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Abstract: To optimize energy structure and efficiently utilize renewable energy sources, it is necessary
to establish a new electrical power—gas mutual transformation virtual power plant that has low-
carbon benefits. To promote the economic and low-carbon operation of a virtual power plant and
reduce uncertainty regarding the use of new energy, a multi-timescale (day-ahead to intraday)
optimal scheduling model is proposed. First, a basic model of a new interconnected power—gas
virtual power plant (power-to-gas demand response virtual power plant, PD-VPP) was established
with P2G and comprehensive demand response as the main body. Second, in response to the high
volatility of new energy, a day-ahead to intraday multi-timescale collaborative operation optimization
model is proposed. In the day-ahead optimization period, the next day’s internal electricity price is
formulated, and the price-based demand response load is regulated in advance so as to ensure profit
maximization for the virtual power plant. Based on the results of day-ahead modeling, intraday
optimization was performed on the output of each distributed unit, considering the cost of the carbon
emission reductions to achieve low-carbon economic dispatch with minimal operating costs. Finally,
several operation scenarios are established for a simulation case analysis. The validity of the proposed
model was verified via comparison.

Keywords: virtual power plant; power-to-gas transformation; demand response; multi-timescale

1. Introduction
1.1. Background and Motivation

In recent years, due to the advancement of human civilization and socio-economic
development, climatic and environmental concerns have grown. The commitment to
achieving “carbon peak” by 2030 and “carbon neutrality” by 2060, made by China at the
75th Session of the United Nations General Assembly in September 2020, is a solemn
pledge. This significant strategic decision highlights China’s firm belief in pursuing a
path of green and low-carbon development, and it also highlights that there are new
challenges in China’s energy transformation. In January 2022, the National Development
and Reform Commission and the National Energy Administration of China issued relevant
policies to vigorously promote carbon emission reductions in the energy sector, adapting
to the demands of the green and low-carbon energy transformation [1] and implementing
specific action plans to reach carbon emission reduction targets. The energy industry
accounts for 88% of China’s total carbon dioxide emissions, with the carbon emissions of
the power industry exceeding 40% of the total emissions of this sector [2]. Clearly, in the
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context of carbon peak and carbon neutrality, it is vital to promote carbon reductions in the
energy field, especially in the electric power sector. It is essential to incorporate a “carbon
perspective” into the power industry and promote a low-carbon transformation to reach
low-carbon emission reduction targets.

Distributed clean energy has the advantages of being environmentally friendly, flexi-
ble, efficient, economical, and energy-saving. It is central to the structure of carbon peaking
and carbon neutrality targets. Since the 14th Five-Year Plan, the installed capacity of wind
and photovoltaic power in China has grown at an average annual rate of over 100 million
kilowatts, signifying a rapid leap forward in growth. By the end of December 2023, the in-
stalled capacity of wind and photovoltaic power in China had reached 440 million kilowatts
and 610 million kilowatts, respectively [3]. These figures are expected to exceed 1.2 billion
kilowatts by 2030 [4]. However, distributed new energy is characterized by significant
randomness and volatility, and its continued integration into the electricity mix will mean
that the grid will have to bear significant pressure in terms of safe consumption. Low
new-energy consumption rates, insufficient coordination between various power sources,
and mismatched peak and valley periods between source and load are significant barriers
to achieving carbon peak and carbon neutrality goals and constructing new power systems.

Relying on smart technology, a virtual power plant (VPP) efficiently integrates dis-
tributed energy, energy storage, and loads from different regions to form a stable and
controllable management system [5] that can mitigate the randomness and volatility of
clean energy to the greatest extent, providing effective solutions to the above problems.

1.2. Literature Review

The existing research mostly focuses on maximizing the economic benefits of VPPs [6].
Ref. [7] considers both investment and operational costs, aiming to maximize the net
present value of a project and establish a two-stage optimization model, with the first stage
focusing on investment decisions and the second on operational decisions. Ref. [8] designed
an optimization strategy with the goal of minimizing the operation costs of a multi-energy
VPP. Ref. [9] proposed an optimization scheme with the objective of maximizing revenue.
Building on a traditional VPP, Ref. [10] proposed the concept of a federated power plant
for peer-to-peer (P2P) energy trading. It simultaneously participates in both the energy
and ancillary service markets, establishing an economic dispatch model. However, fewer
scholars have studied the significant role of VPPs in relation to achieving carbon emission
reduction goals. Ref. [11] proposed a multi-objective optimization model with the objectives
of maximizing operational revenue and minimizing carbon emissions. Ref. [12] used a
fixed-price carbon fee per unit and considered it to be within the operating costs. However,
the above considerations for the low-carbon operation of VPPs are relatively simple, with
too much simplification of the carbon market and less stringent carbon emission constraints.
Based on prior work, the authors of [13] designed an incentive-based tiered carbon pricing
mechanism that is different from traditional carbon pricing strategies. Ref. [14] proposed a
low-carbon operation mode for a VPP based on emission arbitrage. Ref. [15] used a stepped
carbon trading mechanism, which is synergistically dispatched with green certificates to
further reduce carbon emissions.

