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Abstract. The growth of low-voltage distributed energy resources (DERs) ena-

bles users to manage their own generation and demand, forming DER stake-

holders at single or aggregated metering points. As these stakeholders join mul-

ti-level electricity markets, their actions must remain feasible under local distri-

bution system limits. Existing work either jointly optimizes DERs and the utili-

ty grid or verifies DER response capabilities before market participation. The 

first can yield accurate results but require real-time data exchange and heavy 

coordination, whereas the second produce more conservative response bounda-

ries but allow DER stakeholders to ignore local distribution constraints during 

market participation, thereby decoupling their operations from the utility grid 

and reducing the internal departments coordination need of utility grid. This pa-

per proposes a practical response-power-boundary calculation and verification 

framework. Each stakeholder computes its maximum and minimum response 

boundaries and submits them to the regional load management center (LMC), 

which operates under the marketing department of the regional utility grid. The 

local distribution system operator (DSO) then checks and adjusts these bounda-

ries using a DistFlow-Second-order cone program (SOCP) distribution system 

model and a maximum robust feasible-box method to ensure operational securi-

ty. The verified boundaries guarantee feasible distribution power-flow solutions 

for any admissible DER stakeholders’ response and thus decouple DER stake-

holders from local distribution constraints. Simulation results show that the 

proposed method offers a practical and robust way to manage demand-side 

DER flexibility under existing organizational structures.  

Keywords: Demand-side management (DSM), Distributed energy resources 

(DERs), DistFlow-second-order cone program (SOCP), Distribution system, 
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1 Introduction 

With the rapid growth of low-voltage distributed energy resources (DERs) such as 

photovoltaics (PVs), energy storage (ES), and flexible loads, many electricity users 

are gaining the ability to manage their own power consumption and generation[1]. 

These users take the utility meter as the ownership boundary with the utility grid and 

form a new type of business entity, referred to as a DER stakeholder.  

DER stakeholders generally fall into two categories. One consists of a single 

stakeholder, forming an electricity marketing account based on a single utility meter-

ing point; the other is composed of multiple electricity users aggregated into a unified 

electricity marketing account by integrating DERs behind multiple metering points, 

such as virtual power plants (VPPs) or load aggregators[2].  

DER stakeholders can participate in multi-level electricity markets, and during 

such transactions they must also coordinate with the operational management of the 

regional utility grid. Therefore, in optimizing the operations of DER stakeholders, the 

constraints imposed by the utility grid cannot be overlooked. Existing studies general-

ly adopt two main approaches:  

1) Establishing a joint optimization model between DER stakeholders and the 

utility grid. Existing studies include single-agent or globally optimal models solved 

via centralized[3] or distributed[4] methods, as well as multi-agent optimal models 

solved using centralized[5] or decentralized[6] approaches.  

2) Establishing a utility-grid-oriented verification model for DER stakeholders, 

which focuses on evaluating and verifying the response capabilities of DERs prior to 

market participation. For example, the response power boundaries of each DER 

stakeholder are determined before trading and subsequently checked by the utility 

grid as part of the market admission process. 

In the first approach, DER stakeholders are tightly coupled with the utility grid, 

and the solution process relies on real-time communication and information sharing. 

Although it can improve the efficiency of power system operations through more 

accurate DER power optimization results, it often depends on advanced information 

infrastructures and requires close coordination among different departments within 

the utility grid.  

In contrast, the second approach yields more conservative power boundaries opti-

mization results for DER stakeholders; however, because it ensures the feasibility of 

local distribution system constraints, DER stakeholders can ignore these local con-

straints when participating in subsequent multi-level electricity markets, effectively 

decoupling the two sides. During verification, this approach only requires DER stake-

holders to provide their response capability indices in advance without disclosing 

additional internal operational constraints. Moreover, the verification can be complet-

ed with limited coordination among the utility grid’s internal departments, thereby 

reducing the complexity of internal collaboration. 

Considering the inherent difficulties of cross-entity and cross-department coordina-

tion, the second approach better aligns with the current operational and management 

practices of DER stakeholders and the utility grid.  
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In a typical integrated transmission-distribution management framework, the utility 

grid divides its operational functions among several departments, including dispatch-

ing, distribution, and marketing. Due to constraints such as access voltage levels and 

ownership boundaries, DER stakeholders are neither directly subject to the technical 

management of the transmission system operator (TSO) under the dispatching de-

partment nor able to participate in or coordinate with transmission-level electricity 

markets[7, 8].  

