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Driven by cost reductions, improved performance, and advancements in smart technologies, large-scale PV and
wind integration is accelerating. This study develops a comprehensive modeling approach to investigate the
complex interaction among key system parameters, including the PV-wind mix, storage, curtailment, and
balancing capacity, using PVGIS and Global Wind Atlas-derived data for Eritrea, addressing a gap often over-
looked in most energy transition models that prioritize economic data over such interactions. The goal is to
develop design and operational guidelines that address rising uncertainties in renewable-dominated grids to
maximize renewable integration in future power systems. Different storage technologies are deployed to handle
the daily and seasonal mismatches. The results show that diurnal storage with a 0.16 average daily demand
enables 80% penetration except for a few cases. In all tested scenarios, penetration increases sharply at lower
storage levels but gradually slows and stabilizes beyond a certain threshold. Beyond 80% penetration, adding
diurnal storage yields minimal gains, as small increases in penetration require disproportionately large diurnal
storage or excess generation. However, adding seasonal storage, with about 8 average daily demand at a RE-to-
load ratio of 1.2, enables full demand coverage without additional balancing capacity. To optimize the different
parameters, the system-use-index introduced in our previous work is adopted. This index provides a holistic
measure of system performance by linking system efficiency with other parameters, such as storage and
curtailment, thereby enhancing system flexibility and reliability. These insights contribute to the development of
scalable, flexible, and sustainable future energy systems.

1. Introduction generation can vary seasonally by up to 1.5 to 6 times, depending on

latitude, in addition to daily and climate-related fluctuations. Similarly,

The technical potential of Renewable Energy (RE) resources,
particularly solar and wind, is vast; even a fraction of this potential is
sufficient to meet global energy demand [1]. However, integrating
large-scale RE systems, such as solar and wind, requires strategies to
manage the inherent variability and intermittency as their increased
integration brings technical challenges. Both solar and wind exhibit
fluctuations across various timescales, driven by factors such as Earth's
rotation, axial tilt, and atmospheric conditions. Generally, solar energy

wind speed varies on both diurnal and seasonal timescales [2]. These
characteristics pose technical challenges in meeting electricity demand
from renewables, necessitating greater flexibility in system design and
operation. It is these challenges that make energy storage essential, as it
balances supply and demand [3] and provides operational reserves for
large-scale integration [4]. There are various energy storage technolo-
gies, each with distinct characteristics that make them suitable for
different time scales and applications. These include batteries [5],
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pumped hydro storage (PHS) [6], hydrogen storage [7-9], compressed
air energy storage [7], and hybrid storage systems [10], such as bat-
tery-hydrogen [11,12]. The selection depends on factors such as
response time, storage capacity, cost-effectiveness, and suitability for
short-term or long-term energy shifting [13]. Batteries are economically
competitive for diurnal applications due to their high efficiency and
suitability for frequent cycling. The high round-trip efficiency, rapid
response, and relatively low energy loss of Li-ion and flow batteries
make them ideal for short-term energy storage [14,15]. However, bat-
teries have short storage durations, and constructing large, underutil-
ized systems is costly, making them less ideal for long-term energy
storage. Long-term seasonal storage becomes more cost-effective at
higher penetration, offering low-cost energy despite its lower efficiency
and limited suitability for daily cycling [16]. Storage facilities such as
PHS and hydrogen storage are better suited for long-term energy shift-
ing. PHS is the most mature and widely used large-scale storage tech-
nology, offering high efficiency (70-85%) and long lifespans [17].
Hydrogen storage provides a flexible, scalable solution for seasonal
storage with high energy density and long-term retention without sig-
nificant losses [18]. Its cross-sector use in electricity and transport im-
proves cost-effectiveness [19]. However, lower round-trip efficiency
makes it better suited for seasonal than daily cycling. Hybrid storage
systems, combining batteries and hydrogen, leverage short-term battery
storage (4-8 h) for grid stability and hydrogen for long-term seasonal
balancing (12+ hours). By enhancing reliability and increasing flexi-
bility, this approach maximizes the sustainable and efficient use of
renewable energy resources [20,21].

Extensive research has been conducted on the performance and
techno-economic analysis of various storage solutions [15,19,22-26].
Denholm & Mai [27] studied the storage duration required to integrate
large-scale variable renewable energy (VRE) with reduced curtailment
for the Texas grid, showing that 8.5 GW of 4-h storage could lower
curtailment from 11-16% to 8-10%. Solomon et al. [28-30] showed
that storage sized below average daily demand can enable ~90% VRE
penetration, with solar-wind complementarity further reducing storage
and backup needs. High renewable shares still require multiple flexi-
bility measures, including diurnal and seasonal storage, curtailment,
and balancing capacity storage [21]. In [19], a penetration of around
90% was achieved by PV, wind, diurnal storage, and other technologies
that are currently widely deployed at scale, however, the pathway to the
remaining 10% remains uncertain, as these technologies aimed at full
decarbonization, such as hydrogen and low-carbon fuels, have not yet
been deployed at scale. Heuberger & Mac Dowell [31] studied the
challenges of rapidly transitioning to 100% VRE penetration and pro-
vided insights into impacts on system operability and reliability. They
argued that dispatchable balancing capacity is essential to ensure system
security and supply quality for achieving 100% renewable supply. Mai
et al. [32] identify a set of solutions for meeting the final 10% of de-
mand, especially for 100% VRE targets. Some recommended pathways
remain uncertain due to reliance on diverse, early-stage emerging
technologies. Among the key solutions is deploying seasonal storage to
address the long-term mismatch when renewable output drops for
several consecutive days, such as a week. Adding more VRE or diurnal
storage at high penetration levels offers a limited system benefit [33].
Diurnal storage alone is insufficient at higher penetration, as the final
10-20% requires additional system services beyond diurnal storage to
achieve a fully sustainable, carbon-free grid. As discussed in Mai et al.,
deploying non-VRE resources like hydropower and geothermal to meet
the last 10% of demand is also a feasible solution. Currently, there are no
well-developed long-term (large-scale) storage options beyond hydro
power, which is also limited by geographical location and water re-
sources potential [34]. Power to Gas (P2G) technologies, such as
hydrogen storage, are the most viable options. Although their technol-
ogy readiness level (TRL) ranges from 3 to 7 depending on the appli-
cation, mature components, such as electrolyzers and fuel cells are
increasingly demonstrated at pilot and commercial scales, making it a
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viable option for meeting long-term seasonal fluctuations [35].

