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Abstract—To address the limitations of traditional planning
methods in handling complex scenarios such as multi-feeder or
substation cluster supply under high photovoltaic (PV) penetra-
tion, this paper proposes a collaborative configuration optimiza-
tion method of soft open points (SOPs) and distributed multi-
energy stations with spatiotemporal coordination and comple-
mentarity to reduce renewable energy curtailment. First, a
shared strategy of multiple types of resources is proposed based
on an SOP-enabled flexible distribution network. Second, a dis-
tributed hydrogen-based multi-energy coupling system (DH-
MECS) is developed. Then, a DHMECS siting model consider-
ing inter-feeder resource sharing is formulated. Finally, a config-
uration model of SOP and DHMECS is proposed, incorporat-
ing a partitioned autonomous operation strategy that considers
spatiotemporal coordination and complementarity. The pro-
posed method is validated on the improved Portugal 54-node
and 219-node distribution networks, and the results demon-
strate that it mitigates severe voltage violations and PV curtail-
ment, enhances partitioned autonomous operation capabilities,
and addresses the challenges of complex planning scenarios in-
volving multi-feeder or substation cluster supply.
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rity, multi-energy station, soft open point, configuration optimi-
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1. INTRODUCTION

INCE the industrial revolution, the large-scale develop-

ment and utilization of fossil fuels have led to resource
depletion, climate change, and environmental pollution. Ac-
celerating the energy transition has become a global consen-
sus [1]. The European Union and China have set their re-
spective carbon neutrality targets for 2050 and 2060 [2]. Dis-
tributed photovoltaic (PV), which is critical to renewable en-
ergy production and the electrification of energy consump-
tion, has developed on a scale far beyond expectations. In
the first half of 2024 alone, China added 52.88 GW of new
distributed PV capacity, bringing the total to 310 GW [3].
However, the large-scale integration of high-penetration dis-
tributed PV energy has resulted in severe voltage violations
[4], uncertain power flow directions [5], and difficulties in
source-load matching [6], posing new challenges to the host-
ing capacity of distribution networks. Efficiently allocating
multiple types of resources to explore diversified pathways
for distributed PV energy utilization and enhancing the ca-
pacity of modern distribution networks to support distributed
PV energy remain critical issues that need urgent resolution.

With large-scale integration of high-penetration distributed
PV energy, the distribution network faces two core challeng-
es: (D the rigidity of the traditional network topology limits
the capability of flexible power transfer, hindering inter-feed-
er power exchange and leading to the saturation of local ab-
sorption capacity; (2 the distribution network essentially
functions as a foundational platform for enabling spatiotem-
poral coordination and complementarity of multiple types of
resources. However, current technological methods have not
fully explored the potential of spatiotemporal coordination
and complementarity among multiple types of resources and
lack the capability for global optimization of the distribution
network.

With large-scale integration of energy resources and in-
creasing demand for flexible resource dispatch, the limita-
tions of the existing radial distribution network topology [7],
[8] have become increasingly prominent [9]. Traditional dis-
tribution networks are unable to actively control energy
flows between feeders, and the effectiveness of resource con-
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figuration is typically confined to individual feeders, lacking
global optimization across feeders [10]. This limitation hin-
ders the spatiotemporal coordination and complementarity
among generation, grid, load, and storage across different
feeders, thereby reducing the overall operation efficiency
and flexibility of the distribution network. With the technical
development of power electronics, flexible interconnection
devices represented by soft open points (SOPs) and energy
routers (ERs) have provided new means and ideas for en-
hancing the flexibility of grid operation. SOPs are primarily
applied between different feeders [11], where they flexibly
control power flows across feeders, enabling the sharing of
multiple types of resources and improving the flexibility and
resource utilization efficiency of distribution networks. Refer-
ence [11] points out that SOPs possess capabilities such as
feeder load balancing, voltage profile improvement, power
loss reduction, three-phase balancing, distributed generation
hosting capacity enhancement, and supply restoration, fur-
ther highlighting their important role in enhancing the flexi-
bility of medium-voltage distribution networks.

The future utilization of PV energy requires deep integra-
tion with other industries and promotes a green transition in
terminal energy consumption [12]-[14]. Against this back-
drop, integrated energy systems (IESs) [15]-[17] can flexibly
coordinate multiple energy forms, including electricity, heat,
and gas, significantly improving PV utilization rates (PURs)
[18], [19]. For example, the distributed microgrid proposed
in [20] and the combined heat and power (CHP) model with
carbon capture presented in [21] have both demonstrated the
potential of IES for optimized operation. However, most of
these IESs rely on natural gas as the energy carrier, posing
challenges in terms of safety, economic feasibility, and envi-
ronmental impact [22]. In contrast, hydrogen, as a zero-car-
bon resource, has attracted significant attention [23]-[25].
For example, [26] indicates that compared with pumped hy-
dro storage and gravity energy storage, distributed hydrogen-
based multi-energy systems are more suitable for distribution
networks with high PV penetration [25], [27]. Additionally,
[28] proposes a hydrogen-based distributed IES that signifi-
cantly reduces operation costs. However, the existing plan-
ning studies on IES with distributed hydrogen generally lack
a wide-area resource coordination mechanism at the distribu-
tion network level. The applications are mainly limited to in-
dividual microgrids or localized regions, making it difficult
to accommodate the widespread and dispersed nature of PV
deployment in distribution networks. This limitation hinders
the deep integration of IES with the distribution network hi-
erarchy and constrains global optimization capabilities, mak-
ing it challenging to meet the future development needs of
zonal autonomy in distribution networks.

