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Abstract

The integration of solar photovoltaic (PV) power plants into the electricity grid

offers a sustainable solution to meet rising energy demand, particularly in regions
with abundant solar resources like Niger. However, high PV penetration introduces
challenges to grid stability, including voltage fluctuations, increased power losses,
and line overloading. This study investigates the impact of substantial PV integration
on the voltage stability of the Nigerien River Zone (RZ) grid, which accounts for
approximately 68% of the country’s total energy consumption. Using quasi-dynamic
simulations, the study examines grid performance across three selected months,

viz, January, May, and August, to capture both daily and seasonal variations in
demand and PV generation. Results reveal that periods characterized by peak
demand and diminished PV output exhibited the most pronounced grid stress, with
significant voltage deviations, increased power losses, and marked changes in the
Voltage Stability Index (VSI). In August, frequent cloud cover leads to intermittent

PV generation and increased variability, whereas May demonstrates relatively stable
conditions during early afternoon hours. Key challenges include voltage instability
during high demand, persistent overloading of major transmission lines, and
heightened power loss linked to renewable variability. Recommendations include
targeted interventions such as grid reinforcements, advanced reactive power support,
energy storage systems deployment, and demand-side management strategies to
enhance grid reliability. This study provides novel insights into the dual challenges of
high demand and renewable variability, offering practical guidance to support Niger's
transition to sustainable and resilient energy system.

Keywords Niger, Photovoltaic penetration, Power losses, Quasi-dynamic simulations,
Stability index, Voltage stability

1 Introduction

The global transition to renewable energy, particularly solar photovoltaic (PV), con-
tinues to gain traction as part of a more sustainable energy future [1]. While this shift
offers clean energy and the potential for lower operational cost, it also presents technical
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challenges, notably, preserving voltage stability under high penetration levels of inter-
mittent generation. Such challenges are amplified in developing countries, where grids
often lack robust infrastructure to accommodate rapid fluctuation in generation and
load [2].

In Niger, despite having immense solar potential, the power infrastructure remains
underdeveloped [3], making the grid susceptible to voltage disturbances as large-scale
PV system are added. The River Zone (RZ), in particular, is experiencing growing elec-
tricity demand due to population expansion and urbanization [4]. Although expand-
ing PV generation in the RZ can reduce fossil-fuel dependence and electricity imports,
high PV penetration can lead to serious voltage regulation problems [5]. Variable solar
outputs, exacerbated by cloud transients, can cause voltage fluctuations, reactive power
imbalances, and even voltage instability [6]. Given that a 30 MW PV plant has already
been integrated at Gorou Banda in 2023 and more PV projects are underway, there is
an urgent need for a rigorous, data-driven analysis of how these additions will affect the
grid’s voltage profile stability. Voltage stability refers to the power system’s capacity to
maintain acceptable voltage levels under normal conditions and after being subjected
to disturbances such as variation in load or generation [7]. Traditionally, synchronous
generators inherently provide voltage support through reactive power. In contrast, PV
installations use power-electronics-based interfaces, often operating under maximum
power point tracking (MPPT) to optimize active power injection rather than provid-
ing significant reactive power support [8]. Rapid fluctuations in solar output, combined
with low-inertia or weak grids, can induce voltage dips, overvoltage, or oscillations [9,
10]. Studies have shown that when PV penetration exceeds 30% of grid capacity, voltage
swings can become more frequent and severe, requiring faster, more sophisticated con-
trol strategies than classical tap-changing transformers or manual capacitor switching
[11, 12]. Indeed, issues of reverse power flow and voltage rise can stress local infrastruc-
tures, pushing voltages beyond permissible limits [13, 14].

The sensitivity of voltage stability to PV deployment also depends on grid topology
and strength. Weaker grids, characterized by lower short-circuit ratios, have less capac-
ity to dampen voltage deviations [15]. In such cases, even modest changes in generation
or load can cause pronounced voltage instability, especially in areas far from load cen-
ters [16]. To counter these challenges, advanced inverter functionalities and grid support
algorithms have been proposed. For instance, reactive power control, volt-VAR optimi-
zation, and fast voltage regulation can improve stability in systems with large PV shares
[17]. A prominent example from the National Renewable Energy Laboratory (NREL)
demonstrated that 300 MW of PV added to the Hawaiian Electric grid introduced sig-
nificant voltage stability concerns; these were mitigated using advanced inverter stings
such as dynamic reactive power injections and active power curtailment to actively
smooth voltage fluctuations [18].

Despite extensive global research on voltage stability impacts of PV power plants,
knowledge gaps persist regarding the unique conditions of developing grids like Niger?s
RZ, where weak infrastructure, geographically distributed demand, and rapid load
growth magnify instability risks. Moreover, the lack of localized studies makes it difficult
to adopt generic solutions from well-developed systems elsewhere. Therefore, this paper
seeks to bridge this gap by 1) evaluating how high penetration of PV affects the volt-
age stability in the Nigerien RZ grid using a comprehensive quasi-dynamic simulation
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framework, 2) introducing a voltage stability index (VSI) and total voltage distortion
(TVD) metric to quantify the severity of voltage excursions under different operating
conditions and, 3) proposing control strategies to mitigate adverse impacts, ensuring
stable and reliable grid operation.

