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Abstract: Effective aggregation and rational allocation of flexible resources are the fundamental
methods for solving the problem of an insufficient flexibility adjustment ability of a power system.
The flexible scheduling resources of a distribution system are often small in scale and distributed
mostly by different stakeholders. A virtual power plant (VPP) gathers small resources to participate
in the day-ahead electricity market, but, due to the scale and characteristics of a VPP’s internal
flexible resources, it cannot reach the access threshold of a peak shaving market in some periods
due to small differences. In order to solve the market bidding problem of a VPP limited by capacity,
and to achieve economic goals, a virtual power plant operator (VPPO) not only needs to interact
with internal subjects but also needs to interact with other subjects with flexible resources in the
distribution network. In this study, an electric vehicle (EV) cluster is taken as the interactive object,
and a day-ahead bidding strategy of a VPP with multi-level electric energy interaction is proposed.
The VPP not only makes full-time game pricing for internal participants but also makes time-sharing
bargaining with an EV operator. The validity and the rationality of the proposed strategy are verified
by an example.

Keywords: virtual power plant; distributed energy resources; diversified demand-side resources;
day-ahead market; power flexibility resources; EV cluster; bidding in electricity market

1. Introduction

Facing the severe challenges of increasing power demands, energy shortages, and
environmental pollution, it is imperative to realize the sustainable transformation of an
energy system [1,2]. It is difficult to ensure the safe and reliable operation of the system
only by the power supply side of the traditional power system. Distributed energy re-
sources (DER) and diversified demand-side resources can flexibly and friendly respond
to adjustment requirements of the power system, with high energy efficiency for clean
utilization. Moreover, they have good economic and social benefits [3-5]. However, they
also have disadvantages of small capacity, scattered location, difficulty for participating in
the electricity market alone, and difficult scheduling management [6]. As a new type of elec-
tricity market participant, the VPP can integrate ‘source-load-storage’ through a distributed
power management system to achieve geographically dispersed small-capacity resource
aggregation and coordinated optimization [7-10]. The VPP provides an effective solution
for its large-scale grid-connected consumption and participation in market competition,
which has gradually become one of the important platforms for DER and demand-side
resources to participate in power system scheduling and market transactions [11-13].

In recent years, VPP pilot rules involved in the peak shaving market have been
issued in North China [14], East China [15], Central China [16], and other places. In
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China, experiments and pilot projects have been gradually carried out in Jiangsu, northern
Hebei, Shanghai, etc. [17]. In order to improve the overall economy and competitiveness
of the VPP, the optimal scheduling of the VPP mainly uses advanced communication
technology and control strategy to aggregate and coordinate the internal resources of the
VPP in order to participate in the operation of the electricity market [18,19]. Therefore, the
VPP has the characteristics of participating in electricity market transactions and power
system scheduling externally, coordinating and optimizing each member internally [20,21].
Regarding the internal optimal scheduling of the VPP, the existing research focuses on
the aggregation and coordinated scheduling of wind power, photovoltaic, energy storage,
flexible load, and other resources in the VPP to stabilize the system fluctuation caused
by the uncertainty of internal renewable energy output and to fully tap the potential of
renewable energy power generation [22-24]. With regard to the bidding of the VPP in the
electricity market, the VPP can participate as a whole in various electricity markets such as
the spot market and the ancillary service market [25-28]. When the capacity of the VPP is
small and the scale is limited, its quotation will not affect the market clearing plan. At this
time, the VPP participates in the electricity market as a price receiver [19].

With the diversification of the main resources involved in the electricity market,
when the aggregated members of the VPP belong to different stakeholders, there is a
conflict of interest or correlation between the subjects. When the VPP realizes internal
and external interaction, its interests should also be taken into account. At this time,
the optimal scheduling of each subject within the VPP can be studied through game
theory [20]. The Stackelberg leader—follower game is widely used in multi-agent VPP-
bidding decision problems [29,30]. Yu et al. [26] proposed a master—slave game-based
VPP internal electricity purchase and sale price formulation method in the spot market
environment, which improved the economic benefits of each member. Sun et al. [20]
proposed a three-tier interactive internal and external coordination bidding strategy for the
VPPO. It participates in the energy market and the peak shaving market externally, and
coordinates with each member internally. However, when the VPP is limited by capacity
and characteristics of internal flexible resources, there will be a problem that it cannot
participate in the bidding of the peak shaving market due to small differences in some
periods. In order to solve the problem when facing the demand of the electricity market,
the VPP tends to interact with other subjects that have flexible resources in the distribution
network to participate in the market bidding.

At the same time, in order to alleviate the problem of energy shortage and environmen-
tal pollution, the number of electric vehicles in China has rapidly increased recently, which
has brought about a significant increase in disorderly charging load and increased the
difficulty of power grid regulation [31]. Regarding the charging behavior of electric vehicle
clusters, most of the existing research focuses on the modeling of electric vehicles [32], the
behavior habits of car owners [33], and the interaction with the power grid [34]. The mod-
eling of electric vehicles includes the modeling of batteries, motors, and inverters [35,36].
In order to reduce operating costs, it is necessary to determine the optimal path of the fleet
considering mileage, charging demand, and vehicle energy consumption [37,38]. Regard-
ing the interaction between electric vehicles and the power grid, including the prediction
of charging and discharging of electric vehicle power stations, analysis of the charging
behavior of electric vehicles under the guidance of time-of-use electricity prices is neces-
sary [39,40]. Under the guidance of time-of-use electricity price, the orderly charging of
electric vehicle clusters will have a new peak load problem [31]. At the same time, this
part of the peak load is a flexible resource, but the car owners who respond flexibly to
the electricity price cannot use this part of the resource to participate in the peak shaving
market to obtain greater benefits. And with the increasing number of electric vehicles, the
large-scale flexibility resources in the electric vehicle cluster will not be effectively utilized.
Table 1 shows the existing research contents of VPP and EV clusters, the differences, the
existing problems, and the main contributions and innovations of this paper.
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Table 1. Literature review and the innovation of this article.
VPP practical application VPP pilot rules involved in peak shaving [14-16].
project (in China) Experiments and pilot development [17].
Optimized internal Aggregation and coordination optimization of internal
scheduling of VPP resources [22-24].
VPP optimal scheduling A.S a Whole to participate in various types of electricity market
participates in VPP ext'ernal optimal bidding [25-28].
market bidding scheduling When the capacity is small, it participates in the electricity market as a
price recipient [19].
Consider the interests of Game theory can be used for research [20].
internal subjects The Stackelberg master—slave game model is widely used [29,30].
The bidding problem of participating in the peak shaving market
Problems faced caused by the limited internal resources of VPP.
Modeling of EV Modeling of battery, motor, and inverter [35,36].
The behavior habits of EV The intelligent method is used to determine the optimal path of the
owners [33] fleet [37,38].
Charging behavior of : : : :
BV clistor The interaction between The analysis of EV charging behavior under the guidance of EV power

station charging and discharging prediction and time-of-use electricity

EVs and power grid price is carried out [39,40].

