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Abstract: The bidirectional uncertainty of source and load creates scarcity in the reserve resources of
the distribution network. Therefore, it is highly significant for the safe and economic operation of
the system to harness spare energy storage capacity from prosumers to provide reserves. This paper
proposes a bi-layer optimal scheduling model of “distribution network-prosumer group—prosumer”
that considers the flexible reserve resources of a prosumer. The upper layer is the “distribution
network—prosumer group” optimization model, in which the distribution network sets the electricity
price and reserve price according to its own economic benefit and sends it to the prosumer group
and guides it to participate in the scheduling of the resources of the prosumer. The lower layer is
the “prosumer group—prosumer” optimization model, where the prosumer group incentivizes the
prosumer to adjust its energy storage charging and discharging plans through prices and mobilize
its own resources to provide flexible reserve resources. The results show that the optimal method
proposed in this paper can fully utilize flexible reserve resources from prosumers, improve the
economy of distribution network operations, and reduce the pressure of providing reserves using the
upper grid.

Keywords: prosumer; energy storage; flexible reserve; bi-level optimization; price

1. Introduction

In the context of “carbon peak” and “carbon neutrality”, large-scale new energy instal-
lations are being connected to the grid and are gradually transitioning from supplementary
power to main power [1,2]. Due to the new energy output being susceptible to the en-
vironment, weather, and other natural factors, the load in the distribution network also
has the same uncertainty [3,4]. The uncertainty on the source-load side of the distribu-
tion network is significantly enhanced, and system power balance regulation faces more
severe challenges [5]. In the actual operation of the system, the reasonable reservation
and scheduling of rotating reserves is the main measure used to effectively cope with the
two-way source-load side uncertainty. However, in the past, the reserve demand was
usually met only by thermal power units in the upper grid, which has limited regulation
capabilities, lacks environmental protection and has difficulty meeting the current flexibility
demand of the system [6]; therefore, fully exploiting the flexibility of the reserve resources
to participate in system regulation and improve the security and economy of distribution
network operations is an urgent problem to be solved.

The widespread use of distributed photovoltaics (PVs) and energy storage systems
(ESSs) on the load side has transformed the traditional grid end-user into a prosumer
with two-way energy interaction characteristics [7], enabling the user to satisfy their own
electricity demand while selling the surplus electricity to the distribution network [8]. In
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the process of system operations, the problem of uncertainty in the output of wind turbines
(WTs) and PVs should be considered first. To address this problem, many scholars have
already conducted research. The stochastic programming method of convex models pro-
posed in [9] can generate multiple typical scenarios by considering the uncertainty of PV
and WT output and establish the corresponding optimization model. The authors of [10]
describe the uncertainty of PV, WT, and load prediction errors based on a Gaussian stochas-
tic distribution probability model. The authors of [11] propose a method for constructing
wind power probability distribution based on principal component analysis and kernel
density estimation that effectively characterizes the uncertainty of wind power output.

Energy storage, as an important device supporting the flexible operation of the distri-
bution network, has better responsiveness and operates more flexibly than a thermal power
unit, which is a flexible reserve resource [12,13]. At present, the use of energy storage to
provide reserves has become a hot research topic, and many scholars have studied it. The
authors of [14] studied the multi-operation mode of energy storage in the consumption
of wind power while participating in the market of electric energy and backup auxiliary
services. The authors of [15] considered the economic benefits under two application
scenarios, energy storage arbitrage and providing reserves, and optimally allocated the
capacity and power of energy storage. The authors of [16] proposed a bidding decision
method for wind storage plants in the electric energy and reserve market based on the
modeling of the residual demand curve to achieve the maximum return of wind storage
plants. The above studies mainly consider centralized energy storage on the source side
in order to provide reserve resources, and there are fewer studies on tapping the reserve
potential of decentralized energy storage on the user side.

The Notice on the Pilot of Market-based Trading of Distributed Generation issued by
the National Energy Administration (NEA) provides policy support for the development
of user-side market-based trading [17]. However, due to the stochastic and fluctuating
nature of production and prosumer production, individual resources are limited and
more dispersed, making it difficult to directly participate in market scheduling [18,19].
In this context, the prosumer group is introduced as an intermediate coordination layer
to aggregate the resources of prosumers in a certain area to participate in the electric
energy and reserve market, and the prosumers can carry out power mutualization with the
distribution network through the prosumer group so as to realize the resource allocation of
the system in a more reasonable way.

