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ABSTRACT

As new power systems and dual carbon policies develop, virtual power plant cluster (VPPC) provides another
reliable way to promote the efficient utilization of energy and solve environmental pollution problems. To solve
the coordinated optimal operation and low-carbon economic operation problem in multi-virtual power plant, a
multi-virtual power plant (VPP) electricity-carbon interaction optimal scheduling model considering integrated
demand response (IDR) is proposed. Firstly, a multi-VPP electricity-carbon interaction framework is established.
The interaction of electric energy and carbon quotas can realize energy complementarity, reduce energy waste and
promote low-carbon operation. Secondly, in order to coordinate the multiple types of energy and load in VPPC
to further achieve low-carbon operation, the IDR mechanism based on the user comprehensive satisfaction (UCS)
of electricity, heat as well as hydrogen is designed, which can effectively maintain the UCS in the cluster within
a relatively high range. Finally, the unit output scheme is formulated to minimize the total cost of VPPC and the
model is solved using the CPLEX solver. The simulation results show that the proposed method effectively promotes
the coordinated operation among multi-VPP, increases the consumption rate of renewable energy sources and the
economics of VPPC and reduces carbon emissions.

KEYWORDS
Virtual power plant cluster; carbon quota interaction; electricity interaction; integrated demand response; user
comprehensive satisfaction; coordinated optimal operation

1 Introduction

Decarbonization, especially for the power sector, is key to achieving net zero emissions as around
40% of global carbon emissions are closely linked to power generation activities. To reach the “3060”
dual carbon target, China is striving to decrease the construction and generation of coal-fired units
while expanding the development of renewable energy sources such as wind turbines (WT) and
photovoltaic (PV). Against the background of global energy shortage and severe environmental
pollution, the development of WT, PV and other new energy is of great importance to promote a
low-carbon cycle economy and increase the share of non-fossil energy consumed [1]. In recent years,
the growth of distributed energy resources especially WT and PV has been particularly rapid [2].
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However, due to its strong volatility and randomness characteristics, connecting these resources to
the power grid will result in severe consequences of abandoning WT and PV. The virtual power plant
(VPP) can solve the above problems effectively. VPP can aggregate various distributed energy sources
in different regions, such as WT, PV, energy storage systems and controllable loads, into a whole to
achieve complementarity of resources, which can promote the consumption of WT and PV and further
achieve decarbonization [3].

However, when VPP operates independently, this operation mode will still lead to insufficient
consumption of new energy, high operating costs and carbon emissions [4]. Moreover, due to the
relatively limited energy supply methods, with the increase of aggregated units, the energy supply
pressure of VPP will also increase. With the expansion of clean energy, the growing demand for
low-carbon economic operation and the development of the energy internet, the research trend
has switched from single VPP to multi-VPP. Virtual Power Plant Cluster (VPPC) is a collection
of geographically scattered VPPs, which may achieve cooperative operation and energy optimal
scheduling. It can also enhance the operating efficiency and reliability of the system. Moreover, each
member in VPPC can interact with electric energy and other forms of energy, allowing the system as
a whole to realize the complementarity and maximum utilization of resources among VPPs. Thus,
it is also conducive to energy saving and low-carbon operation of the system. The advantages of
multi-VPP joint operation compared to single VPP operation can be summarised as follows [5]: (1)
each VPP in VPPC contains distributed generations and loads with diverse characteristics. Joint
operations allow more distributed generations to be absorbed over a wider space and time range.
(2) the energy interaction of VPPC is the physical condition for the formation of VPPC and the
benefits of cooperative operation will be greater than the sum of the benefits of each VPP operating
independently, which is the economic basis for the existence of VPPC and an important means to
promote the development of VPP; (3) each member in VPPC can participate in the electric energy
and other energy interaction. Through coordinating the joint scheduling of VPPs, the utilization rate
of clean energy can be improved, the power of coal-fired units and other carbon-emitting generating
units can be reduced and the low-carbon and economic efficiency of VPPC can be improved.

In the research of multi-VPP, the existing research has achieved some achievements. In reference
[6], a multi-VPP power interaction model was proposed, in which due to the sharing of electric energy
among VPPs, the power interaction between VPP and the grid was effectively reduced. Reference
[7] put forward the collaborative scheduling method, in which the power sharing among multi-VPP
and electric demand response are considered. Reference [§] proposed a dispatch model for multi-
regional VPP electric energy and thermal energy interaction, which realized the coordination and
scheduling of VPP electric energy and thermal energy in different regions, enhancing the utilization
efficiency of renewable energy and reducing the total operating cost. Reference [9] mainly studied the
optimal scheduling of two VPPs and considered electric demand response. In view of the severity
of carbon emissions and the necessity of carbon reduction, the carbon trading mechanism was
introduced in the multi-VPP in reference [10], which effectively controlled carbon emissions while
ensuring the economical operation of the system. According to the analysis of the literature on the
optimal operation of multi-VPP, we can find that the majority of the research focuses on the impact
of the sharing of electric energy or thermal energy on multi-VPP operation. Furthermore, part of the
literature explores the impact of the carbon trading mechanism on low-carbon economic aspects of
multi-VPP. However, many studies explore energy sharing among VPPs and the binding effect of the
carbon trading mechanism on carbon emissions, but few existing studies consider the impact of carbon
quotas sharing on the scheduling of multi-VPP. The studies involving the carbon trading mechanism
without the sharing of carbon quotas are unable to maximize the economics and decarbonization,
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and fail to facilitate the utilization and complementarity of resources. Indeed, carbon quota can also
be regarded as a shared resource to take part in the scheduling of multi-VPP [11]. Similar to power
sharing among VPPs, sharing carbon quotas may help reduce the volume of carbon quotas purchased
by VPP from the carbon market. Instead, VPP can obtain carbon quotas from other VPPs with excess
carbon quotas to cover the deficit, which not only accomplishes the complementarity of resources and
maximizes carbon quotas usage, but also promotes the low-carbon and economic operation of VPPC.
As integrated energy systems and the energy internet gradually mature, the sharing of carbon quotas
will certainly be recognized as a research priority in future work. As a result, it is imperative to explore
the impact of carbon quota sharing on the scheduling of multi-VPP.