To address the aforementioned issues, this paper proposes
a collaborative configuration optimization method of SOPs
and distributed multi-energy stations with spatiotemporal co-
ordination and complementarity. The contributions of this pa-
per are as follows.

1) To address the issue of flexible resource sharing and co-
ordination across regions in partitioned autonomous systems,
a shared strategy of multiple types of resources is proposed
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based on an SOP-enabled flexible distribution network. By
flexibly controlling power flows among feeders through
SOP, the dynamic coupling and optimal complementarity of
flexible resources across feeders are promoted, thereby en-
hancing the overall operation efficiency and regulation flexi-
bility of the distribution network.

2) To facilitate the effective utilization of high-penetration
distributed PV energy, this paper proposes a DHMECS inte-
grating energy conversion, multi-energy coordination, and
spatiotemporal complementarity. By leveraging various ener-
gy forms such as cold, heat, and hydrogen, DHMECS en-
ables the conversion, storage, and utilization of curtailed PV
energy. Meanwhile, a DHMECS siting model is also pro-
posed.

3) A partitioned autonomous operation strategy is pro-
posed, and a configuration model of SOP and DHMECS is
developed to support the evolving needs of future distribu-
tion networks in partitioned supply-demand balancing, effi-
cient utilization of distributed PV energy, and autonomous
operation.

The remaining sections are as follows. Section II introduc-
es a shared strategy of multiple types of resources based on
SOP-enabled flexible distribution network. Section III pres-
ents DHMECS siting model with coordination units. Section
IV introduces the establishment of the configuration model
for SOP and DHMECS. Section V conducts case analysis.
Section VI presents the conclusions.

II. SHARED STRATEGY OF MULTIPLE TYPES OF RESOURCES
BASED ON SOP-ENABLED FLEXIBLE DISTRIBUTION NETWORK

A. SOP-enabled Flexible Distribution Network

Future (flexible) distribution networks with high-penetra-
tion distributed PV energy face challenges such as voltage
violations and large-scale curtailment of PV generation. The
traditional unidirectional radial distribution network is no
longer adequate. Moreover, traditional expansion planning
methods, e. g., constructing new substations and upgrading
lines, fail to meet modern requirements [29].

By replacing tie switches with SOPs, the distribution net-
work can be divided into multiple coordination units based
on electrical connections, transitioning to an partitioned au-
tonomous operation mode centered on these units. Flexible
resources within coordination units can be shared across
feeders, enabling a shift in the balancing method of distribu-
tion network from source-load balancing at individual feed-
ers to autonomous balancing within coordination units. Fig-
ure 1 illustrates the SOP-enabled flexible distribution network
and traditional distribution network (with tie switches), where
the former supports the sharing of multiple types of resources
and partitioned autonomous operation within a region.

B. Establishment of SOP Operation Model

SOP is crucial for energy interaction in multi-feeder opera-
tions. Common SOP devices include back-to-back voltage
source converter (B2B-VSC) [30], static synchronous series
compensator (SSSC) [31], and unified power flow control-
lers (UPFC) [32].
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Fig. 1. Illustration of SOP-enabled flexible distribution network and traditional distribution network.

Figure 2 illustrates the circuit topology of the SOP based
on B2B-VSC, which primarily consists of two VSCs and a
DC capacitor. As shown in the figure, VSCI and VSC2 are
located between two feeders and are interconnected via a
DC link to form a bipolar system. Each VSC typically
adopts a three-phase bridge circuit composed of insulated
gate bipolar transistors (IGBTs) and anti-parallel diodes.
This circuit utilizes the DC capacitor for energy buffering
and employs an AC filter inductor to reduce output current
harmonics.

,,,,,,,,,,,,,,,,,,,,,

. Z2DC capacitor

Fig 2. Circuit topology of SOP based on B2B-VSC.

From an operation perspective, the power flow control of
the SOP relies on the coordinated operation of both VSCs.
Under steady-state operation conditions, the SOP adopts the
PO-V, O control mode [30], [33], [34], where one terminal
regulates output power while the other controls the DC-side
voltage. Each VSC has two control variables (active and re-
active power), both of which contribute to the optimal opera-
tion of the distribution network. Based on the steady-state

model of the SOP, (1) and (2) provide the operation con-
straint equations for distribution network optimization.
1) Active Power Limits for SOP

SOP,¢ __ SOP,
P ¢__P.v,j,t * Vse Qg

8,0t

(1)
where the subscript ¢ denotes the time interval; P3¢ and

S, I, t
P37%¢ are the three-phase active power of nodes i and j con-
nected through the s™ SOP, respectively; Q,, is the set of
SOP devices; and ¢ denotes the three phases.

