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Abstract

Nowadays, 1.2 billion people lack access to electricity, mainly in rural areas of developing countries. In particular, 22
million people do not have electricity in Latin America and many governments are developing rural electrification
programs to deal with this situation. Off-grid hybrid microgrids based on renewable energy are an efficient option for
providing dispersed rural populations with access to electricity. However, microgrids are still a minority option, as
governments of developing countries generally consider them expensive and not effective. In this context, the
evaluation of projects based on hybrid microgrids is required in order to improve the knowledge about these
technologies. In this paper, 13 microgrid projects in north-western Venezuela are presented and their environmental,
technical, socioeconomic and institutional dimensions of sustainability are evaluated. For this purpose, an evaluation
methodology based on some ad hoc criteria is developed, assessed by means of technical visits, semi-structured
interviews and 106 surveys of technical operators and beneficiaries. The results show that microgrids can satisfy the
energy needs of the population, while promoting technological change towards the use of more sustainable
technologies. In addition, the key aspects for strengthening projects’ sustainability are highlighted.
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1. Introduction

Nowadays, 1.2 billion people lack access to electricity in the poorer rural areas of developing
countries. In Latin America, 22 million people do not have electricity [1]. In these regions, given
the dispersion of houses and the long distances to urban centres, the national electricity grid
extension or the fuel supply for diesel gensets are not economically profitable [2]. Consequently,
off-grid systems based on renewable energy technologies (RET) become an effective strategy for
electricity access and poverty reduction, while reducing greenhouse gas emissions [3]. Indeed, the
use of renewable energy has progressively increased, and 300 million people obtained access to
electricity by means of off-grid RET-based systems from 2007 to 2016 [4]. Solar photovoltaic
(PV) panels are the most common option, representing almost 50% of the total RETs for rural
electrification [5], mainly through solar home systems (SHS) [6]. However, according to
Hosseinalizadeh et al. [7] and Kaldellis et al. [8], wind energy can be also profitable and
appropriate in regions having wind or wind and solar resources.

Off-grid systems may provide electricity through stand-alone home systems or microgrids
(generators supplying electricity to several consumption points via a small network) [3]. Although
stand-alone home systems are widely used, microgrids can be more profitable and reliable
according to the distribution of houses [9]. When relying on more than one renewable energy
source (RES), for example, wind and solar, the hybrid microgrid concept is commonly used, and
both RES lead to a more reliable supply [10]. In fact, hybrid wind-PV microgrids can provide end-
users with an even better service quality than that of conventional fuel-based technologies [3].
However, the long-term sustainability of hybrid microgrid projects is still an issue [11].

In order to improve sustainability [12], key aspects from project failures or successes should be
identified and the quantity and quality of information provided to decision-makers must be
increased [13]. Despite the large amount of rural electrification projects implemented in
developing countries, very few empirical evaluations analysing the factors that influence the
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success and sustainability of small-scale projects have been published [14]. There are very few
empirical evaluations of community RET-based projects assessed in situ several years after their
installation [15].

The three basic dimensions of sustainability were established in 1987 [16]: economic, social and
environmental [17]. Later, llskog et al. [18] maintained those three dimensions, calling the social
aspect socio-ethical and adding two more: technical and institutional. Most studies have a clear
focus on technical and institutional aspects, such as mentioned by Yadoo [19] and Schillebeeckx
[20], while fewer consider the relevance of social and economic factors for the sustainability
assessment [17]. A single socioeconomic dimension is considered in this paper, as the economic
and social dimensions are related. Therefore, 4 dimensions for the sustainability assessment are
proposed: environmental, technical, socioeconomic and institutional. The four dimensions are
evaluated through some ad hoc specific criteria which can be assessed by end-user surveys,
technical visits, simulations or other adequate tools. The definition of the criteria was made
together with technicians from the Electricity Ministry of Venezuela. The proposed criteria are
sufficiently robust and flexible to be easily used in other contexts, regions and countries [18].
Therefore, the four dimensions are valid for the evaluation of rural electrification projects in any
context, only adapting the way that each criterion is assessed to accord with the specific conditions
of each case study.

