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Recent global events emphasize the importance of a reliable energy supply. One way to increase energy supply
security is through decentralized off-grid renewable energy systems, for which a growing number of case studies are
researched. This review gives a global overview of the levelized cost of electricity (LCOE) for these autonomous
energy systems, which range from 0.03 $2021/kWh to over 1.00 $2921/kWh worldwide. The average LCOEs for
100% renewable energy systems have decreased by 9% annually between 2016 and 2021 from 0.54 $5921/kWh to

HRES 0.29 $2021/kWh, most likely due to cost reductions in renewable energy and storage technologies. This review

100% renewable energy systems
Hybrid energy systems
Techno-economic analysis

identifies and discusses seven key reasons why LCOEs are frequently overestimated or underestimated in research,
and how this can be prevented in the future. This overview can be employed to verify findings on off-grid systems, to
assess where these systems might be deployed and how costs evolve.

1. Introduction

Recent events have reduced the otherwise steadily increasing annual
percentage of the global population with access to electricity for the first
time in years [1]. Due to long distances to grid infrastructure, off-grid
renewable energy systems are economically viable options to provide
larger electricity access in developing regions like sub-Saharan Africa
[2-4]. Even in industrialized countries with nationwide electrification,
many local communities are striving for autonomous energy systems
with 100% renewable energies [5-7], often motivated by economic,
environmental and/or social reasons [8]. Decreasing costs for renewable
energy technologies [9,10] as well as current cost uncertainties relating
to supply from centralized infrastructures [11] will probably further
increase the economic incentives for energy autonomy.

For several years the feasibility of 100% renewable energy systems
has been controversially discussed [12-14] and there have been some
insights into how these systems could be implemented [15-17]. Existing
reviews also highlight regulatory issues, such as greater utilization of
centralized infrastructure by energy autonomous communities [18,19].
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Other relevant studies include recent bibliometric analyses of 100%
renewable energy systems [20], comprehensive reviews of the history
and future of 100% renewable energy systems [21], reviews of 100%
renewable energy scenarios on islands [22], and reviews of best prac-
tices and potential improvements for modeling such energy systems [2].
While the majority of these studies focusses on national energy systems,
the latter two studies partly address the levelized cost of electricity
(LCOESs) for decentralized energy systems. In Meschede et al. [22] this is
only dealt with sporadically, whereas Weinand et al. [2] analyze the
LCOEs for decentralized autonomous energy systems in a more detailed
way. However, since the publication of the latter study, the number of
studies on decentralized energy autonomy has increased considerably
(see Section 2) and the costs are not discussed in detail because the study
focuses more on modeling aspects. Therefore, this systematic review
intends to answer the following research questions:

e How have the costs for decentralized energy autonomous systems
developed in recent years?

e Have previous studies overestimated or underestimated the LCOEs?

e What are the reasons for overestimation and underestimation of
LCOEs?
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Abbreviation

Description

CO- Carbon dioxide

CuCoPy Currency Conversion for Python

HOMER Hybrid Optimization of Multiple Energy Resources
IRENA International Renewable Energy Agency

IREOM Integrated Renewable Energy Optimization Model
ISLA Island System LCOE,;, Algorithm

LCOE Levelized cost of electricity

LINGO Optimization Modeling Software for Linear, Nonlinear,
and Integer Programming

NREL National Renewable Energy Laboratory

PV Photovoltaics

RE Renewable Energy

RE®ASON Renewable Energies and Energy Efficiency Analysis
and System Optimization

2. Methods

Definition of off-grid renewable energy systems. In this study,
off-grid renewable energy systems are defined as systems in which both
electricity as well as heating and cooling demands are met by renewable
energy. As shown in the subsequent results section, the review focuses
on systems with 100% renewable energy but also discusses off-grid
systems that import fossil fuels and use them in diesel generators.
While most of the case studies in this review are disconnected from the
grid, we also include a few outliers that rely on backup capacity from the
overlaying grid. In the latter cases, however, more than 100% of annual
energy demand is provided by renewable sources in all of the regions
considered.

Literature search. With a specific search query in the literature
database Scopus1 [23], 730 studies between 1990 and 2021 have been
found. For energy autonomy, many different terms are used in research
studies, which are supposed to be covered as completely as possible by
the search query. Nevertheless, some uncertainty remains, that not all
relevant studies are included by the search query. Through a manual
check of titles, abstracts and full texts of the 730 studies, 228 articles
were identified that address decentralized energy autonomy in small
regions such as villages, municipalities, islands, or cities. This number of
articles nearly doubled between 2020 and 2021 with 105 new studies in
this period. 161 of the 228 articles [24-184] specify LCOEs for auton-
omous energy systems (see Fig. 1), of which 83 studies were published
until 2019 and were previously identified by Weinand et al. [2]. Energy
system analyses for individual residential, commercial, or industrial
buildings/applications as well as analyses of large regions such as fed-
eral states, entire countries, or continents were excluded here. All eco-
nomic cost values stated in this review are inflation adjusted and refer to
the year 2021. Furthermore, studies with LCOEs above 1 $5921/kWh are
excluded in the following analysis (see explanations in Section 3.1).

1 Search query taken from Weinand et al. [2]: TITLE-ABS-KEY (“energy sys-
tem” AND (“simulation” OR “modeling” OR “optimization” OR “analysis™) AND
(“region” OR “municipalities” OR “municipality” OR “communities” OR
“community” OR (“district” AND NOT “district heating™) OR “city” OR “cities”
OR “town” OR “remote™) AND (“off-grid” OR “off grid” OR (“100%" AND “RE")
OR (“100%" AND “renewable”) OR "100%-renewable” OR (“energy” AND
“autonomy”) OR (“energy” AND “autarky”) OR (“energy” AND “self--
sufficiency”) OR (“energy” AND “self-sufficient”) OR “energy independent” OR
“stand-alone” OR “energy autonomous” OR “island system")) AND (LIMIT-TO
(DOCTYPE,"ar")) AND (LIMIT-TO (LANGUAGE, “English")).
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3. Results

The inflation-adjusted LCOEs in Fig. 1 calculated by the 161 case
studies range from 0.03 $202:/kWh in Alotaibi & Eltarnaly [38] (Sau-
di-Arabia) to 0.99 $5921/kWh in Rehman et al. [163] (Pakistan), with a
total mean value of about 0.35 $5021/kWh (median is 0.29 $5921/kWh
and mode is 0.24 $5021/kWh). Since 2016, the mean LCOEs for auton-
omous energy systems have decreased from 0.33 $2021/kWh (<100%
renewable, i.e., including fossil fuels) and 0.54 $021/kWh (100%
renewable) on average by 4% and 9% per year to 0.23 $3921/kWh and
0.29 $2021/kWh in 2021, respectively. In all articles that consider both
hybrid renewable-fossil-fuel systems and 100% renewable systems, the
latter are on average 24% more costly. However, all hybrid systems
include large shares of renewables and due to the stronger cost degres-
sion for 100% renewable systems, the cost deviation could progressively
diminish.

Most studies in the research field of energy system analysis originate
from the United States of America, China, United Kingdom, Germany
and Italy [189], however, most of these countries are underrepresented
in the 161 case studies on off-grid systems. Among the case studies that
explicitly mention LCOEs, most were conducted for India (22%), Iran
(7%), China (7%), Nigeria (5%) and Canada (4%). While 3% of the
studies were conducted for German and 1% for Italian regions, no case
studies were published for the United States of America or the United
Kingdom. In some countries such as Spain [91], Germany [136] and
New Zealand [139] with comparatively high electricity prices (cf.
Fig. 1), the calculated LCOEs for off-grid systems are partly below the
household electricity prices (which also contain taxes and levies) in
December 2021 of 0.32 $5021/kWh, 0.34 $2921/kWh and 0.19
$2021/kWh, respectively [188].

Of the 161 case studies, 100 consider 100% renewable energy sys-
tems without fossil fuels. The majority of these studies (63%) applied the
HOMER (Hybrid Optimization of Multiple Energy Resources) or HOMER
Pro simulation models. The HOMER model is a widely used open-source
software tool for designing microgrid systems. Developed by the Na-
tional Renewable Energy Laboratory (NREL), it is used to evaluate the
technical and economic feasibility of integrating different energy sour-
ces, such as solar, wind, and energy storage, into a microgrid. The model
considers inputs such as weather, load profiles, and equipment perfor-
mance to determine the optimal configuration of a microgrid system.
Other studies used the optimization models RE2ASON [179,180], Off-
gridders [60], LINGO [103], ISLA [145] and IREOM [104], the simu-
lation models HoRES [114], and EnergyPLAN [74] or metaheuristics like
particle swarm optimization [97,117,153,161], genetic algorithms [98,
117,142,156] or discrete harmony search [64]. Furthermore, Kumar &
Saini [117] compare nine different metaheuristics for the energy system
optimization of five un-electrified villages in India and demonstrate that
the Salp Swarm Algorithm converges most efficiently.

While most studies consider off-grid systems and thus complete en-
ergy autonomy, this study also includes five case studies with balanced
autonomy. The latter means that although significantly more energy is
provided annually by local renewable energy sources than is required in
the region, backup capacity is also available through the overlying grid.
These studies only involve analyses in industrialized countries, namely
Canada (Bagheri et al. [51,52]), Croatia (Krajaci¢ et al. [114] and
Doroti¢ et al. [74]) and Germany (Kotter et al. [113]). In addition, most
case studies focus on meeting electricity demand, while the minority
also consider heating and cooling requirements (e.g., Akthari & Baneshi
[32] or Weinand et al. [179,180]).

The following sections analyze why some studies overestimate
(Section 3.1) or underestimate (Section 3.2) the costs of 100% renew-
able off-grid energy systems and how this could be improved in the
future. Thereby, the focus lies on the 100 case studies with 100%
renewable energy systems.
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Fig. 1. Inflation-adjusted levelized cost of electricity (LCOE) for case studies on off-grid energy systems. The studies are sorted by mean LCOEs of all considered
systems. Some hybrid systems consider fossil fuels and renewables (<100% RE) and some case studies incorporate only 100% renewable based systems (100% RE).
The open-source Currency Conversion for Python (CuCoPy) [185] package was developed for this research and provides methods for exchanging currencies and
adjusting monetary values for inflation. Its scope of application ranges from 1960 to 2021. Exchanging a value between currencies is done by dividing the target
currency’s exchange rate by the initial currency’s exchange rate and multiplying the resulting quotient by the initial value. Likewise, adjusting for inflation is done by
dividing the country’s consumer price index at the starting date by its consumer price index from the target date. Most exchange rates and consumer price indices
were provided by the World Bank Group and used under the CC BY 4.0 license [186]. The exchange rate used for converting Indian Rupees to U.S. Dollars in 2021
was not included in the data provided by the World Bank Group and was instead calculated by averaging the monthly exchange rate of Indian Rupee against U.S.
Dollar provided on pages 104 and 105 in the “Economic Survey 2021-2022 Statistical Appendix” conducted by the Reserve Bank of India and published by Union
Budget (India) [187]. In a few studies [42,100,149], LCOEs were given, but it was not clear for which country the case studies were conducted. Since it is not possible
to adjust for inflation and no household electricity price can be stated for comparison, these studies are not included in the figure. The household electricity prices
include all electricity bill items, such as the distribution and procurement costs, a variety of environmental and fuel costs, and taxes [188]. The right diagram is a
continuation of the left diagram.
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3.1. Reasons for overestimating LCOEs

While off-grid systems are generally associated with higher costs to
meet load at all times of the year, a few studies show very high LCOEs,
some above 1 $5921/kWh. Some LCOEs are particularly high due to high
inflation in the countries studied, e.g., in the study from Askari & Ameri
[46] for Iran from 2009. The following is an overview of some of the key
drivers of why LCOEs have been overestimated in some studies.

Investment decisions as model input. Some studies using the en-
ergy system model HOMER present sub-optimal dimensioning of the
autonomous energy system components. Chauhan et al. [65], for
example, install an over-sized hydro power plant in each of their sce-
narios and the 100% renewable energy system results in 98% excess
electricity per year and LCOEs of 2.99 $5921/kWh. Similarly, in Bashir &
Modu [57], Rahman et al. [155] and Chang et al. [62], the energy sys-
tems also show 65%-92% excess electricity due to large oversizing of
system components. The problem with these studies is that, due to the
high combinatorial complexity of combined investment and dispatch
optimization models [190], simulation models like HOMER are applied
instead. This means that the dimensioning of the system components has
to be done in advance and is not optimized within the model, which
requires in-depth knowledge of the analyzed systems. Thereby, also
backup and peak load capacities have to be considered, which are
especially needed in case of extreme (weather) events. This makes it
very complex to design an energy autonomous system with high supply
security and cost efficiency. While it is possible to achieve comparable
results with simulation approaches [191], an application of advanced
models for investment and dispatch optimization should be carefully
considered in the future to avoid overestimation of costs.