2) Capacity Constraints for SOPs
PSP (050 )? <850 2)
where 037 is the three-phase reactive power of node i con-

nected through the s SOP; and S’"¢ is the capacity of
node i connected through the s™ SOP.

1II. DHMECS SITING MODEL WITH COORDINATION UNITS

A. DHMECS Energy Conversion

Within the coordination unit, SOP transfers curtailed PV
energy from multiple feeders to consumption devices. To ef-
ficiently utilize the curtailed PV energy while meeting di-
verse user demands, this paper proposes the DHMECS ener-
gy conversion, as shown in Fig. 3, as an energy aggregation
carrier. The specific devices in the DHMECS are as follows:
alkaline electrolysis cell (AEC), lithium bromide absorption
chiller (LBAC), electric heat pump (EHP), thermal storage
tank (TST), hydrogen storage tank (HST), solid oxide fuel
cell (SOFC), and electric chiller (EC).
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Fig. 3. Schematic diagram of DHMECS energy conversion.

In modeling, DHMECS faces two major challenges: (D
the complex coupling of multiple energy forms requires pre-
cise balance relationships, and 2 multi-energy coordination
across temporal dimensions increases modeling complexity
[28]. Therefore, the model must fully consider the balance
of multiple energy types and the interaction of devices
across temporal scales.

1) Electric Power Balance of DHMECS
DHMECS includes three power consuming devices, i.e.,
EHP, EC, and AEC. The electric power balance equation is:
Pgr'id(t)+PSOFC,E(t)+PV(t):PEHP,in (t)"'PAEcin (t)+PEC,in (t) (3)
where P, (¢) is the electric power from the upper-level grid;
Pgorcp(t) is the discharging power of SOFC; PV(¢) is the
electric power supplied by the PV; P, (¢) is the electric
power input to the EHP; P, .., (¢) is the electric power input
to the AEC; and P, () is the electric power input to the
EC.
2) Heat Power Balance of DHMECS

DHMECS meets the heat power demands within the coor-
dination unit. There are three heat devices of DHMECS, i.e
SOFC, TST, and EHP. The heat power balance equation is:

Py(O+P 5000 O+ Prsr i =P pip ot O+ Prgr 0 () + Psope 1 (8)
4

where P, (¢) is the heat power supplied to the users in the co-
ordination unit; Pg,.,, (1) is the electric power input to
LBAC; Py, () is the heat power input from TST; and
P b ou @ Prsron(®), and Pgope,(f) are the heat power from
EHP, TST, and SOFC, respectively.
3) Cold Power Balance of DHMECS

DHMECS meets the cold power demands within the coor-
dination unit. EC and LBAC provide the cold power outputs
of DHMECS. The cold power balance equation is:

Pc (t):PEC.out (t)—"_PLBAC,oul (t) (5)
where P_(¢) is the cold power required by the coordination
unit; Py, () is the cold power output from EC; and
P sicou (@) 1s the cold power output from LBAC.
B. Mathematical Model of Devices of DHMECS
1) Mathematical Model of AEC

P .o = Capc P apcin @)

(6)
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where P ;... (t) is the electric power output from AEC; and
o,zc 1s the energy conversion efficiency of AEC.
2) Mathematical Model of HST

EHST,in (t):P AEC, out (HAs @)
where E, g, (t) is the amount of hydrogen input; and Af is
the unit time interval.

Eyor O)=E sy (t—= D+ 1550 Brsr (t)lEHsT, (@)=
(1 - ﬁ HST (t ))E HST, out (t ) T

HST

®)

where E, g (t) is the amount of hydrogen stored in HST;
nysr 18 the charging/discharging efficiency of HST; S, is a
0/1 variable that responds to the operation condition of the
HST; and E,; . (t) is the amount of hydrogen output.

E sy (0)=E 50 (24) )
where E,(0) and E,;(24) are the remaining capacities of

HST at the first and last moments, respectively.
3) Mathematical Model of SOFC

E L 0ui (t)
Popc ()= aSOFCFmTAitt

(10)

where Py ;(¢) is the electric power output from SOFC;
and o, 1s the SOFC conversion efficiency.

(11)
where g, 1s the heat-electric ratio of SOFC; and O is
the waste heat utilization of SOFC.

4) Mathematical Model of EHP

PSOFCA,H(t)Z aSOFC,HeSOFCPSOFCA,E (t)

P iotip ou 0= Arp P erip i 0] (12)
where a,, is the EHP conversion efficiency.
5) Mathematical Model of TST
E sy ()= E rr (6= D+ 1150 Brsr (DE 1575, () —
1
(A =Brsr DE 57,00 () —— 13)
Mrsr

where E - (¢) is the amount of heat stored in TST; 7, is the
charging/discharging efficiency of TST; f, is a 0/1 variable
that responds to the operation condition of the TST; and
Err (@) and Epg ., (f) are the amounts of input and output
heat power, respectively.

E 157 (0)=E 5, (24) (14)
where E,(0) and E(24) are the remaining capacities of

the TST at the first and last moments, respectively.
6) EC Mathematical Model

Prc ou =05 Ppc i, (1) (15)
where a, is the EC conversion efficiency.
7) Mathematical Model of LBAC
P13scouO= 1pac P Lpsc.in () (16)

where a,,,. is the LBAC conversion efficiency.