P2G technology has important theoretical significance and practical value in terms of
guiding distributed energy grid integration and strengthening carbon emission reduction
efforts. Ref. [16] provides a detailed introduction to the principles of P2G technology.
Ref. [17] evaluates its economic feasibility for application. P2G technology can increase the
consumption of new energy [18] and effectively reduce carbon emissions [19]. Ref. [20]
integrated power to gas and a VPP into an interconnected power-gas VPP and proposed
a near-zero carbon dispatch optimization model for a VPP. Ref. [21] established a waste
incineration VPP incorporating power-to-gas and carbon capture equipment. A high
percentage of renewable energy was connected to the grid, leading to peak shaving and
thus resulting in reduced VPP costs and carbon emissions. Scholars have already carried
out research on P2G and VPPs; however, further research is still needed on the use of
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P2G with gas storage tanks (GSTs) to further realize the decoupling of power—gas—power
conversion on an appropriate timescale.

As the prediction timescale gradually decreases, the accuracy of the optimization re-
sults will gradually increase [22]. Therefore, studying a multi-timescale optimal scheduling
strategy for VPPs is of great significance for correcting the deviation between long-term
scheduling plans and short-term new energy predictions. Ref. [23] proposed a multi-
timescale optimal scheduling strategy for a VPP based on clustering methods, involving
day-ahead planning and real-time operation. Ref. [24] established a multi-timescale eco-
nomic low-carbon scheduling model for VPPs, taking the day-ahead scheduling results as
the planned output and energy flow of the intraday scheduling. Ref. [25] considered VPP
security constraints and proposed a multi-timescale rolling optimal scheduling framework
that spans intra-week, intraday, and real-time scheduling. Existing studies usually adopt
demand response on a certain timescale; however, it is necessary to adopt comprehensive
demand-response-coordinated operation on multiple timescales to continuously correct
prediction errors and improve the utilization of new energy.

In summary, the research achievements in the field of VPPs accomplished by our
predecessors are significant. However, the low-carbon energy transformation and the inten-
sification of source-load fluctuations have placed greater demands on optimal scheduling
for VPPs. There are still some shortcomings in the existing research. The aforementioned
literature highlights that improvements are required regarding the effective integration of
market mechanisms and technical means. This study implements a tiered carbon trading
mechanism and incorporates electrical energy mutual conversion units to facilitate the
temporal decoupling of the electricity—gas—electricity process, aiming to enhance carbon
emission reductions. Furthermore, the aforementioned studies usually only refine the
timescale to correct source-load prediction errors. In this paper, a more refined comprehen-
sive demand response method is proposed for the design of multi-timescale coordinated
scheduling frameworks that mitigates electricity fluctuations as much as possible across
multiple timescales.

1.3. Contributions

Based on the limitations of former research, we consider a stepped carbon trad-
ing mechanism, introduce P2G devices, and construct a day-ahead to intraday multi-
timescale collaborative operation optimization model. The main innovations of this study
are as follows.

e A P2G-DR-VPP (PD-VPP) system framework is established that contains power—
gas mutual transformation and comprehensive demand response. Compared to
traditional VPPs, the novel VPP proposed in this paper places greater emphasis on the
collaborative optimization among various units.

e A day-ahead optimization scheduling model is established with the objective of max-
imizing PD-VPP profits. This model formulates the next-day price curve for the
PD-VPP and obtains the adjusted load curve after day-ahead scheduling.

e Anintraday rolling optimization scheduling model is established with the objective
of minimizing PD-VPP operating costs based on the day-ahead optimization results.
We conduct multi-timescale rolling optimizations to devise a more accurate optimal
output plan for PD-VPPs.

The rest of the paper is organized as follows. Section 2 outlines the design of an
operational framework of a PD-VPP. Then, the basic model of a PD-VPP and carbon
reduction cost model is discussed in Section 3. Section 4 describes the construction of
a day-ahead to intraday multi-timescale collaborative operation optimization model for
PD-VPPs. Then, the rationality and effectiveness of the proposed model are demonstrated
through simulation examples presented in Section 5. Finally, Section 6 concludes this study.
The research framework used in this study is shown in Figure 1.
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Figure 1. The research framework used in this study.
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2. PD-VPP Operational Framework
2.1. PD-VPP System Architecture

The rapid development of distributed renewable energy, especially rooftop photo-
voltaics, poses a huge challenge to the regulation capacity of power systems due to uncer-
tainty in terms of power generation. In response to this issue, we propose the introduction
of P2G equipment and demand-response mechanisms based on the traditional VPP archi-
tecture, integrating them into a PD-VPP. The system architecture is shown in Figure 2.
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Figure 2. PD-VPP system architecture.