By integrating these innovative metrics (VSI, TVD) with real RZ grid data, this study
not only provides new insights into PV integration challenges specific to Niger but also
lays out practical recommendation for grid reinforcement and control solutions. The
rest of the paper is organized as follow: section 2 details the study area, introduces the
mathematical formulations of the voltages stability index and total voltage distortion,
and quasi-dynamic simulation approach; section 3 presents the results and discussion,
offering an in-depth analysis of observed voltage profiles and the efficacy of proposed
mitigation strategies; finally, section 4 provides the conclusion and future research direc-
tions, highlighting how the findings can guide policy and technical decisions for sustain-
able, reliable PV integration in Niger and other similar contexts.

2 Methodology
2.1 Study area
The study area covers Niger’s electricity network (Fig. 1), which is currently managed by
"La Société Nigérienne d’Electricité (NIGELEC)". Since its establishment in 1968, NIGE-
LEC has been solely responsible for electricity imports, local production, transmission,
and distribution. The electricity system operated by NIGELEC is divided into four main
zones, excluding isolated and border centers, corresponding to Niger’s eight regions: 1)
the River Zone, 2) the North-Centre-East Zone, 3) the North Zone, and 4) the East Zone
[19]. However, these zones are not electrically interconnected, each zone operates inde-
pendently with its own local generation, transmission, and distribution infrastructure.
This structural separation eliminate inter-zonal electrical interactions, justifying the
modeling of the RZ in isolation. The RZ is the most densely populated and industrialized,
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Fig. 1 Map of Niger and the associated electrical Zones [4]
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Table 1 Installed generation capacity in RZ Grid (source: NIGELEC)
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River zone grid Capacity

Import from Nigeria Contractual Power 120 MW
Available power 65 MW

RZ Installed Capacity Goudel Thermal plant 89 MW
Gorou Banda Thermal Plant 100 MW
Gorou Banda Solar PV Plant 30 MW
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Fig. 2 Single-line diagram of the river zone power system [21]

accounting for a approximately 68% [4] of total energy consumption. This area encom-
passes the country’s far western and southwestern parts, including the Niamey conurba-
tion and the regions of Dosso and Tillabéry. The RZ grid region exhibits the country’s
greatest population density and the highest concentration of professional and economic
activities. The western region is served by the 132kV Birnin-Kebbi interconnection line
from Nigeria, which has a contractual capacity of 1220MW, along with three power sta-
tions located at Goudel (thermal) and Gorou Banda (thermal and solar PV) [19, 20].
Table 1 presents a summary of the capacity of each plant. The RZ was selected for this
study due to its significance in energy demand and the concentration of future solar and
hydroelectric power plant projects in the region.

The network architecture is based on the single-line diagram developed by FICH-
TNER, which served as the structural reference for the River Zone model (see Fig. 2)
[21]. This baseline configuration was implemented in Pandapower and subsequently
updated to reflect the commissioning of major generation assets such as the Gorou
Banda diesel plant and new PV installations. These updates ensure that the simulated
network accurately represents the current operational state of the grid. Further details
on these commissioning adjustments and data sources are provided in the following

Data section.
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2.2 Data

The River Zone (RZ) network relies on two critical transformation substations: the
Dosso substation, which primarily serves the city of Dosso and nearby towns, and the
Niamey II substation, which supports Niamey and its surroundings and houses the
interconnection to the Nigerian grid [22]. While NIGELEC lacks the necessary asset for
monitoring all the data of the system to provide a complete overview of the grid’s electri-
cal conditions, measuring devices have been installed at key locations, including Nigeria,
Dosso, and the primary substation in Niamey. These devices record voltage and power
data at an hourly resolution. The dataset spans from 2016 to 2023 and has been ana-
lyzed to understand the variation in load profiles and voltage levels across the network.
In addition to historical data, information on planned infrastructure upgrades has been
gathered to account for future enhancements to the RZ transmission system. Key proj-
ects include the 1) construction of a 132 kV double-circuit transmission line to transport
power from the Kandadji Hydroelectric Station, 2) Reinforcement of the Niamey North
power station to improve system reliability, 3) upgrading the Goudel’s Niamey North
line from 66 kV to 132 kV as well as the 4) replacement of aging transformers in Nia-
mey II to enhance power flow efficiency. Plans also include integrating new solar power
plants by 2028, with a breakdown of their capacities shown in Table 2.

2.3 Methods

The River Zone (RZ) electrical grid is modeled using the Pandapower tool-based
Python. This open-source tool is widely used for electrical network modeling and analy-
sis, enabling power flow simulation, short circuit analysis, and optimal power dispatch
in distribution and transmission systems. In this study, we adopt a structured three-step
methodology, as illustrated in Fig. 3, to assess voltage stability under high photovoltaic
(PV) penetration. In the first step, we gather and preprocess technical grid data, includ-
ing hourly voltage and load profiles across the year. In the second step, the RZ network
is modeled with full AC power flow using Pandapower, and a quasi-dynamic simulation
is conducted by injecting hourly time-series data. Key indicators such as voltage devia-
tion, line loading, voltage stability index (VSI), and power losses are computed at each
time step. The third step involves analyzing these results to determine how PV injection
impacts system stability, reliability, and capacity limits. This workflow enables a detailed
temporal assessment of grid behavior and the effectiveness of control strategies under
realistic operating conditions [23, 24].

