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Abstract: Decentralized electrical power systems, driven by
variable renewable energy sources such as solar PV and wind,
have the potential to provide accessible and sustainable energy,
contributing to the realization of a zero-carbon transition.
However, these sources are susceptible to extreme weather
conditions, presenting a challenge to the reliability of the power
system. With abundant resources and a significant rural
population lacking access to electricity, Africa has emerged as a
key area for research on variable renewable energy-based
electricity generation. Despite this focus, there remains a
substantial gap in understanding at regional-scale the potential
and variability of solar and wind power across various time scales,
as well as the impact of available resource synergy. This study aims
to bridge this knowledge gap by conducting comprehensive
simulations of hybrid wind and solar energy systems, both on-grid
and off-grid, across 20 geographically diverse locations in Kenya.
Using high-resolution hourly time step data, we examine the effect
of resource complementarity on system reliability at varying time
scales: daily, monthly and annually. The study findings shows the
available VRE resource exhibit moderate tendency for
complementarity, and optimizing their deployment can reduce
hourly variability by 20%, significantly enhancing supply
reliability, especially in the northern and eastern regions.

Keywords: Variable Renewable Energy  Sources,

Complementarity, Adequacy, Reliability, Loss of Load Probability,
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I. INTRODUCTION

Power networks are arguably one of humanity's most

intricate and transformative ingenuity. It is impossible to
overlook the fact that no nation has achieved economic
industrialization without experiencing substantial increases
in energy consumption. The foundations of basic services
such as industries, schools, hospitals, and homes worldwide
rely on electricity for daily operations. Consequently, the
developing countries have recently witnessed a profound
investments in power grids.
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However, these investments have primarily concentrated
on electricity access expansion, with little emphasis being
placed on enhancing the quality of the electricity supplied
through the existing infrastructure. Nevertheless, it is
essential to acknowledge that poor reliability is often
associated with decreased demand, utilization, and social
benefits associated with electricity [1]. There is an
encouraging shift underway in recognizing the significance
of supply reliability. The Sustainable Development Goals of
the United Nations now explicitly state that access to
electricity should also be pegged on reliability [2]. Improving
supply reliability can be more challenging to address than
enhancing access. Enhancing supply reliability demands
detailed information about the performance of various system
attributes, from power generation all the way to the load
centers. Historically, collecting this data has been costly and
not a priority, especially with the present entry of Hybrid
Renewable Energy Systems (HRES) in remote and far-flung
areas [3]. And with a growing focus on renewable energy
applications driven by technological advancements,
environmental concerns, and the need for energy
sustainability and security, this study aims to characterize the
spatial supply reliability of such integrated renewable energy
systems utilizing solar and wind power to mitigate their
respective weaknesses and ensure a more reliable energy
supply.

One of the key benefits of hybrid energy systems is that
they can leverage on the complementarity variable renewable
energy sources (VRES) to reduce output variability and
improve reliability. Complementarity refers to the concept
that various renewable energy sources can integrate to deliver
a more dependable and consistent energy supply. This entails
that when one source is underperforming, other sources can
compensate for the shortfall, thus creating a more robust and
resilient energy system. In many instances, wind resources
tend to be stronger at night, while solar resources are stronger
during the day. This illustrates that combining wind and solar
resources has the potential to create a more viable hybrid
energy system. Numerous scholars have dedicated
themselves to this area of exploring the impact of
complementarity on the reliability of hybrid energy systems.

Firstly, a study by Mahmoudi et al. ascertained that by
embracing complementarity, hybrid energy systems can
deliver a remarkable decrease of up to 24% in loss of load
probability [4][42][43][44]. Findings from a simulation study
conducted by Liu et al. reveal that complementarity has the
potential to enhance the capacity factor of hybrid energy
systems by up to 10% [5].
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Another study by Liu et al. focuses on the effect of
complementarity on the reliability of hybrid photovoltaic
(PV)/battery energy storage systems. It aims to address the
load demand in Iran, which is more vulnerable to variability
though it was demonstrated the loss of load probability can
be reduced by up to 20% by harnessing the available resource
complementarity [6].