According to Figure 2, the PD-VPP architecture presented in this article contains
four main units: energy production units, power-gas mutual transformation units, energy
storage units, and energy-using units. The energy production units of the PD-VPP are
composed of distributed wind power plants (WPP), distributed photovoltaic generators
(PV), and the upper power grid. The power-gas mutual transformation units are composed
of power-to-gas (P2G) equipment, gas storage tanks (GSTs), and micro-conventional gas
turbines (MTs). Through power-gas—power conversion and wind and solar energy waste,
the carbon emissions of a VPP can be reduced. Energy storage (ES) is used to suppress
power fluctuations in the VPP. The energy-using units include electrical load and com-
prehensive demand response. Comprehensive demand response can be further divided
into price-based demand response (PBDR) and incentive-based demand response (IBDR),
respectively, guiding users to change their power consumption behaviors in the day-ahead
and intraday periods. PD-VPPs can participate in the electricity market, natural gas market,
and carbon market.

2.2. Day-Ahead to Intraday Multi-Timescale Collaborative Scheduling Architecture

To reduce the uncertainty caused by the deviations in wind and solar power output be-
tween day-ahead and intraday periods, day-ahead to intraday multi-timescale collaborative
optimization scheduling considering a stepped carbon trading mechanism is proposed, en-
abling more flexible interaction among sources, grids, loads, and storage. The collaborative
optimization scheduling architecture is shown in Figure 3.
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Figure 3. A day-ahead to intraday multi-timescale collaborative optimization scheduling architecture
considering a stepped carbon trading mechanism.

In the day-ahead period, optimization is mainly performed on the user’s side. Demand-
side response is controlled by guiding PBDR users to adjust their consumption behaviors
based on real-time price signals in the VPP so as to realize friendly interactions between
users and distributed clean power sources. Thus, the goal of day-ahead optimization is
to maximize the profits of the VPP. It mainly considers the day-ahead forecast curves of
distributed wind and photovoltaic power combined with real-time wholesale electricity
prices in the electricity to formulate the VPP inner electricity price curve for the next day
and predict the load curve adjusted by demand-side PBDR.

In the intraday period, the MTs, P2G equipment, IBDR, and distributed ES are opti-
mized, mainly according to the forecast values of ultra-short-term wind and photovoltaic
power. The VPP dispatch center optimally allocates the output of each distributed unit
based on the load profile adjusted after the day-ahead PBDR, factoring in the cost of carbon
emission reductions, with the goal of minimizing the operating costs. The MTs act as a
real-time regulator. P2G equipment can increase coupling between multiple energy sources.
P2G equipment can realize CO, purchases from the carbon market or CO, absorption from
the MTs and then convert surplus clean electricity power into natural gas. When the natural
gas is supplied to the MTs for power generation, the power-gas—power cycling process
is complete. This can not only reduce CO, emissions but also lower the operating costs
of the VPP. IBDR can respond to intraday demands, contributing to positive source-load
interactions. The distributed ES can suppress power fluctuations in the PD-VPP.

3. Basic PD-VPP Model and Carbon Reduction Cost Model
3.1. VPP Basic Model
3.1.1. Power-Gas Mutual Transformation Model

P2G equipment converts abandoned wind and photovoltaic energy into natural gas.
Paired with GSTs, natural gas can be transferred during time periods and optimized in
collaboration with the MTs, achieving mutual conversion between power and natural gas
and decoupling them in time, enhancing the scheduling flexibility. The chemical principle
of P2G is shown in Formulas (1) and (2), indicating that the P2G process helps VPPs achieve
carbon emission reductions, as the HyO consumed via electrolysis is equal to that generated
via methanation, and only CO; is consumed.

electrolyze

2H,O —° 2H, +0, (1)

1
CO, + 4H, ™ cH, + 2H,0 @)
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The principle of the power—gas mutual transformation model is shown in Figure 4.
After the P2G process, the abandoned wind and photovoltaic energy and CO; are converted
into natural gas, which can be supplied to the MTs for power generation, sold to the natural
gas market, or temporarily stored in GSTs. Natural gas in the GSTs can be supplied to the
MTs for power generation or sold to the natural gas market at appropriate times.

P2G PROCESSING

Oz[ leo CO2
NATURAL
WATER CHa
ELECTROLYSIS METHU/?Q'#T'ON GAS
UNIT SYSTEM
GAS CHa4
STORAGE CHa
DEVICE
MT CHa4

Figure 4. The principle of the power-gas mutual transformation model.

The specific mathematical model of P2G is as follows:

3.6 2 P
Gpogt = % 3)
8
GST MT MT
Ppag, = amrHyg (Gng,t + GGST,t) (4)
Cng,t = 'YngﬁCOz Gng,t )

In this formula, Gy + is the amount of CHy produced; Ppaq ¢ is the conversion of electric
power at time t; a5, and apr are, respectively, the power-to-gas conversion efficiency and

gas-to-power conversion efficiency; P;?zsgt

of the MTs; G;\g,t and Gé/git are, respectively, the CH; amount directly converted from
P2G and from the GSTs; Cjpg + is the operation cost of P2G at time ¢; and 2, and o, are,
respectively, the conversion coefficient and price coefficient of CO,.