2.3.1 Network modelling in Pandapower

To investigate the impact of high PV penetration on the RZ electrical grid, we devel-
oped a detailed python-based Pandapower model. Pandapower provides an open-source
environment for power flow, short-circuit analysis, and optimal power dispatch in both
distribution and transmission systems [23, 24]. The network model was constructed

Table 2 Summary of the PV plant integration capacity in the RZ grid

PV plants Capacity Starting period Source

Gorou Banda PV Plant 30 MWc 2023 Ministére de I'Energie
Dosso PV Plant 10 MWc 2026 Ministére de I'Energie
Kandadji PV Plant 70 MWc 2026 Ministére de I'Energie

Bangoula PV Plant 70 MWc 2028 Ministére de |'Energie
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First Step: Data Collection and Analysis

Tecnical grid information, Hourly Analysis of Voltage
Voltage and Load Data and Load Demand through
Collection the Year

Second Step: Modeling and Quasi-Dynamic Power Flow Simulation Method

-~
Voltage Profiles, Lines Loading, Total
Laod Profile, Total PV Active Power
Injected, Average Voltage Deviation
Change, Voltage Stability Index
Change, Power Losses

Simulation of the Model
using a Time Series
Quasi-Dynamic Power
Flow

Modeling of the RZ grid
using Panda Power Tool

Third Step: Analysis of Quasi-Dynamic Power Flow Simulation Results

Analysis of Time Series Quasi Dynamic Power Flow results of Voltage Profiles, Lines
Loading, Total Laod Profile, Total PV Active Power Injected, Average Voltage
Deviation Change, Voltage Stability Index Change, and Power Losses to determine
the potential impact of High PV Penetation in the RZ Power grid .

Fig. 3 Methodological framework for voltage stability assessment

using data provided by Niger’s electricity transmission grid operators (NIGELEC) ensur-
ing that line parameters, transformer ratings, and voltages accurately reflect actual
operating conditions. Key components of the RZ grid include: 1) busbars operating at
132 kV, 66 kV, 33 kV and 20 kV, 2) transmission lines with corresponding line imped-
ances and thermal ratings, 3) transformers interconnecting different voltage levels (40
units), 4) generators (8 static, 15 synchronous) representing conventional and renew-
able sources, 5) general loads (15 aggregated), switches (65), and shunt compensators
(16) and, 6) external grid connection enabling interconnection with adjacent networks.
In accordance with NIGELEC?s operational practices, voltage control in the Nigerien
transmission network is primarily ensured through shunt capacitor banks, which pro-
vide dynamic reactive power compensation. These devices are used to both inject and
absorb reactive power depending on system conditions, thereby mitigating voltage devi-
ations caused by fluctuating load PV generation. After constructing the network’s topol-
ogy, we validated the base case model by performing a steady state power flow to ensure
no initial constraint violation, such as voltages or line loading outside acceptable limits.

2.3.2 Quasi-dynamic simulation setup

High PV penetration often leads to rapid hourly or sub-hourly variation in generation,
making a purely static snapshot analysis insufficient. Therefore, we adopted a quasi-
dynamic approach, running time-stepped power flow simulations over a representative
24-hour period (extended to 744 h for a monthly analysis) to capture daily load and PV
output fluctuations. This method helps quantify how voltage profiles, line loadings, and
stability indices evolve over time.
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+ Load and PV profiles:

The hourly load curves were derived from historical and forecasted data, while the PV
generation profiles were computed from expected solar irradiance patterns in the RZ

region.
+ Power flow algorithm:

A Newton—Raphson solver [25] was used for each hourly time step, with a convergence
tolerance of 1 x 10~6. Each hour required, on average, 4 iterations to converge, resulting
in a total of 2976 power flow solutions for a month-long (744 h) simulation.

» Initial conditions:

The bus voltages were initialized between 0.90 and 1.05 p.u., while the generator active/
reactive outputs followed scheduled setpoints. Equations (1) and (2) represent the itera-

tive power flow formulation.

N
P =Y | Vinl|Vil (Gk €08(0m — O1) + Buni sin(0, — 0,)) 1)
k=1
N
Qm = Z |VmHVk‘ (Gmk Sin(em - ak) - Bmk COS(Qm - ak)) (2)
k=1

Where, P,,, and @,,, are the active and reactive power injections at bus m1, V,, is the bus
voltage magnitude at bus m, and G, and B, are the conductance and susceptance
between buses m and k.

To comprehensively evaluate grid behavior under varying load and PV generation, we
tracked six core performance metrics: voltage profiles, line loading, total load, total PV
output, voltage stability indices, and power losses. These metrics are computed at each

time step in the quasi-dynamic simulation.

2.3.3 Voltage profile calculation
To ensure acceptable power quality, bus voltages at each time step ¢ € [Lh, 744 h] were

computed in per-unit using Eq. (3):

Vactual

V.. =
pu
V base

3)
Where, Victual is the bus voltage (kV) and Vigse is the nominal voltage of the bus (kV).
Acceptable Voltage limits were set as:

0.90 < Vi < 1.05 (4)

Any bus with V,,, < 0.90 or V,,, > 1.05 was flagged for potential undervoltage or over-

voltage issues.

2.3.4 Line loading evaluation
Line loading (LL) ensures each transmission line operates at its thermal capacity, and it

is expressed in Eq. (5).
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Tactua
Loading(%) = 2L » 100 (5)
rated
Where,
‘Sactual|
Iac wal = — = 6
ol \/§ Viine ( )

Tactual is derived from the apparent power Sactual flowing through the line at voltage
Viine and Iyateq is the maximum allowable current. Lines exceeding 100% loading are
marked as overloading, signaling a thermal violation that can compromise system reli-
ability [26].

