10)

where F(x,,x;) corresponds to the upper-level objective
function shown in Eq. 1; f(xy x;) corresponds to the
bottom-level objective function shown in Eq. 5; x, denotes
the upper-level decision variable, i.e., the clearing tariff of the
microgrid; x; denotes the bottom-level decision variable, i.e., the
clearing tariff of the microgrid and the wholesale market,
gj (x4, x1) corresponds to the bottom-level constraints shown
in Eqgs 6, 7; Eq. 10 corresponds to the upper-level constraints
shown in Eqs 2-4.

Let function ¢ (x,,) be the mapping of the underlying optimal
function values corresponding to any given upper-level decision
variable.

¢ (x,) = min{ I (us 1) g (3> %) so,} )

j: 1,...],x1 € X1

Bringing Eq. 11 into the model (8)-(10) transforms the
Bilevel Programming Problem into a single-level form.

min F (x,, x1), Vx, € Xy, Vx; € X, (12)
st f (% x1) <@ (xy) (13)

gj (x> x))<0,j=1,..,] (14)

G (x4, x1)<0,k=1,..,K (15)

In general, ¢ - mapping is always scalar-valued regardless
of the lower level variable dimension and whether or not there
exist multiple lower level optimal solutions. Thus, the
calculation of ¢ - mapping is not complicated. (Sinha et al.,
2020).

In this paper, we apply the ¢ - mapping idea in the nested
algorithm constructed in the previous section. After updating the
algorithm step, the micro-network offers are fixed and a local
search is performed in the single-level planning shown in Eqs
12-15 to solve for the corresponding optimal outgoing power for
each micro-network offer to update the population.
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3.4 Bilevel programming solution method

The computational flow for solving the Bilevel Programming
Problem in this paper is shown in Figure 3.

(1) Take the N-dimensional random numbers to initialize the
microgrid m with the outgoing electricity price;

(2) Using the SQP algorithm in the underlying planning, find

the microgrid clearing power P&)G,m(t) corresponding to

A&)Gm (t) , and together with it form the initial population

member (A, (1), Pl (0);

Evaluate the fitness of the population members using the

3

objective function and constraints of the upper-level planning.

(4) Selecting the offspring members.

(5) Solve the underlying problem for each child using the SQP
algorithm.

(6) Repeat step (3).

(7) Select, crossover, and mutate to generate a new

population, perform a local search in its vicinity after
every k generation, and update the population if there is
an improvement.
(8) Check whether the termination condition is satisfied and if so,
stop the iteration to output the winning power and outgoing

tariff of each power seller, otherwise return to step (5).
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TABLE 1 Power generation costs of three microgrids.

Microgrids Cost factors
Quadratic
coefficients ($/(kW)*h)
MGl 0.000045
MG2 0.000045
MG3 0.000085
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4 Example
4.1 Simulation environment

To verify the feasibility of the proposed method, this paper
builds a simulation optimization model based on Matlab + cplex,
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taking a two-layer iterative stopping accuracy of 0.01 and N =
100. The regional load in this paper uses simulated data of a
typical day, and the daily load curve is shown in Figure 4.

It is assumed that there are three adjacent microgrids (numbered
MG1, MG2, and MG3 in order) in the region, and to reflect their
differences, it is set that the power generation equipment configured in
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Dispatched power and profit of MGl and MG3 under t1 and
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Dispatched power and profit of MG1 and MG2 under t3 and
t4 scenarios.

MG1 is mainly wind power, the power generation equipment
configured in MG2 is mainly photovoltaic, and the equipment
that can generate stable power is configured in MG3. Given the
strong coupling between new energy generation and climatic
conditions, considering the climate change in a day and the
carbon quota issued by the Ministry of Ecology and Environment,
it is assumed that the declared power range of MG1, MG2, and
MGS3 in a timeshare is shown in Figure 5 (Li et al,, 2009), and the
generation cost is shown in Table 1. The distribution system operator
purchases power from the wholesale market in the range of
0-30 MW, and the wholesale electricity price in the wholesale
market is 0.088$/kWh, and the line loss rate is taken as 5%.

4.2 General analysis

that the
computational speed of the algorithm in this paper is moderate,

The practical simulation debugging shows
and the initial value selection will affect the iteration time, but will
not have a large impact on the final result. This paper will focus on

the discussion of the bidding.
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The simulation results are shown in Figure 6 and Figure 7.
Figure 6 shows the percentage of electricity sold by each seller to the
total load demand on the next day, and Figure 7 shows the price of
electricity sold by each seller on the next day. Analysis shows that.

