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Abstract

The distribution system is normally equivalent as a dynamic power injected at the interconnected transmission bus. This
annot unlock the potential benefits of transmission–distribution interaction. To tackle this problem, this paper proposes a
istributed stochastic optimization approach to simultaneously determine distribution system operation and transmission system
lanning. Uncertainties in the distribution and transmission systems are modelled using numbers of typical scenarios. The
riginal problem is decomposed into the upper transmission network planning level and the lower distribution network operation
ne. Both two levels are linearized using a piecewise linearization approach to guarantee the convergence properties of the
lgorithm. Simulation results investigated on the integrated T24D9 system testify the high performance of the presented
istributed framework. With the coordination of distribution systems, the transmission network planning solution decreases
he investment and improves the renewable energy recommendation.

2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).

eer-review under responsibility of the scientific committee of the 2021 8th International Conference on Power and Energy Systems Engineering,
PESE, 2021.

eywords: Transmission network planning; Distribution network operation; Decentralized optimization; Uncertainties; Piecewise linearization

1. Introduction

With the integration of sustainable energy sources (SES), the transmission system may encounter some operation
ssues, such as line congestion, voltage variation and renewable energy shedding [1–3]. The transmission system
lanning is a normal technique to handle these problems, but the economy of the conventional planning method
hould be enhanced. When the investment cost is limited or the candidate construction line is constrained, the
raditional transmission planning method cannot achieve the expansion scheme. Moreover, numbers of distributed
nergy resources install in the distribution system and the distribution system becomes active [4–6]. The power
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flows between distribution and transmission systems are changeable and time-varying, which can eventually affect
the planning solution of the interconnected transmission system. With the coordination of distribution system,
the potential flexibility of transmission network is exploited, thus postponing the upgrades, decreasing the line
investment and improving the device utilization [7].

In order to accommodate more renewable energy in the transmission network, a lot of researchers have studied
he transmission network planning problem. Ref. [8] takes the carbon emission reduction of SES into account and
hen presents the transmission network planning model in the presence of energy transition. To reduce the expansion
ost, [9] incorporates the wind turbine generation integrated bidding auction mechanism when planning transmission
etwork dynamically. Ref. [10] formulates the coordinated source-network planning problem, and investigates the
ffects of carbon emission reduction and spinning reserve demand on the final planning solution. Given the time-
arying characteristics of source and load, [11] proposes the coordinated source-network planning model in terms of
uture high wind power penetration scenario. Since distribution and transmission systems are interconnected at the
ubstation buses, the distribution network is simplified and equivalent as bus power injection when reinforcing
ransmission network. However, this cannot consider the impact of transmission–distribution interaction on the
ransmission expansion solution. Thus, it is worthy to co-optimize the distribution operation and transmission
nvestment.

Coordination of distribution and transmission systems has been studied in many published literatures, such
s power flow calculation [12,13], operation optimization [14–16], reactive power optimization [17], flexibility
valuation [18], post-contingency restoration [19], planning method [20]. Ref. [12] proposes a master–slave
plitting algorithm to solve the global transmission–distribution power flow calculation problem in a distributed
anner. Ref. [13] investigates the regional computing characteristic for coordinated transmission–distribution power
ow calculation. Based on analytical target cascading algorithm, [14] presents the unit commitment method for
istribution and transmission systems, and unlocks the potential benefits of transmission–distribution interaction.
ef. [15] formulates an improved parallel sub-space algorithm based economic dispatch model for integrated
istribution and transmission systems. Motivated by [14–16] further studies AC optimal power flow for distribution
nd transmission systems using heterogeneous decomposition. Ref. [17] solves the coordinated transmission and
istribution reactive power optimization problem using curve fitting approach. Ref. [18] observes the flexibility re-
ion of transmission–distribution interaction, and visualizes the power exchange margin. A transmission–distribution
ontingency response mechanism is designed in [19]. Although [20] proposes transmission–distribution expansion
ethod, this requires tedious iteration process and assumes the power generated by SES cannot be curtailed. Thus,

his method can be applied for some limited scenarios.
To tackle the drawbacks of the existing studies, this paper presents a distributed stochastic determination

ethod to co-optimize distribution operation and transmission planning. Different from conventional transmission
xpansion method, the proposed model can simultaneously consider distribution network topology and transmission–
istribution interaction capability, which provides the potential flexibility for transmission expansion. To guarantee
he iteration convergence, the model is linearized using piece-wise linearization method. In this paper, the
ontributions include: (1) flourish distribution–transmission coordination mechanism, i.e., transmission network
rovides the locational margin price for distribution network, and distribution network sends the power exchange
ack; (2) improve the model flexibility for future high SES penetration scenario and thus decrease the transmission
nvestment cost.