2.3.5 Total load calculation
To monitor how demand varies throughout the day, we sum the active power across all
loads using Eq. (7).

Nicads

}Dload,total(t) = Z P)loadyi(t) (7)
i=1

Here Pioaq,i(t) is the active power demand of load ¢ at hour ¢ and Njoaqs is the total
number of loads. This metric helps correlate demand peaks with voltage fluctuations or
overloading.

2.3.6 Total PV power injection
Similarly, the total PV generation at each time step is tracked in the eq. (8).

Npv
Ppv total(t) = Z Ppvy (%) (8)

j=1

Where Ppv ;(t) represents the active power outputs of the PV generator j at time ¢.
Comparing Ppv ;(t) with Pioad total(t) helps identify times when PV surplus (or deficit)
may cause overvoltage or undervoltage.

2.3.7 Voltage stability index (VSI) calculation

Voltage stability is a fundamental aspect of power system security, particularly in net-
works subject to rising active power demand and increasing penetration of variable
renewable energy sources. In this study, we evaluate the proximity of the RZ grid to
voltage collapse using a VSI formulation that emphasizes the influence of active power
loading. Among the various indices proposed in the literature, including those based on
reactive power sensitivity [27, 28] and Thevenin equivalent methods, we adopt a sim-
plified and computationally efficient formulation initially introduced in [29]. This index
captures the relationship between the sending bus voltage, the impedance of the inter-
connecting line, and the active power demand at the receiving bus, allowing for rapid
screening of potential weak points across the network[30, 31]. The VSI for a given bus ¢
is defined by Eq.(9):
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Vil
I- =
VSL = 1727 9)

where:

+ |Vi] is the voltage magnitude at bus i,
+ Z;j is the magnitude of the impedance between buses i and j,
+ P is the active power demand at bus j.

As active power demand increases or line impedance becomes significant, the denomi-
nator in Eq. (9) diminishes, causing the VSI to approach zero, an indication of increased
susceptibility to voltage instability. This characteristic makes the index particularly well-
suited for evaluating scenarios involving load growth, network congestion, or peak-
demand stress.

The VSI was applied to the RZ grid using hourly AC power flow simulations. At each
time step, the index was computed for all buses in the system. Buses exhibiting VSI val-
ues below 0.25 were flagged as critical, in accordance with threshold values suggested in
prior studies [32, 33]. Compared to more complex techniques such as modal analysis or
continuation power flow, this VSI-based approach provides a transparent, computation-
ally lightweight, and scalable method for identifying voltage stability issues in large-scale
time-series assessments.

2.3.8 Voltage deviation and total voltage distortion (TVD)
To quantify how PV integration changes overall grid voltage quality, we track the voltage
deviation at each bus i for each time step t as shown in Eq (10):

AVpu,i(t) = |Vpu,i(t) — 1.0] (10)
With, Vj,, is the per-unit voltage at bus 7 at time step ¢. The average deviation across all
time steps is given by:

24
— 1
A u,i — o, A uit
Voui = o ;:1 Vu,i(t) (1

Then, the change in Voltage Deviation due to new PV integration is given by:

Aivpu_i _ 7Avpu’iUpdated _AV

pu,i

Original (12)
Where, "Updated" refers to the scenario with PV additions, and "Original" is the refer-
ence scenario before PV integration. To capture the grid-wide perspective, the total volt-
age distortion (TVD) aggregates per-bus deviations is determine using Eq. (13):

Nouses

TVD(t) = > AVpui(t) (13)
=1

2.3.9 Power loss calculation
Finally, power losses are computed at each time step by summing the resistive losses in
all lines and transformers [34], following a standard nodal formulation in Eq. (14):
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Pioss = 3 ; 2; 2 Gij (Vi + Vi3 = 2VjaVie cos(6i,)) (14)
=1 j=1 i=

Where, V; ; and Vj; are voltage magnitude of buses 4 and j at time ¢, G;; is the conduc-
tance of the branches between buses i and j, Np is the number of buses in the network,

and, 0;; ; is the phase angle between buses ¢ and j at time .

2.3.10 Voltage control via multi-step capacitor banks

To enhance local voltage stability, reactive power compensation was modelled using
dynamically controlled capacitor banks. Each shunt was represented as a discrete set of
m identical steps of size (Qhase Mvar, such that the total injected reactive power at time ¢

is given by[33]:
Qsn(t) = step(t) - Qbase; step(t) € {0,1,...,m} (15)
The capacitor steps were activated using a hysteresis-based control scheme:

Step(t - 1) + 17 if ‘/z<t) < ‘/set — €
step(t) = ¢ step(t —1) =1, if Vi(t) > Vier +¢ (16)
step(t — 1), otherwise

where V;(t) is the bus voltage at time ¢, Vit is the reference voltage, and ¢ is the hyster-

esis band.