Our previous work [36], introduced a novel simulation tool to assess
the interaction among system parameters, showing that diurnal storage
below 0.5 average daily demand can enable 80-90% renewable pene-
tration in Eritrea, where solar [37] and wind [38-40] resources are
abundant. Building on that work [36], this study presents a methodol-
ogy to evaluate the effectiveness of seasonal storage in meeting the last
20% of the demand. It provides a comprehensive system design analysis
by examining key system design parameters, including the PV-wind mix,
diurnal and seasonal storage requirements, curtailment strategies, and
balancing capacity needs. This study investigates the technical con-
straints on achieving a highly renewable grid. These constraints serve as
a foundational system boundary within which additional constraints,
such as economic, grid operational strategy, or other factors, can be
incorporated. Thus, this study aims to develop design and operational
guidelines for power systems capable of managing increased un-
certainties, with the ultimate goal of providing a sustainable and flexible
framework to support large-scale renewable energy integration. While
the findings are quantitatively referred to Eritrea and other regions with
similar weather patterns, the methodology developed is robust, and it
can be applied to a wider geography globally, making the approach
broadly relevant for enhancing reliability, resilience, and efficiency in
renewable-dominated grids.

2. Methods and data

To identify the potential wind solar sites a comprehensive literature
review was conducted in addition to consulting online data bases like
PVGIS and Global wind Atlas. In addition, potential solar and wind
energy sites were filtered considering transmission interconnection,
complementarity pattern, and proximity to load centers. Geographically
distributed solar and wind sites are then selected to maximize distrib-
uted generation benefits. Distributed wind sites across the southern and
northern coasts, as well as the central highlands, provide complemen-
tary patterns that effectively reduce hourly and daily fluctuations. Our
analysis is based on our previously developed methodology [36], which
provides detailed information on solar and wind sites. The geographical
information of the selected sites is also presented in [40].

2.1. Renewable energy mix and storage simulation

A clear and transparent simulation model was developed in MATLAB
environment, analyzing various sensitivities to quantify the complex
interaction between key design parameters. The model operates at an
hourly resolution, requiring load-demand and generation profiles. Large
and diverse wind generation profiles were created by simulating the
output of commercial Vestas wind turbines (V117-3.45 MW and
V136-3.45 MW) using wind speed data from the PVGIS and Global Wind
Atlas (GWA) databases, accounting for 13% system losses including
transmission and wake losses. Turbines were selected to fit the
geographical orientation of the sites and employed based on the wind
speed characteristics of the selected sites. Meanwhile, solar PV genera-
tion was extracted from PVGIS for a non-tracking free-standing crys-
talline silicon system with optimized slope and azimuth angles. Overall,
system losses of 14% (default value for PVGIS) were considered for AC
generation. Further details on the solar PV and wind modeling ap-
proaches can be found in [36]. Since nationwide hourly electricity de-
mand data is not obtained for Eritrea, we utilized Ethiopia's time series
load data. Ethiopia is a neighboring country with similar climatic and
cultural characteristics, and electricity consumption habits. The load
data is then scaled to reflect a future scenario in which Eritrea's per
capita electricity consumption reaches 2000 kWh, totaling approxi-
mately 16 TWh annually.

Generation profiles are created by varying the PV ratio from 0 to 1 in
0.1 increments, with the wind share correspondingly decreasing from 1
to 0. Though, refined the PV-wind mix mesh to smaller intervals than 0.1
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steps, could improve the results, but due to computational burden we
cannot perform this task at this stage of the study. Hourly net load (Pp;x)
was then calculated by subtracting load from renewable generation. This
net load guided the design and dispatch of the different storage tech-
nologies utilized, assuming no transmission losses (a copper plate
assumption) and focusing solely on the supply side without economic or
demand-side factors.
The mismatch between generation and load is computed as:

Pmix(t) = ﬂpnd a(r) (erV(t) + (1 - r) pwind(t) ) 7Pload (t): (1)

where g is a multiplier that enables oversizing the generation. Each
multiplier  corresponds to a Renewable energy to load ratio (RE-to-load
ratio), which is obtained by dividing the annual VRE generation by the
annual load. P,y the no dump capacity, a(r) a factor, described in detail
in Appendix A, and r is the PV ratio, where r = 0, corresponds to wind-
only scenario and r = 1 corresponds to solar-only scenario and r = 0.5,
corresponds to 50-50 PV-wind scenario.

Multiple scenarios were developed to address the diurnal and sea-
sonal mismatch between supply and demand by examining sensitivities
across different storage configurations. The storage facility sizing is
based on the net load (Pyx). Li-ion batteries are chosen for short-term
diurnal storage due to their higher market maturity and energy den-
sity compared to other emerging battery technologies [41].

The diurnal storage model is formulated according to

S(t— At) +min (1, Prix(t) ,Proom.a(t) ) At, if Pryiy >0

P, mix (t)
Mdis

S(t) =
( ifpmix<0

@

S(t—At) 7min<7 77Proom_d(t)>At7

where At =1 h is the time step, and P,yoy_q is the hourly remaining
capacity of storage during charging and discharging:

t— At X .
min <Smax 7S(Tt)a ASZ:I] ) ) lmeix > 0
Proom,d (t) =
. (S(t—At) Smax .
Il‘lll‘l( At s Atran s 1 <
3)

where Sy« is the maximum capacity of the diurnal storage and At is
the minimum time required to charge or discharge the storage fully,
equivalently the energy-to-power ratio or the inverse of the maximum C-
rate and At is time interval.

The excess power (E,) is computed after diurnal storage is full (when
Pnix > 0) and deficit power P, (unmet demand) is computed after
deploying, the diurnal storage (when Ppix < 0). A detailed expression is
given in Appendix A.

Seasonal storage is deployed depending on penetration and curtail-
ment limits. It is applied when penetration with diurnal storage exceeds
80% and excess generation (E,) > 5%, as any further increase in
penetration beyond this threshold demands a substantial expansion of
generation and diurnal storage capacity. Before the specified limit, no
need to use seasonal storage, as diurnal storage handles the fluctuation
with an efficient utilization index [16,36].

To determine charging and discharging hours, all surplus power after
diurnal storage is stored in seasonal storage without any restriction. The
mean hourly charging and discharging powers were then used to esti-
mate the average storage operation duration for each.

The ability of diurnal storage to handle daily fluctuations depends on
the PV-wind mix ratio and other factors. Still, longer-duration mis-
matches spanning multiple days to weeks necessitate the deployment of
seasonal storage. Numerous studies indicate that achieving very high
VRE penetration requires longer-duration storage beyond diurnal stor-
age [16,42,43]. Though not yet widely deployed, seasonal storage so-
lutions such as hydrogen and other fuels are recognized as key
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technologies that could help future grids achieve nearly 100% renew-
able penetration. Implementing seasonal storage enhances power sys-
tem stability by reducing seasonal intermittency and significantly
lowering curtailment, thereby maximizing renewable energy integration
and flexibility.