C. Selection of Critical Nodes Within Coordination Units

Voltage violations are prominent in active distribution net-
works. DHMECS not only meets diverse energy demands
within coordination units but also provides voltage support
for deployment nodes. This paper builds on the voltage sensi-
tivity from [35] and reduces the computational complexity
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through simplification, extending its application from single-
feeder node selection to node selection of coordination unit.
The DHMECS siting model comprehensively considers node
voltage sensitivity, deviation magnitude, temporal and opera-
tion scenario weights, and the resource-sharing characteris-
tics within coordination units.

1) A voltage offset weighting factor is introduced into the
traditional voltage sensitivity, reflecting the upward and
downward differential voltage regulation needs of different
nodes. The sensitivity §,,,, of the voltage at node m to the
change in active power injected at node 7z can be expressed as:

Smnt_j’mn tAV (17)
AV, (18)

mit~ V Veut,m.t
where 1,,, is the traditional Voltage sensitivity index; AV, ,
is the desired voltage deviation; V,,, is the current node volt-
age; and V,, ,, is the node desired voltage.
2) The comprehensive sensitivity S, , of node m with re-

spect to its feeder is:

m,t

S =

m,t

> hiAV,,,

me®g,

(19)

where @, is the set of load nodes of the current feeder.
3) In the time dimension, different time periods are as-
signed different weights, and the comprehensive sensitivity

S, Of the weights of node m is given as:

op mit— zsm t( exceed, t + 1)max(| exceed, tD (20)
where N,...,, is the number of voltage violation nodes; and
V oecear 18 the voltage violation value.

4) By assigning different weights to different operation
conditions according to the number of days under different
operation conditions, e.g., different seasons, the combined
sensitivity S, ,, of the weights under different operation con-
ditions is introduced as:

M

S opw,m = z S op, )7z,tD ays,op

op=1

ey

where M is the number of types of operation conditions; and
D, ,, 1s the number of days under different operation condi-
tions.

5) Within a coordination unit, the resource sharing be-
tween feeders is feasible, and the calculation results of nodes
within the unit must be ranked to serve as the basis for DH-
MECS siting. For a distribution network containing R coordi-
nation units, each coordination unit and its internal nodes

are sorted, and the sorted index is:
I.=sort({S, . .0 Vme Q"% Vre Q" (22)

where Q"™ is the set of all load nodes within the coordina-
tion unit 7; and QF is the set of coordination units.

opw,m

IV. ESTABLISHMENT OF CONFIGURATION MODEL OF SOP
AND DHMECS

A. Objective Function and Constraints

The objective function C encompasses the investment cost
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of various devices C,,, maintenance cost of various devices
Cuin» n€twork loss cost C,,, PV curtailment cost C,,, and
DHMECS revenue C,. Among these, C,, has a significant
impact on the operation interaction between DHMECS and
SOP. C,,, needs to be converted into an equivalent annual
value using the capital recovery factor (CRF). The derivation
of CRF can be found in [36], and its application in distribu-

tion network planning is discussed in [26].
C=min(C, +C, +C

an main loss apv

+C,) (23)

C,= > (CRF;c"P})

ie¥V

¥={AEC,HST, SOFC,EHP, TST, EC,LBAC, SOP} (25)

24

A +r)r
CRF=——F—
(1+7) -1 (26)
Cmain: Zﬂc;ﬂﬂinpé (27)
M 24
Clos.v: 2 2 2 Day.v, apﬁa.?.v.trmn Irin.t (28)
op=lt=1mneQ,,
M 24
z Z Dms op ;\pt (29)
op=lt=1pveQ,
C = z zDayA op [Pgrld (t)ig”dAt (/lflt PSOFCE(t)At+
op=1t=
peatp, (t)At+/tj"’d P, ()AD)] (30)

where CRF, is the CRF of the i" device; ¥ is the set of de-
vices; r is the interest rate; LT is the device lifespan; ¢ is
the investment cost of the i"™ device; P! is the rated power/
capacity of the i" device; ¢/“" is the maintenance cost of the
™ device; op is the number of scenarios; r,, is the line resis-
tance; Q,,, is the set of lines; D(m o 1 the number of days in
scenario op; f,,, is the TOU price; 1., is the square of the
line current of line mn; Q,, is the set of PVs; P is the cur-
tailed PV energy; f,, is the unit curtailment cost; 18 is the
purchasing price of TOU; A% is the selling price of TOU;
Al is the selling price of heat power; and 1¢“ is the selling
price of cold power.