3 Results

3.1 Analysis of load and voltage profile of the river zone grid before PV injection

3.1.1 Load profile

Figure 4 illustrates the hourly power demand for Niamey and Dosso across three critical
seasons (each spanning 31 days): January (cold season), May (hot season), and August
(rainy season). These profiles underscore the interplay of seasonal and diurnal variations
in electricity use within the RZ. In the cold season (January), as shown in Fig. 4a (Nia-
mey) and Fig. 4d (Dosso), both cities exhibit similar diurnal patterns, with morning and

(a): Load Niamey - January (b): Load Niamey - May (c): Load Niamey - August
100 o = - 140
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Fig. 4 Daily load profile of the River Zone Grid across the different seasons of the year
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evening peaks driven primarily by residential activities such as cooking, lighting, and
television usage. Interestingly, a gradual decrease in demand emerges toward the latter
part of January. This phenomenon appears linked to rising temperatures, which reduce
nighttime energy consumption. These observations align with prior studies, which indi-
cate that warmer evenings can substantially reduce residential demand [35]. During the
hot season (May), illustrated in Fig. 4b (Niamey) and Fig. 4e (Dosso), there is a signifi-
cant increase in power consumption. The most pronounced peaks occur during the day-
time, aligning with increased cooling requirements due to high temperatures. Niamey’s
load level shows a higher magnitude and more pronounced fluctuations than Dosso’s,
reflecting the city’s more substantial commercial and industrial base. Notably, the fre-
quency and intensity of these peaks point to the importance of peak-shaving strategies
such as demand response, energy storage, or targeted PV deployment. In the rainy sea-
son (August), shown in Fig. 4c (Niamey) and Fig. 4f (Dosso), the load profile generally
remains above January levels but drops below May’s peaks. The cooling effect of frequent
rainfall and cloud coverage moderates the demand for air conditioning, leading to rela-
tively stable consumption patterns throughout the day. While overall demand decreases
compared to May, these levels remain higher than January, confirming that multiple fac-
tors beyond temperature influence the region’s electricity needs. Collectively, these find-
ings reinforce seasonal peak shifting in both Niamey and Dosso: May records the highest
system stresses, while August experiences moderate cooling-driven demand reductions.
Niamey consistently exhibits greater load magnitude and variability than Dosso, under-
scoring the city’s concentrated residential, commercial, and industrial consumption.
These trends align with research linking elevated temperature, increased cooling degree
days (CDD), and maximum temperature (Tmax) to higher overall electricity use [36].

3.1.2 Voltage profile

Figure 5 shows the hourly voltage profiles at the Niamey II and Birnin Kebbi (Nige-
ria) substations over a 744-hour period in January (cold season), May (hot season),
and August (rainy season). These results correspond to the base case scenario, i.e., the
grid operating prior to any PV injection. They are derived from real operational data
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Fig. 5 Daily voltages profiles of the river zone grid across the different seasons
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collected from the utility network and serve as the reference benchmark for evaluating
existing voltage conditions in the RZ. The nominal voltage is indicated by a red dashed
line at 1.0?p.u., while the acceptable operating limits, according to the national grid code,
range from 0.90 p.u. to 1.05 p.u. (see Table 3) [37].

At Niamey II, voltage values generally vary between 0.95 p.u. and 1.00 p.u., with occa-
sional drops nearing 0.90 p.u. These dips suggest that local voltage is highly sensitive
to demand variations, particularly during consumption peaks or when power imports
from Birnin Kebbi fall short of balancing real-time load. Due to Niamey II’s strong
dependence on external supply, any supply—demand imbalance tends to drive voltages
toward the lower operational limit. Conversely, Birnin Kebbi consistently exceeds 1.05
p.u., indicating persistent overvoltage conditions that can propagate through the down-
stream network. As the primary external supply point for the RZ grid, such high voltage
levels may contribute to equipment stress, particularly under high-demand conditions.
To address both undervoltage issues at Niamey II and overvoltage at Birnin Kebbi, rein-
forcement measures such as local generation capacity upgrades, improved load distribu-
tion, or voltage regulation mechanisms (e.g., on-load tap changers, capacitor switching)
may be required to maintain optimal operational conditions.

3.2 Analysis of Quasi-dynamic simulations in january, may, and august

Figs. 6, 7, and 8 illustrate the simulation results for January, May, and August, respec-
tively, showing the voltage profiles of the main substation buses, line loading levels, total
load profiles, and total active power injected by the PV plants.

3.2.1 Analysis of Bus voltage, LL, total load profile, and PV generation in january
The voltage profile in Fig. 6a indicates notable fluctuations at most buses, with some
nodes, particularly those connected to PV plants (Gbda_PV_20kV, Bgla_PV_20kV),
dropping below 0.9 p.u. during simultaneous peak demand and high PV output. These
dips are primarily driven by high active power injection from PV sources during mid-day
combined with elevated local demand, which increases current flows and reduces the
effective voltage support of lines and transformers. The problem is further exacerbated
by the insufficient reactive power compensation provided by NIGELEC?s existing shunt
capacitor installations, which were not adequately dispatched to counteract the voltage
stress. In addition, PV inverters typically operate at unity power factor, thereby contrib-
uting little to local reactive support. Consequently, the lack of effective reactive power
control amplifies voltage instability risks during periods of coincident high demand and
strong PV generation. By contrast, buses such as Kandadji PV (Kdj_PV_20kV) sustain
near nominal voltage, due to robust reactive power support from the Kandadji Dam.
This observation aligns with a recent study by [38], highlighting hydropower’s crucial
role in maintaining grid voltage stability through significant reactive power capability.
Beyond voltage concerns, line loading is another pivotal factor in system reliability.
As shown in Fig. 6b, the Birnin Kebbi-Dosso line (L_Bkk_Dso) approaches 140% of its

Table 3 Grid code Regulation of voltage level standards

Bus Voltage Voltage condition
> 1.05p.u. Overvoltage
0.90p.u. — 1.05p.u. Stable

< 0.90p.u. Undervoltage
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Fig. 8 Grid voltage profile, line loading, load profile and PV active power injected in August

rated capacity during peak demand hours. Such overloading imposes thermal stress
on conductors and can trigger protective relay actions, risking line disconnection. [39]
highlights that excessive line loading not only accelerates aging but also reduces network
security margins, increasing the risk of cascading failures in stressed conditions. These
findings justify the identification of line overloads as key indicators of potential reliabil-
ity degradation.

