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Decentralized Power Transfer Limit 
Calculation Method Considering Spatial and 

Seasonal Differences of Ambient Factors
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Abstract——Power transfer limit (PTL) calculation plays an im‐
portant role in assessing power network capability under cer‐
tain constraints of system security and stability. However, the 
impact of ambient factors, which is different due to variations 
in time and space, is ignored in traditional methods to obtain 
PTL, thus inducing errors. Furthermore, system operation 
based on traditional PTL results may increase system security 
risks, particularly in the case of power flow congestion under 
heavy loads. Therefore, this paper proposes a decentralized 
PTL calculation method with improved optimal power flow 
model, which allows for the effect of the ambient factors charac‐
terized by the balance of heat absorption and dissipation for 
overhead conductors. The ambient factors of overhead transmis‐
sion lines and the temperature of overhead conductors are in‐
volved as independent variables and state variables, respective‐
ly. Moreover, the sequential optimization problem is decom‐
posed into several subproblems by the optimal conditional de‐
composition to deal with the temporal coupling constraints, and 
a parallel decomposition framework is used to solve multiple 
subproblems in parallel. Finally, the proposed method is imple‐
mented on two test systems under varying ambient factors, 
demonstrating the efficiency of the proposed method and the 
significant impacts of spatial and seasonal differences on PTL 
results.

Index Terms——Power transfer limit, ambient factor, spatial 
and seasonal difference, electro-thermal coupling, optimal condi‐
tion decomposition.

NOMENCLATURE

A. Parameters

α

αs

σ

θs

δ

Step size

Solar absorptivity

Temperature coefficient of resistance

Effective angle of incidence of solar rays

Solar declination

φ

ω, εe

ε 
εmin

bPi, bQi

Ca 

DRx 

D 

He 

Hc 

Ks 

La 

mCp 

N 

NT 

P max
l  

PLi, QLi

P min
gx , P max

gx

Qmin
gx , Qmax

gx

Qs 

Rref 

Sbase, Zbase,
Ibase, Ubase

T max
l

Tref 

Ta, Vw

V min
i , V max

i

Xl, Ll

Za 

Angle between wind and axis of conductor

Hour angles relative to noon and emissivity

Difference between two consecutive iterations

The minimum allowable convergence threshold

Active and reactive power growth directions of 
bus i

Solar azimuth constant

The maximum ramp rate of generator x

Conductor diameter

Elevation of conductor above sea level

Solar altitude

Correction factor of solar altitude 

Latitude

Total heat capacity of conductor

Day of the year

Total number of time intervals

The maximum active power capacity of over‐
head transmission line (OTL) l

Active and reactive power loads of bus i

The minimum and maximum active power out‐
puts of generator x

The minimum and maximum reactive power 
outputs of generator x

Total solar and sky radiated heat intensity

Series resistance per unit length at reference 
temperature of conduct Tref

System base power, base impedance, base cur‐
rent, and base voltage

The maximum allowable operation temperature 
of OTL l

Reference temperature of conductor

Ambient temperature and wind speed around 
OTLs

The minimum and maximum bus voltage mag‐
nitudes of bus i

Series reactance and length of OTL l

Angle difference between solar azimuth and 
OTL
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Zl, Zc Azimuths of OTL and solar

B. Functions

β 

ρf 

μf 

E PTL
max  E

PTL
min  

E PTL
range 

Er 

f p
i , f q

i

f I
l  

H loc M loc 
H comp
M comp  
Ks 

Ka 
kf

NRE

QIR
l  Q̂

IR
l

Qc
l , Q

s
l, Q

r
l

Ratio of consumption time

Density of air

Absolute (dynamic) viscosity of air

The maximum and minimum value differenc‐
es  between χD1 - 4 and χT

Value difference between E PTL
max and E PTL

min

Error of calculation results

Active and reactive power balance equations 
of bus i

Dynamic electro-thermal coupling (ETC) equa‐
tion of OTL l

Local equality and inequality constraints

Complicating equality and inequality con‐
straints

Correction factor of solar altitude

Wind direction factor

Thermal conductivity of air at Tf

Number of reynolds

Actual and per-unit values of Joule heat of 
OTL l

Convective heat loss, heat gain from sun, and  
 radiated heat loss of OTL l

C. Variables

λ

λt 

γ, μ, η

τ1, τ2

χDi

χT

χCi

Gij, Bij

Pg, Qg

Pgx, Qgx

Rl, Pl, Tl, 
Il

Tf

T

γs

Vector of load growth parameters

Load growth parameter at time t

Lagrange multipliers for complicating con‐
straints

Consumption time for centralized and decen‐
tralized methods

Time evolution of power transfer limit (PTL) 
calculated by decentralized method in scenario 
i