The specific constraints of the above objective function
are as follows:

1) Operation Constraints of Distribution Network

2 DH
.z()(Pl]{]pl rIl]apt P/’l;[pt ”th_/Op[
ien(.j
SOP
;/lpr] opt z Jk.op,t (31)
ked(j,?)
SOP
2 (Qij,op,t_ ij ljl)pt) Qm;tpt nAUij opt+ z ij,op,t
ien(.j) ked(j.:)
(32)

where 7z(:,j) is the set of end nodes; J(J,:) is the set of start-
ing nodes; P, ,,, and Q, ,, , are the active and reactive power
flowing through the branch i#j, respectively; P/;,, is the net
load of the node; I” op.i 18 the square of current of branch ij;
N4 and 7, denote whether the node is connected to DH-
MECS and SOP, respectively; P is the power of DH-

J.op.t
MECS; and P, ,,, and O are the outgoing active and re-

Jk.op.t
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active power from the current node to the child node, respec-

tively.
Uj,zopJ: Ui?op_t+(r5 +x§. )];op’,— 2(r5Py opi+ X Q0pt)  (33)
IUZ',OPJU"?OW_PIJZZOP,/_ Q?f«)p-lzo (34)
where Ujiw and Ui?ap,, are the squares of the voltage magni-

tudes of nodes j and i, respectively; and P}, and O}, , are
the squares of the active and reactive power through the

branch ij, respectively.

2 2
0<7; 0 S (35)
2 2 2
Ui, min S Ui, op.t S Ui,lnax
where I;max is the square of the maximum current that the

branch ij can withstand; U7 and U7 are the squares of
the upper and lower node voltage limits, respectively; and
U fop’[ is the square of the current node voltage.
2) Operation Constraints of Devices of DHMECS

The operation constraints of devices of DHMECS have
been defined in (3)-(16).
3) Operation Constraints of SOP

The operation constraints of SOP are defined in (1) and (2).

4) Operation Constraints of Coordination Unit
P <P VP,.,>0.Vne{l.2,...N}  (36)
where P, yciarge, 15 the net discharging power of all DH-

MECS in the n™ coordination unit; and P, is the net load
of the n™ coordination unit.

dh, discharge.n net,n net,n

net,n

C. Second-order Cone Optimization

The constraints (2) and (34) contain quadratic terms, lead-
ing to nonlinearity and strong non-convexity in the model,
making it difficult to solve directly. Therefore, this paper us-
es a second-order cone optimization algorithm to reformulate
constraints (2) and (34). The reformulated forms are:

P §?f¢ SOP. ¢
| o] =52 o
2p ij,op.t
20000 || Sjopit Ul (38)
1 yz op.t Ui,zup.t 2

After replacing (2) and (34) with (36) and (37), the model
can be formulated as a mixed-integer second-order cone pro-
gramming (MISOCP) problem. At this point, the commercial
solver CPLEX can be directly used to solve the problem.

V. CASE ANALYSIS

A. Description of Test System

This paper is validated on an improved Portugal 54-node
distribution network [37], which comprises four substations
(S1-S4), ten feeders, and five tie switches. The five tie
switches are located at lines 8-33, 9-22, 13-43, 38-39, and
46-47. The SOP locations selected in this paper correspond
to the locations of the five tie switches. The improved Portu-
gal 54-node distribution network is shown in Fig. 4. After
configuring the SOP devices, the distribution network con-
taining 54 nodes can be naturally divided into three coordina-
tion units and two isolated feeders with nodes 21 and 28 as
the terminal nodes (not flexibly interconnected with any

2091

feeder). As discussed in Sections II and III, the unutilized
PV energy within each coordination unit will be flexibly
transmitted to DHMECS through SOPs. DHMECS can con-
vert this energy into various forms, i.e., cold, heat, hydro-
gen, to meet the diverse needs of users within the coordina-
tion units. Therefore, based on the principle of proximity,
the feeder with node 21 as the terminal node is assigned to
coordination unit 1, and the feeder with node 28 as the ter-
minal node is assigned to coordination unit 2.

Coordination unit 1
Coordination unit 2

/ (5 feeders)

[ 3T~

[
I AN
| \
[ 21 \
\ 6 |
\ /

/
/

Coo‘rdination unit 3
(2 feeders)

& pv S2

Fig. 4. Improved Portugal 54-node distribution network.

The load data were sourced from the distribution network of
a city in northern China, spanning from September 2022 to Oc-
tober 2023 (8760 hours). The PV data were generated using
the refined physical model chain (PVlib) [20]. The required
meteorological data correspond to the same region as the load
data. The principles of PVIib can be found in [20]. The prima-
ry data for heat and cold power loads came from [38].

In this paper, only the distribution network is planned.
DHMECS links the distribution network with the cold/heat
networks [26]. We assume that, for each coordination unit,
the ratio of its cold/heat power demand to the total cold/heat
power demand is equal to the ratio of its electric power de-
mand to the total power demand. Table I presents the cost
parameters related to each device.

TABLE I
COST PARAMETERS RELATED TO EACH DEVICE

Parameter Value Parameter Value

e 0.75 Claac 1200 ¥/kW
O sorc 0.6 Crpp 1920 ¥/kW
% gnp 4 ey 185.17 ¥/kWh
g 3.8 cher 106.5 ¥/kWh
A1pac 13 Core 4450 ¥/kW
Osorc 0.88 i 970 ¥/kW
Cop 1000 ¥/kVA clire 2210 ¥kVA
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Table II presents the TOU price. The unit heat price is
0.223 ¥/kWh [26]. The operation limits for voltage safety
are £0.05 p.u.. Furthermore, when DHMECS utilizes the ex-
isting surplus PV energy, no payment is required for this por-
tion of electricity.