In [20], the load aggregator quantifies the integration of prosumer resources, and the
distribution system operator (DSO) guides the aggregator to make power adjustments
through the price so as to realize the optimal dispatch of prosumer resources; however,
the integrated resources only include the purchased and sold power of prosumers. The
authors of [21] constructed a power pricing mechanism using blockchain for the transac-
tions between prosumers and operators, incentivizing the power transactions between
prosumers and operators via the internal electricity price to maximize the interests of both
prosumers and operators; however, the impact of the energy storage of prosumers on the
optimization of system reserve resources is not considered. The authors of [22] constructed
a two-layer optimization model of the DSO and aggregator by exploiting the resource
regulation potential of the demand side through a load aggregator, ignoring the interests of
the customers managed by the aggregator, and the aggregator does not effectively integrate
the customer-side flexibility reserve resources. The above literature only studies the partici-
pation of prosumers in the electric energy market, and less research has been conducted on
the consideration of the coupling relationship between electric energy and reserves and the
simultaneous participation of consumers in the electric energy and reserve markets.

Based on the above analysis, this paper establishes a “distribution network—prosumer
group—prosumer” optimal scheduling model for electric energy and reserves based on dis-
tribution network—prosumer group—prosumer-distributed ESSs to provide flexible reserves.
Among them, the upper layer is the “distribution network—prosumer group” optimization
model, where each prosumer group adjusts the transaction strategy with the distribution
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network according to the electricity price set by the DSO; the lower layer is the “prosumer
group—prosumer” optimization model, where the prosumer group guides the prosumers
to adjust the charging and discharging plan of the ESS through the price. Finally, the
effectiveness of the proposed method is verified by case analysis.

2. Bi-Level Optimized Scheduling Framework
2.1. Framework of the “Distribution Network—Prosumer Group—Prosumer” Model

The structure of the distribution network system containing multiple prosumers is
shown in Figure 1.
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Figure 1. Schematic of “distribution network-prosumer group—prosumer”.

The distribution network contains new energy generation systems such as WT and PV,
as well as conventional loads. The prosumers are connected to the distribution network at
different locations, and the prosumers in the same area are aggregated by the corresponding
prosumer groups and interact with the distribution network. Due to the deviation between
the actual power of new energy sources and loads and the predicted value, rotating reserves
need to be introduced to balance this uncertain power deviation. Both the distribution
network and prosumers have reserve requirements. Under the guidance of the prosumer
group, the prosumers utilize energy storage to provide reserves for themselves and also
provide reserves to the distribution network, and the rest of the reserve requirements of the
distribution network are satisfied by purchasing from the upper grid.

2.2. Bi-Layer Optimization Model of Distribution Network with Prosumers

This paper proposes a bi-layer optimal scheduling model containing distribution
network—prosumer group—prosumer group, as shown in Figure 2. Firstly, the DSO sets
the power purchase price and reserve price, and sends them to the prosumer group. The
prosumer group aggregates prosumer resources based on the price information from the
DSO, and determines the amount of electricity, reserve capacity and price for the prosumer
group when trading with prosumers within the group. Then, the prosumer group transmits
the aggregated prosumer information to the DSO, which then updates the issued electricity
price and reserve price according to the received information. Finally, the two layers
form a closed-loop iteration to realize the optimal distribution network—prosumer group-
prosumer of the electricity and reserve.
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Figure 2. Bi-level optimization model of distribution network with prosumers.

3. Models
3.1. “Distribution Network—Prosumer Group” Optimization Model
3.1.1. Objective Function of Distribution Network

The goal of the DSO is the minimization of its own comprehensive operating cost, and
the development of the electricity price and the reserve price issued to prosumer groups.
The objective function is shown in Equation (1) (the following equations are omitted at
scheduling intervals At):

D _ CN + Cbuy _ Csell (1)

where UP is the comprehensive operation cost of the DSO. In this paper, 24 h before, the
day is divided into T time periods, and T is taken as 24. CN, CP"Y and C%¢!! are the operation
and maintenance costs of WTs and PVs in the distribution network, the energy purchase
cost of the DSO, and the sales revenue, respectively, as shown in Equations (2)-(4).