Ignoring technology cost degressions. Many articles did not adjust

a 4.
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C 10000 - = Onshore wind cost in studies
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their cost assumptions to real developments. Especially in the last years,
the mean of the assumed costs for photovoltaics (PV), onshore wind and
battery storage in the studies is significantly above global cost trends, as
shown in Fig. 2. Some notable examples include high PV costs of 2500
$2021/kW in the article by Malanda et al. [131] from 2021, 4200
$2021/KW in You & Kim [184] from 2020 or 5800 $5021/kW in Baseer
et al. [56] from 2019. Particularly high wind or battery costs are found
in Malanda et al. [131] from 2021 with 6000 $5921/kW for onshore wind
or in Chang et al. [62] from 2021 with 1700 $2021/kWh for battery
storage. The peaks in 2017 for wind turbine and battery costs are related
to the fact that only two studies report costs and these are relatively
high: the high maximum costs for batteries and wind turbines based on
Hosseini et al. [90] are related to the strong inflation in Iran, and the
high minimum cost for onshore wind are related to the cost assumption
of about 5100 $5021/kW in Das et al. [71]. Since inflation-adjusted
technology costs are compared with global cost developments in
Fig. 2, these do not necessarily coincide. Still, this reveals that cost es-
timates tend to be pessimistic. Cost developments and influences could,
for example, be covered by sensitivity analyses, but generally only few
to no studies conduct these analyses with regard to techno-economic
parameters. An exception is Nadal et al. [142], who comprehensively
investigate ranges of capital and operational expenditures, replacement
times etc. for PV, electrolyzers and batteries. They show for a microgrid
in Nigeria that capital costs of PV and capacity loss of batteries are
among the most influential parameters on LCOEs, which again illus-
trates the importance of sound cost choices.

Neglecting technology options. Not all articles consider compre-
hensive technology options. While solar PV is considered in all 100
studies and batteries in almost all articles (92%), this is not the case for
other technologies (see Table 1). The importance of considering

b 12000 ——PV cost in studies
10000 4 = = Global average solar PV module prices
= (OurWorldInData)
=4
= Global weighted average total installed cost
& 8000 1 of solar PV (IRENA)
@
8 6000 4
s
a ~
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—— Battery cost in studies
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Battery capital cost ($202/kWh)

Fig. 2. Inflation-adjusted LCOEs (a) in 100 of the 161 studies, which consider 100% renewable energy systems without fossil fuels. PV capital cost (b), onshore wind
capital cost (c) and battery capital cost (d) are only indicated in 89 of the 100 studies, i.e., 11 studies do not give information on costs. Due to their large impact on the
cost curves, some very large outliers have been removed from a, b and ¢, see main text. The curves indicate the mean values among all studies and the area around
them show the range between upper and lower extreme values. If no area surrounds the curve of mean values in a specific year, this means that either only one study
was published in this year, or all used the same cost value. In panels a, b and c, the inflation-adjusted costs from the studies are also compared to real costs based on
global averages. The global costs for PV are based on Refs. [192,193], for wind on Ref. [193] and for batteries on Ref. [194].
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Table 1
Impact of neglecting specific technologies on LCOEs for 100% renewable off-
grid energy systems in 25 case studies published in 2021.

Wind Hydro Batteries  Electrolyzers, fuel
power power cells and hydrogen
storage
Share of studies not 20 88 4 80

including this
technology [%]

Mean LCOE increase 36 24 30 15
if not included [%]

technologies comprehensively is shown by the fact that including
onshore wind, hydro power, batteries or hydrogen storage, and fuel cells
plus electrolyzers could reduce LCOEs on average between 15 and 36%
(Table 1). This finding is in line with other research: a recent article has
shown that neglecting onshore wind in municipal renewable energy
systems leads up to about 0.08 $5021/kWh higher LCOEs for energy
systems by 2050 [195]. Other studies show that incorporating base load
capable technologies such as deep geothermal energy could also
significantly reduce the cost of decentralized energy systems [179,180,
196]. Particularly in off-grid energy systems, unconventional but
potentially beneficial technologies and measures should also be incor-
porated in the future, e.g., higher shares of district heating [197,198] or
the integration of large-scale hydrogen production [199]. In addition,
sector-coupling options such as through electric vehicles (e.g., in Akthari
& Baneshi [32] or Oldenbroek et al. [149]) or fuel cell vehicles (e.g., in
Dorotié¢ et al. [74] or Weinand et al. [179]) should be considered and
have the potential to reduce LCOEs for off-grid systems.

3.2. Reasons for underestimating LCOEs

There are also some key drivers, which could have led to an under-
estimation of LCOEs and will be discussed in the following.

Neglecting grid integration. Costs for integrating variable renew-
ables into energy systems are small at low penetration of renewables, but
can rise sharply at high penetrations [200,201]. Parts of the system
LCOEs for integrating renewables are profiling costs for dispatchable
generation to meet the residual demand, balancing costs to balance
forecast and actual non-dispatchable generation, and grid costs for grid
reinforcements and extensions to integrate the renewable generators in
the network [202,203]. While in the case studies on 100% renewable
energy systems the balancing costs are included and the profiling costs
are at least partially included, the grid costs are neglected with very few
exceptions (see Moeller et al. [136] or Weinand et al. [179,180]). Many
recent articles show that LCOEs are underestimated if not all system
LCOE aspects are considered: for example, Chen et al. [204] show for
China that the traditional LCOE approach underestimates wind gener-
ation costs by about 15% compared to a system cost approach.
Furthermore, McKenna et al. [205] demonstrate in an onshore wind
potential analysis for Great Britain that taking grid connection costs into
account doubles the cost of a wind farm on average. Veronese et al.
[206] derive similar conclusions for solar PV in the future Italian energy
system revealing that the system LCOEs are on average 50% higher than
in usual LCOE analyses. Thus, future studies on 100% renewable energy
systems should attempt to incorporate all components of system LCOEs.

Applying hourly resolution. Das et al. [69] use the HOMER model
to demonstrate for a PV/Wind energy system with lithium-ion batteries
in a remote community in Australia, that the temporal resolution of the
model has a negligible effect on the LCOEs. Their results show that the
LCOEs decrease with lower temporal resolution from about
0.33 $2021/kWh at a minute resolution to 0.32 $2021/kWh at an hourly
resolution. For that reason, Das et al. decide for an hourly resolution
given a smaller computational load. To the best of the authors’ knowl-
edge, the remaining works subject to this review focus on hourly reso-
lution exclusively. Potential reasons are the generally better availability
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of hourly resolved data bases and the moderate required model run-
times, but also software-related restrictions as more than 50% of the
reviewed publications rely on the software HOMER or HOMER Pro.
These models use a hybrid approach of optimization and simulation to
design near-optimal, but reliable systems, which may distort the impact
of different temporal resolutions.

Purely optimization-based capacity expansion models are well-
known to underestimate real system costs at coarser temporal resolu-
tions [207] due to unintentional peak-shaving of the duration curves
resulting from averaging [208] and to thereby undersize system ca-
pacities, which leads to operationally infeasible system designs [209].
This effect is particularly strong for small and isolated renewable energy
systems. These systems cannot use grid connections or the superposition
of multiple demand profiles to level out demand peaks or supply
troughs, leading to significantly higher overcapacities if the temporal
resolution is increased [210]. Furthermore, the cost increase is degres-
sive with higher temporal resolutions and therefore it is highly
model-dependent whether the impact of an increased temporal resolu-
tion can be neglected or not. For that reason, different
optimization-based publications focusing on different model scopes
have arrived at different conclusions with respect to the impact of
sub-hourly model resolutions: for the cost-optimal design of a hybrid
municipal energy system with 250 households comprising PV and
combined heat and power, Kools et al. [211] conclude that higher
temporal resolutions lead to slightly higher load losses (3% for minutely
resolution, 2% for hourly resolution) and smaller PV capacities. How-
ever, the authors demonstrate that the impact is small and should
therefore be omitted for the sake of computational tractability. Harb
et al. [212] arrive at a similar finding that the overall cost underesti-
mation of less than 1% in hourly energy system optimizations of a small
neighborhood compared to quarter hourly resolution is negligible.
However, the general trend that higher resolutions lead to higher costs
and smaller cost-optimal shares of non-dispatchable renewables (if dis-
patchable fossil sources are available) holds true as well.

Overall, the impact of sub-hourly resolved time steps on overall
system costs likely remain small or moderate, but the systematic
assessment of this aspect is too widely neglected to derive general
conclusions. Especially with respect to the relative frequency of outage
or lost load with usually very small percentage values, the impact may
be considerable for 100% renewable off-grid systems.

Risk of social opposition. The vast majority of articles contain pure
techno-economic analyses. Only a few studies combine this with multi-
attribute [111] or multi-criteria [77,116] decision making to include
preferences of stakeholders in the evaluation of energy systems. The
disregard of social acceptance could lead to technically and economi-
cally optimal energy systems from a theoretical perspective, which
cannot be implemented in reality, as decision-makers might reject
certain technologies. Especially for onshore wind, the opposition of local
inhabitants towards turbines due to landscape impacts [205,213,214] or
disamenities [215,216] may be particularly strong and lead to higher
system costs. Since many aspects regarding the techno-economic feasi-
bility of off-grid renewable energy systems have already been exten-
sively studied in the past, future studies should increase their efforts to
incorporate more non-technical aspects in energy system analyses [217,
218].

Transformation versus overnight expansion. Nearly all studies
(96%) consider so-called overnight pathways, i.e., only the cost-optimal
final state is planned for the energy system, but not the path leading there.
Only four exceptions consider off-grid energy systems in a multi-year
transformation [74,114,179,180]. Especially expansion rates of renew-
able energies as well as retrofit rates of buildings can have a major impact
on costs and CO, emissions in decentralized energy systems [196] and
could be limited by available material and craftsmen. Using a multi-year
transformation planning together with model-endogenous technology
learning could also avoid stranded investments due to installing tech-
nologies that are not needed in the future energy system [219].
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3.3. Considerable impact of discount rate on LCOE

Another significant influence on the LCOE in energy system analyses
can arise from the choice of the discount rate, which is country specific
[220] and ranges from 0.3% for a case study in Japan to 18% for a case
study in Iran, as illustrated in Fig. 3. Some studies also examine the effect
of discount rate on LCOE for regional energy system case studies in
Bangladesh [132], Canada [52], Cameroon [141], India [157], and
China [125]. Thereby, the studies show that a 10% increase in the dis-
count rate increases the LCOE by about 3-6%. Due to the higher specific
investment and lower operating costs of renewables, the discount rate
has a particularly high impact in renewable energy systems. For a hybrid
off-grid energy system with a renewable penetration of only about 20%,
Rahman et al. [155] demonstrate that an increase in the discount rate of
20% has a negligible impact on costs (+0.1%). In future studies on 100%
renewable energy systems, the choice of the discount rate should be
made very carefully to avoid underestimation or overestimation of
system costs.

4. Discussion

This review reveals the decrease in costs for decentralized off-grid
renewable energy systems due to technological progress and cost
degression. Recent global energy, health and geopolitical crises and the
associated rise in retail energy prices could make off-grid energy systems
worthwhile even in certain regions of industrialized countries. As has
been shown for a few countries, the household electricity price is already
higher than the LCOE:s calculated in some case studies for off-grid energy
systems.

Additionally, seven key reasons that lead to a systematic over-
estimation or underestimation of costs in the model calculations have
been identified. To avoid an overestimation of LCOEs, future studies
should carefully size energy technologies in simulation models (1),
integrate all recent cost developments (2) and include all potentially
beneficial technology options (3). To prevent underestimation of costs,
integration costs should be accounted for (4), higher temporal resolu-
tions should be applied in combination with time series aggregation
approaches (5), social opposition to certain technologies in the regions
studied should be addressed (6), and pathways for the transformation of
energy systems should be planned instead of only planning the final state
of systems (7).

Further suggestions have recently been developed by a group of
experts. As an energy system reaches 100% renewable energy, the
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Fig. 3. Box plots of discount rates in 59 articles on 100% renewable off-grid
energy systems, classified by country in which the case study was investi-
gated. 41 articles on 100% renewable off-grid energy systems do not state the
value of the discount rate.
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necessary balance between supply and demand usually leads to a highly
nonlinear increase in costs, mainly due to seasonal mismatches [17].
Since reaching the last 10% to achieve a completely renewable energy
supply is especially challenging, the group of experts introduced six
strategies for this [16]: building more variable renewable energy
together with transmission and diurnal storages (1), installing other
base-load capable renewable energy technologies like geothermal en-
ergy, hydropower or biopower (2), deploying nuclear plants as well as
fossil-based ones with carbon capture (3), using seasonal storage by
hydrogen, storage and re-electrification (4), employing carbon dioxide
removal like bioenergy with carbon capture and storage (BECCS) or
direct air carbon capture and storage (DACCS) (5) or intensifying
demand-side measures like demand response or demand flexibility (6).
While some of these strategies are more suited for large centralized
energy systems (e.g., installing conventional nuclear power plants) or
fully decarbonized energy systems (BECCS and DACCS), they are
consistent with the recommendation in Section 3 to exploit all available
technological options to achieve 100% renewable energy systems in the
future in a cost-effective way.