The most pressing issue of the day remains the reduction of carbon emissions. Consequently, low
carbon is still a popular and significant topic. In the study of the low-carbon and economic dispatch of
VPP, existing research mainly focuses on three aspects: source side, policy enforcement and load side.
References [12—14] considered carbon capture technologies at the source side as a means to reduce
the concentration of CO, discharged into the atmosphere. Among them, reference [12] introduced
carbon capture technologies in the combined heat and power unit (CHP), which reduced a large
number of carbon emissions generated by the CHP due to power determined by heat while improving
the economics of VPP. Reference [!3] further considered power-to-gas (P2G) facilities based on the
CHP aggregated carbon capture systems, which can utilize the CO, captured by the carbon capture
power plant (CCPP) as a raw material. The natural gas produced by P2G facilities can also be used as
supplementary fuel for gas turbines (GT). Therefore, combining the two will have a greater carbon
reduction effect [15]. Reference [16] considered VPP participation in carbon trading from a low-
carbon policy perspective and analyzed the impact of the price of different carbon trading on carbon
emissions. Simulation results showed that setting a reasonable carbon price can effectively contribute
to CO, reduction. In reference [17], the ladder-type carbon trading mechanism was introduced into
VPP, which can limit carbon emissions more strictly and promote low-carbon operation compared
with the traditional carbon trading mechanism. Reference [18] studied the combined effect of carbon
capture technologies and the carbon trading mechanism and analyzed their effect on carbon reduction.
Based on the summary and analysis of the above literature, we can find that most of the energy
consumption of CCPP is provided by a single unit such as GT or coal-fired unit, while new energy
such as WT and PV are all used for supplying the grid. It may lead to a decrease in the grid-connected
power of the CCPP during peak load periods and the curtailment of WT and PV. In fact, the electricity
from WT and PV may be used to supply carbon capture systems in addition to being connected to the
grid. It can reduce the power supplied to the carbon capture system from coal-fired units, further
reducing the power of the unit and helping the system operate with a low carbon footprint. Therefore,
it is also imperative to explore the effect of the combined operation of WT-PV-CCPP.

The aforementioned literature analyses the feasibility of carbon reduction on the source side and
policy implementation and has made some progress. From the load side viewpoint, demand response
can reduce carbon emissions by affecting the utilization and efficiency of coal-fired plants [19]. It
can help deeply explore the coordination capability between the source side and the load side by
mobilizing load side resources, so that the load curve can be more closely matched to the energy
characteristics of the source side. Thus, the output power of carbon-emitting generating units can be
decreased, which is beneficial to the economics and low-carbon operation of the system. Reference [20]
put forward a multi-time scale VPP two-stage dispatch scheme considering power demand response.
The simulation results showed that reducing peak load can directly limit carbon emissions. Reference
[21] conducted accurate and detailed modeling of the demand response of different loads. However,
the above literature only analyzes the role of power demand response and the energy types are
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relatively single. Integrated demand response (IDR) can mobilize a variety of energy sources, including
electricity, heat and hydrogen, and is superior to traditional demand response in terms of energy
scope and modifiability [22]. In references [23,24], the demand response of electric and heat loads was
considered, and the impact of the combined function of electricity and heat on the economics of the
system was evaluated. In references [25,20], alternative demand response was taken into account, which
means that different energy sources such as electricity, gas, heat and cold can be substituted for each
other, further improving energy utilization efficiency. Reference [27] constructed an IDR model for
heat, electricity and gas and compared the effect of traditional demand response with IDR on carbon
reduction. When users are guided to participate in demand response, they have to make adjustments in
energy habits, including time of energy use and ways of energy use, which will undoubtedly affect their
energy satisfaction. The indicators of user satisfaction are directly correlated with the degree of user
comfort and satisfaction. However, the above literature does not consider the level of user satisfaction
due to the load adjustment. Thus, the user satisfaction indicator is an important consideration in the
scheduling process. The comparison between this article and other existing literature contributions is
shown in Table 1.

Table 1: Comparison of related work

References VPP CCPP Carbon Demand UCS  Energy Energy
number trading  response form sharing
[6] Three X X - X Electricity  Electricity
[7] Three X X Electricity  x Electricity  Electricity
[€] Three X X - X Electricity;  Electricity;
thermal thermal
[9] Two X X Electricity  x Electricity  Electricity
[10] Three X J - X Electricity;  Electricity
thermal;
gas
[12-14] One Conventional  x - X Electricity -
CCPP
[18] One Conventional  / — X Electricity -
CCPP
[20-21] One X X Electricity — x Electricity —
[23,24,27]  One X X Electricity; x Electricity; -
thermal,; thermal;
gas gas
This paper  Three WT-PV-CCPP / Electricity; J Electricity;  Electricity;
thermal; thermal; carbon
hydrogen hydrogen quota

Motivated by the abovementioned research gap, this paper focuses on the low-carbon economic
operation and the interaction of electric energy and carbon quota of VPPC. The main contributions
of this paper are as follows:
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e Constructing a multi-VPP electricity-carbon interaction framework to solve the coordinated
optimal operation problem among VPPs. The sharing of power and carbon quotas can realize
energy complementarity, reduce energy waste and promote the low-carbon operation of VPPC.

e Aiming at the inadequacy of conventional CCPP in carbon emissions reduction, this paper
considers that WT and PV can provide energy for carbon capture systems and establishes a
framework for coordinated dispatch of WT-PV-CCPP.

e To further coordinate multiple types of energy and loads and promote the low-carbon operation
of VPPC, an IDR mechanism based on the UCS of electricity, heat, and hydrogen is established.