Z ZPPV PV+E WT WT (2)

where I and | are the number of PVs and WTs; PFY and PX;’T are the predicted outputs

of PV i and WT j in the distribution network in time period t; and 7V and 4T are the
operation and maintenance cost coefficients of PVs and WTs.

T
Cbuy Z Pgrld p + Rgrld up rup + Rgrld ,dn rdn + Z I?tsfp + R’C(L;lpsflr,up + Rgtdn ?r dn)] (3)

where Ptgrid is the power purchased from the upper grid by the DSO in time period ¢;
R‘?nd’up and R;gnd’dn are the upper and lower reserve capacities purchased from the upper
grid by the DSO in time period t; ¢f, ¢;"? and c}’ AN are the electricity prices sold by the
upper grid and the upper and lower reserve price in time period t, respectively; P,flt is the

power sold by the prosumer group k in time period £; R}’ up Rd dn are the upper and lower

reserve capacities provided by the prosumer group k in tlme period t; and sfp, s?r P and
sflr'Clrl are the electricity price and the upper and lower reserve prices set by the DSO during

time period ¢.

K N
€= 121 3 (ol REST T + RS @

T MH

where K and N are the number of prosumer groups and prosumers; P}, is the purchased

s,up s, dn
Kot and Ry, ; are the

upper and lower reserve capacities purchased by the prosumer 7 in time perlod t, and st,

power of the prosumer 7 in the prosumer group k in time period ¢; R}’
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s and srdn

t1me perlod t.

are the electricity price and the upper and lower reserve price of the DSO in

3.1.2. Constraints
(1) Power balance constraint

The output power of the new energy source and the power supplied to the DSO by
the upper grid and the prosumer groups shall be equal to the sum of the power used by

the conventional loads in the distribution network and the power sold by the DSO to the
prosumer groups.

. J K
d
P+ P+ Y Pl =PF+ P (5)
j=1 k=1
where P is the total power consumption of conventional loads in the distribution network,
and P; is the total power sold by the DSO to prosumers.

(2) Distribution network reserve requirement constraints
rid,u; d,u KX s,u
R p+ZR PoY Y R =BT (6)
s

K
id,d
RFAN 4 L RYR - Y 3 R > ”
=1ln=

where Ftd P and Ftd’dn are the upper and lower reserve capacities required by the net load
in the distribution network in time period t. The reserve requirement of the distribution
network is determined based on the Monte Carlo method after describing the probability
density curves of the new energy and load forecast errors [23].

(3) Contact line constraints

The interaction of the DSO with the upper grid and the prosumer group is realized
through the contact line. Therefore, it is necessary to limit the amount of power interacting
between the DSO and the upper grid and prosumer groups to the upper limit of the
transmission capacity of the contact line.

Ptgrid + R;grid,up . R;grid,dn < Fd (8)
=k
P, + Rt — RAM < P )

where P% is the upper limit of transmission capacity in the contact line between the DSO and
the upper grid, and D" is the upper limit of transmission capacity between the prosumer
group k and the DSO.

(4) Electricity price constraints

The price set by the DSO for transactions with the prosumer groups should be more
attractive than the price at which it trades with the upper grid.

Pl
dr up up (10)
dr dn < Ci ,dn
3.2. “Prosumer Group—Prosumer” Optimization Model
3.2.1. Objective Function of Prosumer Group
The prosumer group, as an intermediate link connecting the DSO and the prosumers,
seeks to gain revenue from the tariff difference in the electric energy and reserve markets.



Energies 2024, 17, 5731 60f 16

The objective function of the prosumer group is to maximize its own comprehensive
revenue, as shown in Equations (11)—(13):

u? = cpell - v (11)
Czeu Z (Plfltsfp + Rd up dr up Rd dn dr, dn) (12)
=1
N T
buy bup br,up b,dn _br,d
Z Z( e ¢S kt Rwisiet Ress n) (13)

where U,? is the consolidated revenue of the prosumer group k; Cieu is the revenue of the

prosumer group k for supplying electricity and reserve to the DSO; CEuy is the total cost of
the prosumer group k for purchasing electricity and reserve capacity from prosumers; P,E’ 0t
is the power purchased by the prosumer group k from the prosumer n during time period

t; Rl,: ZE’ and R];(’ 2‘; are the reserve capacity provided by the prosumer # to the prosumer

group k in time period ¢; SEIZ is the price of electricity set by the prosumer group k in time

period t; and sb P and sbr dn

group k in tlme per1od t.