In addition to complementarity, there are a number of other
factors that can affect the reliability of hybrid energy systems,
such as the size and capacity of the wind and solar energy
systems, as well as the capacity of the energy storage system,
and the load demand. However, complementarity is one of
the most important factors to consider when designing hybrid
energy systems with enhanced reliability capability.
Resource complementarity has emerged as a focal point in
academic research, with diverse studies exploring its
potential for reducing energy storage needs, its impact on net
load, and its response to climate variability. Abed et al. [7]
examined the relationship between solar and wind resource
complementarity towards meeting electricity demand.
Hoicka and Rowlands [8] demonstrated how the
complementarity of solar and wind resources holds great
promise for incorporating renewable energy into Ontario's
power grid. In Italy, Monforti et al. [9] employed a Monte
Carlo approach to examine wind and solar resource
complementarity. De Jong et al. [10] examined the relation
between wind and solar energy, electrical demand, by
leveraging Brazil's hydropower resources, suggesting
benefits for water conservation. Park and Salkut [11]
demonstrated how the complementarity attributes of wind
and solar resources enhances system reliability.

Sankaran and others [12] studied long-tern correlations as
well as cross-correlations of wind speed and solar radiation
within an island in the United State. Santos-Alamillos et al.
[13] demonstrated the significant impact of spatiotemporal
correlation that impacts aggregated electricity generation
from wind and solar energy sources around the Iberian
Peninsula. With a case study of Oklahoma, Osofsky [14]
focused on exploring the synergy between wind and solar
resources proposing a method for calculating wind and solar
radiation complementarity index. He also demonstrated how
resource complementarity can improve the energy supply
system reliability. The study demonstrated the model's ability
to effectively represent the spatial and seasonal variability of
renewable energy sources in Oklahoma. This precision is
critical for designing and operating renewable energy
infrastructure across the region. Harrison-Atlas et al. [15] on
the other hand investigated at a regional level to affirm
whether complementarity is an indicator of value, employing
price taker analysis to estimate the existing and predicted
future value factor for hybrid systems. Couto and Estanqueiro
[16] approached solar and wind resource complementarity
meteorologically in central and northern Portugal, while Bett
and Thornton [17] explored it climatologically in UK. Castro
et al. [18] investigated the variability of a number of variable
renewable energy injected into the Portuguese power grid,
demonstrating a high seasonal synergy for solar and wind
energy resources.

Puspitarini et al. [19] carried out a spatial complementarity
analysis comparing generators exploiting solar irradiation,
which resulted in complementary clusters throughout Eastern
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Italy. Furthermore, other researchers have explored
complementarity between various resources such as solar-
hydro [20], hydro-offshore wind [21], hydro-onshore wind
[22], solar/wind-hydrokinetic [23], and solar/wind-hydro
[24], [25]. Risso et al. have put forward an adept method of
using complementarity roses to evaluate the spatial
complementarity between wind and hydropower energy
sources [26]. The growing body of literature underscores the
increasing scholarly interest in resource complementarity in
recent years.

This study aims to explore the impact of spatiotemporal
complementarity between wind and solar resources on their
overall supply reliability. The goal is to evaluate the impact
of the synergistic relationship between solar and wind
influences the ability of a Hybrid Renewable Energy System
(HRES) to effectively meet the power demands. The
approach taken relies on capacity factors for wind and solar
generation, as well as their complementary characteristics.
The study investigates how complementarity indices,
spanning various time scales, affect the system's capacity to
meet the set demand.

The structure of the paper is as follows: Section 2 details
the  methodology, encompassing data, simulation
configuration, and metrics used to evaluate system reliability.
Section 3 presents the results and discussion, which explain
the resource complementarity effects on system reliability.
The study ends with Section 4, which summarizing the main
results and gives suggestion for further study prospects.

Il. FRAMEWORK DESCRIPTION, DATA AND
ASSUMPTIONS

A. Data

The widely used MERRA-2 (Modern-Era Retrospective
Analysis for Research and Applications) reanalysis data set
to evaluate the complementarity of VRE has been chosen for
this study. A detailed description of the used data in the study
is tabulated in Table 1.

Table- I: Summary Description of the Data Utilized in
the Study

Description

Spatial domain 45'N-45Sand 34°E - 42°E

Spatial resolution 0.625' % 0.625 (longitude / Latitude )

hourly

Temporal resolution

To evaluate the complementarity of the power output of the
considered VRES, Global Horizontal Irradiance (GHI) and
wind speed was generated from the MERRA-2 reanalysis
dataset. These data were then utilized to generate time series
for solar PV and wind power. The method described in the
preceding subsections was employed for this task.