2 Multi-VPP Electricity-Carbon Interaction Framework

Different VPPs have their own characteristics. Limited by power transmission, the grid-connected
power of VPP is inadequate, which results in energy waste and more carbon emissions. To solve the
coordinated optimal operation problem in multi-VPP, the multi-VPP electricity-carbon interaction
framework is established, as shown in Fig. 1.
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Figure 1: Multi-VPP electricity-carbon interaction framework
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Compared with a single VPP, multi-VPP electricity interaction can comprehensively coordinate
the unit output in each VPP, realize the power complementarity among VPPs and thus minimize the
total cost of VPPC. Multi-VPP carbon quota interaction can further constrain the output of carbon-
emitting generating units in VPP while maximizing the utilization of carbon quotas to reduce the cost
of carbon trading. As a result, to make full use of electric energy and carbon quotas and make VPP
more cost-effective, this paper comprehensively considers the interaction of electric energy and carbon
quotas among multi-VPP.

Each VPP possesses an energy management system (EMS). Every transaction entity realizes
the exchange of transaction information and the communication of scheduling instructions through
EMS [28]. When VPPs are in operation, EMS first will receive unit information, including market
electricity price, the output power of renewable energy and load. Next, EMS will transmit the received
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information to the centralized control center (CCC), which analyzes the information, formulates
an optimal scheduling scheme and issues dispatch commands to EMS [29]. Finally, the interaction
of electric energy and carbon quotas is accomplished according to dispatch commands. When the
real-time power of one VPP is insufficient and that of the other VPP is excessive, the two VPPs
can accomplish power trading through power transfer and complementarity. VPP will first meet the
demands of its load. Then, surplus electricity can be supplied to other VPPs or sold to the grid. The
trading model can also be applied to the interaction of carbon quotas among VPPs.

This paper considers three types of VPPs, of which VPP, is a heavy-load VPP, aggregating PV,
GT, power-to-hydrogen device, electric energy storage and hydrogen tank. VPP with rich new energy
aggregates WT, PV, electric boiler, electric and thermal energy storage. VPP is a balanced VPP that
aggregates WT, PV, GT, carbon capture devices, and electric energy storage. When the load demand
of VPP is too high and its energy is inadequate to meet the load demand, this VPP can obtain electric
energy from other VPPs. When the carbon emission of VPP is less than the carbon quota allocated,
the remaining emission quotas can be supplied to VPP with inadequate quotas.

2.1 Multi-VPP Interaction of Electricity

The interaction of electric energy provides a new energy source for VPP, which improves the
reliability of the energy supply and realizes energy complementarity. Moreover, it also decreases the
power of carbon-emitting generating units. The VPP electricity interaction can be expressed as follows:

I (1)

Jobst it ij,t

where P, denotes the power transmitted to VPP;. P denotes the power output from VPP,. P:¥
denotes the power loss.

2.2 Multi-VPP Interaction of Carbon Quotas

EX" = E}, — (E} — M)
EP =, PIE + 1, P, )
E’ =a, (P;f‘,gb)z +b,P + cp + et P, — E?

i, it

where E" denotes the carbon trading volumes of VPP,. E7 is the actual carbon emissions of VPP,. E?
is the carbon emission quotas of VPP, at time z. M,;, denotes the interactive carbon quotas between
VPP, and VPP,. A positive value means that carbon quotas flow from VPP, to VPP;. P%, is the power
generated by GT of VPP, at time ¢. ), is the carbon quota factor for electricity purchased by VPP, from
the electricity market. 7., is the carbon quota factor for GT of VPP,. PI®" is the amount of electricity
purchased from the grid by VPP, at time ¢. a,, b, and ¢, are the carbon emission factor for electricity
purchased from the grid. E7, is the amount of CO, treated in the regeneration tower of VPP,. ¢ is the

amount of CO, produced per unit of GT.

3 Integrated Demand Response Model

Demand response means that users actively adjust their energy consumption behaviour under the
guidance of price and policy incentives to shave peaks, fill valleys, smooth the load curve and increase
system stability and economy. Conventional demand response can deeply exploit the coordination
capability between the power supply and load sides. However, it only considers the electricity user and
does not involve other energy forms, which has certain limitations. IDR can be extended to a wide
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range of energy sources such as electricity, heat and hydrogen, which can help to make the most of the
demand side regulation potential. This paper considers transferable and interruptible loads, involving
three load users of electricity, heat and hydrogen. Transferable loads enable space and time shifting
of load, shifting peak to valley load. Interruptible loads can reduce the peak-regulating pressure on
generation units by reducing peak loads [30].

3.1 Electric and Hydrogen Load Demand Response
The shiftable load:
|0 o [/ max

ingt — Tipgt it
0 < Psfq < usfq Fmdx (3)

Lnt — in,t n,t

w4+ u, <1 4)
T T
> P => P8 (5)
=1 =1

max

where n € {e, g}, Pi,;" is the maximum shiftable load of VPP; at time ¢. «,, and u;,), indicate whether
the load is transferred to or from other times at time ¢. Eq. (4) mdlcates that the load transfer is
unidirectional for a certain period. Eq. (5) shows that the total load power should remain unchanged
before and after the load transfer.

sfq
in,t

The innterruptable load:
0 < PIL < PledX (6)

int — in

where P"™* is the maximum magnitude curtailment of the load of VPP, at time 7. P’ is the reduced
load at time ¢.

i Ploads — pload _ psil Psfq piL

iq,t i,q.t iq,t .t iq,t (7)

£
Plo ads __ Pl.Odd Psfl + Pls qu PlL

Le,t Le,t Le,t

where P2 and P2 are equivalent hydrogen and electric load at time 7, respectively. P2 and P ar
the base hydrogen load and base electric load at time ¢, respectively.