Based on the performance of diurnal storage, various scenarios,
conditions, and sensitivities are analyzed by combining diurnal and
seasonal storage, with adjustments made to both the diurnal storage
capacity and its duration to assess different system configurations. At
each hour, the seasonal storage S, is computed according to

Su(t— At) +min (1 ¢ Ep(£) , Proom.s(t) ) At, if Py >0

Py(1)

5= Sh(t— At) 7min<

ifpmix <0

C)

’ 7Proom.s (t) > At7

dis_s

where 7,  and 74, , are the electrolyzer and fuel cell efficiencies,
respectively, and Py,om_s is the available capacity at each hour and is
computed according to:

min(smaxrsmz;“), Ast;“nhh ) if Pryix > 0
Proom.s(t) min (Sh((t—At)‘ Smaxh > P <0
At 7 At giseh ) "
(5)

where Sy is the maximum capacity of the hydrogen storage, Atg_ch
and Atg_gisch are the charging and discharging hours for the electro-
lyzer and fuel cell, respectively.

Parameters, such as round-trip efficiency and battery lifetime, are
taken from respective references, as given in Table 1.

When there is excess renewable generation, first, diurnal storage is
charged, followed by hydrogen storage for long-term seasonal use. A
similar pattern is applied during discharging diurnal, followed by sea-
sonal storage. Excess generation is converted into hydrogen by an
electrolyzer [44], which is then stored in hydrogen tanks for seasonal
services through a fuel cell technology to supply electricity during times
of low renewable output, effectively balancing seasonal fluctuations. If
there is unmet demand, the deficit is drawn from balancing (back-up)
generators, provided that battery storage and the fuel cell do not satisfy
it. However, no specific storage dispatch strategy is followed to optimize
storage and balancing generators; instead, it simply follows the ‘use-as-
available’ approach, which means as long as there is energy in the
storage, it is discharged at any time until demand (deficit) is satisfied.

The final curtailed energy (Pqy), the charging (Chigse_s) and dis-
charging (Dischjese_s) loss, the unmet demand (Puf) are computed after
accounting for both storage technologies (additional information in
Appendix Al).

2.2. System performance indicators

The study examines the interconnected dynamics of future renew-
able energy systems by quantifying key indicators such as penetration,
System use index (SUI), and storage utilization (SU).

Penetration (P) the share of renewables in the annual demand, is
computed as

S P At

= 6
Zpload At ’ ( )

where P, (t) is the total consumed RE that is supplied to the grid after
removing the losses and the dumped part: Penetration not only refers to
the renewable energy that immediately meets the load, but also the part
that is met through the energy storage system (after deducting round-
trip efficiency losses).
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Table 1
Technical properties of storage technologies.
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Storage application Storage Range of storage capacity evaluated (average = Charging/discharging Round-trip- Lifetime (calendar source
technology daily demand) hours efficiency (%) years)
Short-term (diurnal Li-ion 0.01-0.5 1/1 and 6/6 90 15 [45]
storage)
Long-term (seasonal Hydrogen 1-10 72/96 40 18 [21]
storage)
Peon(t) = Prew(t) — (Pape(t) + Chiose_s(t) + Dischiose_s(t) ), @ discharging rates, and energy and power capacities.

Curtailment is derived from Eq. A.6 in comparison to total renewable
generation, and balancing capacity is computed from the unmet demand
of Eq. A.8 (by dividing the maximum unmet demand (maximum un-
served load) by the maximum load), the diurnal storage loss is small and
neglected.

Storage utilization (SU) is the ratio of annual energy delivered by
storage to the corresponding storage capacity.

SU can be interpreted as a number of full battery cycles per year.

sy === BW=SE=AD) 45 < 5 ar) ®
Smax

An ideal storage unit with 100% efficiency that is fully charged and
discharged on a daily basis is expected to have a storage utilization of
365 in a normal year. To further clarify the link between the design
parameters and system efficiency we have utilized the new index called
system-use -index (SUI) introduced in our previous work. SUI captures
the relationship and trade-offs between storage capacity and curtailment
by incorporating the effect of several design parameters to reflect the full
system dynamics.

System-use index (SUI) is computed as follows:

SUI=SUxkxmxu (©)]

where the factors k,m and u are introduced to incorporate the key
physical and design considerations that influence system design and
performance in renewable-based systems. The factor k represents the
contribution of storage discharge to total renewable energy consump-
tion, indicating how effectively storage supports system demand. The
factor m, defined as the ratio of average charging power to power ca-
pacity (PC), reflects the influence of storage duration (i.e., hours of
storage). The factor u measures the effective utilization of renewable
energy by comparing consumed renewable energy to total renewable
generation; higher values indicate reduced curtailment and improved
system efficiency. By accounting for all the above parameters, the index
provides a comprehensive evaluation of system performance and iden-
tifies the optimal system parameters at different levels of renewable
penetration.

SUI is a dimensionless quantity; it is always greater than zero
(SUI > 0) but less than SU, (0 < SUI < SU), because its factors k,m and u
are each less than one.

L~ X (800 = S(e— a0)

0 Lif S(6) < S(t— AY) an
useful
m= Z(S(t) _f)(é_At) )/N7 ifS(t) >S(t—At) (€8 )

where: PC = Spax / Ata and N is the number of observations (number of

hours per year).

These indices give a comprehensive overview of system performance
by examining how different interacting factors relate. SUI offers a
broader assessment by connecting storage use and renewable energy
generation and consumption with other factors like charging/

3. Results and discussion

Our approach begins with a detailed assessment of how VRE gener-
ation varies relative to demand across various time scales. Using this
time-series analysis as a foundation, we develop and propose optimized
scenarios that enhance and enable large-scale renewable integration.

To verify the effectiveness and representativeness of the proxy data,
we conducted a comparative statistical analysis for the two datasets.
Two months of full hourly Eritrean load data for June and July of 2004 is
obtained from ministry of energy and mines, Eritrea; however, the data
exhibit some minor irregularities due to load shedding during specific
hours in each of the analyzed months. These anomalies were corrected
by applying a moving-average approximation to periods with abnor-
mally low demand profiles. Table 2 presents a comparison of the sta-
tistical parameters between the actual and cleaned data.

As shown in the table the data provides a strong similarity, with
correlation coefficients of 0.832 and 0.803 for June and July, respec-
tively (see also Figs. B.4 and B.5 in Appendix B). Statistical indicators
further confirm their close resemblance, including MAE values of 0.0737
and 0.0806, and RMSE values of 0.090 and 0.0985 for the respective
months for the cleaned data sets. Although Ethiopia and Eritrea share
similar climatic and cultural characteristics — and thus consumption
patterns — we acknowledge the potential uncertainties in the use of
Ethiopian load data as a proxy. Differences in socio-economic develop-
ment, urbanization, grid reliability, and electrification trajectories may
cause deviations in actual Eritrean load profiles. Though expected to
have minor impact on the result and conclusion of the study, these un-
certainties should be considered when interpreting the simulation
results.