The total active power demand (Fig. 6¢) exhibits a pronounced diurnal pattern, peak-
ing near 320 MW. Coupled with intermittent PV generation, these load swings present
balancing challenges and highlight potential risks for voltage and frequency stability
during transitions between high and low PV output periods.

Meanwhile, the PV generation profile (Fig. 6d) follows a typical bell-shaped curve, sig-
nificantly supporting the grid during daylight hours but creating a reliability gap during
evening peaks when solar PV output drops. This discrepancy underscores the impor-
tance of energy storage and complementary generation, for instance, hydropower or gas
turbines, to ensure a more seamless alignment between supply and demand. Overall, the
January results reveal that while hydropower support helps stabilize certain buses, the
combination of high PV penetration, peak demand, and line constraints necessitates tar-
geted measures ranging from reactive power control to infrastructure reinforcements to

maintain both voltage stability and thermal security in the RZ grid.

3.2.2 Analysis of bus voltage, line loading, total load profile, and PV generation in may

Figure 7a reveals substantial voltage dips, in some instances dropping below 0.80 p.u.
at PV-connected buses (Gbda_PV_20kV), indicating high sensitivity to load and gen-
eration fluctuations. These depressions are primarily caused by the combined effect
of peak mid-day PV injection and elevated demand, which increase current flows and



Halarou et al. Discover Energy (2026) 6:24 Page 15 of 22

accentuate feeder impedance drops. The situation is aggravated by the limited contri-
bution of NIGELEC?s installed shunt capacitor banks, which fail to provide sufficient
dynamic reactive power support under rapidly changing operating conditions. In con-
trast, buses such as Kandadji PV (Kdj_PV_20kV) maintain near-nominal voltages due to
substantial reactive power reinforcement from the hydropower station, underlining the
importance of local reactive compensation. These disparities emphasize the urgent need
for enhanced voltage regulation strategies?such as optimized shunt capacitor dispatch,
dynamic reactive power compensation, or advanced inverter control?to mitigate under-
voltage risks during coincident peaks of load and PV generation.

Line loading profiles (Fig. 7b) underscore similar concerns, with the Birnin
Kebbi?Dosso line frequently exceeding 140% of rated capacity. This severe overloading
coincides with peak PV generation and elevated demand typical of May, exposing the
network to thermal stress and potential reliability issues. Overloaded lines can experi-
ence higher losses, elevated conductor temperatures, and sag risks, all of which compro-
mise grid integrity. Timely reinforcement or optimized dispatch strategies could alleviate
these bottlenecks and improve overall system performance.

Meanwhile, the total load profile (Fig. 7c) displays daily peaks approaching 600 MW,
driven by heightened residential, commercial, and industrial demand in May. This load
surge further strains the grid during daytime peaks, creating a challenging operational
window when both demand and PV generation peak. The variability in load and solar
output necessitates robust balancing mechanisms to maintain stable voltages and avoid
line overloads.

Lastly, the PV generation curve (Fig. 7d) reflects diurnal solar irradiance, providing
significant daytime support but no contribution during evening peaks. This reliability
gap underscores the need for energy storage or supplementary generation to ensure a
smooth supply profile. These findings echo [40], who emphasize the importance of
advanced control strategies and power electronic converters in accommodating renew-
able variability. By adopting these measures alongside grid reinforcements and strate-
gic planning, the RZ network can more effectively integrate rising PV penetration while
maintaining stable, efficient operation.

3.2.3 Analysis of bus voltage, line loading, total load profile, and PV generation in august
August is characterized by heavy rainfall in Niger, which has significant implications for
both PV output and grid reliability. As shown in Fig. 8a, several PV-connected buses,
including Gorou Banda (Gbda_PV_20kV) and Bangoula (Bgla_PV_20kV), experience
voltage dips below the acceptable lower limit of 0.9 p.u. These undervoltage events are
driven by reduced solar irradiance from cloud cover, which lowers active PV output
while simultaneously increasing system stress due to fluctuating load demand. The situa-
tion is further exacerbated by the limited contribution of existing shunt capacitor banks,
which provide insufficient reactive power support under such variable operating condi-
tions. Consequently, the system becomes more dependent on conventional generation
sources and vulnerable to voltage instability during heavy rainfall periods, highlighting
the need for enhanced reactive compensation and adaptive control strategies.

Line loading variations (Fig. 8b) also highlight potential bottlenecks. The Birnin
Kebbi-Dosso line (L_Bkk_Dso) regularly exceeds 100% capacity, primarily driven by
high import demand. Meanwhile, the Gorou Banda line (L_GBda_PP1) experiences
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overloading during midday peaks, where active power injections from PV coincide with
increased local load. Sustained overloading can degrade conductor lifespan and elevate
fault risk, making it a legitimate concern for operational reliability. These issues signal
the need for targeted network reinforcements, such as conductor upgrades or additional
reactive power support, to mitigate thermal stress and ensure secure power delivery.