3.2 Heat Load Demand Response
In the paper, the building heat demand is regarded as the heat load. The transient heat balance
equation of the building can be expressed by the following differential equation of temperature and
heat power [31].
dt, _ Hi* = (T - T3 K-S ®
dt - Cair * Pair * V
The external temperature can generally be considered a constant when solving the differential

equation. The following equation can be obtained based on knowledge of first-order differential
equations [32].
1 1 K-S K-S At .
" = + At)HM + 14+ —At) = —=T )
! K ° S Cair * Puair V b Cair * Poair * V Cair * Poair * V "

The expression for the heat load with respect to temperature can be obtained by simplifying
Eq. (9), as follows:
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S-K |
o T A (1 - T
Hisa Cair air 1 1 ( | 0)
T MRS

where H)%*' is the heat load at time 7. 7)) and 77" are internal temperature and external temperature
at time ¢, respectlvely K is the comprehenswe heat transfer efficiency. S and V are surface area and
volume of the building, respectively. ¢, and p,,;. are specific heat capacity and air density of indoor air,
respectively.

Similar to electric load demand response, heat load demand response can also achieve the purpose
of time and space transfer and interruption. This paper also considers transferable heat loads and
interruptible heat loads, as follows:

[ sfl sfl g/ max
0=< Hi,t =u; H,

sfq sfq y 7/ max
0<H; <u,H,

]
wh +u <1

] Z Hsfl Z Hsfq
0 < HIL HIL max

lt—

H}oads — H!Odd _ H;fl + Hsfq _ H}L

(11)

where H}} is the interruptible heat load of VPP; at time ¢. H}-"™ is the maximum interruptible heat
load of VPP at time .

3.3 User Comprehensive Satisfaction

Under the guidance of policy incentives, users can appropriately interrupt and transfer loads to
obtain corresponding economic benefits [33]. But it should be noted that excessively regulating load
may affect the user comprehensive satisfaction (UCS) [34]. Inspired by the literature [35], to fully
measure the impact of IDR on user experience, this paper comprehensively considers the UCS of
electric, heat and hydrogen load. The model is as follows:

T
O W W
Yoes = 3 + 04 x 100% (12)
me 2 Hye ZH%
where 1 — yycs indicates the degree of UCS. The larger the load change, the more the user actively
adjusts his energy use behaviour, that is, the larger yycs, the lower the user satisfaction will be.

4 Multi-VPP Electricity-Carbon Interaction Scheduling Model
4.1 Aggregation Unit Model
4.1.1 WT-PV-CCPP Model

This paper considers that WT, PV and GT can simultaneously provide energy for carbon capture
systems. The output and operating energy consumption of the CCPP can be expressed as follows:
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(13)

PN = p# _ poc
iPé}C =P® + P?;P

where PPN is the actual output of the CCPP. P{iC is the total energy consumption of the CCPP, including
fixed energy consumption P}, and operational energy consumption PP’. By combining WT and PV
generation with a carbon capture unit, part of the output of the WT and PV can be used as the
operating energy of the carbon capture system, as follows:

Pf”tp + P+ Pl = wE?
EN =etP}, — E?

it

(14)

where P?f and P}; are WT and PV output power supplied to carbon capture energy consumption
respectively. w® is the power consumption required to process a unit of CO,. E?, is the amount of CO,
processed in the regeneration tower. E, is the actual carbon emission of the GT. ¢* is the amount of
CO, produced per unit of GT.

In addition to WT and PV supplying the carbon capture system, the residual electricity can still
be sold to the external grid by VPP, as follows:

Pl =P+ P
. ’ ’ (15)
Pl = Py + Py
where P} and P} are the grid-connected power of PV and WT.
WT, PV and GT are required to meet maximum output constraints:
0<pPy =P
0<Py <PV (16)
Pﬁ;min 5 P,g; S P}gmax
where PP and P are the technical minimum and maximum values of GT output, respectively.
In addition, the GT is required to meet the constraint of the ramp rate, as follows:
— P < R PR < prw (17)

it—1 —

ramp
i

where P;"" is the ramping-up power of GT.

4.1.2 Electric Boiler Model

0 S P:EtB E PEB,max
EB ’ EB DEB (18)
H” =n;"P,
where P} is the power consumption of the electric boiler of VPP; at time ¢. P**™ is the maximum
power of the electric boiler. H® is the thermal power produced by the electric boiler of VPP, at time

t. n** is the electro-heat conversion rate.

4.1.3 Energy Storage Model

This paper considers electrical energy storage units, thermal energy storage units and hydrogen
storage tanks. Since the three energy storage device models are similar, a general model of the three is
established, as follows:
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esd

T T Y (19)

N

where n € {e, h, q}, e, h and g are alternate symbols for electricity, heat and hydrogen, respectively. S¢,
is the energy storage capacity of n energy storage in VPP, at time ¢. 5, and n,, are the charging and
discharging efficiency of n energy storage respectively. P, and P!, are the charging and discharging

in,t
power of n energy storage system in VPP, respectively.