are the upper and lower reserve prices set by the prosumer

3.2.2. Objective Function of Prosumer

The prosumer develops the charging and discharging strategy for ESSs with the
objective of minimizing the combined cost of electricity after participation in the electric
energy and reserve markets. The objective function is shown in Equations (14)—(16):

H _ PpRPV ,d d ess, up
Uy, = CE — Z P P+ (P + Pyt + R ™ + Ry Y™ (14)
u s,up ru dn r,d
CI%,Cn = Z(pkntst +Rkn€ 5 p+Rinr; ¢ n) (15)
t=1
hb L b b,up brup b,dn _br,d
n_br,dn
Ck,n:Z%<Pk,nt Pt RSk RSk ) (16)
=

where LIH is the combined cost of electricity consumption of the prosumer; Chb is the
return obtamed by prosumer 1 from selling excess electricity and reserve; Cf¢, is the cost

of purchasing electricity and reserve for prosumer #; PI?;I;Y is the predicted output of the
rooftop PV of prosumer 7 in time period ¢ and P is the cost of rooftop PV per unit of active
output; P{”, and P> +9 are the day-ahead charging and discharging power of the ESSs;
R;ss P and Rilss,’tdn are the upper and lower reserve capacities provided by the ESSs; and

%% is the unit charging and discharging cost of the ESSs.

3.2.3. Constraints

(1) Constraints on the purchase and sale of electricity and reserve by the prosumer

Pknt Pene=0 (17)
ROVP L RSUP _ RPMP psdn _ (18)
kot kot kot knt

Equation (17) indicates that the prosumer will not purchase and sell electricity at the
same time during the same period of time. Equation (18) indicates that the prosumer will
not purchase and sell reserves at the same time during the same period of time.
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(2) Power balance constraints for prosumer
S RPV ess,d ess,c __ pL b
Pk,n,t + Pk,n,t + Pk,n,t - Pk,n,t - Pk,n,t + Pk,n,t (19)

where PL  is the predicted power consumption of the loads of prosumer 7 in prosumer
group k during the time period t.

(3) Prosumer reserve requirement constraints

s,up ess, up up b,up

Rk,n,t + Rk,n,t 2 Fk,n,t + Rk,n,t (20)
s,dn ess, dn dn b,dn

Ryt Riwr 2 Fon + Riy (21)

where F; }; and {1, are the upper and lower reserve demands of the prosumer 7.

t
(4) Operation constraints of ESS

The charging and discharging power constraints for the ESSs are shown below:

, d ,d

0 < Plfjf,t < ul]:,n,tplf,is,max (22)
0 < Fimi® < (1= ) P @)

_ C pess,c 1 ess,d
Ent = En—1 + 1Py — ﬁp kot (24)
Ek,n,min < Ek,n,t < Ek,n,max (25)
Ek,n,O = Ek,n,T (26)
where P57 and P,fffi  are the maximum permissible charging and discharging power

of the ESSs; ¢ and 77¢ are the charging and discharging efficiencies of the ESSs; ui’ .1 1s the
charging and discharging state of the ESSs in time period ¢, which is dischargiﬁg when
itis 1 and charging when it is 0; Ey ,, ; is the residual energy of the ESSs in time period ¢;
and Ejy , min and Ey ;; max are the minimum and maximum values of the residual energy of
the ESSs.

The power constraints needed for the ESSs to provide reserves are shown below:

ess, up T ess,d
0< Rk,n,t < uk,ﬂ,fpk,n,max (27)
ess, dn r €ss,C
0< Rk,fl,t < (1 o ukﬂ’l,t) Pk,n,max (28)
R _ rR c ess,C ess, dn 1 ess,d ess, up
Ek,n,t - Ek,n,t—l + n (Pk,n,t + Rk,n,t ) - nid (Pk,n,t + Rk,n,t ) (29)
R
Ek,n,min < Ek,n,t < Ek,n,max (30)
R _ R

Ek,n,O - Ek,n,T (31)

ess,d ess, up ess,d
0< Pk,n,t + Rk,n,t = Pk,n,max (32)

ess,C ess, dn €ss,C
0< Pk,n,t + Rk,n,t < Pk,n,max (33)

where up , , is the reserve state of the ESSs in time period ¢, where 1 refers to the provision

of upper reserves and 0 refers to the provision of lower reserves; and E,lfn ; is the residual

energy in time period ¢t after taking into account the charging and dischargfng plan and the
reserve capacity.