The specific mathematical model of the GSTs is as follows:

is the gas—electric conversion electricity amount

t
GST _ ~MT CH4
Gestt = Gastry + ) (Gp2g,i — GGs,i — GGST,i) (6)
i=1

In this formula, Ggsr,1, and Ggsr,+ are, respectively, the amount of CHy stored at the
initial time and time ¢; and G?ZSgT ; and Gggf* ; are, respectively, the amount of CHy stored in
P2G and GSTs sold to the natural gas market.

The specific mathematical model of the MTs is as follows:

Cmr, = amrPiyr; + bmr Pyt + cur @)

In this formula, Py, is the output power of the MTs at time ¢, and apr, by,
and cr are the cost coefficients of the MT operation.
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3.1.2. Comprehensive Demand Response Model

The comprehensive demand-response model combines a day-ahead PBDR (price-based
demand response) model and an intraday IBDR (incentive-based demand response) model.

The PBDR is mainly based on electric vehicles. By changing electricity prices and
guiding electric vehicle users to actively change their charging behavior, it can have a
positive impact on the scheduling of the VPP. The PBDR model is usually established using
the demand price elasticity matrix, and the formula is as follows:

APload [ Ac;\ 7!
M;j = (8)

0 T
Pl. Cj

In this formula, APiload is the amount of change in customer electricity demand; P} is
the user’s raw electricity demand; c; is initial electricity price; and Ac; is the amount of
change in electricity prices. The i and j represent the time period. When i = j, M;; is the
coefficient of inelasticity. Usually, M;; < 0, which means, in this period, AP and Ac are
negatively correlated. When i # j, M;; is the coefficient of cross-elasticity. Usually, M;; > 0,
which means the AP'* and Ac of one time period is positively correlated or uncorrelated
with other periods. If we take 1 day as a dispatch cycle and divide it into 24 time slots by
an hour, the PBDR model can be presented as follows [26]:

Acq
pi) .0 E

Pug=Pl+ |t o i [M| T 9)
0 --- pg4 @

€24

In this formula, P, ; is the load after PBDR regulation.

The IBDR model is mainly based on translational loads, such as small industrial loads.
They respond to PD-VPP scheduling according to a pre-existing contract and receive certain
economic incentives. The mathematical model is as follows:

I
AP/PPR = 3" APPR (10)
1

i=

In this formula, AP/BPR and AP,E'tR are, respectively, the total response volume of IBDR
at time t and i response volume of the IBDR load.

3.1.3. Other Polymerization Unit Models

(1) Modeling of energy production units
Distributed WPP and PV output has strong uncertainty. Its power generation output
models are as follows [27]:

OIOSUtSUiH

Ot — Uip
——————Pwpp,r, Vin < 0t < Upgted
PWPP,t = < Urated — Uin (11)
Pwpp,R, Vrated < Ut < Uout
0, vt > Vout
Ppy + = Spvi1pviinotabs (1 — M10ss) Rpv ¢ (12)

In these formulae, Pypp; and Ppy are, respectively, the WPP and PV output at
time t; v¢, Uiy, Vout, and v,y are, respectively, natural wind speed, cut-in wind speed,
cut-out wind speed, and rated wind speed; and Pypp R is the rated generating power of
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the WPP. Spy is the photovoltaic panel area; #py, #in,, and 7,y are photovoltaic power
generation efficiency; 775,55 is PV loss; and Rpy ; is the intensity of light radiation at time .

In order to improve the clean energy consumption rate, the cost of wind and photo-
voltaic abandonment penalties is taken into account in this study, and the formula is as
follows [28]:

Cwrp,t = X1Pewpp (13)
Cpv,i = x2Pepv i (14)

In this formula, Cyypp and Cpy ; are, respectively, the cost of wind and photovoltaic
abandonment at time ¢; 1 and x> are, respectively, the cost factor of wind and photovoltaic
abandonment; and P.wpp; and P.py ; are, respectively, the power of wind and photovoltaic
abandonment at time t.

(2) Modeling of ES

S, 7}7CPES,[, P <0

ES
Si1— %/ Prsy >0

In this formula, S; is the power storage at time ¢t; 77 and #; are, respectively, the efficiency
of charging and discharging. Prg ; is the power of charging and discharging. Prs; < 0 means
ES charging, and Prs; > 0 means ES discharging. Sgg is the rated capacity of electrical
energy storage.

The cost model of the ES system is formulated as follows [29]:

Ces,t = PEs| PEs ¢ (16)
In this formula, prs is the unit operating cost factor for ES units. In this article, ppg = 0.001.

3.2. Carbon Reduction Cost Model under the Stepped Carbon Trading Mechanism

The PD-VPP uses the stepped carbon trading mechanism to enter the carbon market.
The government allocates initial carbon allowances to a VPP based on carbon emission
sources [30]. In the actual operation process, the VPP develops low-carbon strategies
and participates in the carbon market based on actual carbon emissions, with the goal
of minimizing the cost of carbon emission reductions. If the actual carbon emissions are
higher than the initial carbon allowances, then carbon allowances need to be purchased on
the carbon market. Conversely, carbon allowances can be sold in the carbon market.