The total active power demand (Fig. 8c) exhibits less fluctuation compared to January
and May due to reduced cooling loads and more stable weather conditions during the
rainy season. Although overall demand remains significant, the more uniform consump-
tion pattern suggests that the system could benefit from enhanced coordination of gen-
eration resources and storage to handle the remaining peak periods effectively.

Lastly, the PV generation profile (Fig. 8d) mirrors solar irradiation patterns, featuring
a diurnal rise and fall that is less pronounced than in drier months. Cloud cover reduces
solar output peaks, underscoring the inherent intermittency of PV in rainy climates
[41]. This intermittency emphasizes the importance of accurate forecasting and diverse
energy mixes, particularly during the wet season, to maintain stable operations. Inte-
grating storage solutions or flexible dispatchable generation can help bridge gaps when
PV output is curtailed by unfavorable weather, thereby strengthening overall system

reliability.

3.2.4 Voltage deviation and voltage stability index (VSI) Analysis

Figure 9 compares the change in average voltage deviation (Fig. 9a) and the Voltage Sta-
bility Index (VSI) (Fig. 9b) across various buses for January, May, and August following
PV integration.

In January, the average voltage deviation increases significantly, particularly at PV-
connected buses, due to reduced solar output combined with high seasonal demand.
This leads to a more pronounced dip in voltage levels, especially at nodes where PV
generation is integrated, increasing the risk of instability. In contrast, May exhibits the
smallest voltage deviations. Here, strong solar irradiance enables higher PV output that
effectively offsets the load, thereby reducing voltage fluctuations and maintaining system
equilibrium.

August presents intermediate behavior in terms of voltage deviation. The moderate
fluctuations observed during this month result from a seasonal balance: reduced solar
irradiance due to intermittent cloud cover is accompanied by slightly lower demand

(a): Change in Voltage Deviation After PV Integration (b): Change in Voltage Stability Index After PV Integration
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resulting from cooler ambient temperatures brought by the rainy season. This results
in less extreme mismatches between generation and load, which explains the relatively
moderate voltage deviations recorded.

The VSI analysis supports these observations. In May, optimal irradiance conditions
ensure minimal VSI variations, reflecting stable operating conditions under high PV
generation. In January, VSI values show moderate decline due to low PV penetration
and higher dependence on imports and conventional generation. Notably, August dis-
plays the most favorable VSI values among the three months, despite PV intermittency.
This improved VSI performance is due to more stable reactive power support from con-
ventional generation compensating for the reduced but less volatile PV contribution.
Additionally, the flattening of the load profile during rainy periods contributes to more
manageable voltage regulation.

This seasonal dynamic underlines the importance of time-resolved analysis when
assessing the interplay between PV generation, demand, and voltage stability, particu-
larly in climates with distinct seasonal variability.

3.2.5 Total power losses over time

Figure 10 compares the average hourly power losses in the grid for January, May, and
August, illustrating how both demand patterns and PV integration influence overall
system efficiency. Each bar in the figure represents the typical hourly losses for a given
month, providing a clear view of temporal and seasonal variations. During nighttime
and early afternoon hours, the power losses tend to be higher across all three months. In
May and August, these peaks are particularly pronounced, reflecting the long-distance
power transfers required to meet elevated demand in the absence of adequate local gen-
eration. Conversely, the presence of PV during daytime helps to locally offset a portion
of the load, reducing the burden on long transmission lines and thereby lowering losses
in those hours. Despite these benefits, the grid remains heavily reliant on conventional
generation at night, when PV output is unavailable. This reliance leads to increased flows
on transmission lines and transformers, contributing to higher overall losses during the
late evening and early morning periods. Moreover, seasonal demand plays a critical role.
Higher total consumption in May and August results in greater power flows and, conse-
quently, more significant losses. By contrast, January sees comparatively lower demand,

Average Hourly Power Losses for January, May, and August
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Voltage Distribution in January Voltage Distribution in May Voltage Distribution in August
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Fig. 11 Voltage distribution with multi-step capacitor banks

although night-time losses can still be substantial when generation is concentrated in
specific locations, requiring long-distance transfers. These findings underscore the dual
nature of PV integration. While solar generation can improve grid efficiency and reduce
losses during daylight hours, night-time and peak periods remain a challenge, often lead-
ing to increased reliance on conventional power sources. Addressing these challenges
necessitates a holistic approach, including energy storage systems to supply power after
sunset, demand side management strategies to shift or reduce peak loads, and advanced
grid technologies to optimize power flows. Adopting such measures can help balance
load and generation more effectively, thereby mitigating power losses and enhancing
overall grid reliability.

3.2.6 Effectiveness of reactive power support via multi-step capacitors

The voltage distribution histograms for January, May, and August after the integration
of multi-step capacitor banks are shown in Fig. 11. These results demonstrate the role of
reactive power support as a local voltage controller, mitigating fluctuations arising from
load variation and PV generation dynamics.

In January, bus voltages are distributed mainly between 0.93 and 1.05 p.u., with a pro-
nounced clustering around 0.95—0.97 p.u. The activation of capacitor banks during peak
load hours effectively prevents deeper undervoltage events, which would otherwise
cause voltages to drop below 0.90 p.u. threshold. This confirms that the shunt devices
provide essential reactive power compensation under stress conditions.