B. System Configuration and Simulation

The concept of complementarity is typically examined
with the context of smoothening the aggregated power
generation [27], [28].
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To effectively characterize the spatial supply reliability,
complementarity is analyzed in this study with the objective
of fully meeting the load demand; complementarity towards
load matching.

Correlation  analysis, which essentially involves
comparing the degree of synchronization between any two
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distinct time series, was adopted in this study.

Figure 1 summarizes the overall approach that was adopted
to analyze how temporal complementarity affects the system
supply reliability within the study area.

Data source & Parameters Power modelling Power mix Synergy
{Diurnal, Monthly and Annual)
Hourly CF (2000 -2019) :
(www.renewables.ninja) S5 Capgaty - L .
* Solar PV — Monocrystalline silicon PV cell > mix | Correlation/Reliability Analysis
* Wind Grm)

Vestas V90/2000

Fig. 1. Assessment Framework for Analyzing the Balance between Mean Capacity Factor (CF), Variability, and
Supply Reliability

C. Wind Capacity Factors

The wind capacity factor (CF,) of a Vestas V90-2000
wind turbine is modeled using the power curve equation
shown in equation (1) [29]. CF,, is determined based on the
hub height of the wind turbine.

0 forV <V,
V3_V13n
cF. =1 v forVy, <V <V, 1)
w T in
1 forV,. <V <V,
0 forV>1,

In which the cut-in wind speed, V;, is taken to be equal to

3ms ™, the rated wind speed V. =12ms ™" while the cut-off

wind speed, V,_, is taken as 22.5ms™ [30].

The most widely used wind turbine at Africa’s largest wind
power plant, the Lake Turkana Wind Power Plant, Vestas
V90-2000, with a hub height of 90 meters and a power rating
of 2 MW was chosen. The power curve model, utilized for
estimating the capacity factor (CF)is as illustrated in Figure
2.

Power (kW)

Speed (m/s)

Fig. 2. Power Curve for Vestas VV90/2000 Wind Turbine
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D. Solar Photovoltaic Cells
The efficiency of solar cells, denoted as 77, is

represented as a function of global horizontal irradiation, G

, and ambient air temperature, T , as depicted in equation (2)
[31].

nc(G,T) = nref{l - BT.(G,T) - Tref) +ylog1l O(G))
)

In this equation, 77, represents the reference efficiency,

while the coefficients f and 7 correspond to the cell
material and structure characteristics. Specifically, for
monocrystalline silicon cells, the typical values used are

£ =0.0045 and y=0.1. T denotes the reference

ref

temperature (25°C), and TC signifies the cell temperature.

The solar PV capacity factor, denoted as CF,, is hereby

determined using equation (3) based on the modeling of cell
efficiency.

CF. = Nnc(GT).G 3
s rlref-Gref ( )

E. Normalized Kendall Tau Correlation Coefficient
In this study, we use a popular measure of correlation,
Kendall tau (z) to analyze the relationship between

variables. This non-parametric rank-based measure of
dependence is widely accepted and useful in diverse case
scenarios.
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Kendall's tau is particularly useful when the data is not
regularly distributed or contains outliers.

Its versatility makes it a useful tool for evaluating the
correlations between variables in such scenarios [32]-[35].

The definition of Kendall's tau is based on the concept of

concordance. Two sample elements (X, y; ) and(X,, Y, ).
from {(x—y,)} are considered concordant if
(x;<y;) and (% <y )or (x;>y;) and (X >Y,)
discordant if (X; <y;)and (%, > Y, )or (X;>y;) and
(X < ¥y)-

In a sample, there are [2] distinct pairs of observations,

each of which is either concordant or discordant. Designating
'c" as the number of concordant pairs and 'd " as the number
of discordant pairs (i.e. S = C —d), the Kendall's tau for the
sample can therefore be defined as:

c—d S 2s
ﬂmm ®
2

The correlation coefficient, which typically ranges
between -1 and +1, acts as a guide for understanding the
complex relationships between variables [36]. When the
values lie close to zero, it indicates minimal correlation,
suggesting little synchrony between the paired sets of
variables. However, as the coefficient moves towards either
end of the spectrum, its significance becomes more
pronounced.

