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1 Introduction 
Universal electrification by 2030 was set as the 7th target under the UN’s Sustainable 
Development Goals (SDGs) framework [1]. Low-carbon technologies such as renewable 
energy (RE) are important means for achieving SDG7 [2], because environmental and 
social sustainability are implicit aspects of the SDG framework [3]. Rural and remote 
areas require electricity for socio-economic development although causal relationships 
are site specific and complex [4]. Additionally, providing access to electricity is of 
particular importance to the overall SDG framework as it positively correlates and 
facilitates advancing towards other SDGs [5]. 
Strategic energy access planning is required to advance toward SDG7 and utilize 
resources most efficiently [6]. Advanced software tools are needed to allow for energy 
access planning [6] and several examples of such tools have been developed and 
presented in the scientific literature [6], [7]. The presented tools allow for deriving key 
information for energy access planning, among other the electrification type (grid 
connection, mini-grid, stand-alone), system design, power generation costs and 
dispatch of off-grid systems, distribution grid network design and additional upstream 
generation requirements [6]. Results of such tools allow for different depth-of detail [6]: 
Prefeasibility studies indicate optimal electrification solutions for areas and customers 
clustered in raster cells of different sizes (e.g. km²). Examples have been presented for 
Sub-Saharan Africa [8], [9], Nigeria [10], Ethiopia [11] and Kenya [12]. Intermediate 
analysis tools add a further level of detail since individual villages or populated places 
are taken into account, grid network designs are retrieved and further technological 
constraints are considered. Such tools have been applied to Nigeria [13], [14] and Ghana 
[15] among other. Finally, tools considering detailed generation networks and designs 
provide the maximum level of detail by including detailed village grid layouts and 
introducing a large variety of technological constraints for power system design. Ciller 
and Lumbreras (2020) [6] identify only one existing tool providing such detail but do not 
present peer-reviewed articles. Geospatial software has been applied as essential and 
integrated part of many of the aforementioned tools or was utilized for gathering data 
(e.g. population distribution, renewable resources). This includes several tools applied 
for Africa on the prefeasibility level [7], [16], [17]. Furthermore, geospatial analysis was 
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used for case studies in Timor Leste [18] and Nigeria [14] on the intermediate analysis 
level. The presented tools and case studies focus mainly on Sub-Saharan Africa given 
the large need for energy access interventions there. However, thereby the tools neglect 
other regions in need of energy access interventions like Southeast Asia and disregard 
the local specific conditions e.g. the large number of islands. A combined approach of 
geospatial analysis and energy system modelling was applied on a global scale to study 
the feasibility of RE integration into island grids [19] and for a classification regarding 
the RE potential on islands [20] but not specifically for the strategic planning of providing 
energy access. In the Philippines, the case study country of this paper, similar combined 
approaches were utilized to quantify the potential for upgrading diesel based island 
systems with RE [21] and to project costs for submarine cable connection [22]. However 
both studies consider pre-electrified islands. Overall these findings highlight that 
electrification planning tools are rarely designed and applied to regions outside Africa 
which reflects a research gap. Furthermore, a review study formulates research needs 
for the improvement of electrification planning tools including adding multi-criteria 
optimization, including more detailed year by year planning, adding further power 
generation technologies, improving grid network design and addressing uncertainties of 
input parameters [6]. Our study contributes to the research field with a detailed 
assessment of the not electrified island landscape of an understudied country, the 
Philippines, and a simulation of 100% RE based electrification pathways. Thereby, we 
address the identified research gap by focusing on a region outside Africa and address 
some of the research needs for improving electrification planning tools outlined earlier. 
We present a novel and combined approach based on geospatial data and energy 
system modelling which is replicable to case studies with similar boundary conditions. 
The approach can be assigned to the intermediate level as defined by [6] as single 
islands are considered and system designs are simulated based on a set of technical 
constraints. Finally, we develop and present an integrated geospatial and energy system 
analysis tool which is fundamental for effective electrification planning and facilitates to 
derive key information for large geographic areas [11]. We base our approach on similar 
studies presented for landlocked countries as presented in [8], [10–12], [18] and 
contribute with a methodological adaptation to the insular context of the Philippines. 
In the Philippines universal electrification by 2022 was announced as target in the 
Philippine Energy Plan published by the Department of Energy [23]. Nevertheless, 
household electrification was at 89.6% as reported for 2016 with more than 2.36 million 
households lacking access to electricity [24]. More recent statistics for 2019 state the 
electrification rate of the Philippines at >95% reflecting a population of 5.2 million 
without access to electricity [25]. Reaching out to the remaining 5% and the “last mile” 
is challenging, given the heterogeneity of the country which is comprised of more than 
7,600 islands [26]. Additionally, key information for energy access planning e.g. 
population statistics and resource availability is missing for many of the remote areas 
and small islands.  
Currently islands which are supplied with electricity but not connected to the two 
centralized electricity systems are mostly supplied with diesel generators [21]. This 
leads to long power cuts due to the high costs of diesel power generation [27] and is 
therefore not a feasible solution for the electrification of the entire archipelago [28]. 
Furthermore, the Philippine economy, as a net importer of crude oil products, is sensitive 
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to global market developments and a rising oil price negatively affect the national 
economy [29]. As a consequence renewable energy sources need to be utilized to supply 
an ever increasing demand and to comply with climate change mitigation objectives 
[30]. This is especially relevant since the Philippines are the most vulnerable country [31], 
in a region largely affected by climate change [32]. Therefore, providing sustainable 
energy access to remote and marginalized communities is crucial for improving living 
conditions [33] and strengthening resilience to climate change [34]. In conclusion 
sustainable electricity access planning should consider only RE technologies as supply 
source.  
In order to reach the last mile electrification with renewable systems, an effective island 
electrification plan needs to be derived. This study presents a combined approach based 
on geospatial analysis and energy system modelling to reduce data paucity and the 
uncertainty regarding the number and location of not electrified islands and renewable 
energy potential. The approach enables to identify populated islands without electricity 
access, to derive information for energy modelling and to simulate 100% RE systems. 
Thereby, we address the following research questions: 
 

A) Where are not electrified populated islands located? 

B) What are specific population and renewable resource characteristics of the not 
electrified islands and how can the islands be grouped for energy access planning? 

C) What are the techno-economically optimal supply options for certain island groups 
considering an 100% renewable combination of solar power, wind power and 
battery storage? 

We introduce the research approach and methods in chapter 2. In chapter 3 we present 
the main findings of our consecutive approach separately for each step starting with 
geospatial analysis, cluster analysis and energy system modelling analysis. We discuss 
our approach and results in chapter 4 and conclude the paper with conclusions and 
policy recommendations in chapter 5. 

2 Material and methods 
This study applies a three-step approach for addressing the research questions as 
outlined in the introduction section. First, we conduct a geospatial analysis to identify 
not electrified islands. Second, we apply explorative cluster analysis to classify islands 
and to identify representative case study islands per cluster group. Third, we utilize open 
source energy system modelling to assess the potential for 100% RE systems for the 
case study islands. 

2.1 Geospatial analysis 
First, we determine islands lacking power supply by analysing transmission grid data 
and statistics on isolated island energy systems. Therefore, we apply geospatial 
analysis as it has been extensively applied for electrification planning in scientific 
studies [8], [11], [12], [18], [35]. Other researchers used spatial information on 
transmission grid extension and power plant location in comparable approaches for 
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identifying not electrified areas [9], [10], [14]. Second, we apply novel and openly available 
geospatial data which allows for accurate population mapping and renewable resource 
assessment in remote and rural areas and has been applied by other scholars for similar 
purposes [36], [37]. The applied population data is utilized for energy access planning in 
land-locked countries [38] and for estimating island populations for assessing the 
potential of hybrid energy systems [39]. We conduct all geospatial analyses by using the 
open access geospatial software QGIS [40]. 

2.1.1 Identification of not electrified islands 
We define islands without connection to the Philippine transmission grid and/or islands 
without power generation on site as relevant for the scope of this study. We consider 
such islands as “not electrified” although small-scale and informal electrification 
schemes such as solar-home systems (SHS) or small diesel/gasoline generators might 
be implemented on household scale. Our approach builds up on available information 
on grid extension and location of power plants: A geospatial dataset of the island 
contour for the entire Philippines provided by the National Mapping and Resource 
Information Authority of the Philippines (NAMRIA) serves as base map and provides 
information on the spatial extent of single islands [41]. This dataset reflects the most 
extensive inventory of land masses in the Philippines and contains more than 17,834 
polygons each reflecting an island. However, a large number of those islands are 
uninhabited small rocks and other tiny land masses of few square meters. This explains 
the contrast to other stated quantities for Philippine islands e.g. 7,107 islands [42] or 
7,641 islands [26]. Spatial data on the extent of the operational transmission grid 
network is derived from the grid operator (National Grid Cooperation of the Philippines) 
and digitalized for further analysis [43]. Spatial data on the location of power plants and 
island grids is taken from the Philippine Department of Energy (DoE) and digitalized for 
further analysis [44], [45]. Subsequently, all islands from the spatial island (polygon) 
dataset are selected and removed which are intersecting with the grid (line) dataset 
and/or with the power plant (point) dataset and can therefore be considered as supplied 
with electricity. The remaining islands are considered as “not electrified” and as relevant 
for further analysis. 