. Problem formulation

For the reconstructed power systems, distribution and transmission systems are interconnected at the substation
uses and dispatched by different operators. Thus, distribution and transmission systems are dispatched indepen-
ently and interacted dynamically. The injection power and voltage at the boundary bus, which is selected as
he low-voltage side of substation transformer, are observable for transmission and distribution system operators.
ransmission system operators regulate the boundary bus voltage on the basis of the certain distribution system

njection power. Conversely, distribution system operators control the interacted power since the boundary bus
oltage is known. In other words, the distribution network is regarded as the load demand in the transmission
ptimization problem, and the transmission network is equivalent as the voltage source in the distribution
ptimization one. Fig. 1 shows the decentralized optimization framework for distribution and transmission systems.
he upper-layer problem is to invest the transmission system and the lower-layer one is to optimize the distribution
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Fig. 1. Decentralized decision-making framework.

operation. Both two levels are modelled using the polar coordinates based AC power flow model. The upper-
level transmission expansion problem determines planning solution and hourly generation schedule. The lower-level
distribution operation problem optimizes the output of distributed SES. The upper level offers the locational margin
price to the lower level, and the lower level sends the power exchange price and amount back. Uncertainties related
to SES output and load fluctuation in distribution and transmission systems are modelled as a series of typical
scenarios. The detail decentralized decision-making framework is formulated as follows.

2.1. Upper-level transmission expansion problem

The objective function of the upper level is to reduce the total of transmission expansion and operation costs. The
decision variables include line construction, conventional generator output, SES curtailment and power interacted
with the distribution network. The mathematical equation for the goal can be formulated as

min
∑

i j∈ΩC

ηi j Ci j ui j +

∑
s∈ΩS

Ds

⎡⎣ ∑
g∈ΩG

CG
g

(
PG

g,s

)
+

∑
i∈ΩB

Ci,s
(
P D

i,s − PT
i,s

)
+

∑
i∈ΩI

C RC
i P RC

i,s

⎤⎦ (1)

here ΩC , ΩI , ΩG , ΩB and ΩS are the set of alternative installed lines, buses, conventional generators, boundary
uses and scenarios, respectively. ui j is the binary variable to indicate whether branch i j is constructed or not. If
es, ui j is 1, else, equals 0. PG

g,s , P RC
i,s , P D

i,s and PT
i,s are, respectively, the active power generated by conventional

enerator g in scenario s, the curtailment of SES at bus i in scenario s, the power exchange at the boundary bus i in
cenario s. Ci j , C RC

i , Ci,s and CG
g (·) are the investment cost of line i j , the curtailment cost of SES at bus i , the power

nteraction cost at the boundary node i in scenario s, and the generation cost function for conventional generator
g, respectively. ηi j is the equivalent annual value coefficient for new branch i j . Ds is the number of scenarios. For
1), the first term represents the branch investment, the second term indicates the conventional generator generation
ost, the third term delegates the transmission–distribution power exchange cost, and the rest deputies the SES
urtailment cost. Noted that, for the conventional generator, the quadratic generation function is linearized using
iece-wise linearization method.

The constraints of the upper-layer model include:
(1) Active and reactive power balance equations∑

g∈Ω i
G

PG
g,s −

∑
i j∈Ω0

P̃i j,s −

∑
i j∈ΩC

P̃i j,s + P D
i,s − PT

i,s + P RF
i,s − P RC

i,s = P L
i,s, ∀i ∈ ΩI , s ∈ ΩS (2)

