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Abstract—One of the highest uptake rates observed in recent
years in distributed generation technologies to tackle climate
change is the solar photovoltaic (PV) systems. However, the
growing number of PV systems deployed in power networks
can adversely impact the grid. The effect on the network power
factor profile, which is a key indicator of voltage stability that
is recommended to be maintained within a predefined margin,
is one of the adverse impacts of high uptake of PV systems.
This manuscript presents an impact study of climate change and
high PV penetration on power factor profile using the recently
proposed weather-dependent power flow (WDPF) algorithm. The
WDPF algorithm accurately takes into account the effect of
weather into power flow analysis using the nonlinear heat balance
model of overhead conductors. The WDPF algorithm, in this
manuscript, is utilised to investigate the power factor profile
paired with the impact of climate change and high PV penetration
on the IEEE 14-bus network. Simulation performed on the IEEE
14-bus network shows convincing results and the benefit of using
the WDPF algorithm.

Index Terms—Distributed PV, Photovoltaic systems, Weather-
dependent power flow, PV Integration, Power factor profiling

I. INTRODUCTION

The rapidly growing energy demand requires fast extension
of the power generation system. Fossil fuels such as coal
and gas are still the main sources of electricity generation,
with a share of more than 60 % [1]. Consequently, greenhouse
gas emissions have been increasing, reaching 32.5 Gt of CO2
alone in 2017 [1]. Particularly the past 40 years saw a high
increase of the atmospheric concentration of greenhouse gases
and consequently temperatures [2].

To mitigate these changes, more and more alternative
emission-free or emission-neutral forms of electricity gener-
ation are being deployed. Hydro power, wind power or solar
photovoltaics (PV) are some examples.

PV systems have grown at an average annual rate of around
60% in recent years and has quickly become an important part
of modern power systems [3]. The increasing penetration of
PV systems into the power grid presents numerous challenges
including voltage rise, reverse power flow, voltage instability,
network power loss, etc. [4]–[6]. As the penetration of PV
systems into the grid continues to rise, the importance of ac-
curate modeling and analysis is becoming increasingly relevant
to understand the impacts on the grid.

An important impact of high PV penetration on the grid
is the variation in power factor profile of the network. This

is mainly due to active power injection of PV systems into
the grid that increases the real and reactive power imbalance
leading to poor power factors during the injections [4], [7], [8].
Power factor is an important indicator of voltage stability of
a network and should not violate the recommended range [9],
[10]. Poor power factor can lead to voltage instability and even
voltage collapse [4].

The impact of high PV penetration has been discussed in
the literature. In [11], the authors investigated the impact of
high PV penetration on a large interconnected system. Both
improvements and adverse effects of high PV penetration were
identified. The nature of the impact of high PV penetration is
determined by a number of factors like the penetration level,
system topology, type of the disturbance as well as the location
of a fault. Greater voltage dips following disturbances were
observed with high PV penetration levels. Another study [12]
showed that high PV penetration leads to voltage deviation,
voltage rise, and reverse power flows in the network. The
impact of PV on power factor profiles is also found in the
literature. In [13], the impact of centralized PV systems with
various power factor control schemes on utility power factor
profiles was investigated. The authors showed that optimally
placed PV systems with power factor schedule can improve the
power factor profile of the network and enhance the stability
of the grid. The aforementioned studies show the importance
of impact assessment of high PV penetration is on the power
grid.

Most studies in the literature assess impacts of PV using the
conventional power flow (PF) algorithm, which does not take
into account the impact of varying weather conditions. In [14],
the authors studied the impacts of PV in a power network
utilising the temperature-dependent power flow (TDPF) that
uses the ambient temperature data for a more accurate power
flow analysis. The time-series power flow analysis undertaken
in [14] showed significant differences in network losses, and
changes in voltage magnitudes were also observed due to the
consideration of the ambient temperature data. However, the
TDPF algorithm utilises a linear thermal resistance model,
which does not fully incorporate the nonlinear effects of
weather on the conductor temperature described by the heat
balance model [15].

To address this problem, the weather-dependent power flow
(WDPF) algorithm was recently proposed and presented that
is explicitly parameterised in terms of commonly available and
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measured weather parameters [16]. The WDPF algorithm fully
incorporates the nonlinear effects of weather on the conductor
temperature and therefore performs a more accurate power
flow analysis.

In this manuscript, we address the gap of an accurate
analysis of high PV penetration by focusing on the collective
impacts of weather and high PV penetration on the network
power factor profile. Furthermore, we also investigate the
impact of climate change and high PV penetration on the
power factor profile using the WDPF algorithm. Simulation
study on the IEEE 14-bus network is carried out to investigate
these impacts considering a month-long weather dataset of
New Zealand and utilizing the WDPF algorithm.