2.1.2 Assessment of population and renewable resource availability 
Following the identification of not electrified islands we quantify the inhabitants per 
islands as key information for electrification planning. We assess the population of not 
electrified islands by using population raster datasets. We apply the High Resolution 
Settlement Layer (HRSL) dataset [36], [46]. This dataset is based on population census 
and satellite imagery for the year 2015 and provides a specific population value for each 
raster cell (extent of 30 to 30 m). For the quantification of inhabitants per island we 
summarize the raster cell values for the extent of each island polygon using geospatial 
software “raster-statistics-for-polygons” function. Beside the population per island we 
assess the renewable resource availability for solar and wind power. For solar power we 
apply global horizontal irradiation (GHI) datasets providing mean kWh/m²/year for the 
period of 2007 - 2018 [47]. For wind power we apply datasets for wind speed in m/s at 
50 m hub height for the period of 2008-2017 [48]. Both datasets are provided on a pixel 
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scale of ~ 250 m. We derive the mean value of all raster cells covering a specific island 
using geospatial software “raster-statistics-for-polygon” function. 

2.2 Cluster analysis 
We apply cluster analysis as it is a widely applied method for pattern recognition in large 
datasets [49]. The objective of cluster analysis is to minimize intra-cluster variation and 
maximise the difference to other clusters. Different types of partitioning clustering 
methods are presented in the scientific literature: For example partitioning around 
medoids (PAM) [50] enabled to classify islands according to bioclimatic characteristics 
[51]. The widely applied k-means cluster analysis approach [52] was used for classifying 
islands according to their RE potential [20], economic potential for smart grids [53] and 
for assessing feasibility for smart energy systems on Philippine islands [54]. 

2.2.1 Partitioning clustering using PAM 
We consider PAM as most appropriate for the scope of our study. In PAM each cluster 
is represented by the most central observation (medoid) with lowest average 
dissimilarity to all other observations in the cluster. In contrast to the k-means approach 
the cluster assignment per data point is based on the dissimilarity to the medoid and 
not the mean value of a cluster. Thereby, PAM is more robust to outliers and the 
medoids reflect the most representative observation for a cluster and serve as case 
study for its respective cluster. 
PAM cluster analysis is implemented by using the open access statistical software 
package R [55], [56]. Prior to the main analysis the geospatial dataset is transformed for 
compatibility with R. Key parameter for clustering are population, mean GHI and mean 
WS per island given the objective of exploring the island landscape with regard to the 
aforementioned parameter. Since cluster analysis can be sensitive to missing values we 
eliminate all observations with one or more missing values. Subsequently, all values are 
transformed to z-scores to compensate for the differences in value ranges. We apply 
euclidian distance for measuring distances between data points. For identifying the 
optimum number of clusters we compute the average silhouette values and cluster 
sums of squares for each cluster solution in a cluster range between 1 and 10. Finally, 
we implement the cluster segmentation indicated by both indices. We then assign each 
island to its respective cluster group and identify the medoids for case study 
development. 

2.3 Energy system simulation 
We apply energy system modelling to assess the techno-economic potential of 100% 
RE systems for case study islands represented by the medoids of cluster groups. Energy 
system modelling is widely applied for simulating RE based electricity systems [57]. A 
variety of software tools exist to model hybrid energy systems [58], [59], which are 
considered as the most appropriate energy supply solution for islands [27], [60], [61]. 
HOMER Energy is a commonly used hybrid energy system assessment tool which has 
been applied for case studies all over the world [62–65], for the island context [66–70] 
and as well for the Philippines [71]. Other energy system simulation models were applied 
to cases studies in the Philippines, e.g. to assess the potential of RE for household 
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electrification [72], to study the potential for RE integration in diesel based energy 
systems [21] and to compare the feasibility of supplying power to islands through 
submarine cable or hybrid energy systems [22]. We apply the open source energy 
system simulation tool Offgridders [73], [74] since HOMER is a proprietary software and 
does not allow for customisation of its internal computation method and requires 
license fees [58], which contradicts the scientific criteria of replicability, accessibility and 
reproducibility of research results and approaches [75]. However, we apply HOMER for 
the validation of the applied simulation tool. 

2.3.1 Simulation model 
The applied Offgridders energy system simulation tool founds on the python based 
Open Energy Modelling Framework (oemof), which allows to model various energy 
systems [75] in a transparent and replicable way [76]. The tool is available online 
including open access to the source code [77] and the model has been applied for large 
scale energy system modelling for Europe [78] as well as for a smaller case study for 
Nepal [79]. The energy model implemented categorizes the assets into three main 
groups: Sources which have output flows (PV, wind, shortage), sinks which have input 
flows (demand) and components which have both input and output flows i.e. 
transformers and battery storage. All parts are unilaterally connected through energy 
flows to balanced energy busses, i.e. an AC and DC feeder. The outline for the model 
applied for this study is illustrated in Figure 1. 
 

 
Figure 1: Sketch of energy system model, own illustration based on [74], [75]. 

Each oemof component is described by technical (efficiencies, constraints) and 
economic parameters (capital expenditures, operational expenditures, lifetime) 
presented in subsection 2.3.2. The energy model with the defined sources, sinks and 
components is transposed to a linear equation system, which is then solved using the 
cbc solver [80] with the objective to minimize annual energy supply costs. For that, both 
the asset capacities and their dispatch are optimized, the general concept of the tool is 
presented in more detail in [79]. 
The identification of the cost-optimal system configuration is based on the minimization 
of the annual electricity supply costs (Equation 1).  
 

𝑚𝑖𝑛 𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑢𝑝𝑝𝑙𝑦 𝑐𝑜𝑠𝑡𝑠 = ∑ 𝐶𝐴𝑃𝐸𝑋𝑖 ∗
𝑖

𝐶𝑅𝐹𝑖 + 𝑂𝑃𝐸𝑋𝑖(𝑡) 

Equation 1: Applied formula for calculation of annual electricity supply costs. 

In equation 1, CAPEX stands for capital expenditures for a source (USD), CRF stands for 
capital recovery factor, OPEX stands for operational expenditures (USD/kW/y, 
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USD/kWh/y), i for each source considered (solar, wind, battery) and t for hourly time 
steps of the simulation period of one year. 
 

𝐶𝑅𝐹(𝑊𝐴𝐶𝐶, 𝑁) =  
𝑊𝐴𝐶𝐶 ∗ (1 + 𝑊𝐴𝐶𝐶)𝑁

(1 + 𝑊𝐴𝐶𝐶)𝑁 − 1
 

Equation 2: Applied formula for the calculation of the CRF per technology. 

In equation 2, the capital recovery factor per technology (CRF) is calculated based on 
the weighted average cost of capital (WACC) and individual component lifetime (N). 
 

𝐿𝐶𝑂𝐸 =  
min 𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑢𝑝𝑝𝑙𝑦 𝑐𝑜𝑠𝑡𝑠

𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

 

Equation 3: Applied formula for calculation of the LCOE. 

In equation 3, the levelized cost of electricity (LCOE) are calculated based on minimal 
annual supply costs (Equation 3), divided by the supplied electricity (Esupplied) per year.  

𝐸𝑃𝑉(𝑡) + 𝐸𝑊𝑖𝑛𝑑(𝑡) + 𝐸𝐵𝑎𝑡𝑡,𝑜𝑢𝑡(𝑡) ⋅ 𝜂𝑜𝑢𝑡 + 𝐸𝑠ℎ𝑜𝑟𝑡(𝑡) − 
𝐸𝑖𝑛𝑣(𝑡) − 𝐸𝐵𝑎𝑡𝑡,𝑖𝑛 − 𝐸𝑒𝑥(𝑡) = 𝐸𝐷(𝑡) 

Equation 4: Dispatch function for energy system modelling. 

Equation 4, describes the dispatch of assets which have to be utilized in such way to 
balance the electricity bus. In the equation Ei stands for energy flow from asset i [kWh], 
EBatt,out for battery discharge after discharge losses [kWh], EBatt,in for battery charge 
before charge losses [kWh], η for conversion efficiency, Eshort for curtailed energy flow to 
balance out supply shortage [kWh], Eex for energy flow into dumbed to balance out 
excess generation [kWh], ED for energy demand (kWh). 
We apply a temporal resolution of one year in hourly time steps. Thereby we take into 
account seasonal variation in resource availability and electricity demand (see 
subsection 2.3.2). 