While this review attempts to present the LCOEs of off-grid regions in
various countries as comparable as possible by adjusting for inflation,
the heterogeneity of regions in, for example, size, energy demands,
renewable potentials, and cost structures [221] means that the LCOEs
between studies can never be completely comparable. In addition, the
discussion on system LCOEs in Section 3 indicated that LCOEs may not
be the best and most comprehensive metric to compare energy systems.
Recently, a new metric called the Cost of Valued Energy has been
introduced to better evaluate energy systems with high shares of
renewable energy. The Cost of Valued Energy relies on system costs in
relation to spot market revenue on an annual basis and thus takes into
account not only the economic impact of supply vs. demand but also of
cost vs. revenue [222]. Although spot markets could be irrelevant in
decentralized off-grid energy systems, this highlights once again the
need for novel metrics to compare energy systems. While the COVE
places a higher value on energy supply during high wholesale energy
prices, in off-grid systems the supply could be weighted stronger, for
example, during periods of dark doldrums or demand peaks.

Besides cost considerations, off-grid energy systems should be
assessed by means of environmental metrics and social aspects to ach-
ieve a more thorough energy systems analysis. Life cycle assessment can
be used to quantify the environmental impacts of a product, service, or
energy system over the entire life cycle (including the manufacturing,
operation, and end-of-life phase), considering environmental impacts
beyond greenhouse gas emissions [223]. Thus, life cycle assessments can
identify potential trade-offs between costs, greenhouse gas emissions,
and other environmental burdens [199,223]. Off-grid energy systems
can be decarbonized by abandoning the import and use of fossil fuels,
integrating low-carbon energy sources — such as solar PV and wind — and
using energy storage [199]. However, the manufacturing of off-grid
energy systems can result in environmental burden shifting, for
example with regard to material utilization and/or land occupation
[199,224]. In line with Section 3.1, these additional environmental
burdens mainly arise due to the oversizing of off-grid systems, which
might be reduced with optimization and/or appropriate disposal of
system components. Thus, there can be substantial environmental con-
sequences when costs are the only metric considered within the analysis
of off-grid energy systems. Therefore, additional metrics beyond costs
and (operational) greenhouse gas emissions during the design phase of
off-grid energy systems must be considered.

However, LCOEs are the only suitable metric to compare the eco-
nomics of decentralized off-grid renewable energy systems at the
moment, due to their coverage in most studies. The comparison with the
LCOE overview in this review can, for example, prevent design errors in
future studies, if authors find that their calculated LCOEs are too high or
low. Therefore, this overview can be used to verify findings on off-grid
systems, to assess where these systems might be deployed and how



J.M. Weinand et al.

costs evolve.

This review provides concrete implications for policy makers, in-
vestors and researchers in most if not all of the analyzed countries (as
well as learnings in those not included). As many of these countries
attempt to transition towards a mainly or fully renewable energy system,
they all face the same challenge of integrating variable renewable en-
ergy technologies. The cost of the required measures, including network
expansion/densification, storage, backup capacity, and flexibility of
existing plants, can be reduced in some cases with off-grid energy sys-
tems. Especially in countries where grid parity has made the self-
consumption of self-generated energy (power) more economical than
imported energy (power) from the grid, but also as recent geopolitical
events have motivated some pro/consumers to pay a premium for a
more secure, local energy supply, such renewable-based micro- or
minigrids can increasingly represent an economically and environ-
mentally attractive opportunity compared to conventional centralized
energy supply structures. Furthermore, as approaches to energy com-
munities become more established, such local networks of self-supply
can start to emerge at scales from individual buildings up to whole cit-
ies, whereby the precise size and configuration, and therefore the eco-
nomic business case, depends on local supply and demand
characteristics. The challenge for policymakers and regulators is to
create the right incentives and signals that encourage these off-grid
initiatives in locations and at scales that are Pareto optimal, in other
words where the local consumers benefit but at no detriment to the
overarching energy system.

Credit statement

Conceptualization, J.W.; Data curation: J.W. J.S.; Formal analysis: J.
W.; Funding acquisition: D.S.; Investigation: J.W.; Methodology: J.W.;
Software: J.S., P-K.; Supervision: D.S.; Validation: J.W.; Visualization: J.

G., J.W.; Writing - original draft: J.W., M.H., T.T.; Writing - review &
editing: R.M., M.H,, J.G., T.T., J.S.,, P-K,, LK., J.L., D.S., J.W.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work was supported by the Helmholtz Association under the
program “Energy System Design".

References

[1

—

International Energy Agency. World energy outlook 2020. [September 20, 2022];
Available from: https://www.iea.org/reports/world-energy-outlook-2020/
overview-and-key-findings.

Weinand JM, Scheller F, McKenna R. Reviewing energy system modelling of
decentralized energy autonomy. Energy 2020;203:117817. https://doi.org/
10.1016/j.energy.2020.117817.

Abba SI, Najashi BG, Rotimi A, Musa B, Yimen N, Kawu SJ, et al. Emerging Harris
Hawks Optimization based load demand forecasting and optimal sizing of stand-
alone hybrid renewable energy systems— A case study of Kano and Abuja, Nigeria.
Results in Engineering 2021;12:100260. https://doi.org/10.1016/j.
rineng.2021.100260.

Elinwa UK, Ogbeba JE, Agboola OP. Cleaner energy in Nigeria residential
housing. Results in Engineering 2021;9:100103. https://doi.org/10.1016/j.
rineng.2020.100103.

Engelken M, Romer B, Drescher M, Welpe I. Transforming the energy system:
why municipalities strive for energy self-sufficiency. Energy Pol 2016;98:365-77.
https://doi.org/10.1016/j.enpol.2016.07.049.

[2

—

[3

—

[4

=

[5

i}

[6]

[7

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Renewable and Sustainable Energy Reviews 183 (2023) 113478

Weinand JM, McKenna R, Fichtner W. Developing a municipality typology for
modelling decentralised energy systems. Util Pol 2019;57:75-96. https://doi.org/
10.1016/j.jup.2019.02.003.

Weinand JM, McKenna R, Fichtner W. The feasibility of energy autonomy for
municipalities: local energy system optimisation and upscaling with cluster and
regression analyses. NachhaltigkeitsManagementForum 2021;29(2):153-9.
https://doi.org/10.1007/s00550-021-00514-8.

Juntunen JK, Martiskainen M. Improving understanding of energy autonomy: a
systematic review. Renew Sustain Energy Rev 2021;141:110797. https://doi.org/
10.1016/j.rser.2021.110797.

Victoria M, Haegel N, Peters IM, Sinton R, Jiger-Waldau A, Del Canizo C, et al.
Solar photovoltaics is ready to power a sustainable future. Joule 2021;5(5):
1041-56. https://doi.org/10.1016/j.joule.2021.03.005.

Wiser R, Rand J, Seel J, Beiter P, Baker E, Lantz E, et al. Expert elicitation survey
predicts 37% to 49% declines in wind energy costs by 2050. Nat Energy 2021;6
(5):555-65. https://doi.org/10.1038/s41560-021-00810-z.

Pedersen TT, Ggtske EK, Dvorak A, Andresen GB, Victoria M. Long-term
implications of reduced gas imports on the decarbonization of the European
energy system. Joule 2022;6(7):1566-80. https://doi.org/10.1016/j.

joule.2022.06.023.

Heard BP, Brook BW, Wigley T, Bradshaw C. Burden of proof: a comprehensive
review of the feasibility of 100% renewable-electricity systems. Renew Sustain
Energy Rev 2017;76:1122-33. https://doi.org/10.1016/j.rser.2017.03.114.
Brown TW, Bischof-Niemz T, Blok K, Breyer C, Lund H, Mathiesen BV. Response
to ‘Burden of proof: a comprehensive review of the feasibility of 100% renewable-
electricity systems’. Renew Sustain Energy Rev 2018;92:834-47. https://doi.org/
10.1016/j.rser.2018.04.113.

Diesendorf M, Elliston B. The feasibility of 100% renewable electricity systems: a
response to critics. Renew Sustain Energy Rev 2018;93:318-30. https://doi.org/
10.1016/j.rser.2018.05.042.

Hansen K, Breyer C, Lund H. Status and perspectives on 100% renewable energy
systems. Energy 2019;175:471-80. https://doi.org/10.1016/j.
energy.2019.03.092.

Mai T, Denholm P, Brown P, Cole W, Hale E, Lamers P, et al. Getting to 100%: six
strategies for the challenging last 10. Joule 2022;6(9):1981-94. https://doi.org/
10.1016/j.joule.2022.08.004.

Denholm P, Arent DJ, Baldwin SF, Bilello DE, Brinkman GL, Cochran JM, et al.
The challenges of achieving a 100% renewable electricity system in the United
States. Joule 2021;5(6):1331-52. https://doi.org/10.1016/j.joule.2021.03.028.
Rae C, Bradley F. Energy autonomy in sustainable communities—a review of key
issues. Renew Sustain Energy Rev 2012;16(9):6497-506. https://doi.org/
10.1016/j.rser.2012.08.002.

McKenna R. The double-edged sword of decentralized energy autonomy. Energy
Pol 2018;113:747-50. https://doi.org/10.1016/j.enpol.2017.11.033.

Khalili S, Breyer C. Review on 100% renewable energy system analyses—a
bibliometric perspective. IEEE Access 2022;10:125792-834. https://doi.org/
10.1109/ACCESS.2022.3221155.

Breyer C, Khalili S, Bogdanov D, Ram M, Oyewo AS, Aghahosseini A, et al. On the
history and future of 100% renewable energy systems research. IEEE Access
2022;10:78176-218. https://doi.org/10.1109/ACCESS.2022.3193402.
Meschede H, Bertheau P, Khalili S, Breyer C. A review of 100% renewable energy
scenarios on islands. WIREs Energy & Environment 2022;11(6). https://doi.org/
10.1002/wene.450.

Elseveir. Scopus. [September 20, 2022]; Available from: https://www.scopus.
com/.

Abdul-Wahab S, Mujezinovic K, Al-Mahruqi AM. Optimal design and evaluation
of a hybrid energy system for off-grid remote area. Energy Sources, Part A
Recovery, Util Environ Eff 2019;7(25):1-13. https://doi.org/10.1080/
15567036.2019.1656308.

Abnavi MD, Mohammadshafie N, Rosen MA, Dabbaghian A, Fazelpour F. Techno-
economic feasibility analysis of stand-alone hybrid wind/photovoltaic/diesel/
battery system for the electrification of remote rural areas: case study Persian
Gulf Coast-Iran. Environ Prog Sustain Energy 2019;38(5):13172. https://doi.org/
10.1002/ep.13172.

Adaramola MS, Oyewola OM, Paul SS. Technical and economic assessment of
hybrid energy systems in south-west Nigeria. Energy Explor Exploit 2012;30(4):
533-52.

Adaramola MS, Agelin-Chaab M, Paul SS. Analysis of hybrid energy systems for
application in southern Ghana. Energy Convers Manag 2014;88:284-95. https://
doi.org/10.1016/j.enconman.2014.08.029.

Adaramola MS, Quansah DA, Agelin-Chaab M, Paul SS. Multipurpose renewable
energy resources based hybrid energy system for remote community in northern
Ghana. Sustain Energy Technol Assessments 2017;22:161-70. https://doi.org/
10.1016/j.seta.2017.02.011.

Afzal A, Mohibullah M, Kumar Sharma V. Optimal hybrid renewable energy
systems for energy security: a comparative study. Int J Sustain Energy 2010;29
(1):48-58. https://doi.org/10.1080/14786460903337241.

Aghapouramin K. Technical, economical, and environmental feasibility of hybrid
renewable electrification systems for off-grid remote rural electrification areas for
east Azerbaijan province, Iran. Technol Econ Smart Grids Sustain Energy 2020;5
(1). https://doi.org/10.1007/540866-020-00093-5.

Agyekum EB, Nutakor C. Feasibility study and economic analysis of stand-alone
hybrid energy system for southern Ghana. Sustain Energy Technol Assessments
2020;39:100695. https://doi.org/10.1016/j.seta.2020.100695.

Akhtari MR, Baneshi M. Techno-economic assessment and optimization of a
hybrid renewable co-supply of electricity, heat and hydrogen system to enhance


https://doi.org/10.1016/j.energy.2020.117817
https://doi.org/10.1016/j.energy.2020.117817
https://doi.org/10.1016/j.rineng.2021.100260
https://doi.org/10.1016/j.rineng.2021.100260
https://doi.org/10.1016/j.rineng.2020.100103
https://doi.org/10.1016/j.rineng.2020.100103
https://doi.org/10.1016/j.enpol.2016.07.049
https://doi.org/10.1016/j.jup.2019.02.003
https://doi.org/10.1016/j.jup.2019.02.003
https://doi.org/10.1007/s00550-021-00514-8
https://doi.org/10.1016/j.rser.2021.110797
https://doi.org/10.1016/j.rser.2021.110797
https://doi.org/10.1016/j.joule.2021.03.005
https://doi.org/10.1038/s41560-021-00810-z
https://doi.org/10.1016/j.joule.2022.06.023
https://doi.org/10.1016/j.joule.2022.06.023
https://doi.org/10.1016/j.rser.2017.03.114
https://doi.org/10.1016/j.rser.2018.04.113
https://doi.org/10.1016/j.rser.2018.04.113
https://doi.org/10.1016/j.rser.2018.05.042
https://doi.org/10.1016/j.rser.2018.05.042
https://doi.org/10.1016/j.energy.2019.03.092
https://doi.org/10.1016/j.energy.2019.03.092
https://doi.org/10.1016/j.joule.2022.08.004
https://doi.org/10.1016/j.joule.2022.08.004
https://doi.org/10.1016/j.joule.2021.03.028
https://doi.org/10.1016/j.rser.2012.08.002
https://doi.org/10.1016/j.rser.2012.08.002
https://doi.org/10.1016/j.enpol.2017.11.033
https://doi.org/10.1109/ACCESS.2022.3221155
https://doi.org/10.1109/ACCESS.2022.3221155
https://doi.org/10.1109/ACCESS.2022.3193402
https://doi.org/10.1002/wene.450
https://doi.org/10.1002/wene.450
https://www.scopus.com/
https://www.scopus.com/
https://doi.org/10.1080/15567036.2019.1656308
https://doi.org/10.1080/15567036.2019.1656308
https://doi.org/10.1002/ep.13172
https://doi.org/10.1002/ep.13172
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref26
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref26
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref26
https://doi.org/10.1016/j.enconman.2014.08.029
https://doi.org/10.1016/j.enconman.2014.08.029
https://doi.org/10.1016/j.seta.2017.02.011
https://doi.org/10.1016/j.seta.2017.02.011
https://doi.org/10.1080/14786460903337241
https://doi.org/10.1007/s40866-020-00093-5
https://doi.org/10.1016/j.seta.2020.100695

J.M. Weinand et al.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

performance by recovering excess electricity for a large energy consumer. Energy
Convers Manag 2019;188:131-41. https://doi.org/10.1016/j.
enconman.2019.03.067.