PTL calculated by traditional method in scenar‐
io 5

Time evolution of PTL calculated by central‐
ized method in scenario i

Conductance and susceptance from bus i to 
bus j

Vectors of active and reactive power outputs 
of generator

Active and reactive power outputs of generator 
x

Series resistance, active power flow, tempera‐
ture, and current of OTL l

Average temperature of boundary layer

Vector of temperature of overhead conductor 

Solar azimuth variable

V, θ

Vi, Vj

Vectors of bus voltage magnitude and voltage 
angle

Voltage magnitudes of buses i and j

D. Indexes and Sets

i

SB, SC, SR

x SG

t ST

l SL

Index of buses

Sets of buses, source area buses, and powered 
sink buses

Index and set of generators

Index and set of time intervals

Index and set of OTLs

I. INTRODUCTION

EXTREME weather events arising from global warming 
may directly or indirectly cause damage to power infra‐

structures over a wide range, potentially leading to serious 
power grid blackouts [1] - [3]. For example, in mid-August 
2020, California, USA, experienced the most severe heat 
wave since 1985, with the average maximum temperature ris‐
ing to nearly 40 °C. Extremely high temperature will direct‐
ly lead to a surge in electricity demand and affect the trans‐
mission capacity and safe operation of overhead transmis‐
sion lines (OTLs). Due to severe weather, a major transmis‐
sion line upstream of the California Independent System Op‐
erator was disrupted, reducing the transmission capacity of 
the California-Oregon Interconnection by approximately 650 
MW [4]. Similarly, on September 6, 2020, due to high tem‐
perature, a blackout of the transmission line between Oregon 
and California, USA caused a 900 MW power supply loss 
[5]. Consequently, the transmission capacity is markedly con‐
strained under extreme weather conditions, which creates the 
need to study power transfer limit (PTL) considering the im‐
pacts of ambient factors.

A central issue for electricity market is to confirm the 
maximum power that can be safely transferred to a receiving 
center, termed as PTL [6]. PTL is determined by the current 
system operation states, constraints, power growth modes, 
and uncertainty factors, which significantly influence the 
transmission capacity [7]. The main causes of uncertainty af‐
fecting transmission capacity include generator failure, trans‐
mission line failure, load forecasting error, volatility of re‐
newable energy, network topology information, etc. A sto‐
chastic model for evaluating transfer capability is proposed 
in [8], [9] with the assumption that the availability of genera‐
tors and transmission lines is treated as a random variable 
obeying a binomial distribution, and the load fluctuation is 
treated as a normally distributed variable. Using the Monte 
Carlo method of sequential simulation to generate hourly 
load fluctuations and equipment unavailability samples as in‐
put, the linear optimal power flow (OPF) is used to evaluate 
each sample transfer capability [10]. In [11], an evaluation 
of interval total transfer capability with uncertain renewable 
energy integration is proposed to obtain the upper (optimis‐
tic) and lower (pessimistic) bounds of total transfer capacity. 
A new data-driven sparse polynomial chaotic extension meth‐
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od is proposed in [12] to estimate the probabilistic transfer 
capability. Considering the uncertainties and dependencies of 
wind power, a two-layer optimization framework is devel‐
oped in [13], where transfer capability evaluation is formulat‐
ed as an upper-level problem and economic dispatch is for‐
mulated as a lower-level problem. Using the upper and low‐
er boundaries to represent the uncertainty of new energy out‐
put, a transfer capability evaluation model based on interval 
optimization is proposed in [14]. Reference [15] proposes an 
improved continuation power flow model to calculate the 
PTL among interconnected networks corresponding to either 
saddle node bifurcation or limit-induced bifurcation. Consid‐
ering the existence of information barriers between regions, 
a decomposition coordination strategy for PTL calculation 
method is introduced in [16]. The above studies make signifi‐
cant contributions to analyzing the impact of various uncer‐
tainties on transfer capability. However, the influence of am‐
bient factors on transfer capability requires further investiga‐
tion.

Recently, many researchers have focused on studying the 
impact of ambient factors on power system operation, as 
these factors influence line resistance and temperature, there‐
by affecting the system operation state. Ignoring the effects 
of electro-thermal coupling (ETC) of OTLs may introduce 
analysis errors [17]. Reference [18] proposes a weather-
based OPF algorithm with wind farm integration by consider‐
ing the temperature-related resistance and ETC of OTLs. In 
[19], a photovoltaic accommodation evaluation model that in‐
tegrates the temperature-dependent resistance and the ETC 
equation is proposed. Reference [20] proposes a linear OPF 
considering the impact of ETC for security-constrained unit 
commitment. Although the above research considers the 
ETC of OTLs, PTL calculation method attracts no focus. 
Reference [21] proposes an OTL-PTL calculation method by 
solving the ETC equations for the dynamic heat exchange 
process affected by various ambient factors. Additionally, 
new power flow formulations, which consider the relation‐
ship between transmission power flow and thermal balance, 
are derived in [22] to calculate PTL. Reference [6] proposes 
an improved continuation power flow (CPF) considering the 
ETC of OTLs for PTL calculation method. In [23], a proba‐
bilistic PTL evaluation considering dynamic line rating 
based on a sequential game-theoretic method is proposed. 
However, the above studies have several limitations. ① The 
electro-thermal relationship of OTLs can be expressed in 
two methods. References [6], [18], [19], [22], and [23] focus 
only on the steady-state ETC of OTLs, neglecting their dy‐
namic thermal behavior. ② While [20] and [21] account for 
the dynamic thermal behavior of OTLs, incorporating dy‐
namic ETC equations introduces a set of time-coupled non‐
linear equality constraints to calculation models. Thus, these 
studies mainly rely on linearized dynamic ETC equations. 
③ References [21] and [22] are limited to calculate the PTL 
of a single OTL. ④ Reference [7] cannot ensure that all con‐
straints are satisfied, whereas [23] employs a linear OPF 
model that does not consider bus voltage and line tempera‐
ture constraints. ⑤ The variations in ambient factors exhibit 

notable spatial and seasonal differences, and different ambi‐
ent factors cause differences in PTL values. However, the 
above studies focus only on the impact of ambient factors 
on PTL under given conditions but overlook their spatial and 
seasonal differences.