TABLE 1T
TOU PRICE
Time period Price (¥/kWh)
11:00-15:00, 19:00-22:00 1.08
08:00-10:00, 16:00-18:00 0.73
01:00-07:00, 23:00-24:00 0.36

Models in planning problems are often complex, and the
computational efficiency is therefore critical. According to
[39], the scenarios are divided based on seasonal operation
characteristics. Typical days are selected using K-means clus-
tering. The three selected typical scenarios represent the tran-
sition season, summer, and winter. Additionally, the scalabili-
ty in this paper is similar to that in [40], allowing typical
days to be replaced without extensive changes. In Table III,
the silhouette coefficient (SC) and the Calinski-Harabasz in-
dex (CHI) are presented, determining 3 as the optimal clus-
ter number.

TABLE III
DETERMINATION OF CLUSTER NUMBER

Cluster number SC CHI
2 0.48 208.63
3 0.57 308.43
4 0.52 238.78
5 0.47 231.20

B. DHMECS Siting Considering Resource-sharing Charac-
teristics

Figure 5 shows the temporal voltage sensitivity of each
node. There are two main reasons why DHMECS needs to
be deployed in a distributed manner rather than being con-
centrated in one location. Since the coordination units can
transfer energy spatially across feeders, only a few coordina-
tion units of DHMECS are required to handle the unutilized
PV energy centrally. Additionally, DHMECS should be de-
ployed in a distributed manner to avoid deploying at adja-
cent nodes, which could lead to resource waste and system
redundancy. DHMECS not only provides voltage support for
its nodes but also supports nearby nodes. For example, DH-
MECS installed at node 50 absorbs PV energy through de-
vices like EHP when the voltage exceeds the upper limit and
discharges the energy via SOFC when the voltage falls be-
low the lower limit, providing voltage supports to node 50
and the adjacent node 49. Therefore, based on the above
principles and the results of Fig. 5, this paper selects nodes
8, 13, 25, 38, and 50 as the DHMECS installation nodes to
ensure the efficient resource utilization.
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Fig. 5. Temporal voltage sensitivity of each node.

C. Result Analysis

Numerous studies have shown that deploying PV energy
consumption devices on a single feeder is effective. Howev-
er, the existing method heavily depends on land resources
and lacks energy interaction between feeders within coordi-
nation units, limiting the spatiotemporal regulation capacity
of the distribution network. Therefore, this paper enhances
network flexibility and PUR by leveraging resource sharing
between feeders. To this end, three cases are set in this pa-
per. (D Case 1 considers the energy spatial transfer within
the coordination units and hydrogen-based multi-energy flow
coupling. SOP and DHMECS are deployed. (2 Case 2 con-
siders the energy spatial transfer within the coordination
units and electrochemical energy storage (EES). SOP and
EES are deployed. The EES is deployed at the same nodes
as the DHMECS. The unit investment cost of EES is 1150 ¥/
kWh. 3@ Case 3 considers the energy spatial transfer within
the coordination units. Only SOPs are deployed.

1) Comparative Analysis

Table IV presents indicators for three cases. Specifically,
both case 1 and case 2 achieve 100% PUR, indicating that
the SOP-enabled flexible distribution network and intra-re-
gional resource-sharing configuration can effectively en-
hance PUR. Nevertheless, case 1 yields higher annual reve-
nue than case 2, attributed to its diversified energy sales as
well as lower investment and maintenance costs. Table V
presents the optimal configuration of device capacity and
power for DHMECS in case 1. Table VI shows the optimal
configuration of SOP capacity in case 1.

TABLE IV
INDICATORS FOR THREE CASES

) ) C C
e TS oy aoy oy PURCH
1056.171 115.344 2731.568 1560.053 100.00
2 1764.619 84.385 2244876 395.872 100.00
3 79.863 106.409 186.272 69.29
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TABLE V
OPTIMAL CONFIGURATION OF DEVICE CAPACITY AND POWER FOR DHMECS IN CASE 1
Coordination EHP power TST capacity SOFC power AEC power HST capacity EC power LBAC power
unit (kW) (kWh) (kW) (kW) (kWh) (kW) (kW)
1 1899.97 28131.54 54.96 317.37 1225.12 197.87 1303.78
2 4773.35 75346.81 1138.38 3917.32 27093.30 1158.88 3666.82
3 2493.63 37474.89 293.80 1231.93 6992.33 386.99 1855.63
Total 9166.95 140953.25 1487.14 5466.62 35310.75 1743.74 6826.22
TABLE VI 5. Transition seasoni Winter i Summer
OPTIMAL CONFIGURATION OF SOP CAPACITY IN CASE 1 i i
Line SOP capacity (MVA) 4t ! !
922 1.44 = |
8-33 1.43 % 3r
38-39 0.65 2 :
46-47 261 =2 '
13-43 2.03 S
1 i I
Figure 6 shows the heat balance of coordination unit 1 in
case 1, where the SOFC output in coordination unit 1 is not 0 24 36 48 60 7
prominent. Figure 7 shows the cold balance of coordination Time (hour)
unit 1 in case 1 and Fig. 8 shows the SOFC output of node = Cold load; == LBAC (output); =~ ER
8 in coordination unit 2. In Fig. 8, a node with a more dis- Fig- 7. Cold balance of coordination unit 1 in case 1.
tinct SOFC output, i.e., node 8 in coordination unit 2, is se-
lected for display. SOFC output
(MW)
10 i | . | Transition season ; Winter : Summer 0.460
Transition season: Winter | Summer } }
8 ! ! El : : 0.368
' ' £ : : 0.276
6 | | 5 ; 0.23 | 5 :
§ 4 ! ' 8 < ' ' 0.184
: : [72] s A i L yl
€ 2 I 1 ! 0 12 24 48 60 72 0.09
5 |||||| | | Time (hour) 0
1 1
§~ 0 Fig. 8. SOFC output of node 8 in coordination unit 2.
S 2
u: 1
-4 i 2) Comparison of DHMECS with EES
6 , ! Energy fluctuations within DHMECS and EES can be
E ; compared through the coefficient of variation (CV). Compar-
- 24 43 60 7 ative results are shown in Table VII. Table VIII presents the