Section II of the manuscript presents the overview of the
WDPF algorithm, Section III discusses the solar PV modeling
and solar data used in the study followed by Section IV,
which presents the IEEE 14-Bus network for simulation study.
Simulation details are presented in Section V, simulation
results are presented and discussed in Section VI and the
manuscript is concluded in Section VII.

II. OVERVIEW OF WEATHER-DEPENDENT POWER FLOW

The WDPF algorithm utilises the steady-state nonlinear
heat balance model of overhead conductors presented in the
IEEE Std 738TM-2012 [15] to fully incorporate the effects of
weather into power flow analysis. The steady-state nonlinear
heat balance model is as presented in Equation (1). Details of
the expressions of Equation (1) should be referred to in [15],
[16].

qc + qr = qs + qj (1)

In Equation (1), qc is the convective cooling rate in (W/m), qr
is the radiative cooling rate in (W/m), qs is the solar heat gain
rate in (W/m), and qj is the Joule heat gain rate in (W/m).

The Joule heat gain (qj) in a conductor is equal to the
resistive losses (I2R) of the conductor. Therefore, qj in
Equation (1), for any conductor between Bus i and Bus j
can be written as:

qjij = (E2
i + E2

j + F 2
i + F 2

j − 2EiEj − 2FiFj)gij (2)

In Equation (2), Ei is the real part of the complex voltage at
Bus i, Ej is the real part of the complex voltage at Bus j, Fi

is the imaginary part of the complex voltage at Bus i, Fj is
the imaginary part of the complex voltage at Bus j, and gij
is the branch conductance.

The heat balance of a conductor between Bus i and Bus j
is thus derived by the substitution of Equation (2) in Equa-
tion (1), which yields Equation (3).

The nonlinear heat balance Equation (3) can be solved to
calculate the conductor temperature (Tcij ) given the weather
conditions, conductor characteristics, and line loading.

Under steady-state condition, the nonlinear heat balance
Equation (3), can be represented as a function conductor
temperature as shown in Equation (4).

Based on Equation (4), a mismatch equation of the steady-
state nonlinear heat balance is formed to calculate the conduc-
tor temperature (Tc) as represented in Equation (5).

∆Hij = −Hcalc
ij (5)

In Equation (5), Hcalc
ij is the calculated value of the nonlinear

heat balance function.
Equation (5) is essential to deriving the WDPF algorithm.

The heat balance mismatch vector is formed for all the
weather-dependent branches in a network and then appended
to the conventional power flow algorithm (PF) [5], [17], [18]
to derive the update equation of the WDPF algorithm as:EF

Tc


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=
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In Equation (6), v is the iteration number, δ is the vector
of voltage angles, V is the vector of voltage magnitudes,
Tc is the vector of weather-dependent branch temperatures,
∆P is the vector of real power mismatch, ∆Q is the vector
of reactive power mismatch, and ∆H is the heat balance
mismatch vector. J in Equation (6) is defined as:
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The partial elements in the Jacobian (J ) in Equation (7),
which are not included in the conventional PF, are given
in [16]. As the WDPF algorithm considers the nonlinear
heat balance model of overhead conductors, it is capable of
accurately performing power flow analysis considering the
weather conditions explicitly.

It should be noted that after every iteration in the power
flow, given the calculated branch temperatures, the branch
resistances are updated using Equation (8), as recommended
in [16].

R(Tc) =
[(

R(Thigh)−R(Tlow)
Thigh−Tlow

)
(Tc − Tlow) +R(Tlow)

]
(8)

In Equation (8), R(Tc) is the AC resistance at conductor
temperature Tc, R(Thigh) is the AC resistance at conductor
temperature Thigh, and R(Tlow) is the AC resistance at con-
ductor temperature Tlow.

qcij + qrij = qsij + (E2
i + E2

j + F 2
i + F 2

j − 2EiEj − 2FiFj)gij (3)

Hij(Tcij ) = qcij + qrij − qsij − (E2
i + E2

j + F 2
i + F 2

j − 2EiEj − 2FiFj)gij = 0 (4)



III. SOLAR PV MODELING

A PV system connected to the grid is as shown in Fig. 1.
The voltage at the output node of the PV is Ṽpv , the output

Fig. 1: Schematic representation of PV connected to the grid.

current at the node is Ĩpv−grid, which is given by:

Ĩpv−grid = (Ṽpv − Ṽgrid)ỹpv−grid (9)

The power injected into the grid is given by:

S̃pv−grid = Ṽpv Ĩ
∗
pv−grid (10)

The power output of a PV system at unity power factor is
given by [19]:

Ppv = PDCηa (11)

where PDC is the DC power generated by the PV cells due
to the solar power input Pinput such that PDC = Pinputηmp, and
ηmp is the maximum power-point efficiency. The generated DC
power of a PV system depends on various parameters such as:
ambient temperature, wind speed, PV cell temperature, Plane
of Array (POA) irradiance, etc. [19]. ηa in Equation (11) is
the efficiency of additional components of the PV system.