3.2.1. Carbon Allowance Model

Carbon emission allowances are mainly allocated free of charge, controlled by the
government, and determined by historical intensity or baseline methods, in order to
decrease the total amount year on year. The baseline method is more widely used because
it is relatively fairer and more scientific. Based on this, the baseline method is chosen for
the allocation of carbon emission allowances in this study. Carbon emission sources in
VPPs include MTs and purchased electricity. Assuming that the purchased electricity is
generated by coal-fired units, the carbon quota model is established as follows:

T
ES;r = omt 21 Pyt
t=
I 17
E[gmy = Obuy Zl Phuy,t A7)
=

E%PP = E;VIT + Elemy

In this formula, E§r, Ej, W and EY,pp are, respectively, the carbon allowances of the
MTs, purchased electricity, and the PD-VPP; oy and Opuy are, respectively, the carbon
allowance allocation factor of the MTs and purchased electricity; and Py, ; is the power of

purchased electricity at time ¢.
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3.2.2. Actual Carbon Emission Model

P2G can absorb part of the carbon emissions from VPPs; therefore, the actual carbon
emissions model is established as follows:

T
Epr = wmr X Pyt
=1

T
Ebuy = wbuytgl Pbuy,t (18)

T
Epog = prgEl Pyog,t

Evpp = EmT + Epuy — Epog

In this formula, Eyt, Epyy, and Eypp are, respectively, the actual carbon emissions
of the MTs, purchased electricity, and the PD-VPP; E , is the carbon emissions absorbed
by P2G; wymr and wy,, are, respectively, the carbon emission intensity of the MTs and
purchased electricity; and wyyg is the CO, conversion factor in the P2G process.

3.2.3. Carbon Emission Reduction Cost Model

Based on the carbon allowance model and the actual carbon emission model, the
carbon emission right trading amount when participating in the carbon market can be
obtained as follows:

E = Eypp — Eypp (19)

In order to achieve a better carbon emission reduction effect, it is assumed that the PD-
VPP participates in the carbon market by adopting a stepped carbon trading mechanism,
i.e., the carbon emissions are divided into several intervals, and when the carbon emissions
are increased to new intervals, the cost of carbon emission reduction also increases in a
stepped manner. The expression for stepped carbon emission reduction cost is given below:

pco,E,E<L
pco,(1+ ¢)(E—L)+pco,E,L < E<2L
Cco, = pco,(1+2¢)(E—2L) + (2+ ¢)oco,E, 2L < E < 3L (20)

pco,(1+3¢)(E—3L) + (3+3¢)pco,E, 3L < E < 4L
pco, (1 +4¢)(E —4L) + (44 6¢)pco,E, E > 4L

In this formula, pcy, is the carbon trading benchmark price, ¢ is the price growth rate,
and L is the length of the carbon emission interval.

4. Day-Ahead to Intraday Multi-Timescale Collaborative Operation
Optimization Model

4.1. Day-Ahead Scheduling Optimization

(1) Objective function

In day-ahead scheduling optimization, it is necessary to first set the real-time electricity
price within the PD-VPP and then guide the load of PBDR users to shave the peaks and fill
the valleys so as to realize the “load following source movement.” At this point, it needs
to be assumed that flexibility resources such as MTs, distributed ES equipment, and P2G
equipment do not participate in the regulation of day-ahead optimization. In other words,
the supply side consists only of distributed WPP, PV, and purchased electricity from the
external grid. Therefore, in day-ahead optimization, the carbon emission reduction cost
is taken into account. Aiming to maximize the total profit of the PD-VPDP, the objective
function is set as follows:

24
Wypp = max ( <Z (Pioad + Aptload) pvppt — Phuy,thuy,t) - CCOz) (21)
t=1
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In this formula, P/°* and AP/°* are, respectively, the pre-adjustment load and PBDR
variable load at time £; and pypp+ and py,,,+ are, respectively, the internal elastic electricity
price for VPPs and time-of-use electricity price of purchased electricity from the external
grid at time t.

(2) Constraint condition

Since day-ahead optimization mainly optimizes the internal electricity price for the
VPP and performs demand-side response, it needs to satisfy the internal electricity price
constraints and the PBDR load constraints. The formulae are as follows:

prVn};qP,t < pvpp,t < perIl’JZC’,t (22)
24
Y APf"d =0 (23)
t=1

In this formula, p%fp/  1s the lower limit of the VPP internal electricity price, and py/pp , is

the upper limit of the VPP internal electricity price. The purpose of formulating internal
electricity price constraints is to ensure that the internal electricity price for VPPs is always
within a reasonable range.

4.2. Intraday Rolling Optimization

(1) Objective function

In intraday rolling optimization, we should balance economic and low carbon out-
comes. Based on day-ahead optimization results, comprehensive decisions on MTs, dis-
tributed ES, P2G unit outputs, IBDR changes, and purchased electricity should be made.
Taking carbon emission reductions into consideration, the total operation cost of the PD-
VPP should be minimized. The formula is as follows:

24
Cypp = min ( Y (Cwrp, + Cpvt + Curt + Crs + Cpogr + Pbuy,tpbuy,t) + CCOZ> (24)
i=1

(2) Constraint condition

(i) Power supply and demand balance constraints

Considering the large volatility of rooftop photovoltaic output, in order to reduce
the pressure of higher-level grid regulation, this study only considers the purchase of
electricity from the higher-level grid and does not consider the sale of electricity to the
higher-level grid.