In this context, the main contribution of this paper is the evaluation of 13 hybrid microgrids in
Venezuela, implemented within the “Sembrando Luz” (“Sowing Light”) program [21]. For this
purpose, a comprehensive evaluation methodology is developed, which may be applicable to
programs and/or specific RET-based rural electrification projects in developing countries. The
methodology considers the 4 aforementioned sustainability evaluation dimensions: environmental,
technical, socioeconomic and institutional. The information required for the evaluation is gathered
from surveys of end-users, interviews with technical and community leaders, historical record data
and simulations using HOMER. Results show the key elements for the long term sustainability of
the projects, from the microgrid design to their implementation, and are useful for the next 149
hybrid microgrids the Venezuelan government has planned to install [22].

The remainder of the paper is organised as follows. In Section 2, the technical aspects, the design
process and the generation technologies used in the microgrid projects in Venezuela are described.
Section 3 presents the evaluation methodology, while Section 4 explains the results obtained for
each sustainability dimension, based on the criteria defined. In Section 5, the results for the 4
dimensions are discussed. Finally, the main conclusions are summarised in Section 6.

2. Design description of hybrid microgrids in Venezuela

The design and implementation of hybrid microgrids is one of the electrification strategies within
the “Sowing Light” program, developed by the Venezuelan government [21]. To date, 18
microgrids have been installed; the first 13 in northwest Venezuela, 4 in communities in Falcon
state and 9 in Zulia state (Figure 1). In Falcon the communities are composed of Creoles [23]
whereas in Zulia the population belongs to the Wayul ethnic group [24]. The indigenous
population in Venezuela are a small minority, usually located in dispersed rural settlements with
low access to education, health and information services, which influences their socioeconomic
development [25].

In the following sections, the sizing and standardisation of hybrid microgrids in north-western
Venezuela is described (Section 2.1), as well as the wind and solar generation technologies



(Section 2.2), the diesel backup and the battery storage (Section 2.3). Finally, the microgrid
structure and control strategy (Section 2.4) and the management model (Section 2.5) are detailed.
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Figure 1. Hybrid microgrid locations in north-western Venezuela, within the Képpen climate map [26]
2.1. Hybrid microgrid sizing and design standardisation

The estimation of the average daily consumption was carried out by Fundelec (Ministry of Electric
Energy of Venezuela). The estimation was based on historical data obtained during the national
censuses carried out by the National Institute for Statistics of Venezuela (INE), in previously
electrified rural houses. Moreover, Fundelec carried out surveys in rural areas to be electrified in
order to profile the houses and inhabitants. Thus, a typical list of house appliances and their use
was generated (Table 1). In this way, Fundelec estimated an energy demand of 2 kWh/day and a
peak power of 0.45 kW (= 0.6 kVA) [27]. These values represent an approximate 730 kWh/year
per home (182-122 kWh/year per capita, depending on the number of residents) [27]. These
estimations are consistent with those predicted by Rojas-Zerpa et al. [28], and exceed the
minimum threshold established by the United Nations (100 kWh/year per capita) [14]. Moreover,
a demand of 3.8 kWh/day was considered for schools and health centres, and 5.1 kWh/day for
churches [22].