3.1. Mismatch pattern between VRE and demand

Understanding the mismatch between VRE generation and demand
across different time scales is a fundamental requirement for designing
and sizing energy storage solutions. Several studies have used net load to
model storage requirements, highlighting its role in balancing grid op-
erations [17,47,48]. In a similar approach, we begin by analyzing the
mismatch between different PV-wind mix and demand. This analysis
provides insights into net load variability and structural patterns under
different mixing ratios. Fig. 1 illustrates how mismatch power varies
with changes in the PV fraction when RE-to-load ratio of 1 is applied.
The vertical axis represents the frequency, indicating the number of
hours within each 100 MW mismatch interval. The frequency of positive

Table 2
Statistical comparison between actual and cleaned Eritrean load data relative to
Ethiopian load data.

Data June July
Correlation MAE RMSE  Correlation MAE RMSE
coefficient coefficient
Actual 0.803 0.077 0.100 0.805 0.081 0.101
data
Cleaned 0.833 0.0737  0.090  0.803 0.806  0.0985

data
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Fig. 1. Variable power generation mismatch as a function of PV fraction and number of hours per 100 MW mismatch interval (frequency).

mismatch (VRE greater than load) increases with decreasing PV fraction.
However, the magnitude of the mismatch capacity decreases with the
decreasing PV fraction. In contrast, both the magnitude and frequency of
the negative mismatch (VRE less than load) increase with increasing PV
fraction. The optimal system should have a maximum frequency at a
minimum mismatch capacity (MW); however, as shown in the figure,
the optimal mismatch has a lower frequency as depicted by the valley
between the two peaks, particularly at solar-dominated mixes.

Fig. 1 does not give the complete picture of the netload variability in
terms of time scale; therefore, understanding the time series and its time
distribution in diurnal and seasonal scales is crucial for balancing supply
and demand. Fig. 2 illustrates the diurnal and seasonal variability of the
net load (mismatch) for the 50-50 PV-wind scenario. As shown in
Fig. 2a, the mismatch is positive during the daytime, specifically from
8:00 AM to 7:00 PM, due to the diurnal cycle of solar generation.
Although the RE-to-load ratio is 1, there is an hourly mismatch between

generation and demand. Furthermore, there is a complete absence of
solar PV at night, resulting in a negative mismatch. Solar-dominated
mixes experience higher positive mismatch during the daytime and
face shortages at night. In contrast, the mismatch in wind-only and
wind-dominated mixes is lower and randomly distributed throughout
the daytime (Fig. B.1). Such a daily mismatch can be addressed using
short-term battery storage, which can store and deliver energy at high
density for a few hours. Even though the daily mismatch is solved, there
may be an issue of seasonal variability that remains unattended. Fig. 2b
shows the characteristics of the net load in different seasons, divided
into respective months. With the same RE-to-load ratio 1, over-
generation occurs during the summer, as indicated by spikes in net load
in June and July. Conversely, significant generation deficits are
observed throughout much of the spring. In the remaining seasons,
however, variability tends to fluctuate on a monthly basis rather than
across entire seasons. Therefore, understanding these variabilities is
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crucial for designing a system that addresses all the uncertainties of a
VRE-dominated grid. Our approach utilizes various enabling tools,
including diurnal storage, seasonal storage, curtailment, and balancing
generators, to balance year-round hourly supply and demand. The
following section will discuss the diurnal storage and its impact on
achieving large-scale VRE penetration.

3.2. System performance with diurnal storage

Significant variation in penetration across different PV-wind mixes
was observed when a strict no curtailment and no-storage requirement is
implemented, with wind-dominated mixes achieving higher penetration
levels. The best performance (in terms of load satisfied by renewables)
was achieved with a PV fraction of 30%, resulting in a VRE penetration
of approximately 36%. However, when the deployment of VRE re-
sources is increased by relaxing the above requirement, a storage solu-
tion becomes necessary to utilize the resources efficiently. Based on the
insights from our previous study [36], this work starts by investigating
the dispatch and design aspects of diurnal storage by varying its energy
capacity up to 0.8 times the average daily demand, at fixed 6 h of storage
duration. Several researchers have previously demonstrated that such a
storage duration can address the mismatch in timing between peak solar
generation at noon and peak demand in the early evening. Moreover,
diurnal storage with such a duration is cost-competitive with gas tur-
bines for meeting peak demand [19,29,43].

The clear trend observed is that storage solutions enhance renewable
penetration by reducing curtailment, especially at smaller systems
depending on the PV-wind mix. Thus, we examine the effect of varying
the PV-wind mix at a constant RE-to-load ratio. At a lower generation
level (RE-to-load ratio 0.5), wind-dominated mix requires minimal
storage to reach its maximum penetration; however, further increase in
storage has a negligible effect. In contrast, solar-dominated mix requires
a significantly larger storage size. At such small system sizes, wind-
dominated mixes (20%-40% PV ratio) with small-sized storage of 2.5
GWh (0.06 average daily demand) have better performance in terms of
storage requirement and penetration achieved. In contrast, solar-
dominated mixes perform better at larger system sizes (RE-to-load
ratio 1) by utilizing the storage effectively. At such a generation size,
adding storage of 0.3 average daily demand shifts the optimal mix to-
ward solar-dominated configuration, with 70%-80% PV fraction
yielding 90% penetration. However, to reach 99.8% penetration, for
example, in the solar-only scenario, a large amount of RE generation
(RE-to-load ratio 1.87) and a substantial increase in the storage, 35 GWh
(0.8 average daily demand), is required. Thus, achieving 100% RE
penetration requires unreasonably large short-term storage and RE
generation, which calls for complementary solutions.

In the Eritrean context, in the short term, when penetration is below
60%, wind-dominated mixes are suitable. However, as large-scale
renewable deployment expands with time, solar-dominated mix com-
bined with diurnal storage is recommended. However, further expan-
sion to achieve 100% renewable penetration presents a new challenge
due to seasonal mismatches. Simply increasing capacity in a solar-
dominated mix is insufficient to meet demand, as it requires large
storage to balance the diurnal and seasonal mismatch. This is specif-
ically pronounced at higher penetration levels of above 80%. Such
system characteristics, such as the requirement for impractically large
installed generation capacity and/or extensive energy storage, are
thoroughly discussed in Section 3.3.

The results further highlight that curtailment enhances penetration,
specifically in wind-dominated mixes, due to the temporal distribution
of its generation. In contrast, in solar-dominated mixes, storage is more
effective than curtailment in improving penetration, as it leverages the
day-night cycle of solar generation. A mix of both resources combines
these advantages, enabling higher penetration while reducing curtail-
ment and storage requirements. This study investigates the complex
physical/technical interaction between such factors, as there is a
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fundamental challenge in designing and developing a more practical
setup within a highly complex and uncertain system, as any decision
may require trade-offs, potentially overlooking technical benefits that
do not immediately become apparent when dealing with economic
modeling.