∑
g∈Ω i

G

QG
g,s −

∑
i j∈Ω0

Q̃i j,s −

∑
i j∈ΩC

Q̃i j,s = QL
i,s, ∀i ∈ ΩI , s ∈ ΩS (3)

here Ω0 and Ω i
G are the sets of existing lines and conventional generators at bus i , respectively. P̃i j,s and Q̃i j,s

re the active and reactive power flows of branch i j in scenario s, respectively. P L
i,s and QL

i,s are the active and
eactive load demands at bus i in scenario s, respectively. P RF

i,s is the predictive power generated by SES at node
G
in scenario s. Qg,s is the reactive power generated by conventional generator g in scenario s.
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(2) Line status logical constraints

ui j = 1, ∀i j ∈ Ω0 (4)

ui j ∈ {0, 1} , ∀i j ∈ ΩC (5)

(3) Line power flow calculation equations

Pi j,s = G i j V 2
i,s − Vi,s V j,s

(
G i j cos θi j,s + Bi j sin θi j,s

)
, ∀i j ∈ Ω0 ∪ ΩC , s ∈ ΩS (6)

Qi j,s = −Bi j V 2
i,s − Vi,s V j,s

(
G i j sin θi j,s − Bi j cos θi j,s

)
, ∀i j ∈ Ω0 ∪ ΩC , s ∈ ΩS (7)⏐⏐P̃i j,s − Pi j,s

⏐⏐ ≤ M
(
1 − ui j

)
, ∀i j ∈ Ω0 ∪ ΩC , s ∈ ΩS (8)⏐⏐Q̃i j,s − Qi j,s

⏐⏐ ≤ M
(
1 − ui j

)
, ∀i j ∈ Ω0 ∪ ΩC , s ∈ ΩS (9)

here G i j and Bi j are the conductance and admittance of wiring i j , respectively. Vi,s is the voltage magnitude at
ode i in scenario s. θi j,s is the voltage phrase angle deviation between buses i and j in scenario s. M is a large
nough positive number [21–23].

(4) Line capacity constraint

P̃2
i j,s + Q̃2

i j,s ≤
(
Smax

i j

)2 ui j , ∀i j ∈ Ω0 ∪ ΩC , s ∈ ΩS (10)

where Smax
i j is the capacity of line i j .

(5) Bus voltage constraints

Vi,s ≤ V max
i , ∀i ∈ ΩI , s ∈ ΩS (11)

Vi,s ≥ V min
i , ∀i ∈ ΩI , s ∈ ΩS (12)

here V max
i and V min

i are the upper and lower limits of voltage magnitude at node i , respectively.
(6) Conventional generator output constraints

PG
g,s ≤ PG,max

g , ∀g ∈ ΩG, s ∈ ΩS (13)

PG
g,s ≥ PG,min

g , ∀g ∈ ΩG, s ∈ ΩS (14)

QG
g,s ≤ QG,max

g , ∀g ∈ ΩG, s ∈ ΩS (15)

QG
g,s ≥ QG,min

g , ∀g ∈ ΩG, s ∈ ΩS (16)

here PG,max
g and PG,min

g are the upper and lower bounds of active power generated by conventional generator
g, respectively. QG,max

g and QG,min
g are the upper and lower bounds of reactive power generated by conventional

enerator g, respectively.
(7) SES curtailment constraint

P RC
i,s ≤ P RF

i,s , ∀i ∈ ΩI , s ∈ ΩS (17)

.2. Lower-level distribution operation problem

The optimization variables for the lower-level model are the hourly distributed generator (DG) output, the
istributed SES curtailment and the exchange power interacted with the interconnected transmission network. To
educe the distribution system operation cost, the objective can be formulated as

min
∑

g∈ΩDG

C DG
g

(
P DG

g,s

)
+ λT

i,s PT
i,s − λD

i,s P D
i,s +

∑
i∈ΩI

C RC
i P RC

i,s (18)

here ΩDG is the set of DGs. P DG
g,s is the active power output of DG g in scenario s. C DG

g (·) is the generation
ost function for DG g. λT

i,s and λD
i,s are, respectively, the selling price at the boundary node i for distribution
nd transmission systems in scenario s. For (18), the first term implies the DG production cost, the next two

504



J. Liu, Z. Tang, P.P. Zeng et al. Energy Reports 8 (2022) 501–509

w

i

w
fl
o

terms indicate the electricity purchase cost from the upstream transmission network, and the last term shows
the distributed SES curtailment cost. The quadratic generation cost function for DG is also linearized using the
piece-wise linearization approach.