Al Garni HZ, Abubakar Mas'ud A, Wright D. Design and economic assessment of
alternative renewable energy systems using capital cost projections: a case study
for Saudi Arabia. Sustain Energy Technol Assessments 2021;48:101675. https://
doi.org/10.1016/j.seta.2021.101675.

Akram F, Asghar F, Majeed MA, Amjad W, Manzoor MO, Munir A. Techno-
economic optimization analysis of stand-alone renewable energy system for
remote areas. Sustain Energy Technol Assessments 2020;38:100673. https://doi.
org/10.1016/j.seta.2020.100673.

Al-Ammar EA, Habib HUR, Kotb KM, Wang S, Ko W, Elmorshedy MF, et al.
Residential community load management based on optimal design of standalone
HRES with model predictive control. IEEE Access 2020;8:12542-72. https://doi.
org/10.1109/ACCESS.2020.2965250.

Al-Ghussain L, Abujubbeh M, Darwish Ahmad A, Abubaker AM, Taylan O,
Fahrioglu M, et al. 100% renewable energy grid for rural electrification of remote
areas: a case study in Jordan. Energies 2020;13(18):4908. https://doi.org/
10.3390/en13184908.

Ali F, Ahmar M, Jiang Y, AlAhmad M. A techno-economic assessment of hybrid
energy systems in rural Pakistan. Energy 2021;215:119103. https://doi.org/
10.1016/j.energy.2020.119103.

Alotaibi MA, Eltamaly AM. A smart strategy for sizing of hybrid renewable energy
system to supply remote loads in Saudi arabia. Energies 2021;14(21):7069.
https://doi.org/10.3390/en14217069.

Al-Shammari ZWJ, Azizan MM, Rahman ASF. Grid-independent PV-wind-diesel
generator hybrid renewable energy system for a medium population: a case study.
J Eng Sci Technol 2021;16(1):92-106.

Al-Shetwi AQ, Sujod MZ, Al Tarabsheh A, Altawil IA. Design and economic
evaluation of electrification of small villages in rural area in Yemen using stand-
alone PV system. Int J Renew Energy Resour 2016;6(1):289-98.

Alturki FA, Farh H MH, , A. Al-Shamma’a A, AlSharabi K. Techno-economic
optimization of small-scale hybrid energy systems using manta ray foraging
optimizer. Electronics 2020;9(12):2045. https://doi.org/10.3390/
electronics9122045.

Anwar K, Deshmukh S, Mustafa Rizvi S. Feasibility and sensitivity analysis of a
hybrid photovoltaic/wind/biogas/fuel-cell/diesel/battery system for off-grid
rural electrification using homer. J Energy Resour Technol 2020;142(6). https://
doi.org/10.1115/1.4045880.

Arefin SS, Das N. Optimized hybrid wind-diesel energy system with feasibility
analysis. Technology and Economics of Smart Grids and Sustainable Energy 2017;
2(1):63. https://doi.org/10.1007/540866-017-0025-6.

Arif MSB, Mustafa U, Prabaharan N, Ayob SBM, Ahmad J. Performance
evaluation of a hybrid solar PV system with reduced emission designed for
residential load in subtropical region. Energy Sources, Part A Recovery, Util
Environ Eff 2020:1-23. https://doi.org/10.1080/15567036.2020.1773962.
Ashok S. Optimised model for community-based hybrid energy system. Renew
Energy 2007;32(7):1155-64. https://doi.org/10.1016/j.renene.2006.04.008.
Askari IB, Ameri M. Optimal sizing of photovoltaic—battery power systems in a
remote region in Kerman, Iran. Proc Inst Mech Eng A J Power Energy 2009;223
(5):563-70. https://doi.org/10.1243/09576509JPE717.

Awan AB. Performance analysis and optimization of a hybrid renewable energy
system for sustainable NEOM city in Saudi Arabia. J Renew Sustain Energy 2019;
11(2):25905. https://doi.org/10.1063/1.5071449.

Azaza M, Wallin F. Multi objective particle swarm optimization of hybrid micro-
grid system: a case study in Sweden. Energy 2017;123:108-18. https://doi.org/
10.1016/j.energy.2017.01.149.

Aziz AS, bin Tajuddin MFN, bin Adzman MR, Ramli MAM. Feasibility analysis of
PV/diesel/battery hybrid energy system using multi-year module. Int J Renew
Energy Resour 2018;8(4):1980-93.

Babatunde OM, Babatunde DE, Denwigwe IH, Adedoja TB, Adedoja OS,
Okharedia TE. Analysis of an optimal hybrid power system for an off-grid
community in Nigeria. IJESM 2019;14(2):335-57. https://doi.org/10.1108/
1JESM-01-2019-0009.

Bagheri M, Delbari SH, Pakzadmanesh M, Kennedy CA. City-integrated renewable
energy design for low-carbon and climate-resilient communities. Appl Energy
2019;239:1212-25. https://doi.org/10.1016/j.apenergy.2019.02.031.

Bagheri M, Shirzadi N, Bazdar E, Kennedy CA. Optimal planning of hybrid
renewable energy infrastructure for urban sustainability: green Vancouver.
Renew Sustain Energy Rev 2018;95:254-64. https://doi.org/10.1016/].
rser.2018.07.037.

Balaji V, Gurgenci H. Search for optimum renewable mix for Australian off-grid
power generation. Energy 2019;175:1234-45. https://doi.org/10.1016/j.
energy.2019.03.089.

Baneshi M, Hadianfard F. Techno-economic feasibility of hybrid diesel/PV/wind/
battery electricity generation systems for non-residential large electricity
consumers under southern Iran climate conditions. Energy Convers Manag 2016;
127:233-44. https://doi.org/10.1016/j.enconman.2016.09.008.

Barhoumi EM, Farhani S, Okonkwo PC, Zghaibeh M, Bacha F. Techno-economic
sizing of renewable energy power system case study Dhofar Region-Oman. Int J
Green Energy 2021;18(8):856-65. https://doi.org/10.1080/
15435075.2021.1881899.

Baseer MA, Algahtani A, Rehman S. Techno-economic design and evaluation of
hybrid energy systems for residential communities: case study of Jubail industrial
city. J Clean Prod 2019;237:117806. https://doi.org/10.1016/j.

jclepro.2019.117806.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Renewable and Sustainable Energy Reviews 183 (2023) 113478

Bashir N, Modu B. Techno-economic analysis of off-grid renewable energy
systems for rural electrification in Northeastern Nigeria. Int J Renew Energy
Resour 2018;8(3):1217-28.

Bekele G, Palm B. Feasibility study for a standalone solar-wind-based hybrid
energy system for application in Ethiopia. Appl Energy 2010;87(2):487-95.
https://doi.org/10.1016/j.apenergy.2009.06.006.

Bentouba S, Bourouis M. Feasibility study of a wind-photovoltaic hybrid power
generation system for a remote area in the extreme south of Algeria. Appl Therm
Eng 2016;99:713-9. https://doi.org/10.1016/j.applthermaleng.2015.12.014.
Bertheau P. Supplying not electrified islands with 100% renewable energy based
micro grids: a geospatial and techno-economic analysis for the Philippines.
Energy 2020;202:117670. https://doi.org/10.1016/j.energy.2020.117670.
Castellanos JG, Walker M, Poggio D, Pourkashanian M, Nimmo W. Modelling an
off-grid integrated renewable energy system for rural electrification in India using
photovoltaics and anaerobic digestion. Renew Energy 2015;74:390-8. https://
doi.org/10.1016/j.renene.2014.08.055.

Chang K-C, Hagumimana N, Zheng J, Asemota GNO, Niyonteze JDD,
Nsengiyumva W, et al. Standalone and minigrid-connected solar energy systems
for rural application in Rwanda: an in situ study. Int J Photoenergy 2021;2021:
1-22. https://doi.org/10.1155/2021/1211953.

Chauhan A, Saini RP. Techno-economic optimization based approach for energy
management of a stand-alone integrated renewable energy system for remote
areas of India. Energy 2016;94:138-56. https://doi.org/10.1016/j.
energy.2015.10.136.

Chauhan A, Saini RP. Size optimization and demand response of a stand-alone
integrated renewable energy system. Energy 2017;124:59-73. https://doi.org/
10.1016/j.energy.2017.02.049.

Chauhan S, Pande R, Sharma S. Techno-economic study of off-grid renewable
energy system in Darma valley, Uttarakhand, India. Curr Sci 2022;121(9):1216.
https://doi.org/10.18520/cs/v121/i9/1216-1226.

Chmiel Z, Bhattacharyya SC. Analysis of off-grid electricity system at isle of eigg
(scotland): lessons for developing countries. Renew Energy 2015;81:578-88.
https://doi.org/10.1016/j.renene.2015.03.061.

Chowdhury T, Chowdhury H, Miskat MI, Chowdhury P, Sait SM,
Thirugnanasambandam M, et al. Developing and evaluating a stand-alone hybrid
energy system for Rohingya refugee community in Bangladesh. Energy 2020;191:
116568. https://doi.org/10.1016/j.energy.2019.116568.

Coady J, Duquette J. Quantifying the impacts of biomass driven combined heat
and power grids in northern rural and remote communities. Renew Sustain
Energy Rev 2021;148:111296. https://doi.org/10.1016/j.rser.2021.111296.

Das BK, Hasan M, Das P. Impact of storage technologies, temporal resolution, and
PV tracking on stand-alone hybrid renewable energy for an Australian remote
area application. Renew Energy 2021;173:362-80. https://doi.org/10.1016/j.
renene.2021.03.131.

Das BK, Hasan M, Rashid F. Optimal sizing of a grid-independent PV/diesel/
pump-hydro hybrid system: a case study in Bangladesh. Sustain Energy Technol
Assessments 2021;44:100997. https://doi.org/10.1016/j.seta.2021.100997.

Das BK, Hoque N, Mandal S, Pal TK, Raihan MA. A techno-economic feasibility of
a stand-alone hybrid power generation for remote area application in Bangladesh.
Energy 2017;134:775-88. https://doi.org/10.1016/j.energy.2017.06.024.

Das BK, Tushar MSH, Hassan R. Techno-economic optimisation of stand-alone
hybrid renewable energy systems for concurrently meeting electric and heating
demand. Sustain Cities Soc 2021;68:102763. https://doi.org/10.1016/j.
5cs.2021.102763.

Dawood F, Shafiullah GM, Anda M. Stand-alone microgrid with 100% renewable
energy: a case study with hybrid solar PV-Battery-Hydrogen. Sustainability 2020;
12(5):2047. https://doi.org/10.3390/s5u12052047.

Doroti¢ H, Doraci¢ B, Dobravec V, Puksec T, Krajaci¢ G, Dui¢ N. Integration of
transport and energy sectors in island communities with 100% intermittent
renewable energy sources. Renew Sustain Energy Rev 2019;99:109-24. https://
doi.org/10.1016/j.rser.2018.09.033.

Dursun B, Gokcol C, Umut I, Ucar E, Kocabey S. Techno-economic evaluation of a
hybrid PV--Wind power generation system. Int J Green Energy 2013;10(2):
117-36. https://doi.org/10.1080/15435075.2011.641192.

Eko JO, Paul MC. Integrated sustainable energy for sub-saharan Africa: a case
study of machinga boma in Malawi. Energies 2021;14(19):6330. https://doi.org/
10.3390/en14196330.

Elkadeem MR, Younes A, Sharshir SW, Campana PE, Wang S. Sustainable siting
and design optimization of hybrid renewable energy system: a geospatial multi-
criteria analysis. Appl Energy 2021;295:117071. https://doi.org/10.1016/j.
apenergy.2021.117071.

Farzaneh. Design of a hybrid renewable energy system based on supercritical
water gasification of biomass for off-grid power supply in fukushima. Energies
2019;12(14):2708. https://doi.org/10.3390/en12142708.