Orderly charging will have a new peak load, and it is impossible to

Problems faced participate in the bidding of the peak load regulation market by itself.

Innovations and main
contributions of this article

VPP not only conducts full-time game pricing with internal entities, but also conducts time-sharing
bargaining with EV operators to solve the market bidding problem of VPP resource constraints, and
effectively alleviates the new peak load problem of EV orderly charging, so that the two can use each
other’s ‘arms’ to participate in market bidding, improve the enthusiasm of market participants, and
achieve mutual benefits and win-win results.

The existing research is based on the background that VPP and EV clusters coexist
in the distribution network. The VPP will face market bidding problems due to limited
internal resources, and EV clusters will have new peak load problems due to orderly
charging. In order to solve the above problems, this paper considers the strategy of power
interaction between the VPP and EV clusters. However, the limitations of the existing
research are reflected in the fact that in the aspect of day-ahead optimal scheduling, the
existing research focuses on the bidding strategy of participating in the electricity market,
that is, the VPPO leads multi-agents to participate in various electricity markets and the
orderly charging strategy of EV clusters in the energy market. It does not consider whether
the flexible adjustable resources in EV clusters can play a greater role with the help of the
VPP and does not involve the power interaction mode between the VPP and the EV cluster.
It includes the formulation of transaction price, the definition of electric energy interaction
range, the establishment and solution of transaction model, etc. In summary, the goal of
this paper is to solve the above-mentioned problems. The innovation of this article is to
propose a VPP day-ahead bidding strategy for multi-level power interactions, achieve full
utilization of flexible resources, reduce the burden of power grid regulations, and improve
the enthusiasm of market participants.

In this paper, the EV cluster is taken as the interactive object. In order to solve the
market bidding problem faced by the limited resources of the VPP, through fully excavating
flexible resources of the VPP and the EV cluster, a multi-level power interaction VPP day-
ahead bidding strategy is proposed. The result shows that the strategy proposed in this
paper realizes the mutual use of the ‘shoulder’ to participate in the bidding of the electricity
market, fully taps the potential of flexible resources, mobilizes the enthusiasm of market
participants, and achieves mutual benefits and win-win results.
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2. VPP’s Day-Ahead Bidding Strategy and Problem Elaboration
2.1. VPPO'’s Day-Ahead Bidding Strategy for Full-Time Game Pricing of Internal Subjects

The VPP integrates microturbine (MT), energy storage (ESS), flexible load (FL), wind
power (WT), and photovoltaic (PV) resources. Its overall operating framework is shown in
Figure 1. The VPPO interacts with the internal subjects using the price-quantity master—
slave game, where the VPPO is the leader and MT, FL, and ESS are followers, respectively.
FL contains rigid load and transferable load. The uncertainty of renewable energy is
reserved through MT and FL. At the same time, in order to make full use of ESS, the
charging cost of ESS is borne by the VPPO, and its discharge is compensated by the VPPO.
To realize the day-ahead bidding decision of the VPPO, leading internal multi-subjects
participate in the energy market and peak shaving market.

Energy market Peak regulation market

7 7

Electricity purchase Power purchasing Peak cutting and | Peak clipping and
and sale prices | and selling valley filling prices valley filling power

Leader: VPPO

T Electricity sales ¢Transfer load power T Electricity purchase ? Predicted
price | price | value
Incentive | Charging/ Electricity purchast | Response
price discharging power | price output l
| \ 4 A 4 l
Follower: ESS Follower: FL Follower: MT WT/PV

Figure 1. The day-ahead bidding strategy block diagram of VPP.

2.2. Problem Description

According to the above background and strategy, due to the limitation of the VPP’s
internal flexible resources such as the limitation of internal ESS and FL capacity and
characteristics, when the VPP participates in the peak shaving market bidding, due to the
small differences in some periods there will be a problem that it cannot reach the threshold
of peak shaving market access. Figure 2 shows some of the market bidding schemes
of the VPP.

FL_tf FL e ] ESS tf

ESS e —A—  VPPO tf —m— VPPO_e

Peak regulation market access thresholds

Figure 2. Part of VPP’s day-ahead bidding plan.
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Load-side regulation is used to cut the peak and fill the valley, aiming to optimize
the rational allocation of power resources and promote balanced power consumption by
changing the time and mode of power consumption. Controllable load types include
interruptible load, transferable load, and shiftable load. Demand-side response includes
price-based demand-side response and incentive-based demand-side response. Price-
based demand-side response includes time-of-use price, peak price, real-time price, etc.
Incentive-based demand side response includes direct load control, demand-side bidding,
emergency demand-side response, interruptible load, and so on. Through the integration
and coordination optimization of internal resources, the VPP enables the whole as a special
power plant to participate in the electricity market, respond to the needs of the power grid,
and achieve peak shaving and valley filling.

From Figure 2, it can be seen that in periods 1 and 2, due to the limitation of the VPP’s
internal FL and ESS capacity and characteristics, the VPP did not reach the entry threshold
of the peak load regulation market with the small differences, so it can only participate in
the energy market bidding in the corresponding period. In order to solve this problem,
the VPP tends to find other subjects with flexible resources in the distribution network,
make up for the differences in participating in the peak shaving market, and give full play
to the role of flexible resources. There are many kinds of subjects with flexible resources
in the distribution system, and they participate in the electricity market as independent
subjects. For example, load operators can provide transferable load, interruptible load, and
shiftable load, which have advantages of stabilizing load fluctuation and reducing system
peak—valley differences; integrated energy operators have advantages such as realizing
the cascade utilization of multiple energy sources and promoting energy conservation and
emission reduction. The vigorously developed EV clusters have been widely used in recent
years; their overall orderly charging can be realized by price guidance.

2.3. Complementarity Analysis of a VPP and an EV Cluster

The travel space law and travel time law of EV clusters, as well as the charging power
of a single user, are shown in [31]. The charging structure diagram of EV clusters in the
energy market is shown in Figure 3. The EV operator is a collection of charging information
for each user. The platform interacts with each user internally and presents the overall
charging characteristics outwardly. Affected by the time-of-use price, some users in the
EV cluster choose to charge in the low-price period to bear the lower purchase cost. The
overall orderly charging of the cluster is realized finally.

Energy market ‘ ‘ Distribution network

Information flow

~— Energy flow

EV Operator1 cee EV Operatorn

Figure 3. Charging structure diagram of EV clusters.