Equations (22), (23), (27) and (28) represent the ESS charging and discharging power
constraints; Equations (24), (25), (29) and (30) represent the residual energy constraints;
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Equations (26) and (31) denote that the residual energy is equal at the beginning and
end moments; and Equations (32) and (33) represent the joint operation constraints of the
charging and discharging plan and the reserve arrangement.

4. Solution Methodology

The distribution network—prosumer group optimization model and the prosumer
group—prosumer optimization model constructed in this paper are coupled and contain
nonlinear constraints, which are difficult to solve directly. In this paper, the model is
transformed by the Karush-Kuhn-Tucker (KKT) method [24,25], which turns the prosumer
model into the constraints of the prosumer group model. Then, the transformed nonlinear
terms are linearized by the big-M method to form a two-layer mixed-integer linear pro-
gramming problem. The upper and lower layers of the transformed model have the prices
set by the DSO and the interacting electric power and reserve capacity are set as coupling
variables. The lower layer is solved by the solver Gurobi, and the upper layer is solved
iteratively by the improved particle swarm algorithm. The solution process is shown in
Figure 3, and the specific steps are as follows:

Start

Input the basic parameters

!

Initialize the DSO price particle.
Iteration=0

|
I'| Prosumer groupl | = | Prosumer group n
lower level solution lower level solution

The DSO receiving prosumer group trading strategies.
Calculate the particle adaptation (DSO operating costs)

Receive DSO electricity and
reserve prices

!

!

|

|

!

!

|

!

!

|

|

! .

| Gurobi solves the lower model to

|| obtain the optimal objective function
Update the particle positions } values and strategies for prosumer

!

|

|

!

!

|

!

!

|

|

!

!

Update the optimal cost and strategy.

group n and prosumers

!

Prosumer group n output aggregated
electric power and reserve capacity

End

Figure 3. Flowchart of solving process.

Step 1: Input various basic parameters of the upper grid, distribution network and
prosumers.

Step 2: Generate the initial electricity price particle according to the constraints of the
distribution network layer.

Step 3: Use the Gurobi solver to determine the electric power and reserve capacity
of the prosumers aggregated in the prosumer group under the DSO electricity price and
reserve price at this time.

Step 4: After the DSO receives the trading strategy of the prosumer groups, calculate
the updated particle adaptation, which is the updated DSO operating cost.

Step 5: Determine whether the DSO operating cost at this time is better than the
previous calculation. If no, increase the number of iterations by one. If yes, update the
optimal cost and optimal strategy, and update the optimal particle location.
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Step 6: Judge whether the number of iterations satisfies the convergence condition. If
no, return to step 3. If yes, output the optimal result.

5. Case Study
5.1. Case Introduction

Based on the predicted power of WT and PV and the load of a regional power grid, the
arithmetic system constructed by combining the characteristics of the model is as follows:

The installed capacities of PV and WT accessed in the distribution network are 800 kW
and 1500 kW, respectively, and the WT and PV operation and maintenance cost coefficient
is 0.255 yuan/(kWh) [21]. The new energy and load data of the distribution network are
shown in Figure 4 [26].

5000

[ Load
—¢— WT outout

—=— PV outout =l =
4000 - _ .

w
S
S
S

Power(kW)

2000

L Lot oo
1000 L
Lo o i

| =
Laf] [

\.‘I

0 n n n n h
0 2 4 6 8 10 12 14 16 18 20 22 24

Time/hour
Figure 4. New energy and load data for distribution network.
In this paper, the optimal scheduling period is taken as 1 day and divided into 24 time
periods. The electricity price of the DSO is the peak and valley levelized price [27], as

shown in Table 1. The prices of the upper reserve and lower reserve are 0.9 yuan/(kWh)
and 0.6 yuan/(kWh), respectively.

Table 1. Time-of-use price of DSO.