2.3.2 Input parameter 
Renewable resource data (solar and wind), electricity demand and technical/economic 
parameter per component are required for the simulation of the case studies. 
Renewable resource data is derived from the renewables.ninja project [81] which 
provides open access to hourly solar and wind resource data. For each case study island 
the island’s centroid serve as location for the resource data download. The data provides 
hourly power output for solar and wind power plants for the reference year of 2014. Solar 
and wind resource data is based on weather datasets and satellite observations [82–
84] and power outputs are calculated by a conversion model for solar power outputs 
[85] and a conversion model for wind power outputs [86]. For deriving hourly solar power 
outputs we apply a system loss of 10%, tilt angle of 10° and azimuth angle of 180° [87], 
[88]. For calculating hourly wind power outputs we apply a hub height of 30 meters for 
the XANT M21 turbine model given its suitability for micro grids. 
Detailed forecasting of electricity demands is of high importance for appropriate 
electrification planning [89]. The temporal resolution of electricity demands is equally 
important to the overall electricity consumption due to the intermittence of renewable 
resources. Researchers have introduced models for projecting electricity demands 
based on statistics and/or household surveys to face the uncertainty of electricity 
demands in not electrified areas [14], [71], [90–92]. As extensive household surveys are 
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out of scope of this study we apply reported electricity demands and load profiles from 
the scientific literature. Lozano et al. [71] conducted a household survey for a small 
Philippine island to estimate electricity demands for a techno-economic assessment of 
a hybrid energy systems and finds an electricity demand of 0.43 kWh/day per island 
resident. Similar values of 0.34 kWh/day are found for a comparable RE based hybrid 
system in the Philippines [93], [94]. We apply the value of 0.43 kWh/day per island 
resident for estimating overall electricity demands since the reported case study reflects 
a small Philippine island. The daily electricity demand per case study is calculated based 
on the specific island population. The resulting energy demand per island is then 
distributed over load profiles reported for small island communities in the Philippines 
[21], [71] and a seasonal variation for the three main regions of the Philippines is 
incorporated as provided in [21]. 
Investment costs for RE technologies and battery storage systems have been falling 
significantly and are projected to decrease further [95], [96]. Nevertheless, uncertainty 
regarding investment costs remains high especially when considering to implement 
such technologies in remote island locations. We address this uncertainty by applying 
conservative cost assumptions and a variety of sensitivity analysis. Solar photovoltaic 
plants and wind power plants are characterized by capital expenditures, operational 
expenditures, lifetime and resource availability. The applied cost values for both 
technologies are based on recent RE power cost reports [97], however we consider lower 
costs for solar deployment since it is easier to ship to and assembly on remote islands. 
For the battery storage system we consider lithium-ion battery technology given the high 
efficiency, robustness and projected substantial future cost reductions [95], [98], [99]. 
Despite the promising projections we apply more conservative costs formerly reported 
for a study of Philippine islands [21] which are meeting the lower boundaries of cost 
projections in [100]. Additional parameters for lithium-ion batteries applied are a C-rate 
of 1, maximum depth of discharge of 80%, charging and discharging efficiencies of 97%, 
operational expenditures of 5 USD/kWh installed and component lifetime of 10 years 
[98]. Weighted average costs of capital (WACC) are an important factor especially with 
regard to high upfront costs required for RE development. Here, we find a value of 3.5% 
applied for a similar study [71]. However for our base case scenario we apply a higher 
value of 8% anticipating that financial institutions would assess high risks for financing 
the development of RE systems on remote islands. Finally, we apply a project lifetime of 
20 years (all values are provided in Table 1). 
 

Table 1: Applied input parameter for describing cluster characteristics and system components. 

Parameter Unit Value Source Parameter Unit Value Source 

PV CAPEX USD/kW 1500 
adapted 

from 

[97] 

Wind CAPEX USD/kW 2500 
adapted 

from 

[97] 

PV OPEX USD/kW/y 15 Wind OPEX USD/kW/y 62.5 

Lifetime years 20 Lifetime years 20 

Battery capacity 

CAPEX 
USD/kWh 250 

[21], 

[100] 

Max. depth of 

discharge 

(DoD) 

% 80 

[21], 

[100] 
Battery power 

CAPEX 
USD/kW 450 

Charging 

efficiency 
% 97 

Battery OPEX fix. USD/kWh/y 5 
Discharging 

efficiency 
% 97 
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C-rate (kW/kWh) Ratio 1 Lifetime years 10 

WACC % 8 [71] 
Project 

lifetime 
years 20   

 

2.3.3 Energy system model validation and sensitivity analysis 
We validate our energy model with the widely applied HOMER Energy software [101] by 
investigating a solar-battery system for an island selected randomly from the dataset. 
The island centroid serves for the resource download and the default community load 
provided in HOMER is applied excluding seasonal variation. The technical and economic 
parameter as presented in Table 1 are applied apart from OPEX which are excluded to 
enhance the comparability of validation results. 
We apply sensitivity analyses to address uncertainties in RE technology investment 
costs, battery technology investment cost and capital cost (as WACC). This includes a 
variation of initial CAPEX in a range of -80% to +100% and 20% steps for solar, wind and 
battery CAPEX. Since capital costs are expected to significantly impact the economic 
potential we apply a wider range of 1.6% to 16% capital costs in 1.6% steps. Furthermore, 
we incorporate several reliability levels and assess the effect of power generation costs 
under annual supply shortage scenarios. We consider an annual electricity shortage 
range of 0 to 10% in 0.5% steps. 

3 Results 

3.1 Geospatial analysis 
We identify 171 islands with connection to the electricity grid or power plants based on 
the geospatial approach outlined in subsection 2.1.1 and exclude these islands from 
further investigation. For the remaining more than 17,600 polygons reflecting land 
masses we assess the population as described in subsection 2.1.2. Thereby we identify 
1920 islands as populated (population > 0) with an overall population of more than 734 
thousand. This population reflects approx. 14% of the not electrified population of the 
Philippines taking into account recent estimations [25]. A more detailed overview on 
number of islands and overall population is provided for different population classes in 
Figure 2. 
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Figure 2: Overview on overall population and number of islands for not electrified Philippine islands. 

 

A large number of more than 1,200 islands (population classes <10 to <100) have a very 
small population which summarize up to 23 thousand. The population classes of <500 
to <5,000 comprise the bulk of the not electrified population on a smaller number of 
islands. Especially, focusing electrification efforts on islands between <1,000 and <5,000 
can lead to considerable progress in providing energy access given the relatively high 
overall population. A significant share of the population lives on only 21 islands larger 
5,000 inhabitants. More than 59% of the identified islands have a population lower than 
50 (n = 1,146). We exclude these islands prior to the cluster analysis, since we consider 
SHS as more appropriate for the electrification of islands with very small populations 
and the focus of this study on 100% RE micro grid development. Through excluding the 
aforementioned islands the number of overall islands decreases to 774. However, the 
overall population only decreases by 2.4% to 716 thousand. For the remaining 774 
islands the mean GHI and mean wind speed per year are calculated as outlined in 
section 2.1.2. No values can be derived for 125 islands due to data gaps. Finally, a 
dataset comprised of complete population and renewable resource information for 649 
islands and a population of 650 thousand is consigned to the cluster analysis. 

3.2 Cluster analysis 
By applying the cluster analysis approach as outlined in subsection 2.2.1, we find four 
cluster as the optimal solution indicated by both indices through calculating average 
silhouette width and cluster sum of square for the applied cluster solution range of 1 to 
10 clusters. The results for both indices are illustrated in Figure 3. Subsequently, we 
apply the suggested partitioning of the dataset into four clusters and assign each island 
to its respective cluster taking into account the distance to cluster medoids. Figure 4 
presents the cluster partition through a cluster plot. Cluster one, three and four are more 
homogenous than cluster two, while cluster four shares characteristics of the other 
three clusters. 
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Figure 3: Results of average silhouette width (left) and 

cluster sum of square (right) for cluster solution 
between 1 10. 

 
Figure 4: Cluster plot showing four cluster solution.  

Table 2 provides information on number of islands and overall population per cluster 
group as well as population statistics and renewable resource data for the medoids 
islands. Cluster 1 groups the most islands (227) with a higher overall population (142 
thousand). In contrast to that cluster 2 comprises only 76 islands but a much larger 
overall population of 314 thousand. Cluster 3 and 4 are characterized by comparable 
values in terms of number of islands (186 to 160) and overall population (96 thousand). 
 

Table 2: Key characteristics of the three proposed cluster groups. 

Cluster Medoid 

Cluster 
(#) 

N  
(#) 

Total pop. 
(#) 

Island name Inhabitants 
(#) 

Wind speed 
(m/s) 

GHI 
(kWh/m²/y) 

Lat. Long. 

1 227 142,888 Manipulon 471 5.4 1905.1 11.64 124.88 

2 76 314,856  Talampulan 3454 3.7 1860.2 12.12 119.84 

3 186 96,328  Poro 511 4.3 1776.2 11.64 124.88 

4 160 96,032  Bunabunaan 479 2.9 1879.7 4.95 119.98 

 

Cluster one, three and four comprise islands with smaller populations but clusters are 
distinguishable in resource availability: The first cluster represents the renewable 
resource richest islands with high average wind speed and high mean GHI. Cluster three 
islands are less rich in renewable resources and are characterized by the lowest mean 
GHI values. The fourth cluster is defined by the lowest mean wind speed values but 
holds higher mean GHI values. The second cluster group is more heterogeneous in 
renewable resource availability as it primarily groups islands with larger populations. 
Figure 5 shows the distribution of the island clusters and medoids (which are presented 
as case studies) in the Philippines. On a geographical scale islands of cluster 1 are 
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predominantly located in the Central and Northern parts of the Philippines. Islands of 
cluster 3 are distributed over the country with a small bias towards the East. In contrast 
to that islands of cluster 4 are mainly located in the South of the country. This reflects 
the difference between available wind power resources in the northern part and lower 
availability of such resources in the southern parts as GHI values differ in a small value 
range. The islands of cluster group 2 are spread over the entire archipelago as 
population is the key criteria for assigning islands in this cluster group. Finally, we select 
the island representing the cluster medoid as case study for more detailed analysis in 
the energy system modelling approach. Case studies for cluster 1 and 3 are located in 
the Visayas region in the central Philippines. The case study for cluster 2 is located north 
of Palawan in the western part of the Philippines and the case study of cluster 4 is found 
in the Sulu Sea in the most southern part of the country. 
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Figure 5: Overview map showing island per cluster group, case study islands, and grid infrastructure. 

3.3 Energy system simulation 

3.3.1 Validation of energy system tool 
Prior to applying the Offgridders energy system model we conduct a validation with 
HOMER as described in 2.3.3. We limit the considered technologies to solar power and 
battery storage to ease the comparison of both tools. Additionally, we implement a 
default community load with a distinctive evening peak of 12 kW and derive solar 
resource data for one randomly selected Philippine island. The results of the validation 
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are presented in Table 3 and reveal that cost-optimized system design and power 
generation costs for both models are in a close range. The Offgridders tool indicates a 
slightly larger capacity which leads to slightly higher LCOE. A difference between both 
models can be found in the battery storage dispatch: A larger amount of generated 
electricity is charged and discharged to and from the battery storage in HOMER while 
the share of excess electricity is higher in Offgridders. However, we conclude that the 
difference in both models is acceptable and that Offgridders delivers sufficient results 
for our approach. 
 