Most voltages lie within 0.95—1.02 p.u. in May, with a reduced frequency of extreme
deviations. This highlights the stabilizing effect of the capacitors in balancing both sup-
ply- and demand-induced variations, ensuring that buses remain close to nominal values
under high load stress and variable PV conditions typical of the hot season.

Finally, in August, the distribution compresses further around 0.96—0.99 p.u. Despite
the seasonal variability of demand and PV output during this period, the capacitor
banks are observed to offset these dynamics by supplying or absorbing reactive power as
required, thereby maintaining the system within the acceptable range of 0.95—1.05 p.u.
operational band.

Overall, the results confirm that multi-step capacitor banks serve as effective voltage
controllers across different seasonal scenarios. Their deployment narrows the spread of
bus voltages, mitigates both under- and overvoltage conditions, and reduces sensitiv-
ity to PV generation variability. This highlights the necessity of adequate reactive power
support to maintain grid reliability under high renewable energy penetration in the

Nigerien context.
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4 Discussion

The quasi-dynamic simulations performed in this study highlight the seasonal dynamics
of voltage stability in Niger’s RZ grid under high PV penetration. In January, significant
voltage deviations and moderate VSI declines were observed at PV-connected buses,
notably Gbda_PV and Bgla_PV. These instabilities are primarily due to the combined
effects of high peak demand and reduced solar output, leading to limited voltage support
from PV systems operating at unity power factor. As also reported in [38], the presence
of hydropower (e.g., Kandadji Dam) improves voltage profiles through substantial reac-
tive power support, highlighting the importance of hybrid resource integration.

In May, voltage deviation was minimized, and VSI values were more stable, indicating
an improved operating regime. This outcome stems from the alignment of high solar
generation with elevated daytime demand, which enhances voltage regulation and load
balancing-an effect corroborated in similar studies on PV-grid synergy [39]. However,
this same period showed the most severe line overloading (e.g., L_Bkk_Dso > 140%),
which, as discussed in [39], can reduce system reliability due to thermal stress, acceler-
ated equipment aging, and potential cascading failures.

August exhibited moderate voltage deviation and the best VSI values across the three
months. Despite intermittent PV output caused by heavy rainfall and cloud cover [35],
demand levels were lower and more stable due to cooler ambient temperatures [35, 38].
The improved VSI in August suggests that even partial PV contributions, when coupled
with conventional generation, can maintain sufficient voltage support. This reinforces
the importance of diversified generation sources and robust seasonal planning.

A complementary set of simulations incorporating reactive power support via multi-
step capacitor banks demonstrated the effectiveness of this control strategy in reduc-
ing voltage fluctuations. The capacitors narrowed the voltage distributions in all months,
particularly preventing deep undervoltage events. In January, capacitor activation during
peak load periods avoided drops below 0.90 p.u., while in May and August, voltages were
contained within 0.95—1.02 p.u. and 0.96—0.99 p.u., respectively. These results confirm
that dynamically controlled shunt compensation provides localized and adaptive voltage
support, directly addressing the observed weaknesses of the base case, where existing
shunts were insufficient.

These insights provide a foundation for designing adaptive voltage regulation schemes
and reinforce the value of time-resolved, data-driven simulation frameworks in planning
PV integration in weak or semi-isolated grids.

5 Conclusion

This study provides a comprehensive analysis of the impact of high PV penetration on
voltage stability and grid performance in the RZ of Niger. Through time-series quasi-
dynamic simulations across three distinct seasonal conditions, January, May, and
August, the findings reveal that PV integration, while beneficial in reducing reliance
on conventional sources during daylight hours, introduces significant operational chal-
lenges. These include voltage instability at PV-connected buses, thermal overloading of
key transmission lines, and supply—demand imbalances that are particularly acute dur-
ing periods of high consumption or reduced solar output. The analysis identifies specific
nodes, such as Gbda and Bgla, that are vulnerable to voltage dips, especially during peak
load and PV generation periods, while more stable nodes like Kandadji PV benefit from
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strong reactive power support. The Birnin Kebbi-Dosso line, a critical import corridor,
frequently exceeds its rated capacity, particularly in May, which emerges as the most
critical month due to high demand and line congestion. August presents intermediate
challenges linked to PV intermittency under cloudy conditions, while January high-
lights the role of limited PV output and cold-season demand in shaping system stress.
The study also quantifies the seasonal variation of voltage deviation and VSI, showing
that May benefits from balanced generation-load matching, whereas January and August
require more active voltage regulation. Furthermore, the effectiveness of reactive power
support via multi-step capacitor banks was evaluated. The results demonstrate that their
deployment significantly improves bus voltage profiles by narrowing the spread of volt-
ages, mitigating both under- and overvoltage conditions, and reducing sensitivity to PV
variability across different seasonal scenarios. In January, capacitor activation prevented
deeper undervoltage events below 0.90 p.u., while in May and August, their stabilizing
influence maintained most bus voltages within the operational band of 0.95—1.05 p.u.
This confirms their role as essential local voltage controllers that enhance system resil-
ience under high renewable penetration. Based on these results, the study recommends
targeted grid reinforcement, improved voltage regulation measures such as capacitor
banks and STATCOMs, seasonal planning, and the integration of storage and demand-
side management strategies. These interventions are critical for ensuring grid reliabil-
ity and accommodating increasing shares of solar PV. Future research should examine
climatic impacts on PV performance, evaluate decentralized generation and storage
options, and explore regulatory implications of high renewable penetration to support
Niger’s energy transition goals.
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