Period Time Period Electricity Price/(yuan/(kWh))
Peak period 08:00-12:00; 18:00-22:00 0.83
Off-peak period 07:00-08:00; 12:00-18:00 0.49
Valley period 00:00-07:00; 22:00-24:00 0.17

Three prosumer groups are connected to the distribution network through contact
lines at different nodes, and each prosumer group contains three prosumers with installed
rooftop PV capacities of 90 kW, 200 kW, and 600 kW, respectively. The power generation
cost of rooftop PV is 0.2 yuan/(kWh). The parameters of the ESS within each prosumer are
shown in Table 2 [28-30]. The PV output and load data of the prosumers in each prosumer
group are shown in Figure 5.

Table 2. Parameters of ESS within each prosumer.

ESS1 ESS2 ESS3
Capacity (kWh) 50 200 500
ne/yd 0.95 0.95 0.95
P o (kW) 20 80 200
P (KW) 20 80 200
Efmin (KWh) 25 10 25
Efnmax (KWh) 47.5 190 475
ER, o (kWh) 15 50 125

755 (yian/ (kWh)) 0.018 0.018 0.018
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Figure 5. PV and load data for prosumer groups.

5.2. Optimization Results for DSO Price and Reserve

The DSO sets electricity prices and reserve prices to be sent down to the prosumer
group, as shown in Figure 6. During 01:00~09:00, 14:00~18:00 and 23:00~24:00, the lower
reserve demand is slightly higher than the upper reserve demand. Therefore, the DSO
guides the prosumer group to aggregate the lower reserve resources of the prosumers
with a higher lower reserve price. The consumption of load electricity is relatively small
at this time, so the electricity price is low. The upper reserve price increases significantly
during the afternoon peak hours from 10:00 to 13:00 and the evening peak hours from
19:00 to 22:00. Due to the large PV output during the midday peak hour and the large
WT output during the evening peak hour, the upper reserve demand of the distribution
network increases significantly. Therefore, the DSO sets higher reserve prices for prosumer
groups and aggregates the reserve resources of prosumers. At the same time, due to the
high load power consumption and the higher reserve price on the main network than on
the electricity price, the DSO sets a higher electricity price that is lower than the upper
reserve price. In this case, the DSO chooses to prioritize reserve trading with the prosumer
group in order to improve the economy of its own operation.

0.8

—=— Electricity price
Upper reserve price
—=— Lower reserve price

e
>

Price(yuan/kWh)
=)
'S

.

0.0
0

Time/hour

Figure 6. DSO electricity prices and reserve prices.

Figure 7 shows the optimal decision regarding the reserve for each time period of
the distribution network, where Figure 7a,b show the optimization results of the upper
and lower reserve, respectively. Combining the analysis of Figures 6 and 7, it can be seen
that part of the distribution network’s reserve demand is met by the prosumer groups and
the other part is provided by the upper grid. During the time periods 11:00~13:00 and
19:00~22:00, the price of the upper reserve issued by the DSO is high, and the prosumer
groups provide the upper reserve accordingly. Especially in the time period 21:00~22:00, the
upper reserve price set by the DSO is close to the price of the upper grid, which incentivizes
each prosumer group to aggregate more upper reserve resources. During the time periods
05:00~07:00, 14:00~16:00 and 23:00~24:00, the lower reserve price set by the DSO is high,
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|
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Charging/Discharging power (kW)

and the prosumer groups bear part of the lower reserve demand of the distribution network.
Under the effect of price incentives, at 06:00 and 14:00, when the lower reserve price is
higher, the prosumer group trades more lower reserves with the DSO to achieve the optimal
operational efficiency of the prosumer group and the distribution network.
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Figure 7. Optimal reserve decision of DSO.

5.3. Optimization Results for Prosumers
5.3.1. Analysis of ESS Charging and Discharging Strategy

Taking prosumer group 1 as an example, we analyze the results of the ESSs of three
prosumers participating in optimal scheduling at each time period, as shown in Figure 8.
Among them, Figure 8a—c show the ESS charging and discharging strategies of prosumers
1~3, respectively.
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Figure 8. Charging and discharging strategies of ESS.