4.1.4 Power-to-Hydrogen Model

The electro-hydrogen reaction is carried out in an electrolyzer and the hydrogen energy generated
can be supplied to the hydrogen load or stored in a hydrogen storage tank. The power-to-hydrogen
equipment has good chemical stability for a small park virtual power plant. The conversion efficiency
can be approximated as a quadratic function of the nominal value of the input electrical power. The
power-to-hydrogen model is as follows:

— IBEL P;.IEL

P‘?,EL 2 Pe,EL
BeL = gL (Pfl—EtLr) + by (P?I—Eth) + CeL (20)
Pe,EL,min < Pe,EL < Pe,EL,r

Pe LEL _ Pe EL

41

e,EL

where P! is the hydrogen energy produced by the electrolyzer at time 7. P is the electrical energy
consumed by the electrolyzer at time 7. B, is the efficiency of electro-hydrogen conversion. P¢*™" and
PFlrare the minimum and rated power input to the electrolyzer, respectively. A P*** is the ramping-up
power of the electrolyzer. ag; , by, and ¢, are conversion efficiency factors.

4.2 Objective Function
4.2.1 Multi-VPP Electricity-Carbon Interaction Model Objective Function

— Z Z(cfuel + Ccar + CEP + CDR)

21
— = _|_ Ccut _|_ Cess + Closs ( )

in,t it

where C'' is the fuel cost of GT. C3" is the cost of carbon trading. C} is the cost of electricity market
trading. CDR is the cost of demand response. C¢;" is the cost of abandoned WT and PY. Ce», denotes the

cost of energy storage maintenance. C;5% represents the loss cost of VPP electrical energy interaction.
T represents a dispatch cycle.

4.2.2 The Fuel Cost of GT
fuel __ P’g;
o Cgasgt—Lgl

(22)

where Caus is the price per unit volume of natural gas. P%, is the output power of GT. n' is the gas-electric
conversion efficiency. Lf' is the calorific value of natural gas.

4.2.3 The Cost of Electricity Market Trading
CI7 = Mo Pre — ere pre (23)

it
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where e™" and ™ are the price of electricity purchased and sold at time ¢, respectively. P is the
amount of electricity sold to the grid by VPP; at time z. P["*" is the amount of electricity purchased by
VPP, from the grid at time z.

4.2.4 The Cost of Demand Response
CR =l 4

n,t Ln,t nn,t

Ct —¢, Pt

in,t in,t

C o =c (P, + P

in,t in,t

24

where C% and C! , are the cost of interrupting load and shifting load, respectively. ¢, and ¢, are cost

i,n,t

factors for interruf)ted load and transferred load, respectively.

4.2.5 The Cost of Energy Storage Maintenance
Cr=Co+ L+ C
Co = (P + P)
-+ )

CCSS (2 5)
C, = o+ (P 4 PYY)

ih,t
1,q,t

where C77 is the total maintenance cost of energy storage. C77,, C;y, and C;>, are the operation and

maintenance costs of electricity, heat and hydrogen at time 7, respectively. ¢, ¢ and ¢* are the
maintenance cost coefficients per unit power of electricity, heat and hydrogen, respectively.

4.2.6 The Cost of Carbon Trading
= k)" (26)

where 1., is the price of carbon trading. E}" is the amount of carbon traded by VPP..

4.2.7 The Cost of Abandoned WT and PV
G = e (P = PL) G (P = P) 7
where ¢,, and c,, are the cost coefficent of abandoned PV and WT. P}}" and P};" are the predicted

values of PV and wind power output, respectively. P}, and P}, are the actual PV and WT consumed,
respectively.

4.2.8 The Loss Cost of Power Interaction
Cl% = Ao P (28)

ij.t ij.t

where A, 15 the price of electrical energy loss.

4.3 Constraints

4.3.1 Power Balance Constraints
Electric power balance constraint:

P® + P+ PP+ PO+ Pt + PP =

ie,t

P+ P2+ PN PR 4 P4 4 PY 4 P

et Juist

(29)
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Heat power balance constraint:

H 4 P, = H + P, (30)
Hydrogen power balance constraint:
Pose 4 Pz, = P + P2 (31)
4.3.2 Energy Storage Constraints
Sle;smm < Sle:’st S Sess ,max
0= P, < s P (32)
0 < Py, < ugnPorm
Sivo = Sinr (33)
Wi s <1 (34)

where Sewmin and S¢™* are the minimum and maximum energy storage capacity of n energy of VPP,
respectlvely Sew, 18 the energy storage capacity of n energy of VPP, at time 7. P, and P5¥, are the
charging and dlscharglng power of n energy of VPP, at time ¢, respectively. u¢, and us!, are the state
of charging and discharging of n energy of VPP, at time ¢, respectively. P{em and PSimx are maximum
values of charging and discharging power of n energy of VPP, at time ¢, respectively. Eq. (33) represents
that the energy storage capacity of the start and end remains unchanged. Eq. (34) represents that

energy storage cannot be charged and discharged simultaneously.

4.3.3 Power Interaction Constraint between VPPs

0 < Pf)uﬁ; S Ml tlell ,max
R, (35)
0 < Pl,n, < P!mlt,mdx (1 _ Mi}f,t)
where P! is the output power from VPP,. P!’ is the power transmitted to VPP;. u;;, denotes whether
VPP, supphes power to VPP, at time ¢. le“ max s the limit of power transmission between VPP, and
VPP;

Je

4.3.4 Carbon Quotas Constraint between VPPs
0< M, <M" (36)

car

where M is the maximum interactive carbon quotas. M;;, is the interactive carbon quota between
VPP, and VPP.,.