(1) the presence of line losses makes the actual power purchased by
the distribution network larger than its actual power demand.
(2) The DSO uses the power interval declared by each microgrid
(Figure 5) as a reference to formulate the next-day interval
dispatch plan, so the general rule of the distribution-side
power market to formulate the clearing power can be
summarized as allocation by capacity. Therefore it is
crucial that each micro-grid in the day-ahead power
market can accurately predict the next day’s generation.
When there is sufficient power in the wholesale market, DSO can
also fully respect the willingness of each microgrid to generate
power, such as agreeing to the transaction price of MG3 at 0.128%$/
kWh, which is much higher than the price in the wholesale
market, during the period [8:00,9:00] to benefit the microgrid,

3)

which can motivate the microgrid with higher generation cost to
participate in the market transaction and establish a long-term
partnership to cope with the lack of power in the wholesale
market. This will provide an incentive for microgrids with higher
generation costs to participate in the market and establish long-
term partnerships to address the lack of power in the wholesale
market and help achieve carbon reduction targets.

4.3 The influence of load changes on
different cost microgrid bids

The clearing scheme and profit of microgrids are influenced by
the cost of generation. Take the next day’s electricity consumption low
time t1 = [3:00,4:00] and peak time t2 = [21:00,22:00], whose load
demand is 8294kW and 9486kW respectively, and the power range
declared by each microgrid is the same (see Figure 5 at the red shaded
mark). Since t1 and t2 are nighttime, so MG2 does not participate in
the market bidding. From Figure 7, we can see that the clearing power
price of MG is 0.097$/kW and MG3 is 0.110$/kWh in both t1 and
t2 scenarios, and the winning power and profit of MG1 and MG3 are
shown in Figure 8, which shows that.

(1) From the fact that MG1 has the same winning power and
profit in both scenarios t1, t2, it is clear that its optimal
clearing scenario is not affected by load changes when the
declared power range and cost of the microgrid are constant.
In the two scenarios of t1 and t2, the pay-out tariff of MG1 is at a
lower level because of its lower generation cost. In the case of the
market, competition leads to the fact that MG3 is always unable to
raise its price and to ensure the profit of MG3 makes the winning
power of MG3 smaller than that of MGI. It is obvious from
Figure 8 that MG1 with its low generation cost has a clear advantage
in the power market and can achieve maximum profit itself.

(@)
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4.4 The influence of different declared
power on micro network bidding

The generation costs of MG1 and MG2 are the same, but
their declared power ranges vary with time. Take the
scenarios [6:00,7:00] and [7:00,8:00] in Figure 4, where the
load demand does not change much, as t3 and t4, respectively,
and their load demands are 8,578 kW and 8,585 kW,
respectively. The declared power ranges of MGI1 are
600-800 kW and MG2 are 100-400 kW (see Figure 5 at the
blue shaded mark). The declared power range of MG1 is
600-800 kW and the declared power range of MG2 is
100-400 kW (see Figure 5 at the blue shaded mark). From
Figure 7, it can be seen that the clearing tariffs for MG1 and
MG3 in t3 and t4 scenarios are 0.096$/kW and 0.06$/kWh,
respectively. The clearing tariffs and profits for MGI and
MG?2 at t3 and t4 are shown in Figure 9.

The changes in load demand in scenarios t3 and t4 are small,
and the calculated microgrid clearing scheme is approximately
the same with the same cost and declared power range, which
shows that the algorithm used in this paper has good calculation
performance and can guarantee the accuracy of the calculation
results.

From Figure 9, it can be seen that the winning bids of
MG1 and MG2 with the same cost but different declared
power ranges are in line with the law of “capacity-based
allocation”. In this scenario, the declared power range of
MG?2 is lower, and the final price of its electricity clearance
is lower than that of MG1 as shown in Eq. 6, which ultimately
leads to its low profit because the internal configuration of
MG2’s photovoltaic power generation equipment is limited in
the morning when the solar energy resources are insufficient,
which leads to its insufficient allocation of carbon quotas and
ultimately makes the declared power range of MG2 unable to
make more profit. Therefore, the microgrid should optimize
itself and declare a reasonable power interval to maximize its
profit.

5 Conclusion

The day-ahead power bidding problem for a regional
distribution market with multiple micro-networks is solved in
this paper using a bilevel programming approach. The upper-
level planning aims to reduce the cost of the distribution system
operator, and the bottom-level planning aims to maximize the
revenue of the micro-networks. This helps to identify the best
clearing strategy for the micro-networks and the best dispatching
scheme for the distribution system operator. The simulation’s
findings support this.

(1) The algorithm used in this paper has good computational
performance and can ensure that the system can optimize the
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interests of each power seller and distribution system
operator on the basis of economy and safety.
2

~—

The generation cost and declared power range of the
microgrid affect the final clearing result, and the
microgrid with a low generation cost and reasonable
declared power range has certain advantages in the
market.

(3) Under certain conditions, DSO can benefit microgrids
with higher generation costs to address the scarcity of
power in wholesale markets and help achieve carbon

reduction targets.

This paper assumes that each microgrid can accurately
predict the next day’s generation interval, but in actual
operation, distribution system operators should consider the
situation that clean power generation is affected by weather,
resulting in the actual generation capacity being different from
the interval scheduling plan made before the day, and optimize
the market trading rules to ensure the safe and stable operation of
the regional distribution system (Fang et al., 2020).
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