Next, a socio-demographic evaluation of the distribution of non-electrified rural settlements in
Venezuela was carried out, based on the databases of the National Institute for Statistics (INE)
[25]. In this regard, INE compiled data about electrified and non-electrified rural settlements, and
the number of houses in them. From these data, an estimated 96.23% of non-electrified rural
houses are grouped in settlements of 40 or fewer houses (Figure 2). Among them, 72.81%
correspond to settlements of more than 3 houses, to be electrified through hybrid microgrids. The
results show the high dispersion of the houses with no electricity in Venezuela and that most of
these houses are inhabited by the indigenous population. Indeed, the indigenous population in
rural Venezuela has historically been established in scattered settlements, living in small shacks
(“ranchos™), as a consequence of their semi-nomadic lifestyle [29]. On average there are 6 people
per house, with very small energy needs, in accordance with their traditional customs and habits.
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Table 1. Daily average consumption estimation procedure is based on Fundelec

surveys on rural houses all over Venezuela and result is a 2 KWwh/d [27]

. . Daily use Average dail
House appliances Quantity (Ho);rs) consump%ion (V{//h)
TV 1 5 400
Fluorescent light bulbs 5 5 275
Electronic devices 1 5 125
Freezer 1 24 1200
Total average daily consumption (Wh) 2000 (2 kWh)
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Figure 2. Clustering of houses in non-electrified rural settlements of Venezuela

The design of the hybrid microgrids was developed by Fundelec using HOMER software [30]. In
the electrified communities there are no rivers nor other available Renewable Energy Sources
(RES) except solar and wind. In some communities, the wind speed reaches up to 8-10 m/s [31],
which is the highest wind category defined by the National Renewable Energy Laboratory [32].
The solar potential is also high, ranging from 5.5 to 6.7 kWh/m?day in the electrified
communities of Zulia and exceeding 6.7 kWh/m?/day in those of Falcon [27], with a very low
variation throughout the year [33]. Therefore, Solar-Wind Hybrid Microgrids were the standard
microgrid design considered, according to different load levels, for all the planned projects in both
states. Taking into account the average daily consumption of common rural houses, the hybrid
wind-PV-diesel-battery microgrids were expected to supply the demand of houses and community
infrastructures such as schools, churches and health centres. The microgrids were designed in
configurations for up to 10, 20, 30 and 40 houses, called SH-10, SH-20, SH-30 and SH-40,
respectively (Table 2). The maximum capacity shortage was defined according to rural
distribution network data from the Electricity Ministry of Venezuela [22]. Table 2 also
summarises the wind-PV generation equipment and the backup and storage systems used in each
configuration and detailed in the following sections [21].



Table 2. Hybrid microgrid configurations in Venezuela according to the load [21]

Hvbrid Solar PV Small wind Batterv storage Diesel
Microgrid | generation generation VStora% | backup
. . . Total . Total . Total Total
configuration | Quantity capacity Quantity capacity Quantity capacity | capacity
10 houses 20 x 24 x
(SH-10) 150 W 3kw 1x3KkW | 3kw 1,080 Ah 25,920 Ah | 9kW
20 houses 36 X 48 x
(SH-20) 160 W 576 KW | 1x6 kW | 6KkW 800 Ah 38,400 Ah | 14 kW
30 houses 56 x 1 x 3 kwW 48 x
sH-30) | 1sow | B4KW g yekw | KW | 100an | S7600AN | 19kW
40 houses 72 x 96 X
(SH-40) 150 W 10.8kW | 2x6 kW | 12 kW 800 Ah 76,800 Ah | 23 kW