The maximum power-point efficiency (ηmp), which is tem-
perature dependent [20] is given by:

ηmp = ηref

{
1 − βref

[
Ta − Tref + (TNOCT − Ta,NOCT) GT

GNOCT

]}
(12)

In Equation (12), ηref is the conversion efficiency at the
standard test conditions, Ta is the ambient temperature, Tref is
the cell temperature at the standard test condition, TNOCT is
the nominal operating cell temperature, Ta,NOCT is the ambient
temperature under the nominal terrestrial environment, GT is
the incident radiation on the solar panel, and GNOCT is the
global solar flux under nominal terrestrial environment [19].
The PV system parameters used in the study are presented in
Table I.

TABLE I: PV system parameters [6]

Parameter Value
βref 0.004 ◦C−1

Tref 25 ◦C
TNOCT 46 ◦C
Ta,NOCT 20 ◦C
GNOCT 800 W/m2

ηref 0.8

In this manuscript, PV systems are considered to be in-
jecting power at unity power factor and are modeled as PQ
type [17] nodes for the power flow.

A. Solar Data

For the purpose of the study, real solar irradiance data from
a weather station in the north island of New Zealand was
collected from New Zealand’s National Institute of Water and
Atmospheric Research’s (NIWA) for the month of January,
2016. The data collected was of 10 minute resolution and is
presented in Fig. 2.
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Fig. 2: Solar irradiance in January 2016.

IV. IEEE 14-BUS TEST NETWORK

For simulation, a modified IEEE 14-bus [21] system is
considered as shown in Fig. 3. The modification here refers
to the addition of PV systems at the load buses and increase
in the loads and generations. All conductors in the modified
IEEE 14-bus were considered to be the 795 kcmil 26/7 Drake
ACSR conductor reported in IEEE Std 738TM-2012 [15]. The
original network data can be referred to in [21].

Fig. 3: Modified IEEE 14-Bus test network [21].

V. SIMULATION DETAILS

For the purpose of simulation, a standard desktop computer
was used and the algorithm was coded in MATLAB. To inves-
tigate the impact of climate change and high PV penetration,
PV systems were deployed at 30% and 60% penetration level



at all the PQ nodes, respectively. The PV penetration level
(pk) at any Bus k here is defined as [22]:

pk =

n∑
i=0

Ppvi

Pk
(13)

where, Ppvi
is the AC rating of the ith PV system connected

to the Bus k, n is the total number of PV systems connected
to Bus k, and Pk is the peak load at Bus k.

The WDPF algorithm is utilised for the study, therefore the
weather dataset for the month of January, 2016 was consid-
ered, which comprises of ambient temperature, wind speed,
and incident wind angle in addition to the solar irradiance
data as mentioned above.

To simulate the effect of climate change, two ambient
temperature rise scenarios corresponding to a 5◦C and a
10◦C increase were considered. Therefore, the weather dataset
considering a rise of 5◦C and 10◦C throughout the month was
simulated with other weather parameters exhibiting no change.

A normalized load profile with a peak of 1 p.u. was obtained
from [23] for the load buses in the network as presented in
Fig. 4.
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Fig. 4: Load profile for the PQ buses in network throughout
the month.

All the branch temperatures were initialised with the am-
bient temperature, and simulations were carried out for every
weather data point using the WDPF algorithm.

VI. SIMULATION RESULTS

A. Impact of high PV penetration in presence of weather

Integration of PV into the grid affects the power transfers
of various branches in a network. Fig. 5 shows the power
transfer for the month due to the various PV penetration levels
in Branch 4, which connects the two highest loaded buses i.e.
Bus 2 and Bus 4. As the PV penetration level increases, the
power transfer in the branch reduces and the lowest troughs
are observed for the highest PV penetration level of 60%. This
is due to increased PV generation in Bus 4, which reduces
the power requirement from the generator at Bus 2 and the
Slack Bus. The lowest power transfer observed for 0% PV
penetration, 30% PV penetration, and 60% PV penetration was
34.18 MW, 26.96 MW, and 6.85 MW, respectively.

The temperature of Branch 4 corresponding to Fig. 5 is
presented in Fig. 6. It should be noted that the use of
conventional power flow cannot yield branch temperatures
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Fig. 5: Power transfer of Branch 4 for various PV penetration
levels throughout the month.

based on power flow execution. In Fig. 6, the highest conductor
temperature is seen for 0% PV penetration, while the lowest is
observed for the 60% PV penetration. This is because at 60%
PV penetration, less power is transferred from Bus 2, which
results in lesser increase in the branch conductor temperature
as compared to the 0% PV penetration scenario. The high-
est branch conductor temperature was 47.33◦C for the 0%
PV penetration scenario. The branch conductor temperature
observed does not violate the thermal limit (100◦C) of the
conductor and therefore, the conductor operates in its safe
thermal limit for all scenarios.
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Fig. 6: Branch conductor temperature of Branch 4 for various
PV penetration levels throughout the month.