Table 3: Validation of the applied Offgridders simulation tool with HOMER. 

Parameter Unit HOMER Offgridders Difference (%) 

Annual demand (kWh) 62,050 62,050 0.0% 

Peak demand (kW) 12 12 0.0% 

PV capacity (kWp) 118.9 124.0 4.1% 

PV output (kWh) 167,951.5 175,166.5 4.1% 

Battery capacity (kW/kWh) 136.0 137.0 0.7% 

Battery discharge (% of PV output) 0.19 0.18 -0.8% 

Battery charge (% of PV output) 0.21 0.19 -1.8% 

Excess electricity (%) 0.59 0.62 3.0% 

LCOE (USD/kWh) 0.522 0.536 2.6% 

3.3.2 Input parameter 

We present the derived resource data for the four case study islands in Figure 6 in mean 
power output in kWh/kWp per day over one reference year. We can observe that the 
case study islands for cluster 1 to 3 have very similar profiles in contrast to cluster 4. 
For cluster 1 we find the highest resource availability with 1,296 kWh/kWp/y for solar 
power and 2,193 kWh/kWp/y for wind power. Followed by cluster 2 (1,379 kWh/kWp/y 
and 2,032 kWh/kWp/y) and cluster 3 (1,294 kWh/kWp/y and 1,928 kWh/kWp/y). The 
derived resource data reflect the tendencies found in the cluster analysis although 
cluster 2 holds higher resources than predicted. Probably the use of different datasets 
or different hub heights for wind speed assessment causes these deviations. For the 
wind power resources of all three cluster it is noticeable that resources are very low for 
considerable periods of the year. For the case study for cluster 4 we notice the high solar 
resource availability (1,325 kWh/kWp/y) and absence of wind power resources despite 
short periods of the year (969 kWh/kWp/y). 
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Figure 6: Solar and wind mean power output in kWh/kWp per day for the four applied case study islands. 

The electricity demands applied for assessing 100% RE energy system potential are 
visualized in Figure 7. We apply the load profile presented by Lozano et al. [71] for the 
case study islands of cluster 1, 3 and 4 since the island populations are very small. For 
the case study island of cluster 2, we apply a load profile presented by Bertheau and 
Blechinger for islands with a peak demand larger 100 kW [21]. Since islands of cluster 2 
have a larger population and more economic activity can be expected there. Finally, we 
append the daily load profiles to yearly load profiles and add seasonal variation in 
demands for different regions of the Philippines as presented by [21]. All load profiles 
peak in the evening hours which is typical for rural electricity loads [91]. Average 
demands are low for case study 1, 3 and 4 with 0.52 of the peak load whereas cluster 2 
islands have a higher average demand of 0.69 based on higher economic activity and 
island area. 
 

 
Figure 7: Normalized electricity demand (left) applied for case study islands based on [21], [71] and monthly variation 

in peak demands applied for each case study island based on [21]. 
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3.3.3 Simulation results 

For each case study island we apply the scenarios and sensitivity analyses outlined in 
subsection 2.3.3 with the input parameters presented in subsection 2.3.2. Table 4 
provides the energy system simulation results for each case study island. We find LCOE 
in a range of 0.53 to 0.61 USD/kWh. This would allow for interruption-free and entirely 
renewable power supply on the islands and would comply with the SDG#7 targets. The 
reliability of the 100% RE systems comes at a considerable price: Since the energy 
system components are dimensioned to supply the demand even in the worst-case-
scenario of the year (low RE resources and high demand) the power capacities are 
oversized compared to the typical daily electricity demand. Consequently, a 
considerable share of the generated electricity is dumped (range of 55% to 61%). 
However, the costs are still below retail costs charged for environmentally harmful 
diesel power reported in the scientific literature [71], [102]. In terms of the technology 
share we find solar power in combination with battery storage as the essential 
components of the cost-optimal system configurations. Solar power capacities to be 
installed are in a range of 6 to 8 above the peak demand and battery capacities are in a 
range of 0.79 – 0.85 of the daily energy demand. Wind power capacities are a part of 
the cost-optimized solution although capacities are small compared to the other 
technologies. However, the effect of such small capacities on power generation costs 
in a 100% RE system can be significant and offsets up to 0.2 USD/kWh compared to 
solar-battery systems. The economic advantage of wind power is the replacement of 
substantial battery storage capacities and thereby the reduction of power generation 
costs. A disadvantage of wind power lays in the seasonality of wind resources (as 
presented in subsection 3.3.2) which limits wind power to a supplementary power 
source. The concurrence of solar and wind power capacities is a decisive factor for the 
system design and results in lower wind power capacities for case study 1 (higher 
concurrence) than expected compared to case study 4 (lower concurrence) although 
higher wind resources are available.  
Sensitivity analyses reveal the effect of cost variation on LCOE and installed capacities: 
A variation in Solar CAPEX of -80% to +100% shows a significant impact on LCOE with 
a spread of -0.18 to +0.22 USD/kWh since solar power is the essential part of 100% RE 
systems (Figure 8). With increasing CAPEX the solar capacities decrease while battery 
capacities significantly grow. Lower solar CAPEX have a lower effect on system 
capacities and solar capacities increase only for case study 2 and 4 replacing wind 
power capacities. Variation in Wind CAPEX affects the LCOE in a smaller range of +/- 
0.05 USD/kWh as wind capacities have a supplementary role and solar capacities 
generate the bulk of required electricity. Wind power capacities change little with CAPEX 
variation apart from the 80% reduction scenario which affects a large growth of wind 
capacities replacing a part of solar capacities in case study 1 and 2 (Figure 9). A large 
LCOE spread between -0.28 to +0.24 USD/kWh is found for the battery CAPEX sensitivity 
analysis (Figure 10). Hence, battery CAPEX is the most influential parameter on LCOE 
as large capacities are required in a 100% RE system to shift generated electricity to the 
time of demand. Additionally periods of low renewable resource availability need to be 
bypassed with large capacities. Rising battery CAPEX have no effect on the installed 
capacities. Lower battery CAPEX show similar results as for increasing solar CAPEX: 
Larger battery capacities are part of the cost-optimized system while solar capacities 
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decrease. Figure 11 shows the effect of different WACC to the LCOE, which is affecting 
each case study in a similar way. The difference in costs range is large with -0.19 to 
+0.30 USD/kWh. The effect on capacities is very low and only change the system design 
for case study 1 above a WACC of 14.4% (lower solar capacity – larger battery capacity). 
We apply sensitivity analysis for reliability levels in a range of 100% to 90% to study the 
impact on LCOE and installed capacities (Figure 12). The lowest reliability level of 90% 
allow for LCOE reduction between 0.17 – 0.22 USD/kWh. The cost reduction is realized 
as much lower capacities need to be installed in a range of -33% to -45%. The sensitivity 
analysis further reveals that a reduction of the reliability level by 0.5% has the largest 
impact with an average LCOE reduction of 16%. Reducing the reliability level further by 
0.5% to a 99% reliability level allows for an additional average LCOE reduction of 3.4%. 
With further steps the LCOE reduction potential increases in a slower pace. This finding 
indicates that the optimal solution between reducing costs and maintaining high supply 
reliability levels can be achieved by applying a 99% reliability level.
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Table 4: Findings for base scenarios applied to the four case study islands. 

Case 
study 

LCOE 
(USD/kWh) 

Annual 

supply costs 
(USD) 

Peak 

demand 
(kW) 

Annual 

demand 
(kWh) 

Solar 

capacity 
(kW) 

Wind 

capacity 
(kW) 

Battery 

capacity 
(kWh/kW) 

Reliability 

(% of 
demand)  

RE share 
(%) 

Solar 

power yield 
(kWh) 

Wind 

power yield 
(kWh) 

Excess 

electricity 
(% of total) 

Cluster1 0.60 44,493 17.6 73,842 149.3 3.0 169.1 100 100 193,489 6,653 61.8% 

Cluster2 0.53 286,884 95.7 542,105 850.5 48.7 1177.7 100 100 1,172,706 98,923 56.1% 

Cluster3 0.56 45,186 18.8 80,201 125.5 11.3 187.7 100 100 162,540 21,872 55.2% 

Cluster4 0.61 45,983 17.3 75,282 124.9 18.2 175.9 100 100 165,685 17,665 57.7% 

 

 
Figure 8: Sensitivity analysis for Solar CAPEX. 

 
Figure 9: Sensitivity analysis for Wind CAPEX. 
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Figure 10: Sensitivity analysis for Battery CAPEX. 

 
Figure 11: Sensitivity analysis for capital costs. 
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Figure 12: Sensitivity analysis for reliability in terms of annual supplied electricity. 