At the load lunchtime peak hours of 10:00~13:00 and evening peak hours of 19:00~22:00,
prosumers have a higher reserve demand due to the uncertainty of load electricity con-
sumption and rooftop PV output; thus, the price of purchasing upper reserve from the
DSO is higher. At this time, the ESS has a lot of remaining energy, so it is in the discharging
state to provide the upper reserve and thus meet its own reserve demand and sell the
excess energy to the DSO to obtain more revenue. During 01:00~07:00, 23:00~24:00 and
14:00~18:00 in the afternoon when the load drops, the ESS turns to the charging state to
satisfy its own demand for a lower reserve while selling a lower reserve to the DSO. At this
time, the ESS stores energy in the form of providing lower reserve, in preparation for the
large amount of reserve demand during the peak load hours.

By comparing the charging and discharging strategies of the three prosumers’ ESSs
in Figure 8a—c, it can be seen that prosumer 3 provides more flexible reserves to the DSO
because of the larger capacity of the storage configured to satisfy its own reserve demand,
and that it still has a larger margin. On the other hand, prosumer 1 has a smaller energy
storage capacity and most of the capacity is used to meet its own reserve demand. During
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peak and trough load hours, the upper grid units usually run on a high or low output
curve, resulting in there being few upper or lower reserve resources available to them. At
this time, the flexible reserves provided by the prosumers” ESSs can, to a certain extent,
reduce the reserve pressure on the upper grid.

5.3.2. Electricity Energy and Reserve Market Trading Results

As an example, production and consumption prosumer 3 in production and consump-
tion prosumer group 1 is analyzed for its participation in electric energy and reserve market
transactions in each time period. This is shown in Figure 9, where positive values indicate
the prosumer’s purchase of external electricity and purchase of reserves.

450 ----- Electric power

Upper reserve capacity e
—— Lower reserve capacity | i
3001

150f Ty e

Purchase/Sale of power (kW)

300} i

Time/hour

Figure 9. Trading results of prosumer 3 in the electricity and reserve market.

During the time period 10:00~17:00, the prosumer rooftop PV output is large, and
there is excess power after load dissipation. Therefore, it sells electricity to the DSO, and in
the rest of the time period, prosumers have a shortage of power and thus purchase power
from the DSO. Combined with Figures 8c and 9, it can be seen that during the time periods
01:00~09:00, 14:00~18:00 and 23:00~24:00, the ESS discharges to provide the lower reserve.
At this time, the prosumer purchases the upper reserves without purchasing the lower
reserves. At 05:00~07:00, 14:00~16:00 and 23:00, prosumers sell their lower reserves to the
DSO because there is unused capacity after the ESS meets its own lower reserve demand.
During the time periods 10:00~13:00 and 19:00~22:00, the ESS remains charged to provide
upper reserves, at which time the prosumer only purchases the lower reserves, and sells
the upper reserves to the DSO because there is still idle capacity after the ESS meets its own
upper reserve demand.

5.4. Comparative Analysis of Different Cases

In order to compare and analyze the optimal scheduling of distribution networks and
prosumers, this paper sets up two comparison cases. Case 1 is that the prosumers only
participate in the day-ahead energy market and do not participate in the reserve market.
Case 2 is that the prosumers participate in both the day-ahead energy and reserve markets,
which is the method proposed in this paper.

As an example of the comparative analysis of prosumer 3 in prosumer group 1,
Figure 10 shows the optimization result for ESS in Case 1. Figure 8c is the optimization
result of ESS in Case 2. As can be seen from Figure 9, in the time periods 01:00~09:00,
14:00~18:00 and 23:00~24:00 in Case 1, the ESS provides a lower reserve to itself. At this
time, the ESS is not full and the DSO electricity price is low, so it continues to keep charging
to store electricity. Then it releases energy at the peak load time to profit from the electricity
price difference. During the peak load hours 10:00~13:00 and 19:00~22:00, the ESS provides
upper reserve to itself. Since the price of electricity is high at this time, the ESS will continue
to release the remaining energy in the form of electricity, realizing the arbitrage of a peak
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and valley price difference and reducing the cost for users. Comparing Figures 8c and 10, it
can be seen that when the prosumer does not participate in the reserve market, after the
ESS meets its own reserve demand, it will store electricity to realize the electricity price
arbitrage and enhance the prosumer’s revenue. However, since the reserve price is higher
than the electricity price, the combined cost of participating in the reserve market is smaller
for the prosumer in a comprehensive way.