4.3.5 Transmission Power Constraints with the Grid
[0 5 P?Igb S ngbmax

37
0 S P;Cll S ngsmax ( )

where P is the electricity purchased from the grid at time . P! is the electricity sold by VPP at time
£, preoms and Premx gre the maximum power purchased and sold respectively.
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5 Case Study
5.1 Basic Date

In this case study, VPPC contains three types of VPP, namely VPP,, VPP, and VPP.. VPP, is
a load-type VPP. VPP, is an energy-type VPP. VPP, is a balanced VPP with carbon capture devices.
The time-of-use (TOU) tariffs are shown in Fig. 2. The equipment parameters of VPPC are shown
in Table 2. The base data for WT output, PV output, electric load, thermal load and hydrogen load
are shown in Figs. 3—5. The relevant parameters of heat load can be referred to [23]. The maximum
interruptible electric, heat and hydrogen load are 50, 20 and 20 kW, respectively. The maximum
shiftable electric, heat and hydrogen load are 50, 20 and 30 kW, respectively. The model was constructed
in MATLAB and solved using the CPLEX solver version 12.9. CPLEX is regarded as a well-known
commercial solver to solve mathematics and engineering problems with accurate solving capability and
fast computation times. In terms of problem type, CPLEX can choose different methods. For example,
CPLEX can use the primal simplex or dual simplex to solve the linear and quadratic programs; It can
also provide the branch and cut algorithm to solve the mixed integer programming model; It can use
the Benders algorithm to solve the mixed-integer linear programs [36]. Since this paper only considers
three VPPs, which is not a large-scale problem, CPLEX is used to solve the proposed dispatch model,
which can accurately obtain the optimal solution in a short time [37].
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Figure 2: TOU tariffs

Table 2: Unit Parameters of VPPC

Parameters Value Parameters Value
Peimax] peemax (kW) 90/100 P (kW/h) 200
Neel Mo 0.9 PE0 PE (KW) 0/500
Pi;d‘maX/PZ§f’max (kW) 60 Cans (E/M?) 3

Mo Mia 0.9 e (kg/lkW) 0.6/0.7
Aear (E/KE) 0.3 we (kW/kg) 0.27
PRl (kW) 300 APEE (kW) 100

nt 0.35 pmebmax ] pmgsmax (W) 300/100
PEBmax (kW) 300 Car (kJokg 'e°C™1) 1.007
ne® 0.99 Oar (kg/m?) 1.2

Pisqd,max/Pc_fsc,max (kW) 1 OO Sgss,max (kWh) 300/200/240

iq in
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5.2 Result Analysis
5.2.1 Comparison and Analysis of Different Scenarios

Five scenarios are shown in Table 3 to demonstrate the advantages of the multi-VPP electricity-
carbon interaction model proposed in the paper, as follows:

Table 3: Scenario setting for different VPPC

Scenarios VPP electrical energy trading ~ VPP carbon quota trading  IDR

1 X X v
2 Vi X J
3 X Vi Vi
4 Vi v X
5 v v v

Table 4 shows the scheduling result of five scenarios. It can be seen that scenario 5 has the best
economy, whereas scenario 1 has the worst economy. The total cost in scenario 2 is reduced by
1491.18 ¥ compared to scenario 1, and the cost of carbon trading is reduced by 737.06 ¥. The power
of abandoned WT and PV is reduced from 2333.02 kW in scenario 1 to 0 kW in scenario 2, and the
income obtained from the electricity market is decreased by 292.26 ¥. The analysis shows that scenario
2 considering the power interaction among VPPs reduces the power of GT in VPP, and VPP.. The
power supplied to VPP, and VPP, comes from the excessive WT and PV in VPP;. As a result, the
remaining new energy in VPP can be consumed. Moreover, the feed-in tariff for VPP; is decreased
as a result of power interaction. Consequently, there is a slight reduction in electricity market revenue.
To sum up, the power interaction among VPPs can effectively improve the consumption level of new
energy, reduce the output power of GT and promote the low-carbon and economic operation of VPPC.

Table 4: Analysis of scheduling results under different scenarios

Scenarios  VPPC total = Carbon Carbon Electricity ¥ WTand PV VPP

cost/¥ trading trading market power Aban- interactive
cost/¥ volume/kg  cost/*¥ doned/kW power/kW

1 3663.21 1220.17 4068.36 —2306.46  2333.02 0

2 2172.03 483.11 1610.61 —2014.20 0 4141.90

3 3539.85 544.15 1818.13 —2306.46  2333.02 0

4 2117.20 109.70 365.73 —2014.20 0 4051.31

5 2081.42 65.35 217.81 —-2014.20 0 4127.28

Compared with scenario 1, scenario 3, which considers the interaction of carbon quotas among
VPPs, can effectively reduce the cost of carbon trading of VPPC, thus improving the economics of
VPPC. The reason is that the carbon emission rights purchased by each VPP from the carbon market
are reduced, the amount of CO, that VPPC participates in carbon trading is reduced and the total
operating cost of VPPC is reduced through the interaction of carbon quotas among VPPs.
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The total cost of VPPC in scenario 5 is improved by 1.70% and the cost of carbon trading is
decreased by 40.45% compared to scenario 4. It shows that the IDR changes the energy habits of
different types of users, making them fit the power supply characteristics as closely as possible and
reducing the power of GT. Hence, the economics of VPPC is improved and carbon emissions are
reduced.