In EV clusters, the charging load of the owner who responds to the electricity price
flexibly belongs to the flexible schedulable resources. However, the user cannot obtain the
corresponding compensation by participating in the peak regulation market bidding alone
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and can only choose to shift the charging time to the low electricity price period to obtain a
lower charging cost. To participate in the peak shaving market, it is necessary to use the
‘shoulders’ of other operators who can participate in the bidding. At the same time, due to
the limitation of internal resources, the VPP will be unable to participate in the bidding
of the peak shaving market due to small differences. It is necessary to aggregate other
subjects with flexible resources in the distribution network and coordinate the allocation to
participate in the market bidding.

The above reflects the complementary characteristics of time and space power between
the VPP and the EV cluster. Therefore, if the VPP is further interacted with the EV cluster,
the demand of the two can be fully faced, and it can effectively solve the bidding problem
of peak shaving market caused by VPP resources’ constraint. At the same time, some EV
users have opportunities to participate in the peak shaving market.

2.4. Materials and Methods

In the day-ahead bidding strategy of the VPP multi-level energy interaction, the
VPP includes gas turbine MT, wind power WT, photovoltaic PV, energy storage ESS, and
flexible load FL resources. Flexible load FL contains rigid load and transferable load. The
VPPO is connected with the internal subjects through the ‘price-quantity’ master—slave
game. The VPPO is the leader and the internal subjects are followers. The model is
established to fully consider the interests of the internal subjects. For the EV cluster, the EV
operator is the platform for EV users to participate in the electricity market transactions,
so that the EV cluster presents the overall charging characteristics in the energy market.
Each user is divided into two categories according to whether it responds to electricity
prices. One is price-insensitive users and the other is price-sensitive users. The response
characteristics of price-sensitive users are described in detail in Section 3.1. The mechanism
of the VPP and EV clusters using time division bargaining for power interaction is shown in
Sections 3.2 and 3.3.

3. A VPPO and an EV Operator Time Division Bargaining Mechanism

The time division bargaining structure of a VPPO and an EV operator is shown in
Figure 4. As a platform for users to participate in electricity market transactions, EV
operators consider the responsiveness of price-sensitive users in the cluster based on
consumer psychology. This responsiveness affects the range and time period of energy
interaction between the VPP and the EV cluster, and further affects the price of time division
bargaining between the two.

The sub-period bargaining structure of the VPPO and EV operators is shown in
Figure 4. The VPPO and EV clusters participate in the bidding decision making of the
energy market and peak shaving market together; the VPPO adopts full-time game pricing
for internal entities. Under the premise of knowing the basic information of external
market and internal entities, when the VPPO uses price guidance to receive the response
of internal entities, the VPPO coordinates power allocation, adjusts price according to the
response of followers, and continues to transmit updated price information to followers.
The followers adjust their reported response according to the received price, and this
process is repeated until equilibrium is reached. The VPPO not only adopts full-time game
pricing for internal subjects but also conducts time-sharing bargaining with flat-level EV
operators. EV operators exchange information with each EV internally and present the
overall characteristics of the cluster to charge in the energy market externally. As a platform
for users to participate in electricity market transactions, EV operators consider the response
characteristics of price-sensitive users in the cluster based on consumer psychology. This
response characteristic affects the range and time period of energy interaction between the
VPP and the EV cluster, and then affects the price of time-sharing bargaining between the
two. Finally, the multi-level power interaction is used to realize the day-ahead bidding
decision of the VPP and the EV cluster in the energy market and peak shaving market.
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Peak
regulation ™~
market

e ===="F Servers

Vs iy
Z EV operator

Figure 4. A VPPO and an EV operator time division bargaining structure diagram.

3.1. The Responsiveness of Electricity Price Sensitive Users Is Determined Based on
Consumer Psychology

In this paper, EV users in the cluster are divided into two categories: price-insensitive
users who start charging immediately when they reach the dwell time; price-sensitive
users who tend to charge during low-price periods in order to reduce their own electricity
purchase cost without affecting their travel plans. The responsiveness of price-sensitive
users in the cluster can be simulated based on the principle of consumer psychology, as
shown in Figure 5:

Responsivity

Saturation value of]
responsiveness

Dead zone threshold Saturation zone threshold Electricity price difference

Figure 5. Responsiveness model of EV users.

As expressed by piecewise linear function, in the insensitive area, the price difference
has a difference threshold for the users’ stimulation, and the users basically have no
response; in the linear region, the users’ responsiveness is positively correlated with the
price difference; in the saturated zone, when the price difference reaches or exceeds a
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certain value, the users no longer respond. The response characteristics of price-sensitive
users to price spreads are listed below:

0 0< cf0<aj£v
t )‘jfvmax t t t
/\fv: b}vl—u}v(cf”_afv) afvgcfvgbfv 1
/\j(v,max Cfo = b}v

where A;v, A}v,max, a}v, b}v correspond to the responsiveness, response saturation value,
dead zone threshold, and saturation zone threshold of EV users to electricity price difference.
Cfp is the price difference. The objective function of the EV operator is as follows:

minCez; — Télbpetv (2)

where r;b is the electricity selling price of the energy market, the total charging power of
the cluster is P!,:
t g
Petzz - ngpo,ev + Peuz])xy (3)

where Pg%o,w is the charging power of the response part in the cluster and szxy'* is the
charging power of the remaining unresponsive part.

3.2. The Determination of the Power Interaction Time Interval between a VPP and an EV Cluster

ngﬁo,w is defined as the range of energy interaction between a VPP and an EV cluster.

For the part of the cluster that does not realize the translation of the charging load, it does
not participate in the energy interaction process with the VPP. This part of the charging
load purchases electricity from the energy market according to the original plan, and the
charging price is the price of purchasing electricity from the energy market. Therefore,
the time period of energy interaction between the VPP and the EV cluster depends on
the flexibility resources in the cluster. At this time, the electricity purchase cost of the EV
operator is composed of two parts: one is the charging cost of the responsive part in the
cluster C,3/, the other is the charging cost of the unresponsive part in the cluster Cg; *:
C& = bpoPappoco

4)

wxy _ _p pwxyt
Cev” = re,hpev

where r?}’l’fpo is the price of time-sharing bargaining between the VPPO and the EV operator,
as shown in the following Section 3.3.

3.3. A VPPO and an EV Cluster Conduct Time-Sharing Bargaining

In order to ensure the rationality of the transaction, it is necessary to ensure that the
VPP and the EV cluster can obtain greater benefits than their previous participation in
the electricity market. Otherwise, both the VPP and the EV cluster will only choose to
trade with external markets based on their own interests. Therefore, based on the existing
multi-microgrid interactive pricing mechanism, this paper formulates the interactive price
of the VPP and the EV cluster according to their supply and demand relationship as follows:

Teplts
t (rt it )w +rt Oswr =1
r;%PU — eb Tes)WtTTes (5)
s wy>1
Ps,e,t
_ _VPPO
wt - ny,t (6)

vppo,ev
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Lay

where ré/s, 1’2 , correspond to the purchase and sale price of electricity in the energy market.