To reduce the computation complexity of time-coupled 
constraints, researchers have proposed various decentralized 
methods, including the alternating direction method of multi‐
plier (ADMM), the auxiliary problem principle (APP), etc. 
[24]. Among the decentralized methods, optimal conditional 
decomposition (OCD) can find primal and dual solutions 
that are assigned to each subproblem (SP) based on the Ka‐
rush-Kuhn-Tucker (KKT) first-order optimality condition. 
The main advantage of this method is that the SP has a de‐
centralized structure and can be processed in parallel. Addi‐
tionally, it does not require parameter tuning and involves 
minimal information exchange [25]. In recent years, OCD 
has been successfully applied in different research areas of 
power systems, including the multi-area state estimation 
[26], dynamic economic dispatch [27], and microgrid opera‐
tion [28]. The simulation results show that OCD is computa‐
tionally efficient. However, the application of OCD to deal‐
ing with time-coupling constraints of the dynamic ETC equa‐
tions in the PTL calculation problem remains an uncharted 
area of investigation.

To fill the above research gaps, this paper proposes a tem‐
poral decomposition method to solve the improved OPF 
model for PTL calculation method. The main contributions 
of this paper are summarized as follows.

1) An improved OPF model, which accounts for the dy‐
namic ETC equations, is proposed to provide more accurate 
algorithm support for accurately calculating PTL values over 
a certain time horizon. Moreover, ambient factors around the 
OTLs are involved as variables in the PTL calculation meth‐
od, and line temperature constraints are also taken into con‐
sideration.

2) The temporal decomposition method based on OCD is 
used to decouple the centralized PTL calculation problem in‐
to multiple SPs by handling time-coupling constraints, such 
as ramping and dynamic ETC constraints. Additionally, the 
method is implemented within a parallel decomposition 
framework, which can solve multiple SPs in parallel.

3) Based on meteorological data from various regions and 
seasons within the selected area, the case studies demon‐
strate the impact of ambient factors on PTL from spatial and 
seasonal perspectives and verify the effectiveness and scal‐
ability of the proposed decentralized PTL calculation method.

II. PTL CALCULATION MODEL CONSIDERING IMPACTS OF 
AMBIENT FACTORS

In [6], an ETC-CPF method is employed to calculate the 
PTL value λb. However, this method has several limitations: 
① it is a static analysis method without considering dynam‐
ic behaviors, such as ambient factors; and ② it cannot en‐
sure that all constraints remain within the feasible region. Al‐
though [6] defines PTLs as points where the thermal limit of 
the transmission line is reached or voltage collapse is detect‐
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ed, the manual determination is required for PTL value. To 
address these issues, this paper formulates the PTL calcula‐
tion as an OPF problem over a time horizon. Figure 1 shows 
the comparison of PTL values calculated by CPF and OPF 
methods. From the initial operation point λ0, generator out‐
put in the source area and load consumption in the sink area 
gradually increase. When all constraints are simultaneously 
satisfied, the power system reaches its PTL value λa. If λ 
continues to increase, it will violate certain constraints.

The centralized PTL calculation model is described in (1)-
(11). The objective of the OPF is to maximize load consump‐
tion between the initial and terminal points in the sink area, 
which corresponds to the PTL value. It should be noted that 
only static safety constraints are considered.

min f (PgQgVθTλ)=-∑
t = 1

NT ∑
kÎ SR

λtbPk (1)

s.t.

f p
i (PgtVtθtT tλt )= 0    iÎ SBtÎ ST (2)

f q
i (QgtVtθtT tλt )= 0    iÎ SBtÎ ST (3)

f I
l (EP t - 1EP tAP t - 1AP t )= 0    lÎ SLtÎ ST (4)

Pgxt - 1 -DRx £Pgxt £DRx +Pgxt - 1    xÎ SGtÎ ST (5)

P min
gx £Pgxt £P max

gx     xÎ SGtÎ ST (6)

Qmin
gx £Qgxt £Qmax

gx     xÎ SGtÎ ST (7)

V min
i £Vit £V max

i     iÎ SBtÎ ST (8)

Plt £P max
l     lÎ SLtÎ ST (9)

Tlt £ T max
l     lÎ SLtÎ ST (10)

λt ³ 0    tÎ ST (11)