For a 99% reliability level we find power generation costs in a range of 0.43 -0.47 
USD/kWh which are significantly lower than for the 100% reliability level and are closer 
to the cost range for utility scale diesel power generation costs taking into account 
diesel fuel growth projections [21], [103]. The technology composition is affected by 
reducing reliability levels: When applying a reliability level of 99% the PV capacities are 
reduced in a range of 25% to 45%, whereas battery capacities are reduced only by 3% to 
10%. Wind power capacities have more diverse patterns as capacities are reduced by 
8% and 12% for case study 2 and 3. Whereas for the more extreme case study 1 (high 
wind resources) the capacities increase by factor 3 and case study 4 (low wind 
resources) the capacities shrink by 75%. By allowing a 99% reliability level the 
seasonality of wind resources is not as disadvantageous anymore in cluster 1 and 
affects the split between solar and wind capacities. Whereas lower wind capacities are 
required to overcome the short periods of the year with low solar resource availability 
for case study 4. Practically, a reliability level of 99% would lead to power curtailment in 
205, 203, 211 and 163 hours of the year for case study 1 - 4 respectively. However, for 
an average share of 26% of that period the curtailment is lower than 30% of the hourly 
demand so that critical loads could potentially still be supplied. Hence, we consider the 
99% reliability level as acceptable for this study as it would still improve the status quo 
of few service hours on many islands [21], [28], [71], [102]. The share of excess electricity 
is reduced to 39% - 42% which increases the economic feasibility. Nevertheless, the 
share of excess electricity remains high and future research should focus on how to 
utilize excess electricity e.g. for water purification or water desalination. 
 
Table 5: Scaling of case study results to not electrified island landscape. 

Medoid Solar 
capacity/ 
capita 

Battery 
capacity/ 
capita 

Wind 
capacity/ 
capita 

Cluster Total pop. 
(#) 

Solar 
capacity 
required 

Battery 
capacity 
required 

Wind 
capacity 
required 

(#) (kWp) (kWh) (kWp) (#) (#) (kWp) (kWh) (kWp) 

Case study 1 0.17 0.34 0.02 1 142,888 24,669 48,752 3,026 

Case study 2 0.18 0.31 0.01 2 314,856 57,110 96,635 4,095 

Case study 3 0.18 0.34 0.02 3 96,328 17,051 32,437 1,873 

Case study 4 0.19 0.35 0.01 4 96,032 18,720 34,061 900 

Sum     
650,104 117,550 211,886 9,894 
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Finally, we apply the required per capita capacities to achieve universal and 100% RE 
based electrification at a 99% supply reliability level and scale the capacity requirement 
to the entire not electrified landscape of the Philippines. Based on our approach and the 
applied input parameter we project a required power capacity of at least 117 MWp solar 
capacity, 211 MWh battery storage capacity and 9.8 MWp wind capacity to provide 
energy access to the considered islands (Table 5). 

4 Discussion 
Our results for generation costs, supply shortage levels and share of excess electricity 
are in line with findings of other researchers: Lozano et al. [71] find LCOE of 0.39 
USD/kWh for 100% RE systems with excess electricity of 39.3% and a shortage level of 
91.4%. Katsaprakakis and Voumvoulakis [103] compute power generation costs of 0.29 
EUR/kWh for a 100% RE scenario on the Greek island Sifnos considering pumped-hydro 
storage as cost-efficient electricity storage option. Another case study for a Greek island 
finds a 100% RE system possible at costs of 0.61 EUR/kWh [104]. Lau et al. [105] 
simulate cost of 0.64 USD/kWh and an excess electricity share of 30% for the simulation 
of a 100% RE system on a Malaysian island case study. It need to be taken in 
consideration that costs largely depend on the applied economic and technical 
parameters: 
The sensitivity analysis revealed the following most important tasks for improving the 
economic feasibility of 100% RE systems on islands: (1) Decreasing battery storage 
costs, (2) lowering capital costs, (3) allowing power rationalization and (4) utilizing 
excess electricity.  
For 1, battery storage costs are projected to decrease substantially [95] and would 
reduce investment costs significantly. However, for 2 the lack of access to finance is a 
specific challenge for RE development in the Philippines [94] and high risks of RE 
development increase capital costs in developing countries [106]. Therefore, de-risking 
investments for the electrification of small islands is a major task for Philippine policy 
makers and investments should be partly shouldered by government funds in case of 
low interest of the private sector. For 3, allowing supply shortages through intelligent 
demand side management and dropping of non-critical loads holds potential to reduce 
costs [107]. Operational models for reducing loads through demand response have been 
presented in the scientific literature [108], [109]. Implementing such models as well as 
weather and load forecasting models can allow for pre-scheduling of load shedding in 
the proposed energy systems [110].  
For 4, the utilization of excess electricity as deferrable loads can increase the viability of 
a 100% RE system and provide further benefits to island communities. Examples for 
potential utilization of electricity in the island context are water purification, water 
desalination, cold storage or ice making as researchers find high household 
expenditures for clean portable water [71] and fishing as main source of income of many 
households on remote Philippine islands [94]. Additionally, such appliances can 
potentially replace or reduce battery storage capacities [111]. Future studies should 
focus on the feasibility of integrating such systems and the impact on costs and 
potential revenue streams.  
Despite the promising findings the specific implications of wider deployment of the 
proposed energy system solutions need to be taken into consideration carefully: 
Availability of land for RE development can be a challenge especially on small islands 
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[71], [112]. Furthermore, the impact of providing access to electricity to the island 
communities is complex [4] and communities should be integrated into the 
development and design process [94]. Although 100% RE systems are clearly 
advantageous over diesel fuel systems with regard to life cycle assessment [113], the 
environmental impact of RE micro grids especially with substantial Li-ion battery 
storage capacities as presented here need to be further investigated [99], [114]. 
Nevertheless, Aberilla et al. [112] identified household scale PV installations in 
combination with community-scale wind power and Li-ion batteries as most 
environmentally sound solution for rural communities in the Philippines. Finally, RE 
system design need to account for the occurrence of frequent extreme weather events 
in the Philippines [115]. Future studies should consider the resilience of system designs 
[116] and investigate into the feasibility of containerized solutions for robustness, 
capability to shelter sensible components in extreme weather events, multifunction 
(energy supply and water purification units), transportability and cost reduction potential 
[117]. 
The overall research approach could be improved through including more detailed input 
data if available and considering further RE technologies. In the following key 
assumptions are listed which could increase the robustness of the results and should 
be considered in future studies:  

- First, a number of the considered islands may be already supplied with electricity 
through small community networks or household solutions. Official statistics 
about such systems covering the entire country would improve the database for 
this approach. Potentially, the analysis of recent and high-resolution night light 
satellite imagery could facilitate to gain a more accurate overview on not 
electrified islands.  

- Second, cluster analysis depends on complete datasets and adding or removing 
relevant missing values potentially affects the cluster split and assignment. 
Filling the missing values with accurate data could improve the research findings.  

- Third, for the energy system modelling approach we limit the technology 
selection to solar and wind power in combination with battery storage. Taking 
into account further low-carbon technologies (e.g. biomass) could enhance the 
findings and improve the implications for policy makers. Especially, the 
integration of less intermittent and more schedulable renewable generation 
technologies such as biogas from agricultural residues [118] could reveal further 
development options. 

5 Conclusion 
Finally, we can state that the research questions outlined in the introduction chapter 
have been addressed: We find 1,920 not electrified and populated islands of which we 
select 649 with a population larger 50 and complete resource datasets for further 
analysis. PAM cluster analysis indicates an optimal split of four island groups. Three 
cluster groups comprise the majority of islands (88%) and are characterized by small 
populations of around 500. These cluster groups differ in resource availability: While the 
first cluster group shows both high solar and wind resource availability, the second 
cluster is characterized by lower solar resources and the last cluster by lower wind 
resources. The fourth group consists of 76 islands with a larger population and average 
resource availability. Cluster medoids serve as case study for assessing the feasibility 
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of 100% RE systems. Here, we find power generation costs in a range of 0.53 to 0.61 
USD/kWh for systems with a 100% reliability. Solar power in combination with battery 
storage is the essential component of cost-optimal system configurations while wind 
power capacities are supplementary. Variation in battery CAPEX and WACC affect 
power generation costs stronger than variation in solar and wind CAPEX. Reducing the 
reliability level can reduce power generation costs significantly as required capacity and 
the amount of excess electricity decrease. The findings for the four case studies are 
generalizable to not electrified island landscape of the Philippines as we can assume 
little differences in cost and demand parameters and we found a large homogeneity in 
solar resource availability. For a 100% RE based electrification on a 99% reliability level 
a capacity of 118 MWp solar power, 212 MWh battery capacity and 10 MWp wind 
capacity is required. Total investments would sum up to 350 million USD under the 
applied cost assumption but would only require 537 USD on a per capita basis. 
Finally, we conclude with the following key findings for the rapid electrification of the 
Philippine archipelago: First, 100% RE systems are a suitable option for electrification 
and could allow a high energy autonomy and little operational costs. Since huge upfront 
investments are required low capital costs are key to wider deployment. This problem 
needs to be urgently addressed by policy makers and financing institutions. Especially 
development loans with lower interest rates and lower revenue expectations are 
required. Second, allowing for electricity shortages enables significantly lower costs 
while maintaining a reliability level above the status quo. Consequently, micro grids need 
to be equipped with intelligent management software to observe short-term resource 
availability and facilitate power rationalization in the event of shortages. Third, 100% RE 
systems are characterized by a high share of excess electricity. The usage of such 
excess electricity offers an opportunity for further cost reduction and improvement of 
the operational model. Future policy and research efforts should focus on economic 
aspects (financing products), technical aspects (power rationalization) and operational 
aspects (use of excess electricity) for the development of 100% RE systems. 

Acknowledgement 
The author thank the Reiner Lemoine-Foundation for co-financing this research work. 
Additionally, the author also thanks Philipp Blechinger, Martha Hoffmann, Karoline 
Gerbatsch and Setu Pelz for methodological support and proof-reading. 
 