The impact of increasing PV penetration on the power factor
profile for the month is presented in Fig. 7. The power factor
for the 0% and 30% PV penetration is within the acceptable
range as observed in Fig. 7. However, the power factor reduces
drastically to 0.65 on day 12 for the 60% PV penetration
scenario. This is of concern to utilities as the generator at
Bus 2 is required to supply more reactive power than active
power.

It is observed from these simulation results that the in-
creasing PV penetration positively impacts the power transfers
and the branch conductor temperatures due to reduced losses.
However, the power factor profile is adversely impacted as PV
penetration increases.
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Fig. 7: Power factor profile of Branch 4 for various PV
penetration levels throughout the month.

B. Impact of climate change and high PV penetration

As stated before, two climate change scenarios are investi-
gated i.e. a 5◦C and a 10◦C rise in the ambient temperature
data. The power factor profile of Branch 4 due to the ambient
temperature rise of 5◦C and 10◦C for 0% PV penetration level
is presented in Figure 8. Similarly, the power factor profile for
30% PV penetration is presented in Figure 9.
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Fig. 8: Power factor profile of Branch 4 for 0% PV penetra-
tion with 0◦C, 5◦C, and 10◦C rise in ambient temperature,
respectively.
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Fig. 9: Power factor profile of Branch 4 for 30% PV pene-
tration with 0◦C, 5◦C, and 10◦C rise in ambient temperature,
respectively.

Negligible change in the power factor profile is observed in
both 0% and 30% PV penetration scenarios due to increase
in the ambient temperatures as seen in Fig. 8 and Fig. 9. The
lowest power factor in Fig 8 and Fig. 9 for all the scenarios
was around 0.96 and 0.95, respectively.

Fig. 10 presents the power factor profile of Branch 4 for
60% PV penetration in presence of rising ambient temperature.
Higher impact on power factor profile is observed due to
higher PV penetration in presence of rising ambient temper-
atures. The worst power factor on day 12 is observed for a
60% PV penetration with 0◦C increase in ambient temperature,
while the best power factor on day 12 is observed for a 60%
PV penetration with 10◦C increase in ambient temperature.
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Fig. 10: Power factor profile of Branch 4 for 60% PV pene-
tration with 0◦C, 5◦C, and 10◦C rise in ambient temperature,
respectively.

For a more clear understanding of the impact of 60% PV
penetration with 10◦C increase on day 12, the power transfer
profile (for Branch 4) and the PV generation for the scenarios
are presented in Fig. 11 and Fig. 12, respectively. In Fig. 11,
as the ambient temperature increases, the peaks and troughs
of the power transfer curves increases. This results in more
real power transfer through the line and hence improving the
power factor. Furthermore, as the ambient temperature rises
in presence of high PV penetration (60%) in Fig. 12, the
solar power generation peaks at Bus 4 are seen to reduce.
This is due to the reduction in efficiency of solar generation
as the ambient temperature raised by 10◦C, which aided in
improving the power factor profile of the branch. The lowest
power factor observed for the 60% PV penetration with 10◦C
increase scenario was 0.72.

In summary, through the simulation case study and results,
the impact of climate change and high PV penetration on the
power factor profile has been assessed. The use of WDPF
algorithm gives a more accurate and improved understanding
of the impacts on the grid.

VII. CONCLUSION

The impact of high PV penetration in the presence of
weather conditions has been assessed in this paper. It has
been observed that high PV penetration reduces the source
side branch power transfers. This causes a reduction of the
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Fig. 11: Power transfer profile of Branch 4 for 60% PV pene-
tration with 0◦C, 5◦C, and 10◦C rise in ambient temperature,
respectively.
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Fig. 12: PV generation at Bus 4 for 60% 0◦C, 5◦C, and 10◦C
rise in ambient temperature, respectively.

branch temperature. On the other hand, high PV penetration
adversely impacts the power factor profile of a branch.

Rising ambient temperature (a consequence of climate
change) impacts on the power factor profile. It was observed
that for similar load profiles, increased temperature and low
PV penetration do not change the power factor profile no-
ticeably. However, as the ambient temperature increases along
with high PV penetration, noticeable changes are observed in
the power factor profile. Lower variability in the power factor
profile is observed in the high PV penetration scenario as the
ambient temperature increases. Hence, an improvement is seen
in comparison to 0◦C rise in the ambient temperature scenario,
which is due to the reduced solar generation efficiency at
increased temperatures. This indicates that increasing ambient
temperatures could under certain scenarios, for example the
presence of renewable generation like PV systems, could
benefit power networks.
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