Equations (2) and (3) represent the active and reactive 
power balance constraints, respectively. Equation (4) defines 
the dynamic ETC equations of OTL, where AP =
[TaVwφHeQs ], EP =[VθT], and note that the variable in 
bold denotes the matrix form of the corresponding variable. 
Equation (5) represents the ramping constraint of generators. 
Equations (6) and (7) define the active and reactive output 
constraints of generators, respectively. Equations (8) and (9) 
correspond to the bus voltage and branch power constraints, 
respectively. Equation (10) represents the maximum opera‐
tion temperature constraint of the OTLs. For the functions f p

i  
and f q

i , the detailed expressions are given as:

f p
it =Pgit -PLit -∑

j = 1

n

Pinj (EP t )    iÎ SCtÎ ST (12)

f q
it =Qgit -QLit -∑

j = 1

n

Qinj (EP t )    iÎ SCtÎ ST (13)

f p
it =Pgit -PLit - λtbPi -∑

j = 1

n

Pinj (EP t )    iÎ SRtÎ ST (14)

f q
it =Qgit -QLit - λtbQi -∑

j = 1

n

Qinj (EP t )    iÎ SRtÎ ST (15)

The detailed expressions for active power injection Pinj 
and reactive power injection Qinj are given as:

Pinj =Vi∑
j = 1

n

Vj (Gij (Tlt )cos θij +Bij (Tlt )sin θij ) (16)

Qinj =Vi∑
j = 1

n

Vj (Gij (Tlt )sin θij -Bij (Tlt )cos θij ) (17)

Rl is typically assumed to be a constant, neglecting the im‐
pact of ETC. However, in practice, the relationship between 
Tlt and Rl is approximately linear within a certain tempera‐
ture range.

Rl (Tlt )= Ll Rref [1 + σ(Tlt - Tref )] (18)

Gij and Bij are functions of Tlt given as:

Gij (Tlt )=
Rl (Tlt )

R2
l (Tlt )+X 2

l
(19)

Bij (Tlt )=
-Xl

R2
l (Tlt )+X 2

l
(20)

According to [29], Tlt is dynamically affected by two 
types of heat sources. The conductor is heated by QIR

lt with 
respect to Il. Additionally, Tlt is significantly affected by the 
heat exchange between the conductor and the ambient fac‐
tors, including Qs

lt, Q
c
lt, and Qr

lt. It is assumed that the three-
phase conductors have identical structures, thermal proper‐
ties, and ambient conditions. Thus, the OTLs operate at the 
same internal temperature, and the dynamic electro-thermal 
relationship of the OTL could be expressed as:

f I
lt =mCp

dTl

dt
-QIR

lt (Tlt )-Qs
lt +Qc

lt (Tlt )+Qr
lt (Tlt ) (21)

The detailed expressions of QIR
lt, Qs

lt, Qc
lt, and Qr

lt are giv‐
en as:

1) Joule heat

QIR
lt (Tlt )=

I 2
l Rl (Tlt )

Ll

(22)

2) Heat gain from the sun

Qs
lt = αs DKsQst sin θs (23)

Ks = 1 + 1.148 ´ 10-4 He - 1.108 ´ 10-8 H 2
e (24)

ì
í
î

θs = arccos(cos Hc cos Za )

Hc = arcsin(cos δ cosω cos La + sin δ sin La )
(25)

Za = Zc - Zl = (Ca + arctan γs )- Zl (26)

 

λ

PTL value that satisfies all constraints

PTL value PTL value near system collapse
without considering constraints

λ0 λa λb

Fig. 1.　Comparison of PTL values calculated by CPF and OPF methods.
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Ca =
ì

í

î

ïïïï

ïïïï

0 γs ³ 0-180 £ω < 0

360 γs < 00 £ω < 180

180 else

(27)

γs =
sinω

sin La cosω - cos La tan δ (28)

δ = 23.46sin
(284 +N)360

365
(29)

3) Convective heat loss
Qc

lt is determined by comparing natural convection Qcn
lt 

and forced convection Qcfl
lt and Qcfh

lt . Specifically, Qcfl
lt is used 

under low wind speed conditions, while Qcfh
lt  is used under 

high wind speed conditions, as shown in (30).

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

Qc
lt =max(Qcn

lt Q
cfl
lt Q

cfh
lt )

Qcn
lt = 3.645ρ0.5

ft D0.75 (Tlt - Tat )
1.25

Qcfl
lt = kft Ka (1.01 + 1.35N 0.52

REt )(Tlt - Tat )

Qcfh
lt = kft Ka (0.754N 0.6

REt )(Tlt - Tat )

(30)

NREt =DρftVwt μ
-1
ft (31)

Kat = 1.194 - cos φt + 0.194cos(2φt )+ 0.368sin(3φt ) (32)

kft = 2.424 ´ 10-2 + 7.477 ´ 10-5Tft - 4.407 ´ 10-9T 2
ft (33)

ρft =
1.293 - 1.525 ´ 10-4 He + 6.379 ´ 10-9 H 2

e

1 + 0.00367Tft
(34)

μft = 1.458 × 10-6T -1
ft (Tft + 273)1.5 + 383.4 (35)

Tft =
Tlt + Tat

2
(36)

4) Radiated heat loss

Qr
lt (Tlt )= 17.8Dεe × 10-8 [(273 + Tlt )

4 - (273 + Tat )
4 ] (37)

In the above formulations, Qs
lt, Qc

lt, and Qr
lt are functions 

of ambient factors, which primarily include ambient tempera‐
ture, wind speed, wind angle, light intensity, and altitude 
[29]. To simplify the calculation, the differential equation 
(21) is discretized using the improved Euler method, which 
can be expressed as:

Tlt + 1 - Tlt =
Dt

2mCp

(QIR
lt + 1 (Tlt + 1 )+Qs

lt + 1 (t + 1)-Qc
lt + 1 (Tlt + 1 )-

Qr
lt + 1 (Tlt + 1 )+QIR

lt (Tlt )+Qs
lt (t)-Qc

lt (Tlt )-Qr
lt (Tlt )) (38)

Throughout the entire computation process, known values 
are converted to per-unit values, while Il and Rl in (21) and 
(22) remain as known values. Therefore, after the conversion 
to per-unit values, (21) and (22) can be expressed as:

Tlt + 1 - Tlt =
Dt

2mCp ( Sbase

3
Q̂IR

l (Tlt + 1 )+Qs
lt + 1 -Qc

lt + 1 (Tlt + 1 )-

Qr
lt + 1 (Tlt + 1 )+

Sbase

3
Q̂IR

lt (Tlt )+Qs
lt (t)-

Qc
lt (Tlt ) )-Qr

lt (Tlt ) (39)

Q̂IR
l (Tlt )=

Î 2
l R̂l (Tlt )

Ll

=
3QIR

l (Tlt )
Sbase

(40)

R̂l =
Rl

Zbase

=
Sbase Rl

U 2
base

(41)

Îl =
Il

Ibase

=
3 Ubase Il

Sbase

(42)

Based on whether these constraints involve multiple time 
intervals, they are categorized as either local or complicating 
constraints. Equations (2), (3), and (6) - (10), which contain 
information only from the current time interval, are classi‐
fied as local constraints. In contrast, (4) and (5), which span 
multiple time intervals, are classified as complicating con‐
straints. The PTL calculation model can be compactly ex‐
pressed as:

min f (x1x2x txNT
)=∑

t = 1

NT

ft (x t ) (43)

s.t.

H loc
t (x t )= 0    tÎ ST (44)

M loc
t (x t )£ 0    tÎ ST (45)

H comp
t (x t - 1x t )= 0    tÎ ST (46)

M comp
t (x t - 1x t )£ 0    tÎ ST (47)

x t =[Pgt    Qgt    λt    AP t    EP t ]    tÎ ST (48)

In the above formulations, (44) and (45) are local con‐
straints. Equation (44) encompasses (2) and (3), while (45) 
includes (6)-(10). Conversely, (46) and (47) represent compli‐
cating constraints, where (46) corresponds to (4) and (47) 
corresponds to (5). The overall time horizon consists of NT 
time intervals, as illustrated in Fig. 2. For the first time inter‐
val, x0 is derived from the final time interval of the previous 
day to ensure continuity across scheduling horizons. At the 
final time interval, the corresponding variables are only used 
to the current horizon and do not influence subsequent sched‐
uling.

x1

�
�

�
�

�
�

NT
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Fig. 2.　Centralized scheduling with NT time intervals.
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III. TEMPORAL DECOMPOSITION STRATEGY FOR PTL 
CALCULATION METHOD

The centralized PTL calculation is a high-dimensional non‐
linear programming problem, especially when dynamic ETC 
equations are considered. The number of nonlinear inequali‐
ty and equality constraints significantly increases, making 
the problem more challenging to solve. To address this, the 
centralized model is decomposed into NT low-dimensional 
SPs (SP1SP2SPNT

) using OCD, which effectively reduc‐

es the complexity of each SP [27]. The k th iteration of the 
SPt is expressed as:

min f (k)
t (x (k)

t x̄ (k-1)
t+1 )=-λ(k)

t ∑
iÎSR

bPi+ γ̄
(k-1)
t+1∑

l=1

L é

ë

ê
êê
êT̄ (k-1)

lt+1 -T (k)
lt -

Dt
2mCp ( Sbase

3
Q̄IR

lt+1 (T̄ (k-1)
lt+1 )+Q̄s

lt+1-Q̄c
lt+1 (T̄ (k-1)

lt+1 )-

ù

û

ú
úú
ú
ú
ú)Q̄r

lt+1 (T̄ (k-1)
lt+1 )+

Sbase

3
QIR

lt (T
(k)
lt )+Qs

lt-Qc
lt (T

(k)
lt )+ -Qr

lt (T
(k)
lt ) +

μ̄(k-1)
t+1∑

i=1

N

(P̄ (k-1)
git+1-P (k)

git-DRi )+ η̄
(k-1)
t+1∑

i=1

N

(P (k)
git-P̄ (k-1)

git+1-DRi )

(49)

s.t.

f I
l (

- -----
EP

(k - 1)
t - 1 EP (k)

t AP t - 1AP t )= 0 (50)

P̄ (k - 1)
git - 1 -DRi £P (k)

git £DRi + P̄ (k - 1)
git - 1 (51)

(2) (3) (6)-(10) (52)

For the k th iteration of the SPt, the complicating con‐
straints at t + 1 are introduced into the objective function. 
The electrical parameters at t−1 and t + 1 are obtained from 
the data of the (k−1)th iteration. The original problem is then 
decomposed into NT SPs for the k th iteration. It should be 
noted that parameters with a bar indicate the values of the 
corresponding variables from the previous iteration, i.e., iter‐
ation k - 1. Unlike the traditional Lagrange relaxation algo‐
rithm, OCD does not require designing a Lagrange multipli‐
er update strategy. Since each SP is solved using the interior-
point method (IPM) , the Lagrange multipliers for (50) and 
(51) are updated based on the Newton direction derived 
from the KKT conditions. Additionally, the local conver‐
gence of OCD has been rigorously proven in [30]. The k th it‐
eration of the SPt can be compactly expressed as:

min ht (x
(k)
t x̄ (k - 1)

t + 1 )= ft (x
(k)
t )+ γ̄(k - 1)

t + 1 H comp
t + 1 (x (k)

t x̄ (k - 1)
t + 1 )+

                                      μ̄(k - 1)
t + 1 M comp

t + 1 (x (k)
t x̄ (k - 1)

t + 1 ) (53)

s.t.