Time (hour)
== LBAC (input); == SOFC; == TST (output)
==TST (input); == EHP; == Heat load

Fig. 6. Heat balance of coordination unit 1 in case 1.

Considering the operation costs, EHPs primarily operate
during periods of low electricity prices and high PV output.
Energy storage devices, e.g., TST and HST, store energy dur-
ing these periods and supply it when electricity prices are
high, enabling time shifting of energy use. SOFC operates
mainly during periods of high electricity price and non-peak
PV generation. LBAC acts as the primary cold power device
due to economic efficiency. Using DHMECS and SOP devic-
es, the cross-time-space regulation and energy conversion of
PV energy are realized, significantly enhancing distributed
PUR.

optimal configuration of EES capacity in case 2. HST can in-
teract with cold, heat, and electric power devices. Compared
with EES, HST offers more stable energy fluctuations and a
lower CV, since PV energy can be converted through multi-
ple paths, with electricity to hydrogen conversion being just
one of them. In contrast, EES relies on a single path, limit-
ing the flexibility.
TABLE VII
CV FOR HST AND EES

Coordination unit CV for HST CV for EES
1 0.27 0.46
0.24 0.47
2 0.26 0.48
0.24 0.49
3 0.24 0.43
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TABLE VIII
OPTIMAL CONFIGURATION OF EES CAPACITY IN CASE 2

Coordination unit EES capacity (kWh)

1 11730
2 50830
3 20480

The cost effectiveness of case 1 is mainly due to two fac-
tors. (D In case I, excess PV energy is stored as hydrogen
and heat power. Compared with EES in case 2, the unit in-
vestment cost of hydrogen and heat storage is lower. @ Al-
though case 1 introduces more energy coupling devices,
these devices do not need to accumulate electric power like
the EES in case 2. Instead, the electric power is efficiently
converted by the devices and is used for cold and heat pow-
er demands, enabling immediate usage. Therefore, the syner-
gy of multiple energy devices reduces the overall investment
cost and enhances energy sales revenue through efficient en-
ergy conversion, significantly improving the economic effi-
ciency of PV energy handling.

3) Performance Analysis of SOP-enabled Flexible Distribu-
tion Network

The SOP-based distribution network facilitates resource
sharing across feeders, reducing resource redundancy and
land usage. In addition, to further validate the optimization
effect of SOP on the distribution network, Table IX presents
the optimization results with and without SOP. The optimiza-
tion with SOP ensures that all node voltages are maintained
within the range of 0.95-1.05 p.u., with no voltage violations
observed. C,,, is reduced by 10.77%, and the maximum volt-
age deviation decreases by 34.21%. The node voltage on a
typical day with SOP is shown in Fig. 9.

TABLE IX
OPTIMIZATION RESULTS WITH AND WITHOUT SOP

The maximum voltage

. . . 4
Optimization result C (10°¥) deviation (p.u.)
Without SOP 119.250 0.076
With SOP 106.409 0.050
Voltage (p.u.)
/\ 1.02
1.02 ! 1.01
/ e 1.00
0.99
0.98
0.97
40 15 0.96
10 W)
N, 20 50 oMY

0de numpe, 0 v 0.95

Fig. 9. Node voltage on a typical day with SOP.
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Meanwhile, the above discussion primarily focuses on the
operation optimization of the distribution network under nor-
mal operation conditions. In addition, distribution networks
with SOP also demonstrate strong fault recovery capabilities.
Compared with traditional tie switches, SOP not only pro-
vides continuous power control but also offers voltage sup-
port, effectively expanding the supply restoration range and
enhancing the load recovery level. Detailed comparisons of
the supply restoration performance between SOP and tradi-
tional tie switches can be found in [41]. More detailed grid-
connected control strategies for SOP can be found in [34]
and [42].