Fioriti D, Pintus S, Lutzemberger G, Poli D. Economic multi-objective approach to
design off-grid microgrids: a support for business decision making. Renew Energy
2020;159:693-704. https://doi.org/10.1016/j.renene.2020.05.154.

Fulhu M, Mohamed M, Krumdieck S. Voluntary demand participation (VDP) for
security of essential energy activities in remote communities with case study in
Maldives. Energy for Sustainable Development 2019;49:27-38. https://doi.org/
10.1016/j.esd.2019.01.002.

Gambino V, Del Citto R, Cherubini P, Tacconelli C, Micangeli A, Giglioli R.
Methodology for the energy need assessment to effectively design and deploy
mini-grids for rural electrification. Energies 2019;12(3):574. https://doi.org/
10.3390/en12030574.


https://doi.org/10.1016/j.enconman.2019.03.067
https://doi.org/10.1016/j.enconman.2019.03.067
https://doi.org/10.1016/j.seta.2021.101675
https://doi.org/10.1016/j.seta.2021.101675
https://doi.org/10.1016/j.seta.2020.100673
https://doi.org/10.1016/j.seta.2020.100673
https://doi.org/10.1109/ACCESS.2020.2965250
https://doi.org/10.1109/ACCESS.2020.2965250
https://doi.org/10.3390/en13184908
https://doi.org/10.3390/en13184908
https://doi.org/10.1016/j.energy.2020.119103
https://doi.org/10.1016/j.energy.2020.119103
https://doi.org/10.3390/en14217069
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref39
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref39
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref39
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref40
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref40
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref40
https://doi.org/10.3390/electronics9122045
https://doi.org/10.3390/electronics9122045
https://doi.org/10.1115/1.4045880
https://doi.org/10.1115/1.4045880
https://doi.org/10.1007/s40866-017-0025-6
https://doi.org/10.1080/15567036.2020.1773962
https://doi.org/10.1016/j.renene.2006.04.008
https://doi.org/10.1243/09576509JPE717
https://doi.org/10.1063/1.5071449
https://doi.org/10.1016/j.energy.2017.01.149
https://doi.org/10.1016/j.energy.2017.01.149
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref49
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref49
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref49
https://doi.org/10.1108/IJESM-01-2019-0009
https://doi.org/10.1108/IJESM-01-2019-0009
https://doi.org/10.1016/j.apenergy.2019.02.031
https://doi.org/10.1016/j.rser.2018.07.037
https://doi.org/10.1016/j.rser.2018.07.037
https://doi.org/10.1016/j.energy.2019.03.089
https://doi.org/10.1016/j.energy.2019.03.089
https://doi.org/10.1016/j.enconman.2016.09.008
https://doi.org/10.1080/15435075.2021.1881899
https://doi.org/10.1080/15435075.2021.1881899
https://doi.org/10.1016/j.jclepro.2019.117806
https://doi.org/10.1016/j.jclepro.2019.117806
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref57
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref57
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref57
https://doi.org/10.1016/j.apenergy.2009.06.006
https://doi.org/10.1016/j.applthermaleng.2015.12.014
https://doi.org/10.1016/j.energy.2020.117670
https://doi.org/10.1016/j.renene.2014.08.055
https://doi.org/10.1016/j.renene.2014.08.055
https://doi.org/10.1155/2021/1211953
https://doi.org/10.1016/j.energy.2015.10.136
https://doi.org/10.1016/j.energy.2015.10.136
https://doi.org/10.1016/j.energy.2017.02.049
https://doi.org/10.1016/j.energy.2017.02.049
https://doi.org/10.18520/cs/v121/i9/1216-1226
https://doi.org/10.1016/j.renene.2015.03.061
https://doi.org/10.1016/j.energy.2019.116568
https://doi.org/10.1016/j.rser.2021.111296
https://doi.org/10.1016/j.renene.2021.03.131
https://doi.org/10.1016/j.renene.2021.03.131
https://doi.org/10.1016/j.seta.2021.100997
https://doi.org/10.1016/j.energy.2017.06.024
https://doi.org/10.1016/j.scs.2021.102763
https://doi.org/10.1016/j.scs.2021.102763
https://doi.org/10.3390/su12052047
https://doi.org/10.1016/j.rser.2018.09.033
https://doi.org/10.1016/j.rser.2018.09.033
https://doi.org/10.1080/15435075.2011.641192
https://doi.org/10.3390/en14196330
https://doi.org/10.3390/en14196330
https://doi.org/10.1016/j.apenergy.2021.117071
https://doi.org/10.1016/j.apenergy.2021.117071
https://doi.org/10.3390/en12142708
https://doi.org/10.1016/j.renene.2020.05.154
https://doi.org/10.1016/j.esd.2019.01.002
https://doi.org/10.1016/j.esd.2019.01.002
https://doi.org/10.3390/en12030574
https://doi.org/10.3390/en12030574

J.M. Weinand et al.

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Ghenai C, Salameh T, Merabet A. Technico-economic analysis of off grid solar
PV/Fuel cell energy system for residential community in desert region. Int J
Hydrogen Energy 2020;45(20):11460-70. https://doi.org/10.1016/j.
ijhydene.2018.05.110.

Graga Gomes J, Xu HJ, Yang Q, Zhao CY. An optimization study on a typical
renewable microgrid energy system with energy storage. Energy 2021;234:
121210. https://doi.org/10.1016/j.energy.2021.121210.

Gupta A, Saini RP, Sharma MP. Steady-state modelling of hybrid energy system
for off grid electrification of cluster of villages. Renew Energy 2010;35(2):
520-35. https://doi.org/10.1016/j.renene.2009.06.014.

Gupta A, Saini RP, Sharma MP. Modelling of hybrid energy system--Part III: case
study with simulation results. Renew Energy 2011;36(2):474-81. https://doi.
org/10.1016/j.renene.2009.04.036.

Gupta J, Nijhawan P, Ganguli S. Optimal sizing of different configuration of
photovoltaic, fuel cell, and biomass-based hybrid energy system. Environ Sci
Pollut Res Int 2022;29(12):17425-40. https://doi.org/10.1007/s11356-021-
17080-7.

Haghighat Mamaghani A, Avella Escandon SA, Najafi B, Shirazi A, Rinaldi F.
Techno-economic feasibility of photovoltaic, wind, diesel and hybrid
electrification systems for off-grid rural electrification in Colombia. Renew
Energy 2016;97:293-305. https://doi.org/10.1016/j.renene.2016.05.086.
Halabi LM, Mekhilef S. Flexible hybrid renewable energy system design for a
typical remote village located in tropical climate. J Clean Prod 2018;177:908-24.
https://doi.org/10.1016/j.jclepro.2017.12.248.

Heydari A, Askarzadeh A. Techno-economic analysis of a PV/biomass/fuel cell
energy system considering different fuel cell system initial capital costs. Sol
Energy 2016;133:409-20. https://doi.org/10.1016/j.solener.2016.04.018.
Hosseini SJ, Moazzami M, Shahinzadeh H. Optimal sizing of an isolated hybrid
wind/PV/battery system with considering loss of power supply probability.
Majlesi Journal of Electrical Engineering 2017;11(3):63-9.

Hwang H, Kim S, Garcia AG, Kim J. Global sensitivity analysis for assessing the
economic feasibility of renewable energy systems for an off-grid electrified city.
Energy 2021;216:119218. https://doi.org/10.1016/j.energy.2020.119218.
Taquaniello G, Montanari W, Salladini A. Standalone CSP-DG system for
electrification of remote areas and desalinated water supply. Sol Energy 2017;
157:1056-63. https://doi.org/10.1016/j.solener.2017.09.026.

Iskanderani AIM, Mehedi IM, Ramli MAM, Islam MR. Analyzing the off-grid
performance of the hybrid photovoltaic/diesel energy system for a peripheral
village. Int J Photoenergy 2020;2020:1-15. https://doi.org/10.1155/2020/
7673937.

Jahangir MH, Shahsavari A, Vaziri Rad MA. Feasibility study of a zero emission
PV/Wind turbine/Wave energy converter hybrid system for stand-alone power
supply: a case study. J Clean Prod 2020;262:121250. https://doi.org/10.1016/j.
jclepro.2020.121250.

Jahangir MH, Fakouriyan S, Vaziri Rad MA, Dehghan H. Feasibility study of on/
off grid large-scale PV/WT/WEC hybrid energy system in coastal cities: a case-
based research. Renew Energy 2020;162:2075-95. https://doi.org/10.1016/j.
renene.2020.09.131.

Jain S, Sawle Y. Optimization and comparative economic analysis of standalone
and grid-connected hybrid renewable energy system for remote location. Front
Energy Res 2021;9. https://doi.org/10.3389/fenrg.2021.724162.

Javed MS, Ma T, Jurasz J, Canales FA, Lin S, Ahmed S, et al. Economic analysis
and optimization of a renewable energy based power supply system with different
energy storages for a remote island. Renew Energy 2021;164:1376-94. https://
doi.org/10.1016/j.renene.2020.10.063.

Javed MS, Song A, Ma T. Techno-economic assessment of a stand-alone hybrid
solar-wind-battery system for a remote island using genetic algorithm. Energy
2019;176:704-17. https://doi.org/10.1016/j.energy.2019.03.131.

Ji L, Liang X, Xie Y, Huang G, Wang B. Optimal design and sensitivity analysis of
the stand-alone hybrid energy system with PV and biomass-CHP for remote
villages. Energy 2021;225:120323. https://doi.org/10.1016/j.
energy.2021.120323.

Kahwash F, Maheri A, Mahkamov K. Integration and optimisation of high-
penetration Hybrid Renewable Energy Systems for fulfilling electrical and
thermal demand for off-grid communities. Energy Convers Manag 2021;236:
114035. https://doi.org/10.1016/j.enconman.2021.114035.

Kaluthanthrige R, Rajapakse AD, Lamothe C, Mosallat F. Optimal sizing and
performance evaluation of a hybrid renewable energy system for an off-grid
power system in northern Canada. Technology and Economics of Smart Grids and
Sustainable Energy 2019;4(1). https://doi.org/10.1007/s40866-019-0061-5.
Kamran M, Asghar R, Mudassar M, Ahmed SR, Fazal MR, Abid M], et al. Designing
and optimization of stand-alone hybrid renewable energy system for rural areas of
Punjab, Pakistan. Int J Renew Energy Resour 2018;8(4):2585-97.

Kanase-Patil AB, Saini RP, Sharma MP. Integrated renewable energy systems for
off grid rural electrification of remote area. Renew Energy 2010;35(6):1342-9.
https://doi.org/10.1016/j.renene.2009.10.005.

Kanase-Patil AB, Saini RP, Sharma MP. Development of IREOM model based on
seasonally varying load profile for hilly remote areas of Uttarakhand state in
India. Energy 2011;36(9):5690-702. https://doi.org/10.1016/j.
energy.2011.06.057.

Kang D, Jung TY. Renewable energy options for a rural village in North Korea.
Sustainability 2020;12(6):2452. https://doi.org/10.3390/5u12062452.
Katsivelakis M, Bargiotas D, Daskalopulu A, Panapakidis IP, Tsoukalas L. Techno-
economic analysis of a stand-alone hybrid system: application in donoussa island,
Greece. Energies 2021;14(7):1868. https://doi.org/10.3390/en14071868.

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Renewable and Sustainable Energy Reviews 183 (2023) 113478

Khan AN, Akhter P, Mufti GM. Techno-economic evaluation of the centralized
hybrid renewable energy systems for off-grid rural electrification. International
Journal of Smart Home 2016;10(5):61-8. https://doi.org/10.14257/
ijsh.2016.10.5.07.

Khan M, Zeb K, Sathishkumar P, Rao S, Gopi C, Kim H-J. A novel off-grid optimal
hybrid energy system for rural electrification of Tanzania using a closed loop
cooled solar system. Energies 2018;11(4):905. https://doi.org/10.3390/
en11040905.

Kim H, Baek S, Choi K, Kim D, Lee S, Kim D, et al. Comparative analysis of on- and
off-grid electrification: the case of two south Korean islands. Sustainability 2016;8
(4):350. https://doi.org/10.3390/5u8040350.

Kobayakawa T, Kandpal TC. Optimal resource integration in a decentralized
renewable energy system: assessment of the existing system and simulation for its
expansion. Energy for Sustainable Development 2016;34:20-9. https://doi.org/
10.1016/j.esd.2016.06.006.

Konneh KV, Masrur H, Othman ML, Takahashi H, Krishna N, Senjyu T. Multi-
attribute decision-making approach for a cost-effective and sustainable energy
system considering weight assignment analysis. Sustainability 2021;13(10):5615.
https://doi.org/10.3390/5u13105615.

Konneh KV, Masrur H, Othman ML, Wahab NIA, Hizam H, Islam SZ, et al. Optimal
design and performance analysis of a hybrid off-grid renewable power system
considering different component scheduling, PV modules, and solar tracking
systems. IEEE Access 2021;9:64393-413. https://doi.org/10.1109/
ACCESS.2021.3075732.