In practice, DER stakeholders primarily interact with the marketing and distribu-

tion departments. The marketing department manages utility meters and users, han-

dling transaction- and operation-related tasks such as electricity metering and finan-

cial settlement. Through the load management center (LMC), it also acts as an agent 

for regional loads, enabling it to guide DER stakeholders to participate in demand-

side management (DSM) and to assist them in engaging in multi-level electricity 

markets associated with the dispatching and distribution departments of utility grid. 

The distribution department is responsible for the physical infrastructure that supports 

energy exchange between DERs and the utility grid. As it spans multiple medium- 

and low-voltage distribution areas, facilities and their technical operations in each 

area are managed by the corresponding local distribution system operator (DSO). 

Building on the above understanding, this paper proposes a response power bound-

ary calculation and verification method for DER stakeholders, developed within the 

current utility grid framework and assuming that the LMC serves as the agent for 

regional loads. First, within a given distribution system, each DER stakeholder calcu-

lates its maximum and minimum response power boundaries for each time period 

based on internal operational constraints, and submits the results to the regional LMC. 

Then, the DSO supports the regional LMC in optimizing, verifying, and adjusting 

these response boundaries. This paper models the local distribution system using the 

DistFlow-Second-Order Cone Program (SOCP) method[9, 10] and refines the re-

sponse power boundaries of DER stakeholders through a maximum robust feasible 

box optimization approach. The objective is to maximize the sum of the feasible pow-

er ranges across all DER stakeholders while ensuring that, regardless of the specific 

DER power values selected within the ranges, the distribution system can always find 

a feasible power-flow solution under its own constraints. Finally, the verification 

results are returned to both the regional LMC and the DER stakeholders. Since the 

distribution system’s feasible operating region becomes robust with respect to any 

admissible DER power value, the DER stakeholders are operationally decoupled from 

the local distribution system. Consequently, when participating in subsequent multi-

level electricity markets, DER stakeholders can ignore local distribution system con-

straints. This method provides a practical pathway for efficient demand-side DER 

management within the existing organizational framework of the utility grid. 

The rest of this paper is organized as follows. Section 2 introduces the calculation 

and verification process of DER stakeholders’ response power boundaries. Section 3 

presents the calculation model, and Section 4 describes the verification and correction 

model with its briefly proof. Section 5 provides and analyzes the simulation results. 

Section 6 concludes the paper. 
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2 Calculation and verification process of DER 

stakeholders’ response power boundaries 

In the current hierarchical management structure of the regional utility grid, the mar-

keting department is responsible for electricity metering and DSM. The regional LMC 

is an upgraded version of the utility metering management system originally designed 

for traditional electricity customers. To some extent, it functions as a largest load 

aggregator on the demand side, guiding DERs to participate in DSM and helping 

them connect with dispatching, distribution department, and the regional market oper-

ator to participate in multi-level and type electricity transactions. The establishment of 

LMC aligns with the utility grid’s gradual and adaptive transition strategy. 

Before taking part in electricity transactions, DER stakeholders must submit their 

response capability data to the LMC to satisfy market entry requirements. Most indi-

cators can be calculated by the DER stakeholders themselves. However, the upper and 

lower limits of response power must also comply with distribution system constraints 

and therefore cannot be determined independently. To address this issue, the regional 

LMC collaborates with the local DSO to assist DER stakeholders in verifying their 

power boundaries within the distribution system. 

Fig. 1 shows the overall structure and steps for calculating and verifying the power 

boundaries of DER stakeholders connected to a given distribution system. 

 

Fig. 1  Overall structure and steps for power boundary calculation and verification for DERs 

stakeholders 

First, DER stakeholders calculate their upper and lower power boundaries for each 

time period based on their internal constraints, and submit these results and metering 

data to the regional LMC. 
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Second, the regional LMC reviews the metering data, conducts an initial check, 

and forwards the relevant information to the local DSO. 

Next, the local DSO verifies the reported boundaries against network topology, 

line capacity, and voltage limits to ensure they satisfy local distribution system re-

quirements. The verified results are then sent back to the LMC. 

Finally, the LMC returns the verification results to the DER stakeholders, who then 

update their power boundary constraints for subsequent market use.  

3 Calculation of response power boundaries for DER 

stakeholders based on internal operating constraints 

This paper considers a distribution system consisting of a set of nodes N and a set of 

branches B. The set of DER stakeholders is denoted as  1,2,..., ,...,r R=R , each 

connected to node ( )r in the distribution system. In this study, the DER stakehold-

ers are set as BTM communities that includes distributed PV generation, residential 

users with transferable loads, and distributed ES. 