Fig. 3 illustrates the impact of diurnal storage on penetration and
storage utilization for a system with a RE-to-load ratio of 1 across three
scenarios. In all cases, penetration increases sharply at lower storage
sizes but gradually slows and stabilizes beyond a certain threshold,
typically 7.5 GWh for wind only, 10 GWh for 50-50, and 25 GWh for
solar-only scenarios. Beyond this point, additional storage yields mini-
mal gains, as small increases in penetration requires disproportionately
more diurnal storage, as shown in Fig. B.6 in the Appendix. The rate at
which penetration increases with storage varies significantly across the
scenarios. Similarly, adding storage initially cuts curtailment, but
further capacity has little effect, as storage often stays full, causing
excess generation to be curtailed and reducing overall utilization. The
noticeable decrease in SU with increasing penetration, particularly at
the point of inflation, strongly indicates that the diurnal storage capa-
bility to meet demand at higher penetration levels is limited to a certain
threshold. Beyond which, storage becomes underutilized. This phe-
nomenon calls for a different storage type: before the threshold diurnal
storage is better suited; beyond that point the system requires long-
duration seasonal storage services.

In the solar-only scenario, the diurnal cycle restricts penetration,
necessitating significant storage to match supply with demand.
Conversely, the wind-only case requires a small storage capacity of 7
GWh (0.16 of average daily demand) to address the temporal mismatch,
due to smoother output from various sites. In the 50-50 PV-wind mix,
penetration is realized through a combination of storage and curtail-
ment. This finding is consistent with a study conducted on larger
geographical scales in the U.S. [42], where reanalysis datasets (MERRA-
2) with a RE-to-load ratio of 1 were applied. The penetration achieved
without storage, 48% and 78% for solar and wind-only scenarios,
respectively, aligns with our findings. The agreement with other studies,
which used different datasets and models for other locations, presents
evidence that a common physical mechanism drives the interaction
between VRE generation and its matching to electricity demand.

While the rate varies across scenarios, the initial few GWh of storage
capacity leads to a rapid increase in penetration, which then slows with
further expansion. For instance, as shown in Fig. 3, in the 50-50 PV-
wind scenario with a RE-to-load ratio of 1.0, approximately 33% of
the installed 35 GWh storage capacity is effectively utilized to achieve
90% penetration. However, adding storage beyond this has minimal
impact, contributing only a marginal increase in penetration. The wind-
only scenario shares characteristics similar to the 50-50 PV-wind sce-
nario. The solar-only scenario, however, exhibits a distinct pattern; it
utilizes about 71% of the installed storage effectively with a storage
utilization index exceeding 300 cycles per year.

The parameters discussed so far, storage, penetration, curtailment,
and storage utilization, interact in complex ways and offer valuable
insights into system performance. However, some parameters such as
storage utilization may not reflect the whole system performance. For
example, a high storage utilization index might indicate an advantage,
but if the storage size is small, its actual contribution to improving
system outcomes, such as boosting renewable penetration, can be min-
imal. They typically indicate how storage is used rather than its overall
contribution to system benefits. Thus, high utilization does not always
translate to greater system benefit.

The SUI shown in Fig. 4, introduced in our previous paper [36]
provides an in-depth system performance assessment by connecting
storage utilization and RE consumption and generation with other fac-
tors. SUI increases with storage and curtailment, reaching a peak before
declining as both parameters continue to rise, clearly identifying the
near-optimal system parameters that enhance overall system perfor-
mance. However, SUI values should be interpreted within the context of
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Fig. 4. System use index (SUI) for 50-50 PV-wind scenario.

each specific scenario. For instance, in the 50-50 PV-wind scenario, the
plateau of the SUI ~6 indicates that the corresponding storage-
curtailment combinations represent optimal or near-optimal system
configurations that benefits the system most. Similarly, SUI of 1 reflects
worst case scenarios, as it returns extreme curtailment-storage combi-
nations in that specific scenario. For example, storage of 8.9 GWh (0.2
average demand) and a curtailment of 16% place on the plateau maxi-
mizes system performance. Notably, this aligns well with the observed
suitable range in Fig. 3, reinforcing the validity of the SUI as a mean-
ingful metric. While it is not inherently guaranteed that the maximum
system use index corresponds to an optimal system configuration, its
alignment with Fig. 3 suggests that it effectively identifies near-optimal
operating conditions. This connection strengthens the argument that the
SUL s a reliable indicator for balancing storage capacity and curtailment
in large-scale renewable integration, depending on priorities set,
whether curtailment or storage is emphasized to achieve specific pene-
tration targets. However, the optimal parameters vary significantly
across scenarios. The 50-50 PV-wind scenario achieves the highest

overall performance by leveraging the advantage of complementarity
and the strengths of both enabling technologies, storage, and
curtailment.

3.3. RE requirement across different penetration levels

Renewable energy consumption changes significantly with
increasing penetration levels. At lower penetration levels, renewables
primarily displace conventional generators with minimal or without
storage or grid readjustments. Fig. 5 illustrates how renewable energy
requirements vary across different penetration levels for various PV-
wind mixes. It highlights key characteristics of these variables beyond
the no-dump capacity, the threshold beyond which the system necessi-
tates storage, curtailment, or both. While this no-dump capacity varies
depending on the PV-wind mix, the minimum penetration achievable
without storage or curtailment is approximately 23.6%, a condition
observed in the solar-only scenario where Fig. 5 begins. Any increase in
renewable generation beyond this level requires storage/curtailment or
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Fig. 5. Illustration of RE requirements at different stages of renewable penetration (with storage capacity 0.41 average daily demand), the steep rise in capacity

addition after 80% RE penetration is due to seasonal imbalances.

both to manage fluctuations, enabling penetration up to 80%. Beyond
80% penetration, renewable deployment rises sharply, even with only a
slight increase in penetration. While the RE requirement for a given
penetration target varies across PV-wind mixes, this variation remains
relatively minor until 80% penetration. However, beyond this point, the
differences in RE requirements become more significant. Several global
studies report similar findings. For example, an energy transition study
examining 100% renewable energy penetration for the continental US
found threshold values of 80-95% and recommend a set of solutions
including seasonal storage for meeting the last ~10% [32]. A study on
the Israeli grid using an advanced linear optimization model yielded
comparable results, showing that diurnal storage equivalent to less than
average daily demand enables up to 90% penetration [16]. Another
study on the California grid investigated the impact of wind-solar
complementarity on storage requirement applying different storage
dispatch strategies and found that a penetration of ~85% annual de-
mand is achievable with 20% curtailment when a diurnal storage of less
than average daily demand is deployed [30]. These studies span large
geographical areas and varied climates, with minor deviations resulted
from grid capacity and interconnection and climatic conditions their
findings are consistent regardless of methodology or geographical re-
gion covered, supporting the generalizability of our conclusion that
diurnal storage effectiveness drops sharply after ~80% penetration —
even across diverse climate regions.