H loc
t (x (k)

t )= 0 (54)

M loc
t (x (k)

t )£ 0 (55)

H comp
t (x̄ (k - 1)

t - 1 x (k)
t )= 0 (56)

M comp
t (x̄ (k - 1)

t - 1 x (k)
t )£ 0 (57)

Figure 3 illustrates the decentralized scheduling with NT 
SPs.

The process of the proposed decentralized PTL calculation 
method is outlined in Fig. 4 [31]. x ini =[Pgini  Qgini  λ ini 
AP ini EP ini ], which applies the steady-state PTL calculation 
method for each SP, and the detailed definitions of each vari‐
able can be found in [31].

IV. CASE STUDY

A. Data Description

The meteorological data of the selected area from the 
ERA5 hourly data at single levels of the European Centre 
for Medium-Range Weather Forecasts (ECMWF) from 1979 
to the present [32], with spatial-temporal resolutions of 1 
hour and 0.25° longitude multiplying 0.25° latitude, form the 
 foundation for the proposed PTL calculation method. Then, 
the selected area is divided into 18 regions. According to the 
geographical location of the power network structure, the 
ambient data around the OTLs are collected. To illustrate the 
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SP1 SPt SPNT� �
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(k)) � �min ht(xt
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Fig. 3.　Decentralized scheduling with NT SPs.
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Fig. 4.　Process of proposed decentralized PTL calculation method.
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influence of spatial and seasonal differences of ambient fac‐
tors on the time evolution curves of PTL, calculations by the 
centralized and decentralized PTL calculation methods are 
deployed and analyzed for the following five scenarios. Sce‐
narios 1-4 include four typical days for four seasons: spring, 
summer, autumn, and winter. Scenario 5 ignores the changes 
in ambient factors around the OTLs, and the resistance of 
the OTLs is equal to that of the traditional method. More‐
over, the ambient data of OTLs include the ambient tempera‐
ture, light intensity, wind speed, wind direction, and altitude. 
Supplementary Material A Fig. SA1 shows the geographical 
location, dominant wind direction θdom, average wind speed 
Vave, average ambient temperature Tave, and the maximum 
light intensity QSmax of 18 regions (bus 1) for four scenarios. 
It should be noted that the value of NT is set to be 96. This 
value can be adjusted based on specific scenarios. When NT 
takes a larger value, the accuracy of the results improves, 
but the computation complexity grows significantly.

As shown in Fig. SA1, the elevation of region k is rela‐
tively higher (approximately 5000 m), compared with region 
o, which is only 34 m above the sea level. In general, Vave in 
scenario 1 is higher than that in other scenarios, while Vave 
in scenario 4 is the lowest. θdom often shows random uncer‐
tainty. Tave in scenario 1 is higher than that in scenarios 2 
and 3, and Tave in scenario 4 is lower than that in scenarios 
2 and 3. In addition, the maximum difference of QS max 
among different reference nodes is above 500 W/m2. 
Through the above analysis, the difference in ambient data 
among regions in four seasons is considerable. Besides, [33] 
and [34] prove that altering ambient factors significantly im‐
pacts on the transmission characteristics of the power sys‐
tem. Therefore, it is worthwhile to investigate the difference 
in the time evolution curves of PTL in various regions under 
various seasons.

To describe the nonuniform spatial distribution of ambient 
data around OTLs, a transmission line segment model is es‐
tablished. Besides, if some ambient factors change consider‐
ably in a short time, the temporal resolution of ambient data 
will be improved by polynomial data fitting algorithm.
1) Transmission Line Segment Model

For an OTL with a long distance, if the ambient tempera‐
ture of OTL only takes the average value of the first node 
and last node, it will introduce a certain error in calculating 
the PTL value. According to [35] and [36], the ambient tem‐
perature distribution between measurement sites is assumed 
to be linear and monotonic. Then, considering the ambient 
temperature changes along the OTL, virtual nodes are added 
to long-distance OTLs by selecting intervals based on the 
distance parameter dv. The value of dv is determined by two 
factors: the variation of ambient factors around the OTLs, 
and the trade-off between modeling accuracy and computa‐
tion complexity. A smaller dv provides more accurate results 
but increases the computation burden, while a larger dv re‐
duces the accuracy of results but eases the computation bur‐
den. The transmission line segment model is applied to the 
improved 18-bus test system, which is derived from the 
IEEE 6-bus test system by adding 12 virtual nodes, as 
shown in Fig. 5.