 
 

References 
United Nations, “Transforming our world: The 2030 agenda for sustainable development 

(A/RES/70/1),” New York, United Nations, 2015. 
J. D. Moyer and D. K. Bohl, “Alternative pathways to human development: Assessing 

trade-offs and synergies in achieving the Sustainable Development Goals,” 
Futures, vol. 105, pp. 199–210, Jan. 2019. 

C. Stevens and N. Kanie, “The transformative potential of the Sustainable Development 
Goals (SDGs),” International Environmental Agreements: Politics, Law and 
Economics, vol. 16, no. 3, pp. 393–396, Apr. 2016. 



 

24 

 

F. Riva, H. Ahlborg, E. Hartvigsson, S. Pachauri, and E. Colombo, “Electricity access and 
rural development: Review of complex socio-economic dynamics and causal 
diagrams for more appropriate energy modelling,” Energy for Sustainable 
Development, vol. 43, pp. 203–223, Apr. 2018. 

D. L. McCollum, L. G. Echeverri, S. Busch, S. Pachauri, S. Parkinson, J. Rogelj, V. Krey, J. 
C. Minx, M. Nilsson, A.-S. Stevance, and K. Riahi, “Connecting the sustainable 
development goals by their energy inter-linkages,” Environmental Research 
Letters, vol. 13, no. 3, p. 033006, Mar. 2018. 

P. Ciller and S. Lumbreras, “Electricity for all: The contribution of large-scale planning 
tools to the energy-access problem,” Renewable and Sustainable Energy Reviews, 
vol. 120, p. 109624, Mar. 2020. 

M. Moner-Girona, D. Puig, Y. Mulugetta, I. Kougias, J. AbdulRahman, and S. Szabó, “Next 
generation interactive tool as a backbone for universal access to electricity,” Wiley 
Interdisciplinary Reviews: Energy and Environment, vol. 7, no. 6, p. e305, Jun. 2018. 

D. Mentis, M. Howells, H. Rogner, A. Korkovelos, C. Arderne, E. Zepeda, S. Siyal, C. 
Taliotis, M. Bazilian, A. de Roo, and others, “Lighting the World: the first application 
of an open source, spatial electrification tool (OnSSET) on Sub-Saharan Africa,” 
Environmental Research Letters, vol. 12, no. 8, p. 085003, 2017. 

P. Bertheau, A. Oyewo, C. Cader, C. Breyer, and P. Blechinger, “Visualizing National 
Electrification Scenarios for Sub-Saharan African Countries,” Energies, vol. 10, no. 
11, p. 1899, Nov. 2017. 

D. Mentis, M. Welsch, F. F. Nerini, O. Broad, M. Howells, M. Bazilian, and H. Rogner, “A 
GIS-based approach for electrification planning—A case study on Nigeria,” Energy 
for Sustainable Development, vol. 29, pp. 142–150, Dec. 2015. 

D. Mentis, M. Andersson, M. Howells, H. Rogner, S. Siyal, O. Broad, A. Korkovelos, and M. 
Bazilian, “The benefits of geospatial planning in energy access — A case study on 
Ethiopia,” Applied Geography, vol. 72, pp. 1–13, Jul. 2016. 

N. Moksnes, A. Korkovelos, D. Mentis, and M. Howells, “Electrification pathways for 
Kenya – linking spatial electrification analysis and medium to long term energy 
planning,” Environmental Research Letters, 2017. 

S. Ohiare, “Expanding electricity access to all in Nigeria: a spatial planning and cost 
analysis,” Energy, Sustainability and Society, vol. 5, no. 8, pp. 1–18, Mar. 2015. 

P. Blechinger, C. Cader, and P. Bertheau, “Least-Cost Electrification Modeling and 
Planning—A Case Study for Five Nigerian Federal States,” Proceedings of the IEEE, 
vol. 107, no. 9, pp. 1923–1940, Sep. 2019. 

F. Kemausuor, E. Adkins, I. Adu-Poku, A. Brew-Hammond, and V. Modi, “Electrification 
planning using Network Planner tool: The case of Ghana,” Energy for Sustainable 
Development, vol. 19, pp. 92–101, Apr. 2014. 

S. Szabo, K. Bodis, T. Huld, and M. Moner-Girona, “Sustainable energy planning: 
Leapfrogging the energy poverty gap in Africa,” Renewable and Sustainable Energy 
Reviews, vol. 28, pp. 500–509, Dec. 2013. 

S. SzabÃ3, K. BÃ3dis, T. Huld, and M. Moner-Girona, “Energy solutions in rural Africa: 
mapping electrification costs of distributed solar and diesel generation versus 
grid extension,” vol. 6, no. 3, pp. 1–9. 

F. F. Nerini, R. Dargaville, M. Howells, and M. Bazilian, “Estimating the cost of energy 
access: The case of the village of Suro Craic in Timor Leste,” Energy, vol. 79, pp. 
385–397, Jan. 2015. 



 

25 

 

P. Blechinger, C. Cader, P. Bertheau, H. Huyskens, R. Seguin, and C. Breyer, “Global 
analysis of the techno-economic potential of renewable energy hybrid systems 
on small islands,” vol. 98, pp. 674–687. 

H. Meschede, P. Holzapfel, F. Kadelbach, and J. Hesselbach, “Classification of global 
island regarding the opportunity of using RES,” Applied Energy, vol. 175, pp. 251–
258, 2016. 

P. Bertheau and P. Blechinger, “Resilient solar energy island supply to support SDG7 on 
the Philippines: Techno-economic optimized electrification strategy for small 
islands,” Utilities Policy, vol. 54, pp. 55–77, Oct. 2018. 

P. Bertheau and C. Cader, “Electricity sector planning for the Philippine islands: 
Considering centralized and decentralized supply options,” Applied Energy, vol. 
251, p. 113393, Oct. 2019. 

Department of Energy, “Philippine Energy Plan 2017 - 2040 - Energy Annual Report 2017,” 
Department of Energy, Manila, Philippines, 2017. 

International Renewable Energy Agency, “Accelerating renewable mini-grid deployment: 
A study on the Philippines,” International Renewable Energy Agency, Abu Dhabi, 
UAE, 2017. 

International Energy Agency, “World Energy Outlook 2019: Electricity access database.” 
International Energy Agency, Paris, France, 2019. 

A. G. L. Viña, J. M. Tan, T. I. M. Guanzon, M. J. Caleda, and L. Ang, “Navigating a trilemma: 
Energy security, equity, and sustainability in the Philippines’ low-carbon 
transition,” Energy Research & Social Science, vol. 35, pp. 37–47, Jan. 2018. 

Y. Kuang, Y. Zhang, B. Zhou, C. Li, Y. Cao, L. Li, and L. Zeng, “A review of renewable energy 
utilization in islands,” Renewable and Sustainable Energy Reviews, vol. 59, pp. 
504–513, Jun. 2016. 

F. Roxas and A. Santiago, “Alternative framework for renewable energy planning in the 
Philippines,” Renewable and Sustainable Energy Reviews, vol. 59, pp. 1396–1404, 
Jun. 2016. 

W. Thorbecke, “How oil prices affect East and Southeast Asian economies: Evidence 
from financial markets and implications for energy security,” Energy Policy, vol. 
128, pp. 628–638, May 2019. 

M. A. H. Mondal, M. Rosegrant, C. Ringler, A. Pradesha, and R. Valmonte-Santos, “The 
Philippines energy future and low-carbon development strategies,” Energy, vol. 
147, pp. 142–154, Mar. 2018. 

E. R. Florano, “Integrated Loss and Damage–Climate Change Adaptation–Disaster Risk 
Reduction Framework,” in Resilience, Elsevier, 2018, pp. 317–326. 

Z. H. Lee, S. Sethupathi, K. T. Lee, S. Bhatia, and A. R. Mohamed, “An overview on global 
warming in Southeast Asia: CO 2 emission status, efforts done, and barriers,” 
Renewable and Sustainable Energy Reviews, vol. 28, pp. 71–81, Dec. 2013. 

J. Bonan, “Access to modern energy: a review of barriers, drivers and impacts,” 
Environment and Development Economics, vol. 22, no. 5, pp. 491–516, 2017. 

N. Perera, E. Boyd, G. Wilkins, and R. P. Itty, “Literature review on energy access and 
adaptation to climate change,” Evidence on Demand - DFID, London, UK, Sep. 
2015. 

F. F. Nerini, “Sustainable Energy Access for All : Initial tools to compare technology 
options and costs,” KTH Royal Institute of Technology, 2016. 



 

26 

 

T. G. Tiecke, X. Liu, A. Zhang, A. Gros, N. Li, G. Yetman, T. Kilic, S. Murray, B. Blankespoor, 
E. B. Prydz, and H.-A. H. Dang, “Mapping the world population one building at a 
time,” arXiv:1712.05839, 2017. 

A. Hoffman-Hall, T. V. Loboda, J. V. Hall, M. L. Carroll, and D. Chen, “Mapping remote 
rural settlements at 30 m spatial resolution using geospatial data-fusion,” Remote 
Sensing of Environment, vol. 233, p. 111386, Nov. 2019. 

C. N. H. Doll and S. Pachauri, “Estimating rural populations without access to electricity 
in developing countries through night-time light satellite imagery,” Energy Policy, 
vol. 38, no. 10, pp. 5661–5670, Oct. 2010. 

P. Blechinger, C. Cader, P. Bertheau, H. Huyskens, R. Seguin, and C. Breyer, “Global 
analysis of the techno-economic potential of renewable energy hybrid systems 
on small islands,” Energy Policy, vol. 98, pp. 674–687, Nov. 2016. 

QGIS, “QGIS Geographic Information System, version 3.4 "Madeira,” QGIS Development 
Team, https://www.qgis.org/de/site/, 2018. 