Pwppt+ Ppvt+ Pest + Pypy + Pﬁégﬂ + ngc;TT,t + Pyuy,t = Pprp + AP/BPR £ Poor  (25)

T

In this formula, P%gt and PML.  are, respectively, the electricity generated by an MTs

’

fueled by natural gas from P2G and GSTs at time ¢.
(if) P2G and GST operation constraints

rated
0 S Gng,t < Gng
ngg S Pp2g,t S Pglzagx (26)
GGst < Gest < GEst

In this formula, G;’%d is the rated gas production of P2G; Pr’jé”g" and Pr’gl; are the upper

and lower limits of P2G converted power; and G/%4% and G%i%. are the upper and lower
limits of the GSTs.

(iif) MT operation constraints

max

pitin < Pyt < PyT o7
APML <D P < AP 27)
MT = “MT,t MTt-1 = MT
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In this formula, P}{7 and PAH% are the maximum and minimum output of the MTs,

and AP and APH% are the upper and lower climbing limit of the MTs.
(iv) IBDR constraints

IBDR IBDR IBDR
APIBDR < APIBDR < ApIBL

min
% PtIBDR =0 (28)
t=1

In this formula, APIBPR and AP%E R are the maximum and minimum translatable
quantity of IBDR.
(v) ES constraints
PPd" < Ppsy < PR
So = So4 (29)
Smin < St < Smax

In this formula, P24" and P4* are the maximum of ES charging and discharging,
and Sy and S, are the maximum and minimum state of charge of the ES.

5. Example Analysis
5.1. Example Description

To verify the suitability of the proposed day-ahead to intraday multi-timescale co-
optimization during the operation of a new interconnected power-gas PD-VPDP, an arith-
metic example is set up for validation, and the YALMIP/CPLEX solver is used in MATLAB
R2018b for simulation. Taking 24 h as one dispatch cycle, the forecast values of day-ahead
and intraday new energy and day-ahead loads are shown in Figure 5. Due to forecasting er-
rors, there is a difference between day-ahead and intraday forecasts of new energy sources.
The external hourly electricity and natural gas prices are shown in Table 1.

—&— Day-ahead forecasts for WPP

—#— Day-ahead forecasts for PV

200 + Day-ahead forecasts for Load

= -Intraday forecasts for WPP

=0 -Intraday forecasts for PV, a

150

100

Power (MW)

50

8 12 16 20 24
Time Ch)

Figure 5. The forecast values of day-ahead and intraday new energy and day-ahead loads.

Table 1. The external hourly electricity and natural gas prices.

Type Time Interval Electricity Price/CNY
01:00-07:00, 23:00-24:00 0.261
Hourly electricity price 08:00-12:00, 18:00-21:00 1.08
13:00-17:00, 22:00-23:00 0.51

Natural gas price 00:00-24:00 2
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The carbon trading benchmark price is CNY 250/t. The carbon emission allowances
for coal-fired units and gas-fired units are 0.798 t/MW and 0.385 t/ MW, respectively [30].
The price growth rate is ¢ = 25%. In the P2G process, the CO, conversion coefficient is
1.02 [28]. Taking 72, = 0.2 t/MWh, the conversion price is CNY 12.5/MWh. The cost
coefficients of wind and photovoltaic abandonment are all CNY 780/MW [28]. The power—
gas mutual transformation unit and energy storage unit equipment and related data are
shown in Table Al.

To validate the effectiveness of the day-ahead to intraday multi-timescale collaborative
operation optimization model and power—gas mutual transformation model, four plans
were stablished for comparative analysis. The specific plans are shown in Table 2.

Table 2. Explanation of different plans.

Plan Day-Ahe'ad .Sch.edullng PBDR Intra(%ay' Ro!hng P2G
Optimization Optimization
1 Vv X X X
2 v X X Vv
3 v v v x
4 v v v v

Plan 1 is a traditional day-ahead scheduling optimization model of a VPP without
PBDR, intraday rolling optimization, and P2G. Plan 2 is a power—gas mutual transfor-
mation day-ahead scheduling optimization model of a VPP without PBDR and intraday
rolling optimization. Plan 3 is a traditional VPP model with day-ahead to intraday multi-
timescale collaborative operation optimization without P2G. Plan 4 is a power—-gas mu-
tual transformation VPP model with day-ahead to intraday multi-timescale collaborative
operation optimization.

5.2. Analysis of Dispatch Results
5.2.1. Analysis of the Optimization Results of the Optimal Scheduling Plan

This section provides a specific in-depth analysis of the optimal scheduling plan for
Plan 4.