In the case of variable renewable energy utilization, it is
important to fully comprehend the correlation between
different energy sources. Energy complementarity relies
heavily on the correlation coefficient values, particularly
when it comes to the interplay between various renewable
resources such as wind and solar power. A positive
correlation between the production of wind and solar energy
indicates that when one resource experiences fluctuations, the
other tends to as well fluctuate in the same fashion.
Conversely, a negative correlation could indicate an inverse
relationship between renewable energy sources. In such
cases, when the production of one resource decreases, the
output of the other increases, serving as a potential buffer
against intermittency and enhancing the overall system
resilience. A proper analysis of the correlation is essential in
understanding the complex relationships of the available
VRE resources, allowing analysts to make well-informed
decisions and predictions based on the data at hand.

Hybrid systems operating in a complementarity mode can
effectively minimize output fluctuations, thereby enhancing
stability and ensuring greater supply reliability. Additionally,
these hybrid systems offer the advantage of optimizing
energy generation by utilizing multiple sources such as
available solar and wind, further contributing to a sustainable
and resilient power infrastructure.

Retrieval Number: 100.1/ijeat.E448513050624
DOI: 10.35940/ijeat.E4485.13050624
Journal Website: www.ijeat.org

63

F. LOLP

LOLP refers to Loss of Load Probability, which is a
measure of the probability of a power system being unable to
meet the demand. The total generated power is compared to
the hourly demand to assess the system's ability to meet the
load. If the demand exceeds the generated power, some loads
may go unserved, resulting in a Loss of Load. The Loss of
Load Probability (LOLP) is then calculated based on this
comparison as captured in equation (5) [37]:

LOLP =) P[C<LP[L] (5)

Where, P denotes probability, C is the generation output
(p.u)and L, is load during the i*" time step.

G. Normalized Load Demanded and Power Output
Intervals

The households in rural areas are the main consumers of
the isolated systems spread across the area. We assume a
constant normalized hourly load for these households. To
calculate the loading probabilities, we divide the duration of
a loading state by the total time (24 or 8760 hours), that is on
a diurnal or annual timescale. The probability of wind and
solar PV power output generation was based on wind speed
and solar irradiation on a diurnal timescale and collated with
an assumed equal power mix of wind and solar PV.

I1l. RESULTS AND DISCUSSIONS

A. Mean Annual Wind-Solar Power Resource
Variability

A total of twenty sites were carefully chosen from a wide
range of grid points to evaluate the degree of
complementarity between wind and solar photovoltaic (PV)

installations across the region. As shown in Figure 3, the
wind-solar complementarity, 7,,, predominantly displays a

negative trend across the region, indicating their synergistic
relationship in output power generation. Furthermore, the
level of complementarity tends to increase towards the
northeastern regions when analyzed on an hourly basis across
the year. This variation in space and time emphasizes the
dynamics between wind and solar resources, highlighting the
nuanced nature of their complementarity in improving power
supply reliability in a diverse geographical context.

Figure 4 depicts the variation in output power exhibited by
the two resources from the 20 selected grid sites. The
graphical presentation illustrates the variability of spatial-
temporal power potential in terms of Capacity Factor (CF) on
an hourly timescale across the year. As observed, the average
CF for solar energy spans from 16% to 19.5% annually,
underscoring the consistent but modest solar power potential
across the region. On the other hand, the average CF for wind
energy ranges from 16% to 25%, showcasing a higher
potential though with a wider spectrum of variability.
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This levels underscores the diverse wind power potential
inherent within the studied area, with certain locations
consistently experiencing stronger winds and consequently
higher CFs compared to others. Moreover, this variability in
wind density throughout the year emphasizes the significance
of comprehending temporal patterns to effectively optimize
renewable energy generation strategies.

To counter the decreasing capacity value resulting from the
increasing penetration of VREs amid high annual wind
variation, distributed generation offers an effective approach.
This strategy involves diversifying wind farm locations and
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interconnecting sources across a large area, as demonstrated
by Ssengonzi et al. [38].

Blending homogeneous wind resources allows wind speed
variance to be levelled out, ultimately boosting wind peak
capacity. Distributed generation has the added benefits of
reducing wind curtailment and transmission congestion [39].
Furthermore, heterogeneous resource blending can lead to
reduced inter-annual variability in peak net load values [40],
while diversified VRE can enhance grid reliability as well as
improve the overall performance of the energy system.

Wind-Solar Correlation
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Fig. 4. The Annual Variability of Hourly Average
Capacity Factors of Solar (a) and Wind (b) Power
Generation Profiles of the Considered Sites
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B. Mean
Variability

Figure 5 provides an extensive assessment of the
variability of wind power potential, displaying the capacity
factor for each month. Solar capacity factor (CF) shows little
variation in March and between September and October, with
the latter period exhibiting the highest levels of CFs. This
indicates a consistent solar power generation during these
months, implying a potentially more reliable energy source
during those times. In contrast, the months between June and
September show a noticeable increase in wind CF fluctuation
across the region as typically exhibited in the area during the
onset of the rainy season.