The improved 18-bus test system is analyzed using both 
the centralized and decentralized PTL calculation methods. 
The base apparent power and voltage of the test system 
are 100 MVA and 110 kV, respectively, and the type of over‐
head conductor is LGL-185.
2) Rule of Changing Temporal Resolution of Ambient Data

In this paper, the time interval is set to be 15 min. Howev‐
er, wind direction and other ambient factors can sometimes 
cause significant changes over 15 min, which affect the size 
of convective heat dissipation Qc and increase the computa‐
tion complexity. For this case, the time scale will be adjust‐
ed to 5 min.

B. Time Evolution Curves of PTL Under Different Ambient 
Factors

To quantitatively express the error in the time evolution 
curves of PTL calculated by various methods, (58)-(60) are 
defined.

E PTL
max =

|

|
|
||
||

|
|
||
| max(χD1 - 4 )- χT

χT

´ 100% (58)

E PTL
min =

|

|
|
||
||

|
|
||
| min(χD1 - 4 )- χT

χT

´ 100% (59)

E PTL
range =

ì
í
î

ïï
ïï

E PTL
max +E PTL

min         max(χD1 - 4 )³ χT

|| E PTL
max -E PTL

min     max(χD1 - 4 )< χT

(60)

Due to the trend similarity of time evolution curves 
among PTL of some regions across the four seasons, six rep‐
resentative regions have been selected, as shown in Fig. 6. 
In Fig. 6(a), the values of E PTL

max, E PTL
min , and E PTL

range in region a 
are 12.77%, 6.50%, and 19.27%, respectively, which show 
the different PTL values for scenarios 1-4 and scenario 5. 
The time evolution curves of PTL for scenarios 1 and 3 are 
closely aligned, while there are clear differences between 
scenarios 2 and 4. Regions b, c, d, e, f, g, and i exhibit simi‐
lar characteristics compared with region a. In Fig. 6(b), the 
values of E PTL

max, E PTL
min , and E PTL

range are 9.09%, 5.07%, and 
14.16%, respectively. The time evolution curves of PTL for 
scenarios 1-4 exhibit significant differences, and regions h, j, 
l, and o presents the same characteristics as region k. In Fig. 
6(c), the values of E PTL

max, E PTL
min , and E PTL

range are 8.82%, 4.99%, 

G

L

L

G

L

B1

B4

B5 B6
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B3

Newly added node; Transmission line
G LReference node; Generator node; Load node

Fig. 5.　Improved 18-bus test system.
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and 13.81%, respectively. The time evolution curves of PTL 
for scenarios 2 and 3 are very close, and region n exhibits 
the same characteristics compared with region m. Figure 6(d)-
(f) shows the time evolution curves of PTL in regions p, q, 
and r, where the curves intersect across various scenarios, in‐
dicating less distinct separation. In Fig. 6(d), the values of 
E PTL

max, E PTL
min , and E PTL

range are 1.66%, 5.85%, and 7.51%, respec‐
tively. In Fig. 6(e), the values of E PTL

max, E PTL
min , and E PTL

range are 
1.16%, 4.78%, and 5.94%, respectively. In Fig. 6(f), the val‐
ues of E PTL

max, E PTL
min , and E PTL

range are 0.7%, 7.18%, and 6.84%, re‐
spectively. The value of E PTL

range in region q is the smallest 
(5.94%).

C. Analysis of Seasonal Differences in PTL

Figure 7 presents the mean, median, maximum, and mini‐
mum values of the time evolution curves of PTL across 18 
regions for four scenarios. According to Fig. 7, in most re‐
gions, the minimum PTL value predominantly occurs in sce‐
nario 2, while the maximum PTL value is generally ob‐
served in scenario 4. 

The time evolution curves of PTL across the four scenari‐
os present significant variation in certain regions. For exam‐
ple, region a exhibits the largest variation in PTL, with a 
range (i. e., the difference between the maximum and mini‐
mum PTL values) of approximately 29.92 MW, whereas re‐
gion q shows the smallest variation, with a range of just 
9.17 MW. This indicates that the impact of ambient factors 
on PTL varies significantly between various seasons.

D. Analysis of Spatial Differences in PTL

In this subsection, the dynamic time warping (DTW) algo‐
rithm, which compares differences between time series [37], 
is used to calculate the distance between the time evolution 
curves of PTL in various regions, referred to as Dis. Dis val‐
ue closer to 1 indicates a greater difference between the time 
evolution curves of PTL, whereas Dis value closer to 0 indi‐
cates a smaller difference. The spatial difference analysis is 
shown in Fig. 8.
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Figure 8 highlights the top three Dis values in four scenar‐
ios, revealing significant spatial differences between regions. 
In scenario 1, the largest difference is between regions l and 
p (Dis = 1), followed by regions p and k (Dis = 0.928), and 
regions b and p (Dis = 0.851). In scenarios 2, 3, and 4, re‐
gions l and r consistently show the largest difference 
(Dis = 1), with other notable pairs being q and o 
(Dis = 0.939) in scenario 2, q and r (Dis = 0.985) in scenario 
3, and a and r (Dis = 0.852) in scenario 4.