Up to 80% RE penetration, diurnal storage plays a key role in
balancing short-term fluctuations. However, beyond this threshold
(80%) RE addition rises sharply due to the limitations of diurnal storage
to satisfy seasonal fluctuations. Fig. 5 illustrates this challenge; RE
deployment surges dramatically in this range, with a substantial in-
crease in capacity required for even a small rise in penetration. This
large generation/capacity requirement is attributed mainly to seasonal
imbalances, meaning that much of the additional renewable capacity
remains underutilized for most of the year and is only effective during
specific seasons of peak demand or low RE generation periods, or a
combination of both. This challenge becomes even more demanding
when attempting to meet the demand with PV, as it requires an
impractically large generation capacity and extensive storage. The
marginal returns from such capacity expansion are minimal. As shown
in Fig. 5, complementarity helps mitigate the steep rise in capacity ad-
ditions required for higher penetration levels. However, regardless of
the PV-wind mix, meeting the final 20% of the demand presents a unique
challenge as it requires a substantial increase in capacity and/or

significant storage deployment, as also illustrated in Fig. 3.

For a quantitative perspective, in the 50-50 PV-wind scenario,
satisfying 80% of the demand requires approximately 44% of total
installed RE capacity. However, meeting the last 20% of the demand
requires about 56% of the total capacity. In contrast, the solar-only
scenario requires around 52% of its total installed capacity to increase
the penetration from 80% to its maximum of 88%. This is primarily due
to the need to meet peak seasonal demand or worst-case renewable
generation scenarios, where added capacity remains underutilized for
extended periods. As a result, its utilization and capacity factor decrease.
This situation is analogous to today's peaking plants, which supply only
a small fraction of total electricity demand but account for a significant
portion or share of installed capacity.

Therefore, achieving complete decarbonization and long-term en-
ergy sustainability requires not only large-scale renewable deployment
but also complementary solutions such as short and long-term storage to
optimize excess capacity and ensure reliable operation.

3.4. The use of seasonal storage for balancing long-term mismatch

Diurnal storage manages short-term fluctuations and facilitates a
high renewable penetration of 80-90%, but its limitations become
evident beyond this range. The ability of diurnal storage to handle daily
fluctuations depends on the PV-wind mix ratio and other factors. Still,
longer-duration mismatches spanning multiple days to weeks necessi-
tate the deployment of seasonal storage. Numerous studies indicate that
achieving very high VRE penetration requires longer-duration storage
beyond diurnal storage [16,42,43]. Though not yet widely deployed,
seasonal storage solutions such as hydrogen and other fuels are recog-
nized as key technologies that could help future grids achieve nearly
100% renewable penetration. In this study seasonal storage (hydrogen)
is introduced to complement the limitations of diurnal storage.
Hydrogen storage is considered due to its suitability for seasonal energy
shifting, high energy density, and ability to complement large-scale PV
generation. Hydrogen has lower round-trip efficiency compared to most
battery storage systems, however, the combination of devices used in
Power-to-Gas (P2G) allows independent scaling of power and energy
quantities that enable massive and long duration storage. A recent study
in [21] compares the cost effectiveness of hydrogen with other long
duration seasonal storage technologies such Compressed air energy
storage (CAES) and pumped hydro storage (PHS) and found that
hydrogen storage to be economical for long discharge duration of about
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6.8 days (or more) and 16.9 days (or more) of discharge compared to
CAES and PHS respectively. Moreover, a hydrogen storage with 1 week
of discharge duration is found to be cost competitive if the power and
energy costs are equal (or less than) ~ USD 1507 kW-1 and ~ USD 1.83
kWh-1 by 2025, respectively. This is consistent with our finding that
seasonal storage equivalent to 8 days of average daily demand enables
100% penetration without balancing or back-up capacity requirement.

Despite it promising future hydrogen storage has concern regarding
its management, and distribution and regulation uncertainty, in addi-
tion to relatively high costs and lower efficiencies due to the early
market stage of P2G concepts. Moreover, most hydrogen-related com-
ponents are still at relatively early stages of development, with tech-
nology readiness levels (TRLs) generally falling between 3 and 7,
depending on the specific application. However, certain key technolo-
gies — such as electrolysers and fuel cells — have advanced significantly
and are now being deployed and validated at pilot and even commercial
scales. This growing maturity and real-world demonstration strengthen
the case for using hydrogen as a credible option in long-term energy
storage models [35].

Implementing seasonal storage enhances power system stability by
reducing seasonal intermittency and significantly lowering curtailment,
thereby maximizing renewable energy integration and flexibility.

Various conditions are examined for different configurations by
adjusting the energy and power capacity of the diurnal storage to assess
the impact of seasonal storage. Near-optimal parameters obtained from
Figs. 3 and 4 are the upper limits for diurnal storage, after which sea-
sonal storage is introduced. Fig. 6 illustrates the penetration levels
achieved when seasonal storage, along with diurnal storage with a 6-h
duration, is applied across the three scenarios analyzed. Diurnal stor-
age is used for lower penetration levels (< 80%). In comparison, sea-
sonal storage is utilized at higher penetration levels, reaching
approximately 100% and 98% at 180 GWh (equivalent to 4 average
daily demand) for the 50-50 PV-wind and wind-only scenarios,
respectively. In contrast, the solar-only scenario requires a larger storage
capacity to achieve the same penetration level. In this scenario,
increasing diurnal storage from 0.16 to 0.5 average daily demand
(Fig. 6b) enables 100% penetration at significantly reduced seasonal
storage, unlike Fig. 6a, where 100% penetration is not achieved even at
the maximum seasonal storage size. This is because diurnal storage is
efficiently utilized across wide range of storage capacities in solar-only
scenario (as demonstrated in Fig. 3). This shows that storage is advan-
tageous in a solar-only scenario at all levels of renewable penetration.
Regardless of the PV-wind mix, seasonal storage plays a crucial role in
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enabling higher renewable penetration by mitigating seasonal
mismatches.

Since seasonal storage is mainly used during periods of low genera-
tion, peak demand, or both, its utilization is expected to be limited to a
few days each year. As shown in Fig. 7, even in the most suitable range,
SU varies from about 20 to 30 days per year, and the maximum value
occurs for storage sizes ranging from a few GWh to 100 GWh. Analyzing
the storage utilization index offers valuable insights into how effectively
the allocated storage is used, ensuring it is not underutilized.

Fig. 7 presents how the storage is utilized in the 50-50 scenario,
demonstrating various combinations of storage and curtailment that
maximize its utilization. For instance, achieving 100% renewable
penetration requires 180 GWh (equivalent to 4 average daily demand) of
hydrogen storage, with storage utilization of 20 full days with minimal
curtailment of approximately 7%. However, as storage capacity de-
creases, utilization improves. While storage utilization provides critical
insights into how deployed storage is utilized, it does not capture the
complete system dynamics, as it is limited to storage parameters without
integrating broader system variables. To address this limitation, the SUI
discussed in Section 3.2 and illustrated in Fig. 8 offers a more compre-
hensive measure by integrating all key design parameters, such as
annual discharge, total storage capacity, and net renewable energy
consumption, into a single metric that captures system dynamics and
performance within the context of broader energy infrastructure
considerations.