(1) Day-ahead dispatch results analysis

In the day-ahead period, we regulate the internal electricity price of the VPP to
guide electric vehicle users to self-initiate electricity load adjustment. Figure 6 illustrates
the electricity price versus load power for the PD-VPP before and after the day-ahead
scheduling optimization for Plan 4. From Figure 5, we can see that prior to regulation,
time-of-use electricity prices were used in higher-level grids when selling electricity to
customers. The curve of electricity consumption shows a clear “double peak” trend; that
is, in the morning and evening, the electricity consumption peaks, but at midday, there is
a low-consumption period, and wind and photovoltaic power is severely underused. In
essence, users have a certain degree of adjustment flexibility. By setting appropriate internal
electricity prices, users can be guided to change their electricity consumption behavior,
allowing them to use more electricity when the internal electricity price is low and less
electricity when the internal electricity price is high, achieving “peak shaving and valley
filling” effects. Therefore, the internal electricity prices of the PD-VPP are increased from
10:00 a.m. to 11:00 a.m. and from 19:00 p.m. to 21:00 p.m. to reduce electricity consumption
during these periods. The internal electricity prices are reduced from 12:00 to 15:00, and
the use of more electricity during midday hours is encouraged, resulting in the greater
use of clean energy (mainly distributed photovoltaics) on-site, achieving “load following
source movement.”



Energies 2024, 17, 3805

14 of 19

250 2000
—& - Initial load
—=— Load after day-ahead regulation
External electricity price
—e— Internal electricity price
200
1500 =
=
= 150 - F
=
%/ 1000 =
2 2
a 100 - §
=
Q
=2
500 M|
50 |
0 ] ] ] 1 1 0
0 4 8 12 16 20 24

Time(h)

Figure 6. The electricity price versus load power before and after day-ahead scheduling optimization—
Plan 4.

(2) Intraday dispatch results analysis

Based on the day-ahead optimized load profiles and the intraday ultrashort-term
wind and photovoltaic output forecasts, the optimal scheduling plan for each unit of the
PD-VPP is decided on an intraday basis, considering the cost of stepped carbon emission
reductions. Figure 7 is the intraday optimal scheduling plan of the PD-VPP in Plan 4. It can
be seen that after optimization, the intraday IBDR further exerts the effect of shifting peaks
and filling valleys, shifting part of the load from 18:00-21:00 to 12:00-14:00, which allows
for the increased utilization of clean energy in the midday period, reduces the amount
of purchased power in the evening, and reduces the operating cost of the PD-VPP. From
12:00 to 14:00, the distributed PV output is too high and there is a surplus of electricity,
which is converted by P2G equipment, consuming the CO, produced by the PD-VPP and
reducing the cost of wind and photovoltaic abandonment and carbon emission reduction.
ES is mainly used to adjust the fluctuation in electric energy, and it can also reduce carbon
emissions. When the hourly electricity price of the external power market is lower than
the operating cost of the combustion turbine (23:00-7:00) or when the combustion turbine
reaches the output ceiling (18:00-23:00), the PD-VPP will choose to purchase power from
the upper grid to maintain a power balance.

P2G, when used in conjunction with GSTs, can realize the decoupling of power—
gas—power mutual transformation on a certain timescale, and the abandoned wind and
photovoltaic energy can be converted to natural gas and then converted to power again
during power shortages in PD-VPPs. Figure 8 shows the operation of P2G and the GSTs
in Plan 4. From Figure 8a, we can know that during the 12:00-14:00 PV ramp-up period,
P2G converts 14.23 MW of abandoned wind and solar energy into 788.34 m3 of natural
gas, which is stored in the GSTs due to the fact that there is a sufficient supply of generated
electricity. From Figure 8b, we can see that during 17:00-23:00, when the output of the
new energy units is significantly reduced and the power supply is insufficient, the GSTs
supplied all of the natural gas to the MTs, providing power to the load side and saving
fuel costs by reducing the amount of purchased natural gas. The remaining volume of
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natural gas required by the MTs is purchased from the natural gas market, in addition to
that provided by the GSTs.

—e - Load after day-ahead regulation
Load after IBDR
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Figure 7. Intraday optimal scheduling plan for PD-VPPs in Plan 4.
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(a) P2G gas flow direction (b) GST gas flow direction

Figure 8. Operation of P2G and GSTs in Plan 4: (a) P2G gas flow direction; (b) GST gas flow direction.

5.2.2. Comparison of Economic Low-Carbon Optimization Results for Each Plan

This section provides an in-depth analysis of the economics and low-carbon nature of
the optimized dispatch results for the four plans.