Distributed PV systems are typically mounted on rooftops, ground surfaces, or oth-

er suitable locations. They can supply electricity to the utility grid or support self-

consumption within the community. The model is given as follows: 

 
PV,min PV PV,max

, , , 0r t r t r tP P P    (1) 

where 
PV,min

,r tP  and 
PV,max

,r tP  denote the minimum and maximum PV power output of 

DER stakeholder r at time t, respectively. 

In residential users, unlike fixed loads 
Load,f

,r tP , transferable loads 
Load,move

,r tP  can be 

shifted across different time periods in response to electricity prices. The residential 

user model is formulated as: 

 
Load,move

,

1

Δ 0r t

T

t

P t
=

=  (2) 

 
Load,move Load,move Load,move

, ,min , , ,maxr t r t r tP P P   (3) 

 
Load Load,f Load,move

, , ,r t r t r tP P P= +  (4) 

where 
Load,move

, ,minr tP  and 
Load,move

, ,maxr tP  denote the minimum and maximum load of DER 

stakeholder r at time t, respectively. 

Distributed ES refers to battery systems installed near electricity users or other 

DERs, used to store and release electrical energy. 

 
SES, xch E ,ch,ma

,0 r t rP P   (5) 
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ES,dis ES,dis, x

,

ma0 r t rP P   (6) 

 
ES,ch ES,

,

is

,

d 0r t r tP P =  (7) 

 ,min max

ES ES ES

, ,r r t rE E E   (8) 

 
i

ES,ch ES,

c

ES ES

, ,

s

dis

ES, h , ,

ES,d

1
Δr t r t r t r tE tE P P



 
= + −  

 

 (9) 

 
ES ES

, ,0r T rE E=  (10) 

Where 
ES,ch

,r tP ,
ES,dis

,r tP , ES,ch,max

rP , ES,dis,max

rP ,
ES

,r tE ,
ES

,minrE ,
ES

,maxrE ,
ES

,0rE ,
ES

,r TE represent the 

charging power, discharging power, maximum charging power, maximum discharg-

ing power, stored energy, minimum stored energy, maximum stored energy, initial 

energy, and final energy of the distributed storage of DER stakeholder r at time t, 

respectively. ES,ch  and ES,dis  denote the charging and discharging efficiencies. Pre-

vious studies have shown that when charging and discharging efficiencies are below 

100%, simultaneous charging and discharging does not occur; therefore, constraint (7) 

is omitted in this paper[11]. 

Based on the above, the DER stakeholder response power boundary calculation 

model is established under internal operating constraints (1)-(10) The objective func-

tion is given as: 

  min

, ,min , 1,r t r t t TP P=   (11) 

  max

, ,max , 1,r t r t t TP P=   (12) 

 ( )Load Load ES ES,ch ES,disPV PV

, , ,, ,r r t r r t r r tt tr rP P P P P−= + +1 1 1  (13) 

where 
min

,r tP  and 
max

,r tP  represent the maximum and minimum exportable power 

achievable at each time period. 
PV

r1 , 
Load

r1 , 
ES

r1 respectively denote the indicator func-

tions that specify whether the corresponding superscripted DER type is included or 

not (1 or 0). 
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4 Verification and correction of DER stakeholders’ 

response power boundaries considering distribution 

system constraints 

4.1 Verification constraints of local distribution system 

Given the independently calculated power range min max

, , ,,r t r t r tP P P    without consider-

ing distribution system constraints, the result is often overly wide and therefore re-

quires further verification and correction by the DSO. 

For a DER stakeholder connected at node ( )i r= , the power balance at node 

iN  can be written as: 

 
load

, , ,

: ( )

i t i t r t

r r i

P P P
 =

= +   (14) 

 
load comp

, , ,i t i t i tQ Q Q= +  (15) 

where 
load

,i tp  and 
load

,i tq  are the fixed loads at node i, and 
comp

,i tq  represents local reac-

tive power compensation. Since DERs are generally equipped with inverters capable 

of reactive power regulation or power factor control, local voltage can be maintained 

through local control. Thus, the reactive power injection of DERs can be treated as 

self-balanced, and only active power variations are explicitly modeled. 