The constraints for the distribution network operation problem include:
(1) Active and reactive power output constraints for DGs

P DG
g,s ≤ P DG,max

g , ∀g ∈ ΩDG, s ∈ ΩS (19)

P DG
g,s ≥ P DG,min

g , ∀g ∈ ΩDG, s ∈ ΩS (20)

Q DG
g,s ≤ Q DG,max

g , ∀g ∈ ΩDG, s ∈ ΩS (21)

Q DG
g,s ≥ Q DG,min

g , ∀g ∈ ΩDG, s ∈ ΩS (22)

here Q DG
g,s is the reactive power generated by DG g in scenario s. P DG,max

g and P DG,min
g are the upper and lower

limit for active power generated by DG g, respectively. Q DG,max
g and Q DG,min

g are the upper and lower limit for
reactive power generated by DG g, respectively.

(2) Active and reactive power balance equations∑
g∈Ω i

DG

P DG
g,s +

∑
i j |r (i j)=i

Pi j,s −

∑
i j |o(i j)=i

Pi j,s + PT
i,s − P D

i,s + P RF
i,s − P RC

i,s = P L
i,s, ∀i ∈ ΩI , s ∈ ΩS (23)

∑
g∈Ω i

DG

Q DG
g,s +

∑
i j |r (i j)=i

Qi j,s −

∑
i j |o(i j)=i

Qi j,s = QL
i,s, ∀i ∈ ΩI , s ∈ ΩS (24)

where Ω i
DG is the set of DGs at bus i . Pi j,s and Qi j,s are, respectively, the active and reactive power flow of branch

j in scenario s. r (i j) and o(i j) are the absorption and injection bus of power flow for branch i j , respectively.
(3) Line status logical constraint

ui j = 1, ∀i j ∈ Ω0 (25)

(4) Line power flow calculation equations

Pi j,s = G i j V 2
i,s − Vi,s V j,s

(
G i j cos θi j,s + Bi j sin θi j,s

)
, ∀i j ∈ Ω0, s ∈ ΩS (26)

Qi j,s = −Bi j V 2
i,s − Vi,s V j,s

(
G i j sin θi j,s − Bi j cos θi j,s

)
, ∀i j ∈ Ω0, s ∈ ΩS (27)

(5) Line capacity constraint

P2
i j,s + Q2

i j,s ≤
(
Smax

i j

)2 ui j , ∀i j ∈ Ω0, s ∈ ΩS (28)

(6) Bus voltage constraints

Vi,s ≤ V max
i , ∀i ∈ ΩI , s ∈ ΩS (29)

Vi,s ≥ V min
i , ∀i ∈ ΩI , s ∈ ΩS (30)

(7) Power exchange constraints

PT
i,s ≤ Pmax

i ui,s, ∀i ∈ ΩB, s ∈ ΩS (31)

P D
i,s ≤ Pmax

i

(
1 − ui,s

)
, ∀i ∈ ΩB, s ∈ ΩS (32)

here Pmax
i is the power flow upper limit at the boundary node i . ui,s is the binary variable indicating the power

ow direction at the boundary node i in scenario s, if equals 1, the power flow is from transmission to distribution;
therwise, from distribution to transmission.

(8) Distributed SES curtailment constraint
RC RF
Pi,s ≤ Pi,s , ∀i ∈ ΩI , s ∈ ΩS (33)
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3. Case studies

The integrated distribution and transmission system, which is illustrated in Fig. 2, is investigated in this section.
he case is composed of nine IEEE 33-bus distribution systems and one IEEE 24-bus transmission system [24]. The

ransmission system has 10 conventional generators, 3 wind farms, 38 existing lines and 17 load buses. The wind
arms are installed at buses 3, 10 and 19, and the whole capacity is 300 MW. The conventional generator parameters
re listed in Table 1. The nine distribution networks are respectively interconnected at transmission buses 1, 2, 3, 5,
, 7, 10, 13 and 19. In distribution system 6, the load varies from 30.23 MW to 72.25 MW, and the distributed SES
apacity is 34.22 MW. The wind turbine generators are installed at distribution buses 3 and 11. The photovoltaic
enerators are allocated at distribution buses 2, 6, 18, 21 and 32. The micro gas turbine generators are located at
istribution buses 13 and 25. The upper bound for power interaction between distribution and transmission systems
s 100 MW. The case has five regions, and the wind power, solar power and load in the planning horizon are
mplemented from the historical data in the Northwest China. The fuzzy C-means cluster approach is deployed to
educe the planning scenarios [20]. The scenario clustering results are shown in Table 2. The problem is solved
sing the commercial solver Gurobi [25].