5.2.2 Analysis of Multi-VPP Electricity-Carbon Interaction

VPP,, VPP;, and VPP, are interconnected via contact lines. Through the interaction of electrical
energy and carbon quotas among VPPs, the economics of VPPC is improved. This section analyzes
the power interaction and carbon quota interaction among VPPs, as follows:

The result of the multi-VPP electrical energy interaction is shown in Fig. 6. It can be seen that
during the entire dispatch period, the energy-type VPP mainly transmits power to the load-type VPP,.
During 9:00-16:00 and 19:00-21:00, VPPy supplies part of the power to the balanced VPP.. However,
there is no electrical energy interaction during the rest of the time, and VPP only transmits a small
amount of electrical energy to the load-type VPP, at night. It shows that the renewable energy of
VPP is relatively abundant and its load demand is low. After meeting the load demand, the power of
new energy is still available. Conversely, the load demand of VPP, is high and the renewable energy
supply is insufficient. To reduce the total operating cost of VPPC, VPP, will choose to transfer the
remaining power to VPP,, reducing the output of its GT. VPP, can meet its load demands at most
times while maintaining the operating economics. However, at peak load times, it reduces the output
of GT to improve the economics of the cluster through the power transmission of VPP;. In addition,
the power of VPP is supplied to the rest of VPP, which enhances its ability to absorb renewable energy
and effectively decreases the penalty cost caused by the abandonment of WT and PV. It can be seen
that the power complementarity among VPPs is effectively realized and the economics of VPPC is
improved through the power interaction among the three VPPs.
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Figure 6: Multi-VPP clectrical energy interaction

The interaction result of carbon quotas among multi-VPP is shown in Fig. 7. It can be seen that
there is no carbon quota interaction between VPP and other VPPs, and VPP provides carbon quotas
to VPP, in most periods. The reason is that new energy is sufficient in VPP; and the GT is not
aggregated in VPPy that only sells electricity to the grid. As a result, VPP will not generate CO,



EE, 2023, vol.120, no.10 2359

during operation nor interact with the other two VPPs for carbon quotas. The carbon quota will be
transferred from VPP, to VPP, because a carbon capture device aggregated in VPP, can capture
a certain amount of CO,, resulting in a residual of the allocated carbon quotas. VPP, will provide
the remaining carbon emission rights to VPP, with insufficient quotas, thereby reducing the cost of
purchasing carbon quotas from the carbon market.
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Figure 7: Interaction results of carbon quotas among multi-VPP

5.2.3 Analysis of Characteristics of IDR for Electric-Heat-Hydrogen Load

Demand response can change and smooth the load curve of users through incentives and policies
to make it fit the power output characteristics, reducing the output power of GT and further improving
the operating economics of VPPC. This section analyzes the impact of IDR on VPPC operation
according to the change of load curve before and after demand response.

Figs. 8-10 compare the before and after results for the VPPC electric, heat and hydrogen load
demand response. It can be seen that the hydrogen load of VPP, and the heat load of VPPj shift
towards the middle period, while the electric load of VPP. moves to the sides. Combined with Fig. 6,
it can be seen that VPPy transmits electrical power to VPP, at night, which indicates that the energy
supply of VPP, is under pressure at that time, and VPP, will relieve the pressure on the system by
shifting part of the load into the middle period. Meantime, to ensure the economical operation of the
system, VPP, will transmit as much power as possible to VPP,, appropriately reducing its load at night
and moving it into the middle period. Moreover, from 10:00 to 16:00, VPP, transmits part of its power
to VPP, indicating that VPP, is under a heavy energy supply burden during this period. Thus, VPP,
chooses to move some of the power out to reduce the load demand during this time.

The variation curve of UCS with time in the dispatch period is shown in Fig. 11. It can be seen
that VPPC chooses to reduce its satisfaction of energy consumption by interrupting part of the load
to relieve the pressure on the energy supply. From 18:00 to 21:00, the UCS reaches the minimum,
indicating that all interruptible loads participate in demand response to alleviate the pressure on the

energy supply.
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Figure 11: VPPC electricity-heat-hydrogen UCS curve

To further evaluate the impact of electricity-heat-hydrogen IDR on VPPC, 21 different electricity-
heat-hydrogen IDR ratios are set to analyze the changes in the total cost of VPPC, carbon emissions
and UCS. The simulation result is shown in Fig. 12. The IDR proportion is adjusted in increments of
5%, starting from 0% and increasing to 100% of the preset load value sequentially.
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Figure 12: The effect of different IDR ratios on VPPC

As shown in Fig. 12, as the proportion of IDR increases, the operating cost of VPPC gradually
decreases, and the system’s carbon emissions show a trend of first decreasing, then increasing and
finally stabilizing. This is because the IDR changes the electricity consumption habits of the original
customers, making the load distribution more in line with the power supply characteristics and
reducing the output of GT. Thus, the total carbon emissions of VPPC gradually decrease. However,
as the proportion of IDR increases consistently, VPPC will increase the output of GT appropriately
and reduce the electricity purchased during peak hours to ensure economic operation, thus leading to
increased carbon emissions. When the proportion of IDR reaches 25%, the carbon emissions of VPPC
will level out.
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To sum up, the proportion of IDR has an important impact on the operating cost and carbon
emissions of VPPC. Thus, reasonably selecting the IDR ratio will help improve the economics and
low-carbon performance of VPPC.

The value of UCS is an important indicator for evaluating the energy experience of users. The
ratios of different demand responses are set to analyze the impact of different response levels on the
UCS, as shown in Fig. 13. Note that the UCS here refers to the average value of UCS within a dispatch
cycle.
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Figure 13: The impact of the IDR ratio on UCS

It can be seen from Fig. 13 that as the proportion increases, the UCS shows an almost linear
downward trend. The increase in the proportion of IDR reduces the energy supply pressure of VPPC.
However, it reduces the comfort of users on the load side. According to Figs. 12 and 13, it can be found
that the UCS and the operating cost of VPPC are gamified.

5.2.4 Analysis of the Effectiveness of Different Types of Demand Response

To explore the impact of the different load responses on system operating costs, the volume of
carbon trading and energy satisfaction, four scenarios are set up for comparison, as shown in Table 5.