The distribution network power flow is described using the Baran-Wu DistFlow 

model[9]:  

 
( )

, , ,

: ,

,ij t jk t j t ij ij t

k j k

P P P r l


= + +
B

 (16) 

 
( )

, , ,

: ,

,ij t jk t j t ij ij t

k j k

Q Q q x l


= + +
B

 (17) 

 ( ) ( )2 2

, , , , ,2j t i t ij ij t ij ij t ij ij ij tv v r P x Q r x l= − + + +  (18) 

 

2 2

, ,

,

,

ij t ij t

ij t

i t

P Q
l

v

+
=  (19) 

where ,i j N , ( ),i j B , ijr  and ijx  are the resistance and reactance of line ( ),i j

, ,ij tl is the squared branch current value ,ij tI , and ,i tv  denotes the squared voltage 

magnitude ,i tV  at node i. 

To preserve convexity, a second-order cone relaxation is introduced[10]. Under the 

radial structure of a distribution system, this relaxation is typically tight and can accu-

rately represent power flow relationships. This yields the DistFlow-SOCP model for 

the distribution system. 
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,

, , ,

, ,

2

2

ij t

ij t i t ij t

i t ij t

P

Q v l

v l

+

−

 (20) 

To capture operational limits of distribution system facilities, line thermal capacity 

constraints, branch current limits and voltage magnitude limits are additionally incor-

porated. 

 ( )
2

2 2 max

, ,ij t ij t ijP Q S+   (21) 

 ( ) ( )
2 2

min max

,ij ij t ijI l I  (22) 

 ( ) ( )
2 2

min max

,i i t iV v V   (23) 

where: 
max

ijS  is the rated apparent power capacity of branch ( ),i j . min

iI , max

iI  de-

note the allowable current range at node i. 
min

iV , 
max

iV  denote the allowable voltage 

range at node i. 

4.2 Correction of active power adjustment ranges based on upper–lower 

boundary scenarios 

Let the power range of DER stakeholder r at time t be denoted as L U

, , ,,r t r t r tP PP   . 

Define the matrix 
, ,,R T

r t tP rP  =    ¡ , and then their joint range can be written as 

a box set (24). 

 ( )  ,

L U

,

L

,

U, : | , ,r t r t r tA P P r tP P P P=     (24) 

Treat P  as the parameter variables, and let   be the set of all other decision vari-

ables in the DistFlow-SOCP model. All constraints (14)-(23) of this model can be 

written compactly as (25), which contains affine inequalities and second-order cone 

inequalities, forming a convex constraint set with respect to ( ), P . 

 ( ), 0F P   (25) 

If (26) holds, we say that the power-flow solution   of DistFlow-SOCP is robust-

ly feasible.  

 ( ) ( )L U, , : , 0FPP A P P      (26) 
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This means that no matter how the DER stakeholders choose their P  values inside 

( )L U,A P P , the distribution system can always find a feasible solution  . In other 

words, the DistFlow-SOCP constraints must remain valid under the worst-case com-

bination of parameters. Thus, (26) can be rewritten as (27). 

 
( )

( )
L U,

max , 0
P PA P

F P


   (27) 

In this case, the set ( )L U,A P P  forms a robust feasible box of the parameter varia-

bles P .To find the adjustable power range for each DER stakeholder, we build the 

following optimization problem that maximizes the robust feasible box of P . 

Objective: 

 ( ),

L

1

,

Umax
r

r t

T

r t

t

P P
= 

−
R

 (28) 

s.t. (27)(29). 

 
min max

, ,

U

,

L

r r t r t r t rP P PP P     (29) 

Since ( ),F P  is a monotonic function of P , the case that satisfies

( )
( )

L U,

max ,
P P PA

F P


  always appears at the vertices of the R×T dimensional box set, i.e., 

at L

,r tP  or U

,r tP . The above observation can be supported by a straightforward deriva-

tion based on the Karush-Kuhn-Tucker (KKT) conditions, and the proof is omitted 

here for brevity. 

Theoretically, in this case, each element of P  can potentially reach different ex-

treme values in different directions, we would need to examine each constraint sepa-

rately, checking the sign of each coefficient in the parameter matrix to decide which 

vertex each of the R×T parameter variables
,r tP  should take. 

However, in this paper, all elements of P  have the same monotonicity within 

( ),F P . Thus, for any specific constraint in (27), all elements ,r tP  will take the 

vertices in the same direction to maximize ( ),F P . Therefore, we only need to 

check the two extreme cases, 
LP P=  and 

UP P= , to guarantee the constraints (25) 

hold for all possible P  in ( )L U,A P P . Hence, we introduce two copies (30)(31) of 

the DistFlow-SOCP constraints to replace the original (25).  

 ( )L L, 0F P   (30) 

 ( )U U, 0F P   (31) 
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So, the final optimization model is built, with objective (28) and subject to (29)-

(31).The resulting maximum robust feasible box gives the active-power response 

bounds of DER stakeholders under distribution-network constraints.  