(1) Comparative analysis of economic aspects

Table 3 compares the economic dispatch results of the four plans. From Table 3, we
can see that compared to Plan 1, with the addition of P2G, the profit under Plan 2 improved
by 2.01% and the running costs were reduced by 2.92%. First, because P2G consumes aban-
doned wind and photovoltaic energy, it can increase the profit from electricity sales while
reducing the penalty costs of abandoned wind and photovoltaic input. Second, because this
process consumes CO», it can reduce the cost of carbon emission reductions. Third, because
this process realizes the decoupling of power-gas mutual transformations over time, the
period of gas—electricity mutual transformation in the PD-VPP can be flexibly selected
according to its own demand, reducing the cost of MT gas purchases. Compared to Plan 1,
Plan 3 featured an additional day-ahead to intraday multi-timescale collaborative operation
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optimization process. By setting internal electricity prices in advance and adjusting the
PBDR load of electric vehicles, the curve became more flexible, resulting in a 2.97% increase
in profits. During the intraday period, scheduling plans continue to be developed based
on ultrashort-term forecasts to better match the actual output of wind and photovoltaics,
with the wind and photovoltaic utilization rate reaching 98.43% and the cost of wind and
photovoltaic abandonment penalties being reduced. The total operating cost of the PD-VPP
was lowered by 4.00%. This means that compared to the traditional day-ahead scheduling
optimization model of VPPs, the day-ahead to intraday multi-timescale collaborative oper-
ation optimization model can better cope with the problem of high volatility of new energy
outputs and improve PD-VPP economy. Compared to the other plans, Plan 4 leads to both
a large increase in total profits and operating cost reductions. In Plan 4, the power—gas
mutual transformation was added to the day-ahead to intraday multi-timescale collabo-
rative operation optimization model. The profit was improved by 12.14% and operating
costs were reduced by 17.52%. It can be seen that the power—gas mutual transformation
model and day-ahead to intraday multi-timescale collaborative operation optimization can
promote the optimization of interaction between units, which can effectively improve the
economic efficiency of PD-VPP.

Table 3. The economic dispatch results of the four plans.

Plan Profit/CNY 10,000 Operating Cost/CNY 10,000
1 150.22 101.88
2 153.24 98.90
3 154.68 97.80
4 168.45 84.03

(2) Comparative analysis of low-carbon results

Table 4 shows the low-carbon dispatch results of the four plans. In contrast to Plan 1,
P2G and GSTs were added to Plan 2 for power-gas mutual transformations. From Table 4,
we can see that for Plan 2, the carbon emission reduction cost is lower than that of Plans
1 and 3 due to the fact that P2G can absorb CO;, contributing to the PD-VPP in terms of
achieving carbon emission reduction goals. Moreover, the wind and photovoltaic utilization
rate is higher than that of Plans 1 and 3, meaning that P2G can maximize the conversion
of abandoned wind and photovoltaic energy and enhance the energy-saving benefits for
PD-VPPs. Compared to Plan 1, Plan 3 features the day-ahead to intraday multi-timescale
collaborative operation optimization model and the carbon emission reduction cost is
slightly decreased, proving that multi-timescale collaborative operation optimization can
increase the accuracy of the dispatch program, which in turn has some low-carbon benefits.
Compared to the other plans, the carbon emission reduction cost of Plan 4 is significantly
reduced, with the wind and photovoltaic utilization rate raised by up to 99.21%. It can be
seen that with the coordination of power—gas mutual transformations and multi-timescale
collaborative operation, the low-carbon dispatch potential of the VPP can be maximized,
realizing the low carbon scheduling of PD-VPP.

Table 4. Low-carbon dispatch results of four plans.

Plan Carbon Emission Reduction Wind and Photovoltaic
Cost/CNY 10,000 Utilization Rate/%
1 33.19 97.90
2 32.22 98.94
3 33.04 98.43
4 20.88 99.21
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6. Conclusions

In response to the high volatility of new energy outputs, a power—gas mutual trans-
formation model is introduced in this article and a multi-timescale (day-ahead to intraday)
collaborative operation optimization model is proposed, leading to the following conclusions.

(1) With P2G and GSTs, abandoned wind and photovoltaic energy can be maximally
converted to natural gas and then reconverted to electric power during power shortages.
Power—gas—power rotational transformation is decoupled on a certain timescale and the
flexibility of regulation is greatly improved, which can promote the consumption of wind
and photovoltaic power and effectively improve the economy of operation. Moreover, this
process uses CO, as a feedstock, which helps to achieve carbon emission reductions in the
PD-VPP and the early realization of the “carbon peak” target.

(2) Multi-timescale collaborative operation optimization with comprehensive demand
response can better address the uncertainty of distributed new energy. The advantages
are as follows. By day-ahead optimization, i.e., setting the internal electricity price of
the next day and adjusting the load profile, the first adjustment for power fluctuations is
made, with the aim of maximizing PD-VPP profits. Intraday optimization can lead to better
decisions regarding the optimal output program for each unit, finishing the second rolling
adjustment and correcting prediction errors. However, this also leads to the disadvantage
of an increased number of solution steps.

(3) The combination of the power—gas mutual transformation model and the multi-
timescale collaborative operation optimization model can promote flexible interactions
between units and comprehensively enhance the economic and environmental value of
virtual power plant scheduling schemes.
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Appendix A

Table Al. Power-gas mutual transformation unit and energy storage unit equipment data.

Energy Conversion

Equipment Capacity/ MW Efficiency/%
P2G 10 60
MTs 100 98
ES 5 %
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