Kotter E, Schneider L, Sehnke F, Ohnmeiss K, Schroer R. The future electric power
system: impact of Power-to-Gas by interacting with other renewable energy
components. J Energy Storage 2016;5:113-9. https://doi.org/10.1016/j.
est.2015.11.012.

Krajaci¢ G, Dui¢ N, Da Carvalho MG. H2RES, Energy planning tool for island
energy systems - the case of the Island of Mljet+. Int J Hydrogen Energy 2009;34
(16):7015-26. https://doi.org/10.1016/j.ijhydene.2008.12.054.
Krishnamoorthy M, Raj PADV. Optimum design and analysis of HRES for rural
electrification: a case study of Korkadu district. Soft Comput 2020;24(17):
13051-68. https://doi.org/10.1007/s00500-020-04724-y.

Kumar A, Singh AR, Deng Y, He X, Kumar P, Bansal RC. Integrated assessment of a
sustainable microgrid for a remote village in hilly region. Energy Convers Manag
2019;180:442-72. https://doi.org/10.1016/j.enconman.2018.10.084.

Kumar PP, Saini RP. Optimization of an off-grid integrated hybrid renewable
energy system with different battery technologies for rural electrification in India.
J Energy Storage 2020;32:101912. https://doi.org/10.1016/j.est.2020.101912.
Kumar PP, Saini RP. Optimization of an off-grid integrated hybrid renewable
energy system with various energy storage technologies using different dispatch
strategies. Energy Sources, Part A Recovery, Util Environ Eff 2020:1-30. https://
doi.org/10.1080/15567036.2020.1824035.

Kumar R, Gupta RA, Bansal AK. Economic analysis and power management of a
stand-alone wind/photovoltaic hybrid energy system using biogeography based
optimization algorithm. Swarm Evol Comput 2013;8:33-43. https://doi.org/
10.1016/j.swevo.2012.08.002.

Kumaravel S, Ashok S. An optimal stand-alone biomass/solar-PV/pico-hydel
hybrid energy system for remote rural area electrification of isolated village in
western-ghats region of India. Int J Green Energy 2012;9(5):398-408. https://
doi.org/10.1080/15435075.2011.621487.

Lal DK, Dash BB, Akella AK. Optimization of PV/Wind/Micro-Hydro/Diesel
hybrid power system in HOMER for the study area. ijeei 2011;3(3):307-25.
https://doi.org/10.15676/ijeei.2011.3.3.4.

Li C. Techno-economic study of off-grid hybrid photovoltaic/battery and
photovoltaic/battery/fuel cell power systems in Kunming, China. Energy Sources,
Part A: recovery, Utilization. and Environmental Effects 2018;41(13):1588-604.
https://doi.org/10.1080/15567036.2018.1549134.

Li C, Zhou D, Wang H, Lu Y, Li D. Techno-economic performance study of stand-
alone wind/diesel/battery hybrid system with different battery technologies in
the cold region of China. Energy 2020;192:116702. https://doi.org/10.1016/j.
energy.2019.116702.

Li J, Liu P, Li Z. Optimal design and techno-economic analysis of off-grid hybrid
renewable energy system for remote rural electrification: a case study of
southwest China. Chemical Engineering Transactions 2020;81:115-20. https://
doi.org/10.3303/CET2081020.

Li J, Liu P, Li Z. Optimal design and techno-economic analysis of a solar-wind-
biomass off-grid hybrid power system for remote rural electrification: a case study
of west China. Energy 2020;208:118387. https://doi.org/10.1016/j.
energy.2020.118387.

Lu J, Wang W, Zhang Y, Cheng S. Multi-Objective optimal design of stand-alone
hybrid energy system using entropy weight method based on HOMER. Energies
2017;10(10):1664. https://doi.org/10.3390/en10101664.

Ma Q, Huang X, Wang F, Xu C, Babaei R, Ahmadian H. Optimal sizing and
feasibility analysis of grid-isolated renewable hybrid microgrids: effects of energy
management controllers. Energy 2022;240:122503. https://doi.org/10.1016/j.
energy.2021.122503.

Ma T, Javed MS. Integrated sizing of hybrid PV-wind-battery system for remote
island considering the saturation of each renewable energy resource. Energy
Convers Manag 2019;182:178-90. https://doi.org/10.1016/].
enconman.2018.12.059.

Ma T, Yang H, Lu L. Study on stand-alone power supply options for an isolated
community. Int J Electr Power Energy Syst 2015;65:1-11. https://doi.org/
10.1016/j.ijepes.2014.09.023.


https://doi.org/10.1016/j.ijhydene.2018.05.110
https://doi.org/10.1016/j.ijhydene.2018.05.110
https://doi.org/10.1016/j.energy.2021.121210
https://doi.org/10.1016/j.renene.2009.06.014
https://doi.org/10.1016/j.renene.2009.04.036
https://doi.org/10.1016/j.renene.2009.04.036
https://doi.org/10.1007/s11356-021-17080-7
https://doi.org/10.1007/s11356-021-17080-7
https://doi.org/10.1016/j.renene.2016.05.086
https://doi.org/10.1016/j.jclepro.2017.12.248
https://doi.org/10.1016/j.solener.2016.04.018
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref90
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref90
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref90
https://doi.org/10.1016/j.energy.2020.119218
https://doi.org/10.1016/j.solener.2017.09.026
https://doi.org/10.1155/2020/7673937
https://doi.org/10.1155/2020/7673937
https://doi.org/10.1016/j.jclepro.2020.121250
https://doi.org/10.1016/j.jclepro.2020.121250
https://doi.org/10.1016/j.renene.2020.09.131
https://doi.org/10.1016/j.renene.2020.09.131
https://doi.org/10.3389/fenrg.2021.724162
https://doi.org/10.1016/j.renene.2020.10.063
https://doi.org/10.1016/j.renene.2020.10.063
https://doi.org/10.1016/j.energy.2019.03.131
https://doi.org/10.1016/j.energy.2021.120323
https://doi.org/10.1016/j.energy.2021.120323
https://doi.org/10.1016/j.enconman.2021.114035
https://doi.org/10.1007/s40866-019-0061-5
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref102
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref102
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref102
https://doi.org/10.1016/j.renene.2009.10.005
https://doi.org/10.1016/j.energy.2011.06.057
https://doi.org/10.1016/j.energy.2011.06.057
https://doi.org/10.3390/su12062452
https://doi.org/10.3390/en14071868
https://doi.org/10.14257/ijsh.2016.10.5.07
https://doi.org/10.14257/ijsh.2016.10.5.07
https://doi.org/10.3390/en11040905
https://doi.org/10.3390/en11040905
https://doi.org/10.3390/su8040350
https://doi.org/10.1016/j.esd.2016.06.006
https://doi.org/10.1016/j.esd.2016.06.006
https://doi.org/10.3390/su13105615
https://doi.org/10.1109/ACCESS.2021.3075732
https://doi.org/10.1109/ACCESS.2021.3075732
https://doi.org/10.1016/j.est.2015.11.012
https://doi.org/10.1016/j.est.2015.11.012
https://doi.org/10.1016/j.ijhydene.2008.12.054
https://doi.org/10.1007/s00500-020-04724-y
https://doi.org/10.1016/j.enconman.2018.10.084
https://doi.org/10.1016/j.est.2020.101912
https://doi.org/10.1080/15567036.2020.1824035
https://doi.org/10.1080/15567036.2020.1824035
https://doi.org/10.1016/j.swevo.2012.08.002
https://doi.org/10.1016/j.swevo.2012.08.002
https://doi.org/10.1080/15435075.2011.621487
https://doi.org/10.1080/15435075.2011.621487
https://doi.org/10.15676/ijeei.2011.3.3.4
https://doi.org/10.1080/15567036.2018.1549134
https://doi.org/10.1016/j.energy.2019.116702
https://doi.org/10.1016/j.energy.2019.116702
https://doi.org/10.3303/CET2081020
https://doi.org/10.3303/CET2081020
https://doi.org/10.1016/j.energy.2020.118387
https://doi.org/10.1016/j.energy.2020.118387
https://doi.org/10.3390/en10101664
https://doi.org/10.1016/j.energy.2021.122503
https://doi.org/10.1016/j.energy.2021.122503
https://doi.org/10.1016/j.enconman.2018.12.059
https://doi.org/10.1016/j.enconman.2018.12.059
https://doi.org/10.1016/j.ijepes.2014.09.023
https://doi.org/10.1016/j.ijepes.2014.09.023

J.M. Weinand et al.

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Ma T, Yang H, Lu L, Peng J. Technical feasibility study on a standalone hybrid
solar-wind system with pumped hydro storage for a remote island in Hong Kong.
Renew Energy 2014;69:7-15. https://doi.org/10.1016/j.renene.2014.03.028.
Malanda C, Makokha AB, Nzila C, Zalengera C. Techno-economic optimization of
hybrid renewable electrification systems for Malawi’s rural villages. Cogent
Engineering 2021;8(1). https://doi.org/10.1080/23311916.2021.1910112.
Mandal S, Das BK, Hoque N. Optimum sizing of a stand-alone hybrid energy
system for rural electrification in Bangladesh. J Clean Prod 2018;200:12-27.
https://doi.org/10.1016/j.jclepro.2018.07.257.

Marocco P, Ferrero D, Martelli E, Santarelli M, Lanzini A. An MILP approach for
the optimal design of renewable battery-hydrogen energy systems for off-grid
insular communities. Energy Convers Manag 2021;245:114564. https://doi.org/
10.1016/j.enconman.2021.114564.

Memon SA, Upadhyay DS, Patel RN. Optimal configuration of solar and wind-
based hybrid renewable energy system with and without energy storage including
environmental and social criteria: a case study. J Energy Storage 2021;44:
103446. https://doi.org/10.1016/j.est.2021.103446.

Mishra R, Singh S. Sustainable energy plan for a village in Punjab for self energy
generation. Int J Renew Energy Resour 2013;3(3):640-6.

Moeller C, Meiss J, Mueller B, Hlusiak M, Breyer C, Kastner M, et al. Transforming
the electricity generation of the Berlin-Brandenburg region, Germany. Renew
Energy 2014;72:39-50. https://doi.org/10.1016/j.renene.2014.06.042.
Mohammed AQ, Al-Anbarri KA, Hannun RM. Optimal combination and sizing of a
stand-alone hybrid energy system using a nomadic people optimizer. IEEE Access
2020;8:200518-40. https://doi.org/10.1109/ACCESS.2020.3034554.

Mohseni S, Brent AC, Burmester D. Off-grid multi-carrier microgrid design
optimisation: the case of rakiura-stewart island, aotearoa—New Zealand. Energies
2021;14(20):6522. https://doi.org/10.3390/en14206522.

Mohseni S, Brent AC, Kelly S, Browne WN, Burmester D. Strategic design
optimisation of multi-energy-storage-technology micro-grids considering a two-
stage game-theoretic market for demand response aggregation. Appl Energy
2021;287:116563. https://doi.org/10.1016/j.apenergy.2021.116563.

Mousavi SA, Zarchi RA, Astaraei FR, Ghasempour R, Khaninezhad FM. Decision-
making between renewable energy configurations and grid extension to
simultaneously supply electrical power and fresh water in remote villages for five
different climate zones. J Clean Prod 2021;279:123617. https://doi.org/10.1016/
j.jclepro.2020.123617.

Muh E, Tabet F. Comparative analysis of hybrid renewable energy systems for off-
grid applications in Southern Cameroons. Renew Energy 2019;135:41-54.
https://doi.org/10.1016/j.renene.2018.11.105.

Nadal A, Ruby A, Bourasseau C, Riu D, Berenguer C. Accounting for techno-
economic parameters uncertainties for robust design of remote microgrid. Int J
Electr Power Energy Syst 2020;116:105531. https://doi.org/10.1016/j.
ijepes.2019.105531.

Nigussie T, Bogale W, Bekele F, Dribssa E. Feasibility study for power generation
using off- grid energy system from micro hydro-PV-diesel generator-battery for
rural area of Ethiopia: the case of Melkey Hera village, Western Ethiopia. AIMS
Energy 2017;5(4):667-90. https://doi.org/10.3934/energy.2017.4.667.

Nour M, Rohani G. Prospect of stand-alone PV-diesel hybrid power system for
rural electrification in UAE. Int J Renew Energy Resour 2014;4(3):749-58.
Ocon JD, Cruz SMM, Castro MT, Aviso KB, Tan RR, Promentilla MAB. Optimal
multi-criteria selection of hybrid energy systems for off-grid electrification.
Chemical Engineering Transactions 2018;70:367-72.

Odou ODT, Bhandari R, Adamou R. Hybrid off-grid renewable power system for
sustainable rural electrification in Benin. Renew Energy 2020;145:1266-79.
https://doi.org/10.1016/j.renene.2019.06.032.

Oladigbolu JO, Ramli MAM, Al-Turki YA. Feasibility study and comparative
analysis of hybrid renewable power system for off-grid rural electrification in a
typical remote village located in Nigeria. IEEE Access 2020;8:171643-63. https://
doi.org/10.1109/ACCESS.2020.3024676.

Oladigbolu JO, Ramli MAM, Al-Turki YA. Optimal design of a hybrid PV solar/
micro-hydro/diesel/battery energy system for a remote rural village under
tropical climate conditions. Electronics 2020;9(9):1491. https://doi.org/
10.3390/electronics9091491.