The observed monthly trends in wind and solar PV
performance, with higher values during the first quarter and
lower values towards the end of the year, mirror the seasonal
patterns prevalent in the Kenyan landscape [41]. This pattern
is particularly pronounced in the northern and eastern regions,
where two distinct wind seasons contribute significantly to
renewable energy generation capacity.

Monthly  Wind-Solar Power Resource
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One of these wind seasons, as noted, occurs from
December to March. During this period, the wind, originating
from the northeast, blows steadily across the region. This
wind is renowned for its availability and consistency, making
it a valuable resource for wind energy production. Its
predictable nature contributes to the higher performance
values observed in wind energy generation during the
corresponding months. Conversely, the second wind season
occurs from June to September, characterized by the
prevailing southerly trade winds. While the this wind season
also contributes to an increase in output power generation, its
intensity and monthly variability seen to be more pronounced

in comparison to earlier months. The seasonal alternation
between these wind patterns, coupled with the inherent
variability of solar energy, results in the observed monthly
trends in hybrid renewable energy system performance.
While both wind and solar PV exhibit fluctuations throughout
the year, their patterns show some degree of similarity than
complementarity, indicating minimal offsetting of each
other's weaknesses. Figure 6 displays a visualization of the
resource potentials, showcasing the low-high trends on a
monthly basis across the year. As noted, aggregating wind
and solar PV generation reduces monthly variability by 12%
signifying the integration benefits of hybrid systems.

Table-11: Probability of Wind and Solar PV Power Output Based on Wind Speed and Solar Irradiation on a Diurnal Timescale

Output Power Wind Solar Hybrid

Interval (p.u) No. of Hours | Probability | No. of Hours Probability ‘ No. of Hours | Probabiliy
0.00 - 0.0499 9 0.375 10 0.47619 8 0.380952
0.05 - 0.0999 11 0.458333 3 0.142857 4 0.190476
0.10 - 0.1499 0.125 1 0.047619 2 0.095238
0.15- 0.1999 1 0.041667 1 0.047619 1 0.047619
0.20 - 0.2499 - - 1 0.047619 2 0.095238
0.25 - 0.2999 - - 2 0.095238 3 0.142857
0.30 - 0.3499 - - 3 0.142857 3 0.142857
0.35 - 0.3999 - - 3 0.142857 2 0.095238
0.40 - 0.4499 - - - - - -
0.45 - 0.4999 - - - - - -
0.50 - 0.5499 - - - - - -
0.55 - 0.5999 - - - - - -

Total 24 1.0 24 1.0 24 1.0

Table-111: Probability of Wind and Solar PV Power Output Based on Wind Speed and Solar Irradiation on a
Seasonal Timescale

Output Power Wind Solar Hybrid
Interval (p.u) No. of Hours Probability | No. of Hours Probability No. of Hours Probability
0.00 - 0.0499 563 0.064269 4809 0.548973 450 0.05137
0.05 - 0.0999 507 0.057877 323 0.036872 601 0.068607
0.10 - 0.1499 690 0.078767 238 0.027169 809 0.092352
0.15 - 0.1999 691 0.078881 273 0.031164 874 0.099772
0.20 - 0.2499 599 0.068379 212 0.024201 900 0.10274
0.25 - 0.2999 491 0.05605 252 0.028767 886 0.101142
0.30 - 0.3499 442 0.050457 258 0.029452 911 0.103995
0.35-0.3999 432 0.049315 334 0.038128 992 0.113242
0.40 - 0.4499 436 0.049772 374 0.042694 708 0.080822
0.45 - 0.4999 411 0.046918 427 0.048744 420 0.047945
0.50 - 0.5499 380 0.043379 308 0.03516 343 0.039155
0.55 - 0.5999 399 0.045548 297 0.033904 296 0.03379
0.60 - 0.6499 344 0.039269 266 0.030365 277 0.031621
0.65 - 0.6999 399 0.045548 231 0.02637 204 0.023288
0.70 - 0.7499 408 0.046575 149 0.017009 78 0.008904
0.75 - 0.7999 469 0.053539 9 0.001027 11 0.001256
0.80 - 0.8499 445 0.050799 0 0 0 0
0.85 - 0.8999 394 0.044977 0 0 0 0
0.90 - 0.9499 233 0.026598 0 0 0 0
0.95 - 1.0000 27 0.003082 0 0 0 0
Total 8760 1.0 8760 1.0 8760 1.0
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Fig. 6. The annual Variability of the Mean Monthly Capacity Factors of Wind and Solar Power Generation Profiles
of the Sampled Sites