As shown in Fig. 8, SUI initially increases with storage and curtail-
ment but declines beyond a certain threshold. The optimal combination
lies within the plateau, where various storage and curtailment pairs
contribute to an efficient balance. For example, in the 50-50 PV-wind
scenario, a storage capacity of 100 GWh (about 2.3 average daily de-
mand), combined with a curtailment level of 10%, falls within this
plateau and enables a renewable penetration of approximately 95%. In
the wind-only scenario, a similar storage capacity with slightly higher
curtailment achieves around 94% penetration. This is far below the
maximum storage requirements reported in several studies reviewed in
[34], where achieving 95% renewable penetration required storage
capacities of less than 1.5% of annual demand. The results indicate that
the optimal SUI varies slightly between scenarios: the wind-only sce-
nario benefits more from curtailment, whereas the 50-50 PV-wind
scenario favors increased storage, as the 50% solar PV share benefits
more from energy retention.

SUI behaves differently in the solar-only scenario (Fig. B.4, Appendix
B). Unlike the wind-only and 50-50 scenarios, the index in the solar-only
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Fig. 6. Achieving high RE penetration using seasonal storage combined with diurnal storage when diurnal storage capacities of (a) 0.16 and (b) 0.5 times the average

daily demand are added, at a RE-to-load ratio of 1.3.
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case continues to increase with both storage and curtailment. The near-
optimal balance is reached at approximately 200 GWh of storage with
15% curtailment. Regardless of the generation mix, increasing seasonal
storage beyond 250 GWh (equivalent to 5.7 average daily demand)
yields minimal additional benefits. For comparison, the results of five
German and European studies were synthesized in [49] and they found
that optimal storage capacities were found between 12 and 32 days of
average load. However, such a large-scale deployment of hydrogen
brings some uncertainties, such as the high initial cost of producing and
storing hydrogen, which requires a large investment. To make hydrogen
storage a financially viable option, the overall cost of electrolyzers and
fuel cells should be significantly reduced [50]. According to forecasts,
hydrogen has a bright future and costs are expected to reduce with mass
production, and it will play a crucial role in energy to complete decar-
bonization 100% renewable power [51] Moreover, a study conducted
considering fully renewable grids shows that for long-term seasonal
services, hydrogen storage is economically and technologically feasible
compared to other (diurnal) storage options such as Li-ion batteries and

10

vanadium redox-flow systems [52].

The impact of diurnal storage on seasonal storage requirements is
then examined by changing the hours of diurnal storage to 1 h. Short
storage hours are well-suited for short-term, high-intensity power de-
livery with short but high renewable generation peaks. With a 1-h
duration, penetration slightly improves but demands more seasonal
storage and balancing capacity. The near-optimal system parameters
identified using the SUI and the maximum penetration achieved are
presented in Table B1.

In the solar-only scenario, diurnal storage of 0.16 average daily de-
mand with 1-h duration reaches 63% penetration with significant
curtailment (at around RE-to load ratio 1). This configuration requires a
slightly larger seasonal storage capacity of approximately 10 average
daily demand to raise the penetration to 98%. In contrast, for the same
diurnal storage, the 50-50 scenario achieves 80% penetration with
lower curtailment, and seasonal storage of about 5 average daily de-
mand is needed to reach this penetration (98%). A moderate increase in
diurnal storage to 0.5 average daily demand with a 6-h duration requires
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lower seasonal storage to reach near-optimal points. A trade-off rela-
tionship exists between increasing the diurnal storage and the seasonal
storage requirement. These findings are well aligned with [53] where
more efficient (80%) storage with a few hours (4 h) capacity was found
more suitable to achieve lower than 82% penetration, whereas less
efficient storage (30%) with longer duration hours (168 h) was better for
higher penetration levels.

The preceding discussion showed that various combinations of
storage and curtailment, positioned within the plateau of each figure,
provide the most significant benefits to the system. These parameters, in
turn, function as foundational boundaries for advanced models that
incorporate additional constraints, such as electrical and economic pa-
rameters, which can be fine-tuned to enhance overall system
performance.

3.5. Dispatchable balancing (back-up) requirements

The results so far show that VRE can meet annual demand with near-
100% reliability when supported by various forms of storage and
curtailment. However, even at high penetration levels, there are still
periods, particularly on an hourly scale, where significant unmet de-
mand persists. To maintain grid stability and reliability, bridging these
gaps requires dispatchable renewables like hydropower, geothermal, or
biomass, and fast-response plants. Relying only on diurnal storage de-
mands large-scale dispatchable balancing capacity for extreme condi-
tions. Adding seasonal storage helps reduce balancing needs by covering
seasonal peaks and low-generation periods.

Fig. 9 shows the balancing capacity required under varying storage
and curtailment levels for the 50-50 PV-wind scenario. Optimizing both
parameters improve system performance by boosting renewable pene-
tration and reducing balancing needs. At all storage levels, curtailment
lowers balancing capacity. For example, with seasonal storage equal to 5
average daily demand and a RE-to-load ratio of 1, a balancing capacity
of 82% is required with negligible curtailment. Raising the RE-to-load
ratio to 1.2 lowers the balancing capacity to 74%. Increasing the gen-
eration to 1.4, balancing capacity drops to 28%, achieving 99.7%
penetration.
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At a RE-to-load ratio of 1.2, a complete decarbonization (100% of
renewable energy) is feasible without requiring any balancing capacity
(it means there is no unserved load in each hour of the year) when
seasonal storage of about 8 average daily demands is deployed. At this
generation and storage level, no balancing is required for mixes of 0.3 to
0.8 PV ratio. However, outside this range, significant balancing capacity
is necessary, especially in wind-only and solar-only scenarios, even with
generation and storage are at their maximum values of 1.4 and 10,
respectively.

In all evaluated scenarios, except the wind-only case with zero solar
share, nighttime hours present the biggest challenge for meeting de-
mand, even with seasonal storage. In the wind-only scenario, some
hours also see significant unmet demand due to the high variability of
wind generation, causing mismatches with peak demand in certain
seasons.

Our storage dispatch strategy is based on a use-as-available
approach; however, effective storage dispatch and management strate-
gies can reduce balancing capacity significantly without affecting total
renewable penetration. If storage is depleted too quickly to meet im-
mediate demand, it may be unavailable when needed later, increasing
dependence on balancing capacity. A more controlled and gradual
discharge strategy, distributing stored energy more evenly over time,
can mitigate this issue by spreading unmet demand more evenly rather
than concentrating it during peak periods. This approach also yields
economic benefits by reducing the need for unnecessarily large-scale
back-up capacity deployment, which is often subtly utilized for a few
critical days in a year when demand peaks or weather conditions are
extreme. Furthermore, power operators can optimize system perfor-
mance by strategically dispatching storage and generation, provided
that accurate demand and generation forecasts are available in advance.