Oldenbroek V, Verhoef LA, van Wijk AJ. Fuel cell electric vehicle as a power
plant: fully renewable integrated transport and energy system design and analysis
for smart city areas. Int J Hydrogen Energy 2017;42(12):8166-96. https://doi.
0rg/10.1016/j.ijhydene.2017.01.155.

Oueslati F. Hybrid renewable system based on solar wind and fuel cell energies
coupled with diesel engines for Tunisian climate: TRNSYS simulation and
economic assessment. Int J Green Energy 2021;18(4):402-23. https://doi.org/
10.1080/15435075.2020.1865366.

Pal P, Mukherjee V, Maleki A. Economic and performance investigation of hybrid
PV/wind/battery energy system for isolated Andaman and Nicobar islands, India.
Int J Ambient Energy 2021;42(1):46-64. https://doi.org/10.1080/
01430750.2018.1525579.

Pascasio JDA, Esparcia EA, Castro MT, Ocon JD. Comparative assessment of solar
photovoltaic-wind hybrid energy systems: a case for Philippine off-grid islands.
Renew Energy 2021;179:1589-607. https://doi.org/10.1016/j.
renene.2021.07.093.

Patel AM, Singal SK. Economic analysis of integrated renewable energy system for
electrification of remote rural area having scattered population. Int J Renew
Energy Resour 2018;8(1):524-39.

Prabatha T, Hager J, Carneiro B, Hewage K, Sadiq R. Analyzing energy options for
small-scale off-grid communities: a Canadian case study. J Clean Prod 2020;249:
119320. https://doi.org/10.1016/j.jclepro.2019.119320.

10

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

Renewable and Sustainable Energy Reviews 183 (2023) 113478

Rahman MM, Khan MM-U-H, Ullah MA, Zhang X, Kumar A. A hybrid renewable
energy system for a North American off-grid community. Energy 2016;97:
151-60. https://doi.org/10.1016/j.energy.2015.12.105.

Rajanna S, Saini RP. Modeling of integrated renewable energy system for
electrification of a remote area in India. Renew Energy 2016;90:175-87. https://
doi.org/10.1016/j.renene.2015.12.067.

Ramesh M, Saini RP. Dispatch strategies based performance analysis of a hybrid
renewable energy system for a remote rural area in India. J Clean Prod 2020;259:
120697. https://doi.org/10.1016/j.jclepro.2020.120697.

Ramesh M, Saini RP. Effect of different batteries and diesel generator on the
performance of a stand-alone hybrid renewable energy system. Energy Sources,
Part A Recovery, Util Environ Eff 2020:1-23. https://doi.org/10.1080/
15567036.2020.1763520.

Ramesh M, Saini RP. Demand Side Management based techno-economic
performance analysis for a stand-alone hybrid renewable energy system of India.
Energy Sources, Part A Recovery, Util Environ Eff 2021:1-29. https://doi.org/
10.1080/15567036.2020.1851820.

Ramli MAM, Hiendro A, Bouchekara HREH. Performance analysis of hybrid PV/
diesel energy system in western region of Saudi arabia. Int J Photoenergy 2014;
2014(12):1-10. https://doi.org/10.1155/2014/626251.

Rathore A, Patidar NP. Reliability constrained socio-economic analysis of
renewable generation based standalone hybrid power system with storage for off-
grid communities. IET Renew Power Gener 2020;14(12):2142-53. https://doi.
0rg/10.1049/iet-rpg.2019.0906.

Ray A, Jana K, De S. Polygeneration for an off-grid Indian village: optimization by
economic and reliability analysis. Appl Therm Eng 2017;116:182-96. https://doi.
org/10.1016/j.applthermaleng.2016.11.020.

Rehman SU, Rehman S, Qazi MU, Shoaib M, Lashin A. Feasibility study of hybrid
energy system for off-grid rural electrification in southern Pakistan. Energy
Explor Exploit 2016;34(3):468-82. https://doi.org/10.1177/
0144598716630176.

Rinaldi F, Moghaddampoor F, Najafi B, Marchesi R. Economic feasibility analysis
and optimization of hybrid renewable energy systems for rural electrification in
Peru. Clean Technol Environ Policy 2021;23(3):731-48. https://doi.org/
10.1007/s10098-020-01906-y.

Salameh T, Ghenai C, Merabet A, Alkasrawi M. Techno-economical optimization
of an integrated stand-alone hybrid solar PV tracking and diesel generator power
system in Khorfakkan, United Arab Emirates. Energy 2020;190:116475. https://
doi.org/10.1016/j.energy.2019.116475.

Salehin S, Rahman MM, Islam A. Techno-economic feasibility study of a solar PV-
diesel system for applications in Northern part of Bangladesh. Int J Renew Energy
Resour 2015;5(4):1220-9.

Samy MM, Barakat S, Ramadan HS. A flower pollination optimization algorithm
for an off-grid PV-Fuel cell hybrid renewable system. Int J Hydrogen Energy
2019;44(4):2141-52. https://doi.org/10.1016/j.ijhydene.2018.05.127.
Sanajaoba S. Optimal sizing of off-grid hybrid energy system based on minimum
cost of energy and reliability criteria using firefly algorithm. Sol Energy 2019;
188:655-66. https://doi.org/10.1016/j.solener.2019.06.049.

Sanajaoba Singh S, Fernandez E. Modeling, size optimization and sensitivity
analysis of a remote hybrid renewable energy system. Energy 2018;143:719-31.
https://doi.org/10.1016/j.energy.2017.11.053.

Sanjel N, Baral B. Modelling and analysis of decentralized energy systems with
photovoltaic, micro-hydro, battery and diesel technology for remote areas of
Nepal. Clean Energy 2021;5(4):690-703. https://doi.org/10.1093/ce/zkab042.
Shezan S, Al-Mamoon A, Ping HW. Performance investigation of an advanced
hybrid renewable energy system in Indonesia. Environ Prog Sustain Energy 2018;
37(4):1424-32. https://doi.org/10.1002/ep.12790.

Shezan SA. Optimization and assessment of an off-grid photovoltaic-diesel-battery
hybrid sustainable energy system for remote residential applications. Environ
Prog Sustain Energy 2019;32:100. https://doi.org/10.1002/ep.13340. 2017.
Shezan S, Julai S, Kibria MA, Ullah KR, Saidur R, Chong WT, et al. Performance
analysis of an off-grid wind-PV (photovoltaic)-diesel-battery hybrid energy
system feasible for remote areas. J Clean Prod 2016;125:121-32. https://doi.org/
10.1016/j.jclepro.2016.03.014.

Singla MK, Nijhawan P, Oberoi AS. Cost-benefit comparison of fuel cell-based
and battery-based renewable energy systems. Intl J of Energy Research 2022;46
(2):1736-55. https://doi.org/10.1002/er.7291.

Stephen JD, Mabee WE, Pribowo A, Pledger S, Hart R, Tallio S, et al. Biomass for
residential and commercial heating in a remote Canadian aboriginal community.
Renew Energy 2016;86:563-75. https://doi.org/10.1016/j.renene.2015.08.048.
Suresh VMM, Kiranmayi R. Modelling and optimization of an off-grid hybrid
renewable energy system for electrification in a rural areas. Energy Rep 2020;6:
594-604. https://doi.org/10.1016/j.egyr.2020.01.013.

Thirunavukkarasu M, Sawle Y. A comparative study of the optimal sizing and
management of off-grid solar/wind/diesel and battery energy systems for remote
areas. Front Energy Res 2021;9. https://doi.org/10.3389/fenrg.2021.752043.
Ugwoke B, Adeleke A, Corgnati SP, Pearce JM, Leone P. Decentralized renewable
hybrid mini-grids for rural communities: culmination of the IREP framework and
scale up to urban communities. Sustainability 2020;12(18):7411. https://doi.org/
10.3390/5u12187411.

Weinand JM, Ried S, Kleinebrahm M, McKenna R, Fichtner W. Identification of
potential off-grid municipalities with 100% renewable energy supply for future
design of power grids. IEEE Trans Power Syst 2022;37(4):3321-30. https://doi.
org/10.1109/TPWRS.2020.3033747.

Weinand JM, McKenna R, Kleinebrahm M, Mainzer K. Assessing the contribution
of simultaneous heat and power generation from geothermal plants in off-grid


https://doi.org/10.1016/j.renene.2014.03.028
https://doi.org/10.1080/23311916.2021.1910112
https://doi.org/10.1016/j.jclepro.2018.07.257
https://doi.org/10.1016/j.enconman.2021.114564
https://doi.org/10.1016/j.enconman.2021.114564
https://doi.org/10.1016/j.est.2021.103446
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref135
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref135
https://doi.org/10.1016/j.renene.2014.06.042
https://doi.org/10.1109/ACCESS.2020.3034554
https://doi.org/10.3390/en14206522
https://doi.org/10.1016/j.apenergy.2021.116563
https://doi.org/10.1016/j.jclepro.2020.123617
https://doi.org/10.1016/j.jclepro.2020.123617
https://doi.org/10.1016/j.renene.2018.11.105
https://doi.org/10.1016/j.ijepes.2019.105531
https://doi.org/10.1016/j.ijepes.2019.105531
https://doi.org/10.3934/energy.2017.4.667
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref144
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref144
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref145
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref145
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref145
https://doi.org/10.1016/j.renene.2019.06.032
https://doi.org/10.1109/ACCESS.2020.3024676
https://doi.org/10.1109/ACCESS.2020.3024676
https://doi.org/10.3390/electronics9091491
https://doi.org/10.3390/electronics9091491
https://doi.org/10.1016/j.ijhydene.2017.01.155
https://doi.org/10.1016/j.ijhydene.2017.01.155
https://doi.org/10.1080/15435075.2020.1865366
https://doi.org/10.1080/15435075.2020.1865366
https://doi.org/10.1080/01430750.2018.1525579
https://doi.org/10.1080/01430750.2018.1525579
https://doi.org/10.1016/j.renene.2021.07.093
https://doi.org/10.1016/j.renene.2021.07.093
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref153
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref153
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref153
https://doi.org/10.1016/j.jclepro.2019.119320
https://doi.org/10.1016/j.energy.2015.12.105
https://doi.org/10.1016/j.renene.2015.12.067
https://doi.org/10.1016/j.renene.2015.12.067
https://doi.org/10.1016/j.jclepro.2020.120697
https://doi.org/10.1080/15567036.2020.1763520
https://doi.org/10.1080/15567036.2020.1763520
https://doi.org/10.1080/15567036.2020.1851820
https://doi.org/10.1080/15567036.2020.1851820
https://doi.org/10.1155/2014/626251
https://doi.org/10.1049/iet-rpg.2019.0906
https://doi.org/10.1049/iet-rpg.2019.0906
https://doi.org/10.1016/j.applthermaleng.2016.11.020
https://doi.org/10.1016/j.applthermaleng.2016.11.020
https://doi.org/10.1177/0144598716630176
https://doi.org/10.1177/0144598716630176
https://doi.org/10.1007/s10098-020-01906-y
https://doi.org/10.1007/s10098-020-01906-y
https://doi.org/10.1016/j.energy.2019.116475
https://doi.org/10.1016/j.energy.2019.116475
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref166
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref166
http://refhub.elsevier.com/S1364-0321(23)00335-0/sref166
https://doi.org/10.1016/j.ijhydene.2018.05.127
https://doi.org/10.1016/j.solener.2019.06.049
https://doi.org/10.1016/j.energy.2017.11.053
https://doi.org/10.1093/ce/zkab042
https://doi.org/10.1002/ep.12790
https://doi.org/10.1002/ep.13340
https://doi.org/10.1016/j.jclepro.2016.03.014
https://doi.org/10.1016/j.jclepro.2016.03.014
https://doi.org/10.1002/er.7291
https://doi.org/10.1016/j.renene.2015.08.048
https://doi.org/10.1016/j.egyr.2020.01.013
https://doi.org/10.3389/fenrg.2021.752043
https://doi.org/10.3390/su12187411
https://doi.org/10.3390/su12187411
https://doi.org/10.1109/TPWRS.2020.3033747
https://doi.org/10.1109/TPWRS.2020.3033747

J.M. Weinand et al.

[181]

[182]

[183]

[184]

[185]
[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

municipalities. Appl Energy 2019;255:113824. https://doi.org/10.1016/j.
apenergy.2019.113824.

Ye B, Zhou M, Yan D, Li Y. Multi-Objective decision-making for hybrid renewable
energy systems for cities: a case study of xiongan new district in China. Energies
2020;13(23):6223. https://doi.org/10.3390/en13236223.

Yimen N, Hamandjoda O, Meva’a L, Ndzana B, Nganhou J. Analyzing of a
photovoltaic/wind/biogas/pumped-hydro off-grid hybrid system for rural
electrification in sub-saharan africa--case study of djoundé in northern Cameroon.
Energies 2018;11(10):2644. https://doi.org/10.3390/en11102644.

Yimen N, Tchotang T, Kanmogne A, Abdelkhalikh Idriss I, Musa B, Aliyu A, et al.
Optimal sizing and techno-economic analysis of hybrid renewable energy
systems—a case study of a photovoltaic/wind/battery/diesel system in fanisau,
northern Nigeria. Processes 2020;8(11):1381. https://doi.org/10.3390/
pr8111381.