P‘s/’%’;o is the power of electricity sold to the energy market in the f period determined by
the initial VPPO. If the electricity is purchased from the energy market in the ¢ period, the
value is 0. w; is the proportional coefficient, which is related to the VPPO initial market
bidding plan and flexible resources in the EV cluster. If w; = 0, then rf,%o is the selling
price of the energy market; if 0 < w; < 1, then r53;, is the value in the price of electricity
purchased and sold in the energy market, and this value decreases with the increase in wy;

if wy > 1, then rff;g’f,o is the electricity purchase price in the energy market.

4. Day-Ahead Bidding Model of VPP Multi-Level Power Interaction

The overall block diagram of a VPP multi-level power interaction is shown in Figure 6.
Considering the power interaction between a VPP and an EV cluster, the corresponding
model is established.

/
Energy market > < Peak regulation market> il
/

er of external mamets - > d

Figure 6. The overall block diagram of a VPP and an EV cluster power interaction.

4.1. VPPO'’s Full-Time Game Pricing for Internal Participants
1.  Leader VPPO

According to the external market information and the supply and demand of the
internal entities, the VPPO aims to maximize the comprehensive income, including the
income obtained by the internal subjects and the income in the external electricity market,
and formulates the price and market bidding plan corresponding to each subject. The goal
is shown in Equation (7).

mt,n

essn L Rn tf e
vppor P, P!

maxEyppo (r Toppor Toppor Lippos vppo) @)

where r;",f;,"o, Toppor r§,;’;o are the purchase price of MT, the discharge incentive price of ESS,

and the sale price of FL set by the VPPO in the nth iteration, respectively. PZ%,,O, Pg,po are
the bidding powers of the VPP in the electricity market. At the same time, the VPPO needs
to meet power balance constraints, peaking constraints, price constraints, and bidding

overall capacity constraints.
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2.  Follower MT

After receiving the electricity purchase price issued by the VPPO, MT responds to the
VPPO with the goal of maximizing total revenue by integrating power generation cost,
electricity sales revenue, reserve compensation, etc.

t t t,

maXBnV1PPO(me) r?ppo = rzzpp’é (8)
where B%; po 18 MT revenue and Py is MT output. At the same time, MT also needs to
meet power constraints, climbing constraints, and standby constraints.

3. Follower FL

The VPPO sells electricity price to FL, and FL adjusts the power of the transferred load
according to the goal of the lowest total cost:

. ~FL R R,

mlnCVPPO(PR,Zy) Toppo = rvpizao )
where CEL , | is the total cost of FL and PR zy is the transfer load power. FL also needs to
meet the upper and lower limit constraints of transfer power, the total transfer constraint,
and the reserve constraint.

4.  Follower FL

ESS responds to charging or discharging power to the VPPO based on the maximum
total revenue:

maxByppo (Pess)|Toppo = Toppo (10)

where B{7pp is the total income of ESS. ESS also needs to meet the upper and lower limits

of single-period charging or discharging power constraints, peak shaving market bidding
power constraints, overall capacity constraints, and state of charge constraints.
The constraints of the VPPO and each subject are shown as follows:

s,e,t R b,et
"Vbpo = Toppo < TVppo

mt b.et
rmt,min S rz;ppg S rvppo
Tess,min < r%spspo < Tess,max

Pt + Pwt,pv = Plogao + PIeQ,zy + PEESS + Pe—grid

po potf
’PVPPO‘Z ”‘P i

min

11)
1 lv,tf (
Pyppo = uPyid

0< Pfféfs,lv < UPpss
UPpss < Petsépv <0

tf,lv
0< Py < uPrey

tf,pv
”PR,zy < PR,zy <0

where r?/’?;;)o, r?flgtpo correspond to the purchase and sale price of electricity in the energy
market; Pyt po is the predicted value of WT/PV; Pjyaq9 is the initial load power; P, g is
the interaction power between the VPP and the energy market (if it is positive, it indicates
that electricity is purchased from the energy market, and if it is negative, it indicates that
electricity is sold to the energy market, and there can only be one state in a single period of

: t t
time); Pgsfs, P, PR{W,
market and the peak load regulation market, respectively; P‘% PO PlY,; are the bidding

powers of VPP in the peak load regulation market; u is 0-1 variable (if it is 0, it means

sz,zy are the bidding powers of ESS and transfer loads in the energy
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that it is not allowed to participate in the peak load regulation market, and if it is 1, it is
the opposite).

d g d o
pibnt 4 AL > R+ Ry

up,t up,t
Pmt + PR,zy 2 Ryt + RPU*

min, ¢ down, t t max,f up,t
Pmt +Pmt SPmtgpmt _Pmt
down,t t t—1 up,t
Pmt,min < Pmt - Pmt < Pmt,max

down, t min, ¢ t max,t up,t
pR,zy + PR,zy < PR,zy < PR,zy - PR,zy

I t
El Py =0

0 < P, < Pgmax pdmin — pd

ess 4 ess

(12)

<0,P4PE =0

ct—1 d,t—
SOC; = SOC;_1 + 10 + B
Socmin < Soct < Socmax
SOC(ty) = SOC(T)

up,t pdown,t
P, mt 7/ P mt

are the maximum and minimum values

where PI! pMInt gre the extreme values of MT output;

7S mt
. pmax,t pmin,t
and lower reserves left by MT; PR,zy ’PR,zy

of load transfer power; P;Z’;, Pﬁf’;;”’t are the upper and lower reserves reserved by FL;
Ruwt+, Rwt—, Rpo+, Rpo— correspond to the positive and negative deviations of WT and PV
output; 7. /1,4 are the charging /discharging efficiencies of ESS, and there is only one state
in a single period of time; SOC is the state of charge of ESS; Pi2 is the total amount of ESS.
The overall structure of the master—slave game model of the VPPO and internal multi-agent

price quantity is shown as follows:

are the upper

VPPOUMTUFLUESS

IR R Gl ), .
{{5™ (P}, {SPH(Ph ) | {SESS (P}

{Evrro}, {BVbpo}- {Chppo s {BShpo }

where VPPO U MT U FL U ESS are the main participants in the master—slave game; SV,
gmt GFL GESS jre the corresponding strategy sets; Eyppo, B%ﬁpo, C%JPO, Byppo are the
respective utility functions.