Table 5: Schemes of considering different types of demand response

Scenarios VPP, hydrogen load VPP; heatload VPP electric load

1 Vi X X
2 X Vi X
3 X X Vi
4 v v v

The impact of different demand responses on VPPC is shown in Table 6. Compared to scenarios
1 and 2, scenario 3 considering the electric load demand response of VPP. only can minimize the
operating cost and carbon trading cost of VPPC while maintaining a high level of user satisfaction.
Therefore, VPP, electrical load demand response has the greatest impact on the economic and
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low-carbon operation of VPPC. Compared with other scenarios, scenario 4 considers IDR, which
reduces the cost of carbon trading and minimizes the operating cost, but the value of UCS is slightly
reduced. It is because scenario 4 chooses to sacrifice user satisfaction to reduce the operating cost
of VPPC.

Table 6: The impact of different demand responses on VPPC

Scenarios  Operation cost/¥  Carbon trading volumes/kg UCS/%

1 2104.65 312.42 96.79
2 2114.32 322.31 97.54
3 2098.27 289.86 98.21
4 2081.42 217.81 92.82

5.2.5 Analysis of Operating Modes of Different CCPP

To prove the effectiveness of the new operation mode of WT-PV-CCPP proposed in the paper, two
different operation modes are considered:

Case 1: Considering the operation mode of conventional CCPP
Case 2: Considering the new operation mode of WT-PV-CCPP

The results of VPPC operation in two cases are shown in Table 7. Compared with case 1, the total
operating cost and carbon trading cost of VPPC can be reduced effectively, and the UCS is increased
in case 2. It is because WT and PV can provide energy for CCPP, reducing the amount of electricity
GT supplies to the carbon capture system in case 2. The excessive electricity of GT can be supplied
to the load, which reduces the interrupted load and then increases the value of UCS. As a result, the
operation mode of the proposed WT-PV-CCPP is superior to the conventional operation mode.

Table 7: The results of VPPC operation in two cases

Case VPPC total cost/¥ Cost of carbon trading/¥ UCS/%
1 2194.63 233.841 90.02
2 2081.42 65.35 92.82

Fig. 14 shows the effect of the capacity of the carbon capture system on the operating cost and
carbon emissions of VPPC. It can be seen that with the increase of the carbon capture capacity,
the carbon emissions of VPPC present a trend of rising and then decreasing. It shows that the access
of the carbon capture system raises the demand of electric energy. Thus, the system will increase the
output of GT to ensure a balance of supply and demand, which will lead to a rise in carbon emissions.
When the capacity of the carbon capture system is at a low level, the ability to capture carbon is
insufficient and the amount of captured CO, is lower than the CO, generated by GT. The carbon
emission of the system peak when the carbon capture capacity is increased to 30 kW. After capacity
exceeds 30 kW, the ability to capture carbon exceeds the carbon emission generated by GT and thus
the carbon emission of VPPC gradually decreases. With the increase of the carbon capture capacity,
the carbon emissions of VPPC show a trend of decreasing first and then stabilizing. The increase in the
carbon capture capacity may cause GT to increase its power output, thereby reducing the purchase of
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electricity from the grid. However, as the carbon capture capacity increases consistently, the carbon
emission and carbon capture of the system will reach a dynamic balance to ensure the economics

of VPPC.
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Figure 14: Effect of the power of the carbon capture system on the VPPC

Fig. 15 shows the effect of carbon capture capacity on the UCS. It can be seen that as the
carbon capture capacity increases, the UCS of VPPC shows an upward trend. It shows that GT
will appropriately increase the power when the carbon capture capacity increases, thereby reducing
interruptable load and improving the UCS.
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Figure 15: The effect of carbon capture capacity on the UCS

6 Conclusions

In this paper, a multi-VPP electricity-carbon interaction model considering integrated demand
response has been proposed. Aiming at the limitation of independent operation of VPP and coordi-
nated operation problems among VPPs, this paper considers the sharing of electric energy and carbon
quota among multi-VPP. In addition, new operation modes of CCPP and IDR are considered to
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further constrain carbon emissions of VPPC. The contributions and findings of this paper can be
summarized as follows:

1) The multi-VPP electricity-carbon interaction model proposed in this paper can effectively
improve the economics and decarbonization of VPPC. Through the interconnection of electric
energy, the complementarity of different VPP electric energy is realized. VPP with relatively sufficient
new energy can supply power to VPP with heavy loads, reducing power purchased from the grid
while promoting new energy consumption. Moreover, through the interaction of carbon quotas, the
complementarity of carbon quotas among VPPs is realized. Both power sharing and carbon quota
sharing benefit system economics and carbon reduction.

2) Considering the IDR of electricity, heat and hydrogen, this paper fully exploits the coordination
capability of the source and load side and hence improves the economics of VPPC. The comparisons
of different scenarios show that the electric load response of VPP, has the greatest impact on the
operating cost and carbon emissions. In addition, setting an appropriate IDR radio can effectively
reduce carbon emissions.

3) The operation mode of the proposed WT-PV-CCPP has better environmental and economic
benefits. Compared with the conventional mode of CCPP, the cost of carbon trading is reduced by
168.49 ¥, and the operating cost is decreased by 113.24 ¥ in the proposed WT-PV-CCPP mode.

The research content of this paper still has some shortcomings. The VPPC studied in the paper
contains only three VPPs, namely, the electricity-carbon interaction among three VPPs. However, in
reality, the number of VPPs is far more than three. As a result, how should they interact with each
other when the number of VPPs exceeds hundreds or even thousands? Can our present interaction
strategy be applied to this model? In the follow-up work, we will explore and discuss it in detail.
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