E. Analysis of Method Performance

To demonstrate the performance of the proposed decentral‐
ized PTL calculation method, four methods are compared. 
Method 1 (M1) is the centralized PTL calculation method. 
Method 2 (M2) is the parallel APP method. Method 3 (M3) 
is the parallel ADMM method [38]. Method 4 (M4) is the 
proposed decentralized PTL calculation method. The compu‐
tation efficiency and error between the centralized and pro‐
posed decentralized PTL calculation methods are compared 
to verify the convergence and effectiveness, using ambient 
data from four scenarios in region a. The case study is mod‐
eled in MATLAB R2020a environment on a PC equipped 
with an Intel(R) Core(TM) i9-10900K CPU, 3.70 GHz, 64 
RAM. Equations (61) and (62) are used to quantitatively ana‐
lyze β and Er for various methods.

β =
τ2

τ1
(61)

Er =
sum (χDi - χD1 )

NT

    iÎ{234} (62)

Er and computation time are listed in Table I, with the par‐
allel cores for M2, M3, and M4 setting to be 10.

As shown in Table I, M1 and M4 are almost identical. Er 
in various scenarios is negligible. Compared with M2 and 
M3, M4 exhibits better convergence and does not need to 
calculate the auxiliary function. It should be noted that the 
computation time depends on the iteration number, and it is 
also influenced by the computation time of the IPM for each 
SP. Figure 9 shows the variation in β as the number of paral‐
lel cores increases.

As shown in Fig. 9, the computation time decreases pro‐
gressively as the number of parallel cores increases, with a 
corresponding decrease in the value of β. This demonstrates 
that M4 significantly enhances computation efficiency as 
more parallel cores are utilized.

F. Large Test Power System

The proposed decentralized PTL calculation method is al‐
so conducted on a large test power system to test its scalabil‐
ity. The large test power system is based on an IEEE 39-bus 
test system, which consists of 39 buses, 10 generators, and 
46 transmission lines. Buses 3, 4, 7, 8, 15, and 18 are set as 
sink buses. The detailed topology structure and system pa‐
rameters can be found in [39]. Additionally, based on the 
transmission line segment model, 35 virtual nodes are added 
to the IEEE 39-bus test system to form an improved IEEE 
74-bus test system, which is then used to test the proposed 
decentralized PTL calculation method, as shown in Fig. 10.

In this subsection, ambient data from four scenarios in re‐
gion a are selected to test the scalability of the proposed de‐
centralized PTL calculation method. Figure 11 compares the 
time evolution curves of PTL in various scenarios. It can be 
observed that the PTL value in scenario 4 is the highest, 
with a maximum difference of 20.25 MW compared with 
that in scenario 5. In contrast, the lowest PTL value occurs 
in scenario 2. This demonstrates that ambient factors have a 
relatively significant impact on PTL values.

Table II demonstrates the test results of Er and the compu‐
tation time. It can be observed that the proposed decentral‐
ized PTL calculation method has better computation perfor‐
mance.

TABLE I
COMPUTATION PERFORMANCE OF VARIOUS METHODS IN 

VARIOUS SCENARIOS

Method

M1 (scenario 1)

M2 (scenario 1)

M3 (scenario 1)

M4 (scenario 1)

M4 (scenario 2)

M4 (scenario 3)

M4 (scenario 4)

Iteration number

23

47

16

11

10

14

Er

5.83 ´ 10-6

7.39 ´ 10-6

4.39 ´ 10-6

3.42 ´ 10-6

3.44 ´ 10-6

4.28 ´ 10-6

Computation time (s)

1868.10

320.35

531.72

215.03

137.06

108.39

156.50
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Fig. 9.　Variation in β.

 

G G

G

G G

G G

G

G

G

L L

L

L L

LLL

L

L

L

L

L

L

L
L L

L
L

L

LL L

LL

B1

B2

B30 B37

B25
L

B26

B39

B3

B4 B14

B15

B5

B9

B8 B31 B32

B6

B7

B18
B17

B27

B28

B29B38

B16
B21

B36

B23

B22

B35

L B10
B11

B12
B13

B20
B19

B24

B34

L

B33

Newly added node; Transmission line
G LReference node; Generator node; Load node

Fig. 10.　Improved IEEE 74-bus test system.

1963



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 6, November 2025

V. CONCLUSION

For PTL calculation method, this paper proposes an im‐
proved OPF model, of which the formulations involving the 
ambient factors as state variables are derived. OCD is em‐
ployed in the proposed decentralized PTL calculation meth‐
od to reduce the complexity by converting the primal prob‐
lem to multiple dimensionality reduction SPs. Case studies 
of different spatial-seasonal ambient factors are deployed to 
illustrate the marked impacts of ambient conditions that dif‐
fer in space and season on PTL results. The selected area is 
demarcated into multiple regions, and four scenarios charac‐
terized by various seasonal features are specified as typical 
time frame. The data of ambient factors around OTLs corre‐
sponding to different regions or typical days are obtained 
from the ECMWF.

Case studies using the improved 18-bus test system based 
on the proposed decentralized PTL calculation method reveal 
that the time evolution curves of PTL exhibit significant spa‐
tial and seasonal differences due to the impact of ambient 
factors. In particular, the mean, median, maximum, and mini‐
mum PTL values for various seasons are compared to dem‐
onstrate the influence of ambient factors. The application of 
the DTW algorithm helps clarify the changing characteristics 
of PTL across distinct regions. Finally, the effectiveness and 
scalability of the proposed decentralized PTL calculation 
method are validated.
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