4. Conclusion

This study uses a simulation-based approach to optimize renewable
energy integration, employing one year of historical weather data from
Eritrea. It systematically analyzed different scenarios by examining
storage configurations and sensitivities to identify the best strategies for
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Fig. 9. Impact of storage and curtailment combinations on reducing balancing requirements in 50-50 PV-wind scenario (Storage unit: average daily demand).
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increasing renewable energy use. The findings highlight that storage and
curtailment are crucial for boosting renewable energy integration, with
diurnal and seasonal storage addressing both short- and long-term
fluctuations. Diurnal storage effectively manages short-term variability
and boosts penetration, but its benefits diminish beyond a certain point.
The SUI is used to optimize system parameters, offering a unified metric
to assess performance and identify near-optimal system configurations.
The analysis shows that diurnal storage of about 0.16 times the average
daily demand (except solar-only) supports up to 80% penetration at an
RE-to-load ratio of 1. Curtailment also improves integration but has
diminishing returns beyond a certain level.

A similar trend is observed with renewable deployment: penetration
increases steadily until 80%, but achieving full decarbonization (100%)
requires a disproportionately large capacity expansion (excess genera-
tion). For example, in the 50-50 PV-wind scenario, the final 20% of
demand requires about 56% of the total installed storage capacity. This
challenge is even worse in a solar-only scenario, where extensive gen-
eration and storage are needed. The results indicate that the large
storage and generation requirements come from seasonal variability in
solar and wind, as well as peak seasonal demand. Long-term variability
limits the effectiveness of diurnal storage. Adding seasonal storage,
about 8 times the average daily demand with a RE-to-load ratio of 1.2,
enables complete decarbonization without balancing capacity needs.
The most challenging hours, requiring about 82% balancing capacity,
occur when solar is unavailable at night. However, optimizing storage
dispatch and implementing effective management strategies can
significantly reduce excessive balancing capacity needs without
compromising total renewable penetration. Additionally, solutions like
flexible demand management, hours-ahead generation forecasting, and
grid interconnections can further enhance system optimization. The
study further employs a technical-first approach to system design,
emphasizing the interplay of resource mix, storage, curtailment, and
balancing requirements. Unlike economic optimization models that pay
little attention to the complex interaction among these parameters, our
study clearly assesses their impact on system performance.

It should be noted that this kind of study relies on several simplifying
assumptions — including copperplate transmission, a use-as-available
storage dispatch strategy, and a technology-first approach — to model
future energy trends while reducing modeling complexity and compu-
tational burden. We acknowledge that these simplifications may over -
or underestimate simulation results, thus our findings provide only a

Appendix A
A.1. Renewable generation mix and storage modeling

The various mixes of PV-wind are computed by

Prew(t) = Pnd a(r) (erV(t) + (1 - r) pwind(t) )7
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general overview of trends in renewable-dominated grids. Despite these
limitations, the methodological approach introduced in this study
effectively identifies multiple options for significantly improving the
performance of future grids. The findings provide a structured frame-
work for identifying system parameters that enhance efficiency and
system reliability. This study lays a strong foundation for developing
advanced models, incorporating economic, grid-related, and policy
constraints for comprehensive RE integration. The analytical framework
and methods proposed in this paper are broadly applicable, although the
quantitative results are specific to regions with climate and resource
characteristics similar to Eritrea (e.g., high solar irradiance and partic-
ular wind patterns); nevertheless, the methodology itself is robust and
can be adapted to other geographical and system contexts.
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(A1)

where ppy(t) and pywind(t) are the PV and wind generation at hour t relative to their peak capacities, respectively, and r is solar PV ratio, P,q is the
minimum no-dump capacity, and a(r) is a factor. Where r = 0 corresponds to 100% wind (wind only scenario) and r = 1 corresponds to 100% solar
(solar only scenario) and r = 0.5 corresponds to 50% PV and 50% wind (50-50 PV-wind scenario).

a(r) is determined from the expression:

Za(r)(rppv(t) + (1 —7) Pwina(t) ) = const,

The no-dump capacity (P,q) is computed as:
P load (t)

(rpev(t) + (1 —7) Pwina(t) )

The excess power (E;) after diurnal storage (wWhen Pp,x > 0)

Proom,d (t) )
Men '

Ppg =

)

E,(t) = Pmix(t) —min (Pmix(t) ,

(A.2)

(A.3)

(A.4)
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The deficit power P, (unmet demand) after deploying diurnal storage is (when P < 0)

Pu(t) = _Pmix(t) - min( — Prix (t) s T ”disproom_d(t) )7 (A.5)
The final curtailed energy (Pqy) at time t after accounting for both storage technologies is:
. P Troom_s (t) .
Pape(t) = Ep(t) —min( Ey(t), —————= ), ifPpx>0 (A.6)
ch_s

Similarly, the charging (Chy.e_s) and discharging (Dischyse_s) loss is computed from eqns. A.5 and A.6, respectively

. Proom_s t
Chigse_s(t) = (1 —17,_) min <Ep(t) — ( )>’ A7
ch_s
The unmet demand (Py)
Py (t) = Py(t) —min(Py(t) , —Ngis_sProom_s(£) ),  if Pmix <O A-8)
DiSCthse_s (t) = ( 1 — 1) (min (PU(t) 5 Proom_s(t)> ) (A9)
Ndis_s Mdis_s

Appendix B

B.1. Power generation mismatch with load demand

1000 1
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250 4
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Fig. B.1. RE generation- demand mismatch wind only scenario (RE-to-load ratio 1).
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Fig. B.2. RE generation-demand mismatch solar only scenario (RE-to-load ratio 1).

B.2. The use of seasonal storage for balancing long-term mismatch
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Fig. B.3. System use index for solar-only scenario.
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Table B.1
Near-optimum system parameters, penetration (Pen), curtailment (Cur), and seasonal storage (S.S) with diurnal storage for 1 and 6 h duration and 0.16 average daily
demand.

Scenario Diurnal storage 1 h duration Diurnal storage 6 h duration

Pen (%) Cur (%) S.S (av. Daily demand) Max. Pen (%) Pen (%) Cur (%) S.S. (av. Daily demand Max. Pen

Solar only 83 13.6 4.9 99 80 14.5 4.7 99

50-50 93 11.3 2.3 100 92.5 13 2.2 100

Wind only 92.2 17 2.1 100 91 18 1.9 100

B.3. Load data validation
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Fig. B.4. Hourly load data comparison for Eritrea (cleared data) and Ethiopia (June, 2004).
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Fig. B.5. Hourly load data comparison for Eritrea (cleaned data) and Ethiopia (July, 2004).
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Diurnal storage vs penetration
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Fig. B.6. Penetration versus diurnal storage for the three scenarios.
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