4.2. VPPO'’s Time-Sharing Bargaining for Flat-Level EV Operators
4.2.1. Objective Function

The VPPO coordinates flexibility resources within the VPP and the EV cluster, and the
objective function is as follows:

P t 4
maxEyppo = Byppo + Byppo + Bxfppo + BVppo — CZZ;PJ; (14)

where B0, BS b0, Bg ppo are the revenues of VPPO in the internal energy market and
peak shaving market; respectively; B{/pp, is the revenue of selling electricity to the EV

cluster; Cf,;;% is the corresponding compensation for the flexible resources in the cluster to
participate in the peak shaving market. The specific expressions of each part are as follows:
1.  Internal benefits of the VPPO

) ) bt
glppo = Bl\’;igpo - Cirf / (15)
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where B%’?PO is the income from the internal purchase and sale of electricity when the

VPPO initially participated in the market bidding; Clbnc *f is the compensation of the VPPO
to the internal participation in the peak shaving market.

in0 _ R
B;;’;Jpo - rvppo(PloadO + PR,zy) - ﬂ;nptpopmt - 75575170 Pessd (16)
bt t t t
Cirf ! = rvj;PO(Pegs + PR{Z}/) (17)
where réj;po is the compensation price of the peak regulation market.
2. VPPO benefits in the energy market
= t t bet bt
e _ S,e, S,€, ,€, ,€,
Byppo = Y. ("Vipo X Pyipo — b0 X PYpeo) (18)

t=1
where PY4%., P34, are the purchase and sale prices of the VPPO to the energy
market, respectively.
3. VPPO benefits in the peak-shaving market

tf TS24 yfror Iot tf,po,t
_ #~0, v, ’ 12
By ppo = "vppo X Pyppo T Tvppo %
=1

va,t

VPPO (19)

where rgﬁ%, rgpl;é are peak shaving and valley filling prices in the peak shaving market.

4. VPPO'’s revenue from selling electricity to the EV cluster
t

BYppo = r?;z;f;w x szgpo,ev (20)

5. The VPPO compensates EV users to participate in the peak shaving market
t t *
C;Z;Jpg = rv];popz})cgpc{ev (21)

where ng;bf v is the part of the cluster participating in the bidding of the peak
shaving market.

4.2.2. Constraints

1. Power balance constraint

Pt + Pwt,pv = Ploado + Plez,zy + Pz)fg;o,ev + Pegss + Pefgrid (22)

where ng;o,ev is the part of ngpo,ev that is charged in the energy market.

2. Constraints on the interaction power with the energy market
btpbet e st
Pe—gria = 0" Py/ppo + 02 Pyipo (23)

ot o <1 (24)
where 80, 65 are 0-1 variables, indicating that the interaction power between the VPP and
the energy market in the same period can only be one state.

3. Overall capacity constraints

In order to avoid capacity conflict, it is necessary to set the overall capacity constraint
of flexible resources in the VPP to participate in market bidding.
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t
Pess = Peéfs "‘Pegss
_ ptf e
P Rzy — p R,zy +P R,zy (25)
X X,e xy,t
Pv]gpo,ev = vgpo,ev + Pvgp({ev

4.  Peak shaving market access threshold constraints

lv,t [v,t lv,t [v,t
vappo—Pe;)s + Py’ "‘Pv;}?poev

R,zy
26)
po,t po,t po,t (
Pyppo = Pess' +PRzy
here PLY, plut, prot plod | plot h f ESS, FL, and EV cl ici
where Pess”, Pes¢, Pp 2y LR 2y Poppo,ev are the powers o , FL, an clusters participat-

ing in the peak shaving market.
The VPP should meet the access conditions of the peak regulation market when
participating in the bidding of the peak regulation market.

Iv, tf
PVPPO > uPy

’ >u ‘ va Af @7)

min

‘P VPPO

The peak bidding power needs to meet the period requirements and upper limit
constraints, and the bidding power in other periods is zero.

0< fféfslv < UPpss
UPpss < P:s{tspv <0
0<P ;fzf < uPgy (28)

tf,pv
uPRzy < PRzy <0

[v,t
0< P, vppo v < Pvppo ev

5. Model Solving Process

The overall model solving process is divided into two parts: one to calculate the initial
data, as shown in Figure 7; the other to solve the VPP multi-level power interaction model,
as shown in Figure 8.

VPP EV

| Input basic data | | EV space / time travel law

N3 N2
| Set the basic parameters of the | The next day travel dlslance|
Lati
population Change the particle D of EV

| Particle swarm initialization AAMEACLS @ N
I Y-

Particle cross variation;

Generate EV parking
charging time

rard Y | Din=D | | Din=D_max |
Update the price signal
N
\lz Set the basic parameters oflhe
Call the main subroutines inside VPP population, thc initial value Change the particle

| Particle swarm initialization l—‘MY
e
Particle cross variation; N
Update charging time
2
| Calculate the fitness function value |

btaining initial da N number of iterations

Y
| VPP market bidding plan | The orderly c‘ﬁarging power
of the EV cluster

]

VPPO formulates internal price
information and market bidding plan.

Achieve precision ?

Y

3

Figure 7. Obtaining initial data.
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VPP 's initial market bidding plan;
Charging plan of initial EV cluster
N

Calculate the energy interaction range between
VPP and EV cluster
|}
Calculate the price of VPPO 's collaborative
bargaining with EV operator

VPP interacts with electric energy of EV
cluster

1
Set the basic parameters of the population

N .
Update particle parameters
Particle swarm initialization Y

)

Particle cross variation
Update the market bidding plan

| Calculate the fitness function value |

Achieve precision ?

Y

S the maximum number
iterations reached ?

| Achieve the optimal solution |
2
| End |

Figure 8. The overall process solution diagram of the model.

In Figure 7, the initial data are calculated, including the initial VPP market bidding
scheme and the initial orderly charging plan of the EV cluster in the energy market. When
calculating the initial data of the VPP, a distributed equalization algorithm combining the
particle swarm optimization algorithm and the interior point method is used to solve the
problem. When calculating the orderly charging power of the initial EV cluster in the
energy market, the particle swarm optimization algorithm is used to solve the problem.

In Figure 8, the power interaction range between the VPP and the EV cluster is solved,
and the price of the two is calculated by time division bargaining. According to the
established optimal scheduling model of the VPP multi-level power interaction, the particle
swarm optimization algorithm is used to solve the problem. In order to achieve economic
goals, the VPP and the EV cluster adjust their market bidding plans, respectively.

6. Example Analysis
6.1. Parameters and Scenario Settings

The prices of the electricity market are shown in Table 2. The basic parameters of each
main subject inside the VPP are shown in Table 3. The WT/PV predicted value and the
initial FL power are shown in Figure 9 and the upper limit of the day-ahead prediction
error is 10%. The maximum and minimum adjustment of FL are 30% and 25% of the initial
load, respectively.

Table 2. External electricity market prices.

Price (RMB/kwh) Valley Period Usual Period Peak Period
Time interval 1-7,22-24 12-17 8-11,18-21
r’{;ﬁg}o 0.3139 0.6418 1.0697
"Yhpo 0.1569 0.3209 0.5348
rﬂ;’g 0 0 0.6

#VI;’;;{) 0.35 0 0
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Table 3. Basic parameters of MT and ESS.