You C, Kim J. Optimal design and global sensitivity analysis of a 100% renewable
energy sources based smart energy network for electrified and hydrogen cities.
Energy Convers Manag 2020;223:113252. https://doi.org/10.1016/j.
enconman.2020.113252.

Fzj-lek3-Vsa. CuCoPy: currency conversion for Python. [October 31, 2022];
Available from: https://github.com/FZJ-IEK3-VSA/CuCoPy.

The World Bank. Summary terms of use. [October 31, 2022]; Available from:
https://data.worldbank.org/summary-terms-of-use.

Department of Economic Affairs. Econ Surv 2021-22. [October 31, 2022];
Available from: https://www.indiabudget.gov.in/economicsurvey/doc/Statisti
cal-Appendix-in-English.pdf.

GlobalPetrolPrices. Electricity prices, December 2021. [October 31, 2022];
Available from: https://www.globalpetrolprices.com/electricity_prices/.
Dominkovi¢ DF, Weinand JM, Scheller F, D’Andrea M, McKenna R. Reviewing
two decades of energy system analysis with bibliometrics. Renew Sustain Energy
Rev 2022;153:111749. https://doi.org/10.1016/j.rser.2021.111749.

Weinand JM, Sorensen K, San Segundo P, Kleinebrahm M, McKenna R. Research
trends in combinatorial optimization. Int Trans Oper Res 2022;29(2):667-705.
https://doi.org/10.1111/itor.12996.

Johannsen RM, Prina MG, @stergaard PA, Mathiesen BV, Sparber W. Municipal
energy system modelling — a practical comparison of optimisation and simulation
approaches. Energy 2023:126803. https://doi.org/10.1016/].
energy.2023.126803.

Our World in Data. Solar photovoltaic (PV) module prices. [February 02, 2023];
Available from: https://ourworldindata.org/grapher/solar-pv-prices.
International Renewable Energy Agency. Global trends. [February 02, 2023];
Available from: https://www.irena.org/Data/View-data-by-topic/Costs/Global-
Trends.

Statista. Lithium-ion battery pack costs worldwide between 2011 and 2030.
[February 02, 2023]; Available from: https://www.statista.com/statistics/
883118/global-lithium-ion-battery-pack-costs/.

Weinand JM, McKenna R, Kleinebrahm M, Scheller F, Fichtner W. The impact of
public acceptance on cost efficiency and environmental sustainability in
decentralized energy systems. Patterns (N Y) 2021;2(7):100301. https://doi.org/
10.1016/j.patter.2021.100301.

Kleinebrahm M, Weinand JM, Naber E, McKenna R, Ardone A. Analysing
municipal energy system transformations in line with national greenhouse gas
reduction strategies. Appl Energy 2023;332:120515. https://doi.org/10.1016/j.
apenergy.2022.120515.

Weinand JM. Reviewing municipal energy system planning in a bibliometric
analysis: evolution of the research field between 1991 and 2019. Energies 2020;
13(6):1367. https://doi.org/10.3390/en13061367.

Weinand JM, McKenna R, Karner K, Braun L, Herbes C. Assessing the potential
contribution of excess heat from biogas plants towards decarbonising residential
heating. J Clean Prod 2019;238:117756. https://doi.org/10.1016/].
jclepro.2019.117756.

Terlouw T, Bauer C, McKenna R, Mazzotti M. Large-scale hydrogen production
via water electrolysis: a techno-economic and environmental assessment. Energy
Environ Sci 2022;15(9):3583-602. https://doi.org/10.1039/D2EE01023B.
Heptonstall PJ, Gross RJK. A systematic review of the costs and impacts of
integrating variable renewables into power grids. Nat Energy 2021;6(1):72-83.
https://doi.org/10.1038/541560-020-00695-4.

Reichenberg L, Hedenus F, Odenberger M, Johnsson F. The marginal system LCOE
of variable renewables — evaluating high penetration levels of wind and solar in
Europe. Energy 2018;152:914-24. https://doi.org/10.1016/j.
energy.2018.02.061.

Hirth L, Ueckerdt F, Edenhofer O. Integration costs revisited — an economic
framework for wind and solar variability. Renew Energy 2015;74:925-39.
https://doi.org/10.1016/j.renene.2014.08.065.

11

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]
[220]

[221]

[222]

[223]

[224]

Renewable and Sustainable Energy Reviews 183 (2023) 113478

Ueckerdt F, Hirth L, Luderer G, Edenhofer O. System LCOE: what are the costs of
variable renewables? Energy 2013;63:61-75. https://doi.org/10.1016/].
energy.2013.10.072.

Chen H, Gao X-Y, Liu J-Y, Zhang Q, Yu S, Kang J-N, et al. The grid parity analysis
of onshore wind power in China: a system cost perspective. Renew Energy 2020;
148:22-30. https://doi.org/10.1016/j.renene.2019.11.161.

McKenna R, Weinand JM, Mulalic I, Petrovi¢ S, Mainzer K, Preis T, et al.
Scenicness assessment of onshore wind sites with geotagged photographs and
impacts on approval and cost-efficiency. Nat Energy 2021;6(6):663-72. https://
doi.org/10.1038/541560-021-00842-5.

Veronese E, Manzolini G, Moser D. Improving the traditional levelized cost of
electricity approach by including the integration costs in the techno-economic
evaluation of future photovoltaic plants. Int J Energy Res 2021;45(6):9252-69.
https://doi.org/10.1002/er.6456.

Hoffmann M, Kotzur L, Stolten D, Robinius M. A review on time series
aggregation methods for energy system models. Energies 2020;13(3):641.
https://doi.org/10.3390/en13030641.

Hoffmann M, Kotzur L, Stolten D. The Pareto-optimal temporal aggregation of
energy system models. Appl Energy 2022;315:119029. https://doi.org/10.1016/

j-apenergy.2022.119029.

Kotzur L, Markewitz P, Robinius M, Stolten D. Impact of different time series
aggregation methods on optimal energy system design. Renew Energy 2018;117:
474-87. https://doi.org/10.1016/j.renene.2017.10.017.

Hoffmann M, Priesmann J, Nolting L, Praktiknjo A, Kotzur L, Stolten D. Typical
periods or typical time steps? A multi-model analysis to determine the optimal
temporal aggregation for energy system models. Appl Energy 2021;304:117825.
https://doi.org/10.1016/j.apenergy.2021.117825.

Kools L, Phillipson F. Data granularity and the optimal planning of distributed
generation. Energy 2016;112:342-52. https://doi.org/10.1016/j.
energy.2016.06.089.

Harb H, Reinhardt J, Streblow R, Miiller D. MIP approach for designing heating
systems in residential buildings and neighbourhoods. Journal of Building
Performance Simulation 2016;9(3):316-30. https://doi.org/10.1080/
19401493.2015.1051113.

Weinand JM, McKenna R, Heinrichs H, Roth M, Stolten D, Fichtner W. Exploring
the trilemma of cost-efficiency, landscape impact and regional equality in onshore
wind expansion planning. Advances in Applied Energy 2022;7:100102. https://
doi.org/10.1016/j.adapen.2022.100102.

McKenna R, Mulalic I, Soutar I, Weinand JM, Price J, Petrovi¢ S, et al. Exploring
trade-offs between landscape impact, land use and resource quality for onshore
variable renewable energy: an application to Great Britain. Energy 2022;250:
123754. https://doi.org/10.1016/j.energy.2022.123754.

Weinand JM, Naber E, McKenna R, Lehmann P, Kotzur L, Stolten D. Historic
drivers of onshore wind power siting and inevitable future trade-offs. Environ Res
Lett 2022;17(7):74018. https://doi.org/10.1088/1748-9326/ac7603.

Ruhnau O, Eicke A, Sgarlato R, Trondle T, Hirth L. Cost-potential curves of
onshore wind energy: the role of disamenity costs. Environ Resour Econ 2022.
https://doi.org/10.1007/s10640-022-00746-2.

Scheller F, Wiese F, Weinand JM, Dominkovi¢ DF, McKenna R. An expert survey
to assess the current status and future challenges of energy system analysis. Smart
Energy 2021;4:100057. https://doi.org/10.1016/j.segy.2021.100057.

Kachirayil F, Weinand JM, Scheller F, McKenna R. Reviewing local and integrated
energy system models: insights into flexibility and robustness challenges. Appl
Energy 2022;324:119666. https://doi.org/10.1016/j.apenergy.2022.119666.
Zeyen E, Victoria M, Brown T. Endogenous learning for green hydrogen in a
sector-coupled energy model for Europe. https://arxiv.org/abs/2205.11901.
Steffen B. Estimating the cost of capital for renewable energy projects. Energy
Econ 2020;88:104783. https://doi.org/10.1016/j.eneco.2020.104783.

Weinand JM, McKenna R, Mainzer K. Spatial high-resolution socio-energetic data
for municipal energy system analyses. Sci Data 2019;6(1):243. https://doi.org/
10.1038/541597-019-0233-0.

Loth E, Qin C, Simpson JG, Dykes K. Why we must move beyond LCOE for
renewable energy design. Advances in Applied Energy 2022;8:100112. https://
doi.org/10.1016/j.adapen.2022.100112.

Hellweg S, Mila i Canals L. Emerging approaches, challenges and opportunities in
life cycle assessment. Science 2014;344(6188):1109-13. https://doi.org/
10.1126/science.1248361.

Terlouw T, Treyer K, Bauer C, Mazzotti M. Life cycle assessment of direct air
carbon capture and storage with low-carbon energy sources. Environ Sci Technol
2021. https://doi.org/10.1021/acs.est.1c03263.


https://doi.org/10.1016/j.apenergy.2019.113824
https://doi.org/10.1016/j.apenergy.2019.113824
https://doi.org/10.3390/en13236223
https://doi.org/10.3390/en11102644
https://doi.org/10.3390/pr8111381
https://doi.org/10.3390/pr8111381
https://doi.org/10.1016/j.enconman.2020.113252
https://doi.org/10.1016/j.enconman.2020.113252
https://www.indiabudget.gov.in/economicsurvey/doc/Statistical-Appendix-in-English.pdf
https://www.indiabudget.gov.in/economicsurvey/doc/Statistical-Appendix-in-English.pdf
https://doi.org/10.1016/j.rser.2021.111749
https://doi.org/10.1111/itor.12996
https://doi.org/10.1016/j.energy.2023.126803
https://doi.org/10.1016/j.energy.2023.126803
https://doi.org/10.1016/j.patter.2021.100301
https://doi.org/10.1016/j.patter.2021.100301
https://doi.org/10.1016/j.apenergy.2022.120515
https://doi.org/10.1016/j.apenergy.2022.120515
https://doi.org/10.3390/en13061367
https://doi.org/10.1016/j.jclepro.2019.117756
https://doi.org/10.1016/j.jclepro.2019.117756
https://doi.org/10.1039/D2EE01023B
https://doi.org/10.1038/s41560-020-00695-4
https://doi.org/10.1016/j.energy.2018.02.061
https://doi.org/10.1016/j.energy.2018.02.061
https://doi.org/10.1016/j.renene.2014.08.065
https://doi.org/10.1016/j.energy.2013.10.072
https://doi.org/10.1016/j.energy.2013.10.072
https://doi.org/10.1016/j.renene.2019.11.161
https://doi.org/10.1038/s41560-021-00842-5
https://doi.org/10.1038/s41560-021-00842-5
https://doi.org/10.1002/er.6456
https://doi.org/10.3390/en13030641
https://doi.org/10.1016/j.apenergy.2022.119029
https://doi.org/10.1016/j.apenergy.2022.119029
https://doi.org/10.1016/j.renene.2017.10.017
https://doi.org/10.1016/j.apenergy.2021.117825
https://doi.org/10.1016/j.energy.2016.06.089
https://doi.org/10.1016/j.energy.2016.06.089
https://doi.org/10.1080/19401493.2015.1051113
https://doi.org/10.1080/19401493.2015.1051113
https://doi.org/10.1016/j.adapen.2022.100102
https://doi.org/10.1016/j.adapen.2022.100102
https://doi.org/10.1016/j.energy.2022.123754
https://doi.org/10.1088/1748-9326/ac7603
https://doi.org/10.1007/s10640-022-00746-2
https://doi.org/10.1016/j.segy.2021.100057
https://doi.org/10.1016/j.apenergy.2022.119666
https://arxiv.org/abs/2205.11901
https://doi.org/10.1016/j.eneco.2020.104783
https://doi.org/10.1038/s41597-019-0233-0
https://doi.org/10.1038/s41597-019-0233-0
https://doi.org/10.1016/j.adapen.2022.100112
https://doi.org/10.1016/j.adapen.2022.100112
https://doi.org/10.1126/science.1248361
https://doi.org/10.1126/science.1248361
https://doi.org/10.1021/acs.est.1c03263

	Global LCOEs of decentralized off-grid renewable energy systems
	1 Introduction
	2 Methods
	3 Results
	3.1 Reasons for overestimating LCOEs
	3.2 Reasons for underestimating LCOEs
	3.3 Considerable impact of discount rate on LCOE

	4 Discussion
	Credit statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