D. Evaluation of Proposed Method in a Larger-scale Distri-
bution Network

To verify the applicability of the proposed method in larg-
er-scale distribution networks, we conduct tests on a real-
world 10 kV distribution network with 219 nodes in north-
ern China, as shown in Fig. 10, where F1-F15 represent the
15 feeders. The load data from the improved Portugal 54-
node distribution network are scaled accordingly, resulting in
the peak load of 50.55 MW and the PV penetration rate of
48.89%. Based on time-series voltage sensitivity analysis,
the DHMECS sitings are selected at nodes 12, 67, 100, 118,
161, 186, and 217, while the SOPs are set at lines 12-37, 49-
67, 57-65, 74-100, 85-99, 118-142, 161-172, 186-199, and
197-217.

According to Table X, both case 1 and case 2 achieve full
PV energy utilization. However, case 1 demonstrates superi-
or economic performance. Tables XI and XII further illus-
trate the optimal configuration of capacity and power of DH-
MECS and SOP capacity in case 1, respectively, where PV
energy is prioritized for immediate conversion into cold and
heat power supplies. The remaining energy is stored in low-
cost TST and HST, reducing total investment costs while in-
creasing annual revenue. In contrast, case 2 relies solely on
EES, leading to higher investment costs. These results con-
firm that the proposed method remains applicable in larger-
scale distribution networks.

By employing a unified mathematical modeling frame-
work, the proposed method can automatically optimize the
capacities of various devices to adapt to the characteristics
of the target distribution network, requiring only the replace-
ment of network topology information, multi-energy load
profiles, and designated SOP/DHMECS node configuration.
In addition, since the proposed method incorporates heat and
cold, it is particularly well suited for areas with cold and
heat power demands, such as urban regions and industrial
parks, demonstrating its generality.

VI. CONCLUSION

This paper proposes a collaborative configuration optimi-
zation method of SOPs and distributed multi-energy stations
with spatiotemporal coordination and complementarity. The
main conclusions of this paper are as follows:

1) A shared strategy of multiple types of resources is pro-
posed based on an SOP-enabled flexible distribution net-
work.
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Fig. 10. Structure of 219-node distribution network.
TABLE X The limitations of traditional planning methods are ad-
ECONOMIC ANALYSIS FOR CASE I AND CASE 2 IN 219-NODE DISTRIBUTION  jraccad in complex scenarios such as multi-feeder group
SYSTEM .
power supply. Specifically, the use of SOP alone reduces net-
C C C work loss costs by 10.77% and decreases the maximum volt-
Case vt Copm oss m Annual revenue PUR (%) deviation by 34.21%: hile. i d h ired
(10* ¥) 10°%  (10° %) (10' ¥) o) age deviation by 34.21%; meanwhile, it reduces the require
) 207917 15436 5118.05 884,52 100 number of coordination units of DHMECS, thereby signifi-
) 367902 141.05  4569.51 749 43 100 cantly improving resource utilization efficiency.
TABLE XI

OPTIMAL CONFIGURATION OF CAPACITY AND POWER FOR DHMECS IN CASE 1

Coordination unit EHI(’k[\){;;ver TST( kc\e;‘?}?)city SOF((;{ \%c;wer AEfk%(,);Ner HST( kc\a)\?}?)city EC(][(){)VV;er LBA(?( \g/c))wer
Coordination unit 1 (F1-F2) 2050.97 32222.61 606.34 3096.22 13327.47 506.68 1475.84
Coordination unit 2 (F3-F5) 2684.59 42264.86 746.42 2502.07 17735.93 658.17 2082.51
Coordination unit 3 (F6-F8) 2719.36 42678.15 916.41 3013.16 20979.80 674.42 2133.92
Coordination unit 4 (F9-F10) 2020.41 31725.64 653.90 2094.55 15208.12 500.10 1582.37
Coordination unit 5 (F11-F12) 1941.23 30378.94 752.62 2267.22 16935.89 486.46 1539.19
Coordination unit 6 (two DHMECSs) (F13-F15) 3068.28 48407.98 754.83 2591.70 17965.19 746.33 2361.46

the collaboration between SOP and DHMECS is proposed,
resulting in a configuration model for SOP and DHMECS.
This model addresses the shortcomings of existing methods
in cross-energy flow and cross-space resource coordination,
promotes deep integration and global optimization of multi-
energy flow systems and multi-feeder networks, and meets
the future needs of distribution networks for partitioned au-
tonomous consumption.

2) DHMECS converts curtailed PV energy into terminal
usable energy, meeting diverse energy demands. Compared
with EES, DHMECS offers economic advantages: the unit
investment costs of HST storage and TST storage are lower
than those of EES. Besides, DHMECS enables real-time en-
ergy use through power conversion, eliminating the need for
large-scale energy accumulation or high-capacity storage de-
vices, further reducing costs.

3) A partitioned autonomous operation strategy based on
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TABLE XII
OPTIMAL CONFIGURATION OF SOP CAPACITY IN CASE 1

Node SOP capacity (MVA)
12-37 1.78
49-67 2.51
57-65 0.66
74-100 1.00
85-99 1.62
118-142 1.82
161-172 1.86
186-199 1.09
197-217 0.88

In future research, we can further develop a hybrid proba-
bilistic interval method for source load uncertainty modeling
to enhance the robustness of planning results, and further in-
vestigate methods for efficient PV energy utilization through
coordinated operation among distribution networks and mi-
crogrids based on ER.
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