MT ESS
Maximum power 2 MW Rated capacity 3 MW
Minimum power 0.3 MW Rated charge/discharge power 1MW
a 0.0008 50C 0.1-0.9
b 0.0175 Initial SOC 0.1
c 105 Ne/ Mg 0.95
Predicted value/kw WT PV Power/kw
60001 10,000
9000 -
5000
8000 -
40001 7000 -
6000 -
3000 5000
4000
2000}
3000
1000 2000
1000
0 Time/h 0 Time/h
1'23456789101112131415161718192021222324 1234567809101112131415161718192021222324 ¢
(a)WT/PV predicted value (b)Initial load value

Figure 9. WT/PV predicted value and initial load value.

The parameters of the EV cluster are shown in [31], including the model of the sim-
ulated vehicle, battery capacity, user travel, and parking time rules, etc. Moreover, the
price-sensitive user’s responsiveness saturation value is 0.9, the dead zone threshold of
the price difference is 0.1, and the saturation zone thresholds of the peak valley and flat
valley price differences are 0.9 and 1.4, respectively. The following seven scenarios are set
for example analysis, as shown in Table 4.

Table 4. Scenario settings.

Various Scenarios Content
Scenario 1 The VPPO leads multi-agents to participate in market bidding
Scenario 2 The EV cluster orderly charges (500 vehicles)
Scenario 3 Using the strategy proposed in this paper (500 vehicles)
Scenario 4 Increase the number of the EV cluster to 1000 in Scenario 2
Scenario 5 Increase the number of the EV cluster to 1000 in Scenario 3
Scenario 6 Increase the number of the EV cluster to 2000 in Scenario 2
Scenario 7 Increase the number of the EV cluster to 2000 in Scenario 3

The iterative convergence of the above seven scenarios is shown in Figure 10. The
iteration time of Scenarios 3, 5, and 7 under the strategy of this paper are 1.20 s, 1.18 s, and
1.19 s, respectively. The numerical results of each scenario are shown in Appendix A.
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Figure 10. Iterative results of each scenario.

6.2. Economic Benefit Analysis

The income in each scenario is shown in Table 5.

In Table 5, for the VPPO, compared with Scenario 1, the total revenue of the VPPO
in Scenarios 3, 5, and 7 increased by 17.9%, 19.8%, and 31.1%, respectively. For the EV
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cluster, the total cost of Scenarios 2 and 3, Scenarios 4 and 5, Scenarios 6 and 7 is reduced
by 30.3%, 27.2%, and 26.3%, respectively. Therefore, compared with the VPP and the EV
cluster participating in the electricity market separately, the strategy of this paper reduces
the total cost of the EV cluster and increases the total revenue of the VPPO. The part com-
position of the total revenue of the VPPO and the total cost of the EV cluster are shown in
Tables 6 and 7.

Table 5. The income of each scenario.

Various Scenarios Total Profit of the VPPO (RMB) Total Cost of the EV Cluster

(RMB)
Scenario 1 57,940.9 0
Scenario 2 0 4178.3
Scenario 3 68,329.7 2911.2
Scenario 4 0 9021.1
Scenario 5 69,412.3 6565.6
Scenario 6 0 19,595.7
Scenario 7 75,933.6 14,439.3
Table 6. Part of the composition of the VPPO total revenue.
tf ess,tf R, tf v, tf
Scenarios BVPPO B“Z/P PO CVPPO CVPPO C;PPO
(RMB) (RMB) (RMB) (RMB) (RMB)
Scenario 1 8143.7 —4957.2 2612.2 85,305.8 0
Scenario 3 18,701.6 —4855.6 1205.6 3527.5 549.2
Scenario 5 19,880 —6304.5 1258.7 3659.6 953.2
Scenario 7 24,940 —7819.6 1260.8 4582.8 2557.8
Table 7. The total cost composition of the EV cluster.
Component Scenario 3 (RMB) Scenario 5 (RMB) Scenario 7 (RMB)
Disordered charging cost 4178.3 9021.1 19,595.7
The cost of the unresponsive part 19459 4062.0 19459
The cost of the response part 1514.5 3456.8 8963.1
Peak regulation compensation 549.2 953.2 2557.8

According to Table 6, the main factor affecting the total revenue of the VPPO is the
revenue in the peaking market. According to Scenarios 3, 5, and 7, with the increase
in the number of EVs, the revenue of this part is increasing, which increases by 129.6%,
144.1%, and 206.2% respectively, and the peaking compensation for flexible resources
increases accordingly. Flexibility resources include energy storage, flexible load, and parts
that interact with the EV cluster. Due to the increase in the EV charging load, the cost of
the VPPO in the energy market increases. Due to the increase in the EV charging load
interacting with the VPPO, the cost of the VPPO in the energy market increases. From
Table 7, with the increase in the number of EVs, the peak regulation compensation obtained
by the EV cluster increases.

6.3. Analysis of Market Bidding Results
6.3.1. Analysis of Market Bidding Results of the VPP

The bidding results of the VPP in the energy market are shown in Figure 11, and the
bidding results of the VPP participating in the peak shaving market in the energy market
and the peak shaving market are shown in Figure 12.

The results of market bidding for flexible resources in the VPP in Figure 12 are shown
in Figure 13.
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Figure 11. Bidding results of the VPPO in the energy market.
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(a) Peak regulation market

Time/h 24
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Figure 12. VPPO market bidding results (in peak period).

From Figures 11 and 12, the strategy of this paper is adopted to make the VPPO have
more flexible resources available for overall deployment, and, with the increase in the
number of EVs interacting with the VPP, the bidding part of the peak shaving market
increases, such as in periods 1, 2, 22, 23, and 24. According to Figure 13, increasing the
power interaction with the EV cluster can fully tap the potential of flexible resources, make
up for the original deviation part of the VPP, and change the situation that the original time
period cannot participate in the bidding of the peak shaving market, such as in periods 3, 4,
and 5. At the same time, due to the constraints of the overall capacity, the bidding results
of the VPP in the energy market will change accordingly.
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[ 500 vehicles 11000 vehicles  [—__] 2000 vehicles
1000
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Power/kw
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Power/kw

Time/h o Time/h o

(c) Load transfer peaking market bidding results (d)Load transfer energy market bidding results
Figure 13. Market bidding for flexibility resources.
6.3.2. Analysis of Market Bidding Results of the EV Cluster

The charging power of each EV in the energy market under Scenarios 2, 4, and 6 is
shown in Figure 14.

response part Unresponsive part

8

@

Power/kw
IS
Power/kw

400

100 50

Time/h 0 Time/h 0 0

Number of EVs/Vehicle Number of EVs/Vehicle
(a1)500 vehicles(response part) (a2)500 vehicles(unresponsive part)
response part Unresponsive part

Power/kw
Power/kw

800

100

0
Time/h 0 o Time/h 0 0
Number of EVs/Vehicle Number of EVs/Vehicle

(b1)1000 vehicles(response part) (b2)1000 vehicles(unresponsive part)

Figure 14. Cont.
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Figure 14. The charging power of each EV in different scenarios.