5 Case Study 

5.1 Parameters setting 

Taking four BTM communities as an example, each community acts as a DER stake-

holder and connects to bus nodes 2, 9, 19, and 33 of the IEEE-33 distribution system, 

with a utility meter installed at each access point, respectively. The DER setups of the 

four stakeholders are shown in Fig. 2: Stakeholders 1 and 3 both have PV and resi-

dential users (RU); Stakeholder 2 includes only RU; Stakeholder 4 combines RU with 

distributed ES. Each DER stakeholder uses an independent electricity marketing ac-

count and is under DSM from the regional LMC, as well as technical management 

from the local DSO. 

 

Fig. 2  Four BTM communities connects to an IEEE-33 distribution system. 

5.2 Results of DER stakeholders’ response power boundary calculation 

Without considering distribution system constraints, each DER stakeholder inde-

pendently calculates its response power boundaries for each time period based solely 

on the operating characteristics of its local DERs, and submits the results to the re-

gional LMC. As shown in Fig. 3, the response characteristics of the four BTM com-

munities differ significantly.  
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Stakeholders 1 and 3 are both equipped with PV systems, and their lower response 

power boundaries reach the maximum at midday when PV output is strongest. Stake-

holder 2 consists only of residential users, so its adjustable power range is relatively 

limited. Stakeholder 4 is equipped with energy storage, which, while meeting user 

load demand, uses the charging and discharging flexibility to form a more ample and 

smoother response power boundary than the other stakeholders, with an adjustable 

range of about ±600 kW. 

 

 

Fig. 3  Results (a)-(d) of Four DER stakeholders’ response power boundary calculation. 

It should be noted that, because voltage, power flow, capacity, and other distribu-

tion system constraints have not yet been included at this stage, the above aggregated 

boundaries only reflect the theoretical achievable capability submitted to the regional 

LMC. The DSO will later verify and adjust these boundaries under distribution sys-

tem constraints to produce the final feasible response boundaries that satisfy grid 

operation requirements. 

5.3 Results of DER stakeholders’ response power boundary verification 

and correction 
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Fig. 4  Results (a)-(d) of Four DER stakeholders’ response power boundary verification and 

correction. 

After considering distribution system constraints, the response power boundaries of 

the four BTM communities shrink to varying degrees, as shown in Fig. 4.  

For DER Stakeholders 1 and 3, their adjustable ranges show almost no change after 

introducing distribution network constraints, indicating that they are essentially unaf-

fected by these limits. The main changes for DER Stakeholder 2 occur at 12:00 noon, 

where its upper boundary drops by about 180 kW, showing that line power flow dur-

ing this period is already close to its upper limit and thus cannot fully release its pow-

er regulation potential. DER Stakeholder 4, which is equipped with energy storage, 

maintains its lower boundary after verification, but its upper boundary shrinks signifi-

cantly at noon and in some evening periods, with a maximum reduction of about 330 

kW. This indicates that although the energy storage system has a large adjustable 

range during these periods, its charging still must meet line capacity and voltage lim-

its. 

Overall, the response power boundary reductions mainly occur during periods 

when the distribution system is under relatively high load, and they mostly appear as 

reductions in the upper power boundary presenting load characteristics. Thus, through 

the joint verification and correction by the LMC and DSO, the response power 

boundaries of each DER stakeholder can be converted from demand-side potential 

ranges into feasible ranges that account for distribution system operating constraints. 

This provides boundary conditions that better reflect actual operating conditions for 

participating in DSM and multi-level electricity markets. 

6 Conclusion 

This paper presented a practical framework for calculating and verifying DER stake-

holders’ response power boundaries within the existing marketing-distribution struc-

ture of a regional utility grid. The framework lets each stakeholder first compute its 

theoretical response capability and then allows the DSO to verify and adjust these 

boundaries using a DistFlow-SOCP model and a maximum robust feasible-box meth-

od to meet distribution system limits. 

The case study on the IEEE-33 system showed clear differences in the theoretical 

response boundaries of 4 DER stakeholders. After verification, the feasible bounda-

ries shrank mainly during high-load periods, with the largest reductions appearing in 
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stakeholders whose adjustments stressed line capacity or voltage limits. Stakeholders 

less affected by network constraints retained most of their flexibility. 

These results show that the proposed method can convert theoretical demand-side 

flexibility into feasible response ranges that respect grid operating conditions, ena-

bling reliable participation in DSM and multi-level markets.  
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