Fig. 2. Integrated transmission and distribution network.

Table 1. Transmission generator parameters.

Bus a ($/h) b ($/MW h) c ($/MW2 h) Pmin (MW) Pmax (MW)

1 186 12.0 0.108 30 192
2 156 7.2 0.036 30 192
7 288 12.0 0.084 50 300
13 138 6.0 0.072 200 591
15 180 9.6 0.060 50 215
16 198 7.2 0.048 40 155
18 156 8.4 0.072 80 400
21 132 6.0 0.084 80 400
22 144 7.2 0.060 60 300
23 126 4.8 0.012 200 660

The following three methods are considered for comparison purpose:

(1) Isolated optimization: This method separately determines transmission expansion and distribution operation.
To be specific, given the boundary bus voltage, the distribution operation is optimized and the boundary
bus injection power is achieved. Then, the transmission expansion is optimized and the planning solution is

obtained.
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Table 2. Scenario clustering results.

Scenario No. Number Scenario No. Number Scenario No. Number Scenario No. Number

1 2 10 6 97 18 11 178 24 16 283 12
2 8 36 7 118 9 12 210 5 17 285 19
3 15 10 8 138 24 13 253 10 18 303 28
4 39 14 9 139 26 14 258 17 19 318 35
5 65 17 10 154 18 15 265 20 20 365 13

(2) Decentralized optimization: This method is the approach presented in this paper.
(3) Centralized optimization: This method is to tackle the co-optimization model in a joint manner, which can

serve as the benchmark for the optimal solution.

The transmission expansion solutions for the above three methods are shown in Fig. 3. As seen from Fig. 3,
ethods 2 and 3 have the same line construction. This indicates that the formulated method can obtain the

ptimum even though the power exchange is limited. Moreover, compared with method 1, there is no demand for
onstructing line 7–8 in method 2. The decentralized optimization can reduce the investment, postpone the upgrades
nd improve the device utilization. This is because the distribution network 6 is interconnected at the transmission
us 7. The dynamic power exchange between distribution and transmission system regulates the transmission power
ow distribution, and thus reduces the congestion of line 7–8. As a result, one less line, i.e., line 7–8, should be
onstructed.

Fig. 3. Transmission expansion solutions.

Table 3 further shows the comparison results for these three methods from the perspectives of economy, SES
accommodation and transmission–distribution coordination. It can be observed that all the terms are the same for
methods 2 and 3, which indicates the optimal results obtained in method 2 are accurate. Compared with method 1,
method 2 can simultaneously reduce transmission investment and transmission–distribution total cost. Note that, for
the distribution level, the production cost of method 2 is bigger than that of method 1. This is because the flexible
transmission–distribution interaction contributes to the dispatchable DG generation. Although the generation cost
in the distribution level increases, method 2 can improve the SES generation proportion. This unlocks the benefits
of transmission–distribution interaction to reduce the SES curtailment.

Table 3. Co-optimization results.

Result Method 1 Method 2 Method 3

Construction cost (M$) 2.76 2.29 2.29

Production cost (M$)
Transmission 354.23 313.21 313.21
Distribution 15.64 17.40 17.40
Sum 369.87 330.61 330.61

Total cost (M$) 372.63 332.90 332.90
SES generation proportion (%) 5.54 7.15 7.15
507
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4. Conclusion

For the future high SES penetration scenario, this paper presents a distributed stochastic determination model
o co-optimize the distribution operation and transmission expansion. The interacted variables are heterogeneous,
.e., the transmission network provides the locational margin price to the distribution system, and the distribution
ystem sends the power exchange price and amount back to the transmission network. Source–load uncertainties are
odelled using a set of representative scenarios. Simulation results carried out on a proposed integrated transmission

nd distribution network validate that, compared to the existing separate optimization method, the formulated method
an improve the SES accommodation and reduce the expansion cost, especially when the investment is limited and
he SES capacity is large.
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