C. Diurnal Wind-Solar Power Resource Variability

Assessing system reliability heavily relies on the daily
variability of resources, underscoring the level of its critical
importance. The graph in Figure 7 illustrates the variability in
resource availability across the study area, with data sampled
from 20 grid points. This daily variability is notably location-
specific, with each site exhibiting its unique pattern of
resource availability.

The time of day is also of great significance. Notably, the
graph highlights a broader deviation in resource availability
for solar energy, particularly during mid-day periods. This
observation aligns with the inherent nature of solar energy,
which is heavily influenced by factors such as cloud cover,
atmospheric conditions, and the angle of sunlight. As a result,
solar energy generation tends to exhibit more pronounced
fluctuations, especially during peak daylight hours when
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solar irradiance is at its highest.

As noted, wind and solar PV display a remarkable level of
complementarity, with a range stretching between -0.1097
and -0.5898. This indicates that when solar energy production
is at its peak during the day, wind energy production is
relatively low, and vice versa.

Such a complementary nature ensures a steady and
dependable flow of renewable energy, thereby enhancing the
power supply reliability as a result of reduced variability in
energy production. As a result, the combined use of wind and
solar PV energy sources can contribute to a more stable and
resilient system.
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The significant improvement in hybrid system  factor and up to a 20% reduction in output variability affirms
performance, evidenced by the increased diurnal capacity  these benefits. -
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Fig. 7. The Diurnal Variability of Mean Hourly Capacity Factors of Solar PV (a) — (c) and Wind (d) — (f) Power
Generation Profiles of the Selected Sites

D. Effect of the Complementarity Index on the System
Reliability

Figure 8 displays scatter plots that visually depict the
relationship between resource complementarity and system
reliability, as measured by LOLP. The data clearly
demonstrates that greater temporal complementarity among
resources corresponds to increased system reliability. By
analyzing the gradients of the curves in the scatter plots, it
becomes apparent that variations in the complementarity of
wind-solar PV resources in the region can enhance LOLP
significantly between 5% to 16%.
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Fig. 8. Complementarity Index in Relation to Loss of
Load Probability

These findings suggest that optimizing the temporal
complementarity of renewable resources can play a crucial
role in improving the overall reliability of the energy system.
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Furthermore, the observed range of improvement in LOLP
highlights the potential benefits of strategically integrating
wind and solar PV resources in a way that maximizes their
complementarity. This approach enables the planners to
leverage on strengths of each resource in a coordinated
manner, leading to a more robust and resilient energy system.

IV. CONCLUSIONS AND FURTHER PROSPECTS

This analysis highlights the significant role of variable
energy sources in enhancing supply reliability through
complementarity. From the results, examining the synergy
between the available different renewable energy sources,
such as solar and wind, it becomes evident that their
variability can be balanced to ensure more consistent power
generation. This complementary relationship not only helps
mitigate the intermittency associated with individual sources
but also contributes to overall system stability and reliability.
Similarly, the study highlights the need for a holistic
approach that gradually implements an optimal mix rather
than focusing solely on predominant sources, thus
maximizing their potential while minimizing associated
drawbacks.
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Therefore, leveraging strategically the complementarity of

variable energy sources emerges as a crucial strategy for
improving supply reliability in energy systems.

The results affirms that integration of wind resources

across the entire area of study provides even greater potential
benefits compared to solar resource. Moreover, these benefits
span across all timescales, from diurnal, monthly and
annually, thus highlighting the complementary nature of wind
and solar energy. By strategically deploying optimal
capacities, the existing synergy can effectively address the
issue of resource variability and hence enhance the energy
supply reliability. Furthermore, the study affirms that the
benefits of spatial integration at an hourly timescale are more
pronounced comparatively.

In conclusion, streamlining renewable energy integration

in long-term planning for rural electrification can play a
crucial role in achieving sustainable development goals
through enhanced electrification of the diverse Kenyan
remote regions. This can help reduce dependency on fossil
fuels and accelerate the path towards lowering the overall
carbon footprint of the country's energy sector.
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