The overall charging power of the EV cluster is shown in Figure 15, and the market
participation plan during the peak shaving market period is shown in Figure 16.
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Figure 15. Total charging power diagram of the EV cluster.
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(2)Bidding power of the EV cluster in peak shaving market  (b)Bidding power of the EV cluster in energy market

Figure 16. The EV cluster bidding plan for power interaction with the VPPO.

According to Figure 14, the translation period of the EV cluster guided by the electricity
price is mostly in the valley period, and the responsiveness is determined according to
consumer psychology. The charging power of each user is superimposed to obtain the
overall charging power, as shown in Figure 15. The charging power of EVs in the response
part is concentrated in periods 14 and periods 22-24. According to Figure 16, for the EV
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cluster in periods 22, 23, and 24, the charging power of the cluster in the energy market
is basically unchanged under a different number of EVs (although there is a significant
difference in the bidding part of the peak shaving market) and increases with the increase
in the number of EVs. It shows that, with the help of the ‘shoulder’ of the VPP, the strategy
proposed by this paper can make the EV cluster participate in the peak shaving market, and
effectively solves the problem of new peak load brought by the EV cluster from disorderly
charging to orderly charging.

6.3.3. Analysis of the Role of Flexibility Resources
When the VPP interacts with the EV operator, the interaction price is shown in Figure 17.

—o— Interactive price * Electricity sales price Electricity purchase price
12 B i1 & ® ' D@ %
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Time/h Time/h Time/h
(a)500 vehicles (b)1000 vehicles (¢)2000 vehicles
Figure 17. Interactive price between the VPPO and the EV operator.

In Figure 17, the price of the electric energy interaction between the VPP and the EV
cluster is related to the proportional coefficient, that is, it is related to the charging power of
the initial EV cluster and the bidding results of the VPPO. The price-quantity relationship
of each subject in the VPP in Scenario 1 is shown in Figure 18.
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Figure 18. The price—quantity relationship diagram of each subject in the VPP in Scenario 1.

In Figure 18, in order to fully encourage ESS, ESS charging does not need to pay
the cost, which is borne by the VPPO. When discharging, the VPPO gives corresponding
discharge compensation. For FL, in order to minimize the sum of power purchase cost and
satisfaction cost, the transfer load is negative in the peak period and positive in the valley
period. At the same time, in order to meet the total transfer constraint, the transfer load
power is negative in the normal period, and finally the load transfer in the peak and valley
periods is realized. MT needs to consider its own power generation cost, electricity sales
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income, etc., and its output changes with the purchase price issued by the VPPO, which is
basically in line with the price trend of peaks and valleys.

7. Conclusions

The existing distribution network system has a large number of distributed energy
and demand-side resources, and the capacity is small, the location is scattered, difficult
to manage, and cannot participate in the bidding of the power market alone. As an
aggregation platform for various types of small capacity resources, virtual power plants
can achieve coordinated and optimized management and can participate in the bidding
of the power market as a whole, considering the interests of each participant. In order to
fully tap the potential of flexible resources, improve their enthusiasm to participate in the
market, and solve the problem of market bidding due to limited resources, the VPPO can
be considered to bargain with other operators. Therefore, this paper proposes a multi-level
power interaction strategy for the VPP. However, the interaction objects are not limited to
EV operators but also include load aggregators, integrated energy system operators, etc. It
is the future trend to bargain between the owners of various small capacity resources for
energy interaction, which can achieve multiple win-win situations, and diversified energy
interaction methods can promote the enthusiasm of the owners of small capacity resources,
improve their economic benefits, and reduce the regulation and control pressure of the
power grid in a low-cost and efficient way to promote the peak and valley load transfer
process of the power grid, promote balanced electricity consumption, and achieve green
economic development.

In this paper, a multi-level energy interaction VPP day-ahead bidding strategy is
proposed and verified by an example. The following conclusions are drawn: For the
VPP, the problem of market bidding with limited resources in the VPP is solved, and the
economic benefits of the VPPO and internal subjects are improved. For the EV cluster,
the flexible resources of the original translation part in the cluster have the opportunities
to participate in the bidding of the peak shaving market, which not only reduces the
cost of purchasing electricity but also the corresponding users can obtain compensation
for participating in the peak shaving market, effectively solving the peak load problem
of the EV cluster from disorderly charging to orderly charging. With the help of each
other’s ‘shoulder’, they jointly achieve market bidding and make massive flexible resources
actively participate in power grid regulation, reduce the burden of power grid regulation,
and ensure the economic and stable operation of the power system. In the current multi-
agent market environment, the strategy proposed in this paper has obvious advantages.

The limitations of this paper include the generalization of EV types and specific
models, and the charging energy consumption of EVs is not considered. In future research,
multi-type EVs can be considered, corresponding models can be established, charging and
discharging processes can be taken into account, and energy loss can be considered, which
will be closer to practical engineering applications. At the same time, the interaction object
is not limited to the EV cluster but also can interact with the integrated energy system
operators to achieve multi-level utilization of integrated energy. The strategy proposed in
this paper has obvious advantages in the current multi-agent market environment.
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Appendix A
Table Al. Scenario 1.

P, mt p wt p PV p R,zy P ess P e-grid P?/CPPO
760.00 4600 0 1896.73 954.41 —1900.84 0
750.00 4500 0 1822.92 954.54 —1627.46 0
730.00 4300 0 1772.72 —1000.00 257.28 0
720.00 4200 0 1723.03 —1000.00 296.97 0
710.00 4100 1000 1677.10 955.03 —622.12 0
700.00 4000 1500 1777.54 610.85 —188.39 0
715.10 3500 2000 2204.77 612.23 —1601.89 0
1215.10 2800 2500 —1740.00 —1000.00 715.10 —2740.0
1497.61 2500 3000 —1890.00 —1000.00 697.61 —2890.0
1498.40 2200 3500 —2250.00 961.14 987.26 0
1449.83 2100 3000 —2160.00 —1000.00 2.70 —2507.1
949.83 2300 2500 —788.00 959.12 —1421.29 0
936.41 2500 3000 —734.43 959.33 —388.49 0
902.66 2600 3200 —676.66 —1000.00 2379.33 0
889.43 2700 2500 —699.73 —1000.00 1589.16 0
947.45 2700 2700 —731.08 960.88 —382.35 0
951.60 2600 1800 —764.62 960.96 —1644.73 0
1451.60 2400 1200 —2100.00 —1000.00 1151.60 0
1486.19 2200 500 —2190.00 —1000.00 76.19 0
1524.25 2500 0 —2160.00 930.05 —1945.80 0
1223.41 2800 0 —2160.00 —1000.00 —16.59 0
723.41 3000 0 3091.65 889.61 —3300.71 3957.14
620.00 3200 0 2652.26 —1000.00 —1185.51 2646.75

Table A2. Scenario 2.