200

[ Upper reserve
[ Lower reserve
| [ Electric power

Residual energy of ESS| 600

z 100 §
g &
g sor %
50 5]
g )
&0

S, 5ot E
g =]
a0 7
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Time/hour

Figure 10. Charging and discharging strategies of ESS in Case 1.

Table 3 shows the integrated operating costs and reserve transactions of the DSO in
both cases. From Table 3, it can be seen that compared with Case 1, the integrated operating
cost of the DSO in Case 2 decreased from CNY 30,372.87 to CNY 29,007.76, which is a
reduction of 4.49%. In Case 2, the prosumer group aggregates the prosumer resources to
provide the DSO with cumulative upper reserve and lower reserve capacities of 1758.40 kW
and 1332.40 kW during the dispatch cycle, accounting for 16.93% and 12.76% of the total
upper reserve and lower reserve demand of the distribution network, respectively. In Case
1, the upper grid is the only reserve supplier. All the reserve demand of the distribution
network is borne by it, resulting in high reserve pressure on the upper grid, especially
during the peak load period when the units are supplied with large amounts of electricity,
which leads to a reduction in the reserve supply capacity. In Case 2, the prosumers ensure
the balance of day-ahead energy in the energy market and also participate in the reserve
market to provide flexible reserves, which not only relieves the reserve pressure on the
upper grid, but also improves the flexibility and economy of distribution network operation.

Table 3. Comparison of DSO operating costs and reserve results.

c Comprehensive Percentage Upper/Lower Reserve (kW)
ase . -
Operating Costs (¥) Decline The Upper Grid Prosumer Group
1 30,372.87 / 10,389.32/10,438.57 0/0
2 29,007.76 4.49% 8630.91/9106.17 1758.40/1332.40

Table 4 shows the combined cost of electricity for each prosumer in both cases. From
the table, it can be seen that the costs for the prosumers in Case 2 are all lower than those in
Case 1. In Case 1, due to participation in the energy market only, the prosumers’ revenue
is only the revenue gained from the corresponding sale of energy. In Case 2, the revenue
obtained by the prosumer after participating in the reserve market consists of the revenue
obtained from the sale of electric energy and the reserves, and the final combined total cost
is lower than that in Case 1. This shows that the method proposed in this paper improves
the economics of the operation of the prosumers.
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Table 4. Comparison of integrated electricity costs for prosumers.
Cost (¥)
Prosumer Group Prosumer
Case 1 Case 2 Percentage Decline
1 630.74 613.55 2.73%
1 2 1545.11 1511.61 2.17%
3 2695.63 2644.37 1.90%
1 670.36 666.43 0.59%
2 2 1401.19 1356.40 3.20%
3 2633.69 2573.53 2.28%
1 806.11 804.47 0.20%
3 2 2108.73 2104.85 0.18%
3 3259.25 3188.05 2.18%

6. Conclusions

In this paper, a prosumer group is introduced as an intermediate coordination layer
to aggregate the resources of prosumers with rooftop PV and ESS. Based on the ability
of prosumers to provide flexible reserves, this paper proposes a distribution network-
prosumer group-prosumer optimal scheduling strategy under the “distribution network-
prosumer group—prosumer” architecture, and obtains the following conclusions through
the analysis of cases:

(1) The prosumer group acts as an intermediate coordination layer to aggregate the
reserve resources of prosumers, and then trades with the DSO, so that the DSO
reduces the reserve capacity purchased from the upper grid, and reduces the reserve
pressure on the upper grid;

(2) Under the incentive effect of price, prosumers adjust the charging and discharging
plan of ESS, thus utilizing their own flexible reserve resources to participate in reserve
market transactions, which enriches the reserve resources in the system and enhances
the flexibility of system operation;

(3) After participating in the electric energy and reserve market, the prosumer reduces
the total cost of its own operation. The comprehensive operating cost of the DSO is
also reduced, effectively improving the economy of system operation.

Moreover, while the dispatch strategy proposed in this paper can better stimulate
the reserve potential of prosumers, it does not take into account the fact that the reserve
capacities of different prosumer groups are different, and there may be complementary
synergistic relationships. Future research should focus on the complementary synergistic
relationship between different prosumer groups to better adapt to different scenarios and
further enhance the economics of power system operation.
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