National Mapping and R. A. of the Philippines, “Philippine Island Inventory Project.” 
National Mapping and Resource Authority of the Philippines, Manila, Philippines, 
Jun-2019. 

Y. Boquet, The Philippine Archipelago (Springer Geography), 1st ed. Springer, 2017. 
National Grid Corporation of the Philippines, “Transmission Development Plan 2014-

2015,” National Grid Corporation of the Philippines, Manila, Philippines, 2016. 
Department of Energy, “Missionary Electrification Development Plan 2016 - 2020,” 

Philippine Department of Energy, Manila, Philippines, 2016. 
National Power Corporation - Small Power Utilities Group, “Power plants/power barges 

operational report for existing areas,” National Power Corporation - Small Power 
Utilites Group, Manila, Philippines, 2017. 

Facebook Connectivity Lab and Center for International Earth Science Information 
Network - CIESIN - Columbia University, “High Resolution Settlement Layer 
(HRSL),” CIESIN Columbia University, 2018. 

World Bank Group, “Global Solar Atlas 2.0, online (https://globalsolaratlas.info/).” 2019. 
World Bank Group, “Global Wind Atlas 2.0, online https://globalwindatlas.info/.” Sep-

2018. 
M. Wiedenbeck and C. Züll, “Clusteranalyse,” in Handbuch der sozialwissenschaftlichen 

Datenanalyse, VS Verlag für Sozialwissenschaften, 2010, pp. 525–552. 
L. Kaufman and P. J. Rousseeuw, “Partitioning Around Medoids (Program PAM),” in 

Finding Groups in Data: An Introduction to Cluster Analysis, John Wiley & Sons, 
Inc., 1990, pp. 68–125. 

P. Weigelt, W. Jetz, and H. Kreft, “Bioclimatic and physical characterization of the 
worldtextquotesingles islands,” Proceedings of the National Academy of Sciences, 
vol. 110, no. 38, pp. 15307–15312, Sep. 2013. 

J. A. Hartigan, Clustering algorithms. Wiley, 1975. 
L. Sigrist, E. Lobato, L. Rouco, M. Gazzino, and M. Cantu, “Economic assessment of 

smart grid initiatives for island power systems,” Applied Energy, vol. 189, pp. 403–
415, Mar. 2017. 

H. Meschede, E. A. Esparcia, P. Holzapfel, P. Bertheau, R. C. Ang, A. C. Blanco, and J. D. 
Ocon, “On the transferability of smart energy systems on off-grid islands using 
cluster analysis – A case study for the Philippine archipelago,” Applied Energy, vol. 
251, p. 113290, Oct. 2019. 



 

27 

 

R Core Team, “R: A Language and Environment for Statistical Computing.” R Foundation 
for Statistical Computing, Vienna, Austria. 

N. C. Brownstein, A. Adolfsson, and M. Ackerman, “Descriptive statistics and 
visualization of data from the R datasets package with implications for 
clusterability,” Data in Brief, vol. 25, p. 104004, Aug. 2019. 

H.-K. Ringkjøb, P. M. Haugan, and I. M. Solbrekke, “A review of modelling tools for energy 
and electricity systems with large shares of variable renewables,” Renewable and 
Sustainable Energy Reviews, vol. 96, pp. 440–459, Nov. 2018. 

S. Sinha and S. S. Chandel, “Review of software tools for hybrid renewable energy 
systems,” Renewable and Sustainable Energy Reviews, vol. 32, pp. 192–205, Apr. 
2014. 

K. Anoune, M. Bouya, A. Astito, and A. B. Abdellah, “Sizing methods and optimization 
techniques for PV-wind based hybrid renewable energy system: A review,” 
Renewable and Sustainable Energy Reviews, vol. 93, pp. 652–673, Oct. 2018. 

D. M. Gioutsos, K. Blok, L. van Velzen, and S. Moorman, “Cost-optimal electricity systems 
with increasing renewable energy penetration for islands across the globe,” 
Applied Energy, vol. 226, pp. 437–449, Sep. 2018. 

D. Neves, C. A. Silva, and S. Connors, “Design and implementation of hybrid renewable 
energy systems on micro-communities: A review on case studies,” Renewable 
and Sustainable Energy Reviews, vol. 31, pp. 935–946, Mar. 2014. 

A. K.R, O. A Oladosu, and T. Popoola, “Using HOMER power optimization software for 
cost benefit analysis of hybrid-solar power generation relative to utility cost in 
Nigeria,” IJRRAS, vol. 7, 2011. 

J. Ahmad, M. Imran, A. Khalid, W. Iqbal, S. R. Ashraf, M. Adnan, S. F. Ali, and K. S. Khokhar, 
“Techno economic analysis of a wind-photovoltaic-biomass hybrid renewable 
energy system for rural electrification: A case study of Kallar Kahar,” Energy, vol. 
148, pp. 208–234, Apr. 2018. 

C. Phurailatpam, B. S. Rajpurohit, and L. Wang, “Planning and optimization of 
autonomous DC microgrids for rural and urban applications in India,” Renewable 
and Sustainable Energy Reviews, vol. 82, pp. 194–204, Feb. 2018. 

A. H. Hubble and T. S. Ustun, “Composition, placement, and economics of rural 
microgrids for ensuring sustainable development,” Sustainable Energy, Grids and 
Networks, vol. 13, pp. 1–18, Mar. 2018. 

P. Peerapong and B. Limmeechokchai, “Optimal electricity development by increasing 
solar resources in diesel-based micro grid of island society in Thailand,” Energy 
Reports, vol. 3, pp. 1–13, Nov. 2017. 

T. Ma, H. Yang, L. Lu, and J. Peng, “Technical feasibility study on a standalone hybrid 
solar-wind system with pumped hydro storage for a remote island in Hong Kong,” 
Renewable Energy, vol. 69, pp. 7–15, Sep. 2014. 

T. Ma, H. Yang, and L. Lu, “A feasibility study of a stand-alone hybrid solar–wind–battery 
system for a remote island,” Applied Energy, vol. 121, pp. 149–158, May 2014. 

K. van Alphen, W. G. J. H. M. van Sark, and M. P. Hekkert, “Renewable energy 
technologies in the Maldives—determining the potential,” Renewable and 
Sustainable Energy Reviews, vol. 11, no. 8, pp. 1650–1674, Oct. 2007. 

G. P. Giatrakos, T. D. Tsoutsos, P. G. Mouchtaropoulos, G. D. Naxakis, and G. Stavrakakis, 
“Sustainable energy planning based on a stand-alone hybrid 
renewableenergy/hydrogen power system: Application in Karpathos island, 
Greece,” Renewable Energy, vol. 34, no. 12, pp. 2562–2570, Dec. 2009. 



 

28 

 

L. Lozano, E. M. Querikiol, M. L. S. Abundo, and L. M. Bellotindos, “Techno-economic 
analysis of a cost-effective power generation system for off-grid island 
communities: A case study of Gilutongan Island, Cordova, Cebu, Philippines,” 
Renewable Energy, vol. 140, pp. 905–911, Sep. 2019. 

X. Zhang, S.-C. Tan, G. Li, J. Li, and Z. Feng, “Components sizing of hybrid energy 
systems via the optimization of power dispatch simulations,” Energy, vol. 52, pp. 
165–172, Apr. 2013. 

M. M. Hoffmann, “Optimizing the Design of Off-Grid Micro Grids Facing Interconnection 
with an Unreliable Central Grid Utilizing an Open-Source Simulation Tool,” 
Technische Universität Berlin, 2019. 

M. M. Hoffmann, S. Pelz, O. Monés-Pederzini, M. Andreottola, and P. Blechinger, 
“Overcoming the bottleneck of weak grids: Reaching higher tiers of electrification 
with Solar Home Systems for increased supply reliability,” in Proceedings of the 
International Conference on Energising the SDGs through appropriate technology 
and governance, Leicester, UK, 2019. 

S. Hilpert, C. Kaldemeyer, U. Krien, S. Günther, C. Wingenbach, and G. Plessmann, “The 
Open Energy Modelling Framework (oemof) - A new approach to facilitate open 
science in energy system modelling,” Energy Strategy Reviews, vol. 22, pp. 16–25, 
Nov. 2018. 

S. Pfenninger, L. Hirth, I. Schlecht, E. Schmid, F. Wiese, T. Brown, C. Davis, M. Gidden, H. 
Heinrichs, C. Heuberger, S. Hilpert, U. Krien, C. Matke, A. Nebel, R. Morrison, B. 
Müller, G. Pleßmann, M. Reeg, J. C. Richstein, A. Shivakumar, I. Staffell, T. Tröndle, 
and C. Wingenbach, “Opening the black box of energy modelling: Strategies and 
lessons learned,” Energy Strategy Reviews, vol. 19, pp. 63–71, Jan. 2018. 

M. M. Hoffmann and RLI, “Offgridders github reprository, (https://github.com/rl-
institut/offgridders).” 2019. 

G. Pleßmann and P. Blechinger, “How to meet EU GHG emission reduction targets? A 
model based decarbonization pathway for Europe’s electricity supply 
system until 2050,” Energy Strategy Reviews, vol. 15, pp. 19–32, 2017. 

H. MM, P. S, M.-P. Ò, A. M, and B. P., “Overcoming the Bottleneck of Unreliable Grids: 
Increasing Reliability of Household Supply with Decentralized Backup Systems,” 
Joural of Sustainability Research, Jan. 2020. 