P zl;efore P %zfter Pz’%'pto,ev P g;;cpyz;fev fff;;’,fo
861 861 847 14 0.3139
1099 1099 1085 14 0.3139
1197 1197 1190 7 0.3139
1085 1085 1078 7 0.3139
644 644 637 7 0.3139

7 7 7 0 0.3139

7 7 0 7 0.3139
35 35 0 35 1.0697
56 56 0 56 1.0697
112 112 0 112 1.0697
182 182 0 182 1.0697
196 196 28 168 0.6418
182 182 35 147 0.6418
175 175 42 133 0.6418
196 196 63 133 0.6418
322 322 98 224 0.6418
392 392 70 322 0.6418
301 301 14 287 1.0697
203 203 0 203 1.0697
154 154 0 154 1.0697
77 77 0 77 1.0697
245 245 203 42 0.3139
581 581 567 14 0.3139
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Table A3. Scenario 3.
P e-grid P gPPO Pi%’]:o,ev P;%’;?;,ev rf;z;ﬁgo
0 861 55.56 791.44 0.314
0 1099 271.26 813.74 0.314
—932.72 1197 1190 0 0.191
—781.02 1085 1078 0 0.190
—1.259.12 644 637 0 0.314
—195.39 7 7 0 0.157
—1.601.89 7 0 0 0.000
715.10 35 0 0 0.000
697.61 56 0 0 0.000
987.26 112 0 0 0.000
2.70 182 0 0 1.070
—1449.29 196 28 0 0.321
—423.49 182 35 0 0.321
2337.32 175 42 0 0.642
1526.15 196 63 0 0.642
—480.34 322 98 0 0.321
—1714.73 392 70 0 0.321
1137.60 301 14 0 1.070
76.19 203 0 0 1.070
—1945.80 154 0 0 0.535
—16.59 77 0 0 0.535
—3276.59 245 0 203.00 0.157
—1180.00 581 0 567.00 0.157
Table A4. Scenario 4.
P z?efare P E’z?fter 1)"(%/;0,2'0 P ;(;f;%/a’fev r;z;;';fo
63 1624 1610 14 0.3139
14 1834 1834 0 0.3139
0 1876 1876 0 0.3139
0 1785 1785 0 0.3139
0 1050 1050 0 0.3139
0 0 0 0 0.3139
42 21 14 7 0.3139
210 70 21 49 1.0697
406 126 7 119 1.0697
819 231 0 231 1.0697
1309 322 21 301 1.0697
1239 434 133 301 0.6418
973 406 175 231 0.6418
819 406 189 217 0.6418
1022 497 252 245 0.6418
1568 721 343 378 0.6418
2212 861 259 602 0.6418
2366 763 119 644 1.0697
1960 707 105 602 1.0697
1386 476 63 413 1.0697
847 315 98 217 1.0697
413 686 623 63 0.3139
224 1295 1267 28 0.3139
Table A5. Scenario 5.
P, e-grid p t\{PPO P;CJ%’;:o,ev va%'pt};,ev Tf;z;;;o
0 3401.14 589.77 1020.23 0.157
0 3461.46 795.57 1038.43 0.166
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Table A5. Cont.

P e-grid P gPPO Pi%’]:o,ev P;%’;?;,ev rf;z;ﬁgo
—1618.72 0 1876 0 0.314
—1488.03 0 1785 0 0.314
—1672.12 0 1050 0 0.197
—188.39 0 0 0 0.000
—1615.89 0 14 0 0.157

694.10 —2740.00 21 0 1.070

690.61 —2890.00 7 0 1.070

987.26 0 0 0 0.000

—18.30 —2507.13 21 0 1.070
—1554.29 0 133 0 0.321
—563.49 0 175 0 0.321

2190.32 0 189 0 0.642

1337.16 0 252 0 0.642

—725.34 0 343 0 0.321
—1903.73 0 259 0 0.321

1032.60 0 119 0 1.070

—28.81 0 105 0 1.070
—2008.80 0 63 0 0.535

—114.59 0 98 0 0.915
—3276.59 4604.26 0 623.0 0.157
—1180.0 3919.26 0 1267 0.162

Table A6. Scenario 6.

piger pigr Plfoco Pl riho
154 3045 3010 35 0.3139
91 3080 3059 21 0.3139
56 3381 3367 14 0.3139
21 3136 3136 0 0.3139
21 1799 1799 0 0.3139
14 14 14 0 0.3139

98 21 14 7 0.3139
392 133 28 105 1.0697
994 301 42 259 1.0697
1750 497 49 448 1.0697
2471 763 154 609 1.0697
2520 945 364 581 0.6418
1981 1022 567 455 0.6418
1680 1106 658 448 0.6418
2163 1288 679 609 0.6418
3157 1666 728 938 0.6418
4186 1911 777 1134 0.6418
4515 1701 518 1183 1.0697
3815 1442 427 1015 1.0697
2926 1239 476 763 1.0697
1876 1057 602 455 1.0697
1106 1981 1708 273 0.3139
637 2576 2429 147 0.3139

Table A7. Scenario 7.

P e-grid P ?/(PPO Pf};ya,;fo,ev P;%;falev rf;?;r’;o
—1.29 4799.85 356.85 2653.15 0.192
—5.41 4681.06 1142.30 1916.70 0.205
—3.57 3106.15 2033.34 1333.66 0.314

—-2.09 2836.94 2011.39 1124.61 0.314
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Table A7. Cont.

Pegrid p gPPO Pi%’];o,ev I)f;ry;zé,ev r;;’;o
—0.02 2421.10 1077.87 721.13 0.233
—202.39 0 14 0 0.157
—1615.89 0 14 0 0.157
687.10 —2740.00 28 0 1.070
655.61 —2890.00 42 0 1.070
938.26 0 49 0 1.070
—151.30 —2507.13 154 0 1.070
—1785.29 0 364 0 0.321
—955.49 0 567 0 0.381
1721.33 0 658 0 0.642
910.16 0 679 0 0.642
—1110.35 0 728 0 0.421
—2421.73 0 777 0 0.321
633.60 0 518 0 1.070
—350.81 0 427 0 1.070
—2421.80 0 476 0 0.535
—618.59 0 602 0 1.041
—3286.17 5679.68 9.17 1698.83 0.157
—1183.32 5077.94 3.24 2425.76 0.211
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