J. Forrest and R. Lougee-Heimer, “cbc github reprository, (https://github.com/coin-
or/Cbc).” 2019. 

S. Pfenninger and I. Staffell, “Renewables.ninja (https://www.renewables.ninja/).” 2016. 
M. M. Rienecker, M. J. Suarez, R. Gelaro, R. Todling, J. Bacmeister, E. Liu, M. G. 

Bosilovich, S. D. Schubert, L. Takacs, G.-K. Kim, S. Bloom, J. Chen, D. Collins, A. 
Conaty, A. da Silva, W. Gu, J. Joiner, R. D. Koster, R. Lucchesi, A. Molod, T. Owens, 
S. Pawson, P. Pegion, C. R. Redder, R. Reichle, F. R. Robertson, A. G. Ruddick, M. 
Sienkiewicz, and J. Woollen, “MERRA: NASA’s Modern-Era Retrospective Analysis 
for Research and Applications,” Journal of Climate, vol. 24, no. 14, pp. 3624–3648, 
Jul. 2011. 

R. Müller, U. Pfeifroth, C. Träger-Chatterjee, J. Trentmann, and R. Cremer, “Digging the 
METEOSAT Treasure—3 Decades of Solar Surface Radiation,” Remote Sensing, 
vol. 7, no. 6, pp. 8067–8101, Jun. 2015. 

R. Müller, U. Pfeifroth, C. Träger-Chatterjee, R. Cremer, J. Trentmann, and R. Hollmann, 
“Surface Solar Radiation Data Set - Heliosat (SARAH) - Edition 1.” EUMETSAT 
Satellite Application Facility on Climate Monitoring (CM SAF), 2015. 



 

29 

 

S. Pfenninger and I. Staffell, “Long-term patterns of European PV output using 30 years 
of validated hourly reanalysis and satellite data,” Energy, vol. 114, pp. 1251–1265, 
Nov. 2016. 

I. Staffell and S. Pfenninger, “Using bias-corrected reanalysis to simulate current and 
future wind power output,” Energy, vol. 114, pp. 1224–1239, Nov. 2016. 

C. Breyer and J. Schmid, “Global Distribution of Optimal Tilt Angeles for Fixed Tilted PV 
Systems,” in 25th European Photovoltaic Solar Energy Conference, 2010. 

E. Malicdem, “Optimal Tilt of Solar Panels in the Philippines, 
doi:10.13140/RG.2.2.19886.61764,” 2015. 

S. Pelz, S. Pachauri, and S. Groh, “A critical review of modern approaches for 
multidimensional energy poverty measurement,” Wiley Interdisciplinary Reviews: 
Energy and Environment, pp. 1–16, 2018. 

E. Hartvigsson and E. O. Ahlgren, “Comparison of load profiles in a mini-grid: 
Assessment of performance metrics using measured and interview-based data,” 
Energy for Sustainable Development, vol. 43, pp. 186–195, Apr. 2018. 

F. Riva, F. Gardumi, A. Tognollo, and E. Colombo, “Soft-linking energy demand and 
optimisation models for local long-term electricity planning: An application to 
rural India,” Energy, vol. 166, pp. 32–46, Jan. 2019. 

S. Mandelli, M. Merlo, and E. Colombo, “Novel procedure to formulate load profiles for 
off-grid rural areas,” Energy for Sustainable Development, vol. 31, pp. 130–142, 
2016. 

R. Fajilagutan, “30 kW Cobrador Solar Hybrid System - Lessons Learned,” Presentation 
at Symposium: Philippine-German collaboration for an energy transition on 
Philippine islands, 2018. 

P. Bertheau, J. Dionisio, C. Jütte, and C. Aquino, “Challenges for implementing renewable 
energy in a cooperative-driven off-grid system in the Philippines,” Environmental 
Innovation and Societal Transitions, Mar. 2019. 

N. Kittner, F. Lill, and D. M. Kammen, “Energy storage deployment and innovation for the 
clean energy transition,” Nature Energy, vol. 2, no. 9, p. 17125, Jul. 2017. 

E. Vartiainen, G. Masson, C. Breyer, D. Moser, and E. R. Medina, “Impact of weighted 
average cost of capital, capital expenditure, and other parameters on future utility-
scale PV levelised cost of electricity,” Progress in Photovoltaics: Research and 
Applications, Aug. 2019. 

IRENA, “Renewable Power Generation Costs in 2018,” International Renewable Energy 
Agency, Abu Dhabi., 2018. 

G. Zubi, R. Dufo-López, M. Carvalho, and G. Pasaoglu, “The lithium-ion battery: State of 
the art and future perspectives,” Renewable and Sustainable Energy Reviews, vol. 
89, pp. 292–308, Jun. 2018. 

M. A. Pellow, H. Ambrose, D. Mulvaney, R. Betita, and S. Shaw, “Research gaps in 
environmental life cycle assessments of lithium ion batteries for grid-scale 
stationary energy storage systems: End-of-life options and other issues,” 
Sustainable Materials and Technologies, vol. 23, p. e00120, Apr. 2020. 

B. Zakeri and S. Syri, “Electrical energy storage systems: A comparative life cycle cost 
analysis,” Renewable and Sustainable Energy Reviews, vol. 42, pp. 569–596, Feb. 
2015. 

P. Lilienthal, T. Lambert, and P. Gilman, “Computer Modeling of Renewable Power 
Systems,” in Encyclopedia of Energy, Elsevier, 2004, pp. 633–647. 



 

30 

 

G. W. Hong and N. Abe, “Sustainability assessment of renewable energy projects for off-
grid rural electrification: The Pangan-an Island case in the Philippines,” Renewable 
and Sustainable Energy Reviews, vol. 16, no. 1, pp. 54–64, Jan. 2012. 

D. A. Katsaprakakis and M. Voumvoulakis, “A hybrid power plant towards 100% energy 
autonomy for the island of Sifnos, Greece. Perspectives created from energy 
cooperatives,” Energy, vol. 161, pp. 680–698, Oct. 2018. 

D. Thomas, O. Deblecker, and C. S. Ioakimidis, “Optimal design and techno-economic 
analysis of an autonomous small isolated microgrid aiming at high RES 
penetration,” Energy, vol. 116, pp. 364–379, Dec. 2016. 

K. Y. Lau, C. W. Tan, and A. H. M. Yatim, “Photovoltaic systems for Malaysian islands: 
Effects of interest rates, diesel prices and load sizes,” Energy, vol. 83, pp. 204–
216, Apr. 2015. 

K. Kim, H. Park, and H. Kim, “Real options analysis for renewable energy investment 
decisions in developing countries,” Renewable and Sustainable Energy Reviews, 
vol. 75, pp. 918–926, Aug. 2017. 

V. Mehra, R. Amatya, and R. J. Ram, “Estimating the value of demand-side management 
in low-cost, solar micro-grids,” Energy, vol. 163, pp. 74–87, Nov. 2018. 

G. R. Aghajani, H. A. Shayanfar, and H. Shayeghi, “Demand side management in a smart 
micro-grid in the presence of renewable generation and demand response,” 
Energy, vol. 126, pp. 622–637, May 2017. 

A. Roy, F. Auger, F. Dupriez-Robin, S. Bourguet, and Q. T. Tran, “A multi-level Demand-
Side Management algorithm for offgrid multi-source systems,” Energy, p. 116536, 
Nov. 2019. 

A. Agüera-Pérez, J. C. Palomares-Salas, J. J. G. de la Rosa, and O. Florencias-Oliveros, 
“Weather forecasts for microgrid energy management: Review, discussion and 
recommendations,” Applied Energy, vol. 228, pp. 265–278, Oct. 2018. 

J. Hamilton, M. Negnevitsky, X. Wang, and S. Lyden, “High penetration renewable 
generation within Australian isolated and remote power systems,” Energy, vol. 
168, pp. 684–692, Feb. 2019. 

J. M. Aberilla, A. Gallego-Schmid, L. Stamford, and A. Azapagic, “Design and 
environmental sustainability assessment of small-scale off-grid energy systems 
for remote rural communities,” Applied Energy, vol. 258, p. 114004, Jan. 2020. 

D. O. Akinyele and R. K. Rayudu, “Techno-economic and life cycle environmental 
performance analyses of a solar photovoltaic microgrid system for developing 
countries,” Energy, vol. 109, pp. 160–179, Aug. 2016. 

L. Vandepaer, J. Cloutier, and B. Amor, “Environmental impacts of Lithium Metal Polymer 
and Lithium-ion stationary batteries,” Renewable and Sustainable Energy Reviews, 
vol. 78, pp. 46–60, Oct. 2017. 

E. G. de Leon and J. Pittock, “Integrating climate change adaptation and climate-related 
disaster risk-reduction policy in developing countries: A case study in the 
Philippines,” Climate and Development, vol. 9, no. 5, pp. 471–478, May 2016. 

A. Hussain, V.-H. Bui, and H.-M. Kim, “Microgrids as a resilience resource and strategies 
used by microgrids for enhancing resilience,” Applied Energy, vol. 240, pp. 56–72, 
Apr. 2019. 

F. F. Nerini, F. Valentini, A. Modi, G. Upadhyay, M. Abeysekera, S. Salehin, and E. 
Appleyard, “The Energy and Water Emergency Modulemathsemicolon A 
containerized solution for meeting the energy and water needs in protracted 



 

31 

 

displacement situations,” Energy Conversion and Management, vol. 93, pp. 205–
214, Mar. 2015. 

J. M. Aberilla, A. Gallego-Schmid, and A. Azapagic, “Environmental sustainability of 
small-scale biomass power technologies for agricultural communities in 
developing countries,” Renewable Energy, vol. 141, pp. 493–506, Oct. 2019. 

 