2.2. Small wind and solar PV technologies

Rural communities in Zulia and Falcon are located in territories where the average annual
temperature exceeds 30 °C [34], ranging from 28° to 34 °C [24]. According to Kdppen climate
classification [26], Zulia and Falcon have a hot semi-arid (Bsh) and hot desert (Bwh) climate,
respectively, characterized by strong solar radiation, continuous trade winds, a dry year-round
climate, and high and constant temperatures. These two states were the first in the country to
benefit from hybrid wind-PV microgrids for the electrification of rural communities within the
“Sowing Light” program [21]. Regarding the wind technology, permanent magnet synchronous
generator wind turbines were used. The turbines have a 4-m diameter with 2 and 3 blades, and
capacities of 3 and 6 kW respectively. The direct current (DC) output, after the rectification phase,
IS 24 and 48 V, respectively. The technical performance of Small Wind Turbines (SWT) was
measured and certified prior to installation and the power curve is shown in Figure 3 [35]. Under
the climate conditions in north-western Venezuela, wind turbines have an estimated lifetime of 15
years, assuming the appropriate preventive maintenance is carried out, which represents an
average annual cost of 33 $/kW [36]. Since 2012, these turbines are manufactured in Venezuela by
a national public company, which has significantly reduced the hybrid microgrid costs [37].
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Regarding the solar PV technology, 150 and 160 Wp capacity panels were used, made from
textured polycrystalline silicon with an anti-reflective layer. Given that the working temperature of
the module can exceed 45°C, the losses are equivalent to a power reduction of around 10%. Also,
a production loss of 20% is estimated when environmental factors such as dust, shade or the
climate are considered [38]. Throughout the design phase a working lifetime of 25 years was
assumed, with the adequate preventive maintenance being applied, leading to a yearly operation
and maintenance (O&M) cost of 10 $/kW [36]. Table 2 shows the PV panels installed, depending
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on the number of houses focussed. The panels have been manufactured in Venezuela since 2012,
by the same company that produces the wind turbines [37].

2.3. Diesel backup and battery storage technologies

The hybrid microgrids have been designed with a diesel generator backup and a set of batteries for
energy storage. This equipment was designed according to the energy resources available, based
on the regional databases of north-western Venezuela, while aiming to balance the fluctuations in
generated power [10]. Both systems avoid the need for an expensive oversizing of wind-PV
generators [39]. In addition, batteries store the excess electricity for later use during periods of
lower energy resource availability. In this way, the operating hours of the diesel backup are
minimised and the fraction of renewable energy generation increases [40].

Regarding the storage system, conventional lead-acid batteries with electrolytic liquid were used,
since they were the cheapest option. This is a robust technology that also has high operational
security, so it has been commonly used in solar and small wind applications worldwide [40].
Table 2 shows the batteries installed, depending on the number of houses focussed. Energy losses
from the conversion as well as the battery state of charge (SOC) during load and discharge were
considered during the microgrid design [41].

Previous investigations recommend, through prolonged experimentations, a SOC above 50% as
being ideal for lead-acid batteries; and a well-controlled hybrid system should keep such SOC
during at least 90% of the cases [42]. Moreover, lead-acid batteries used for RET applications are
generally limited to a minimum SOC of 80% [43]. If this value is exceeded, the battery suffers
from over-discharge, which may result in permanent damage of the battery, shortening its lifetime.
Therefore, these systems were designed in order to keep the battery State of Charge (SOC) at over
80%. Additionally, the storage system size was calculated according to a microgrid self-
sufficiency of 2 days, taking into account the complementarity of the generation systems [44]. The
self-sufficiency period is calculated according to full charge consumption (2 kWh/day per house)
[27]. The estimated lifetime and yearly O&M cost were 20 years and 2$/battery, respectively [36].

Regarding the backup system, 9, 14, 19 and 23 kW diesel generators were used for the 10, 20, 30
and 40 house configurations, respectively (Table 2). These generators were sized to supply the full
load of the microgrid during failures in RET generation and to simultaneously charge the battery
set. Hence, the energy provided by diesel generators was not expected to exceed 10% of the
annual energy of the microgrid when operating under normal conditions [45]. The O&M costs
were defined according to the operating hours: 2 $/h, including fuel costs, while the expected
lifetime was 15,000 h with appropriate maintenance tasks, i.e. around 10-15 years [36]. The
optimisation of the hybrid microgrids was reached by minimising the excess energy, while
maximising the fraction of renewable energy generation and reducing the supply from the diesel
generator to less than 10%. Under such assumptions, the cost per produced kWh is significantly
reduced. Table 3 summarizes all the technologies used in the rural hybrid microgrids projects and
configurations according to number of houses, all over Venezuela.

2.4. Microgrid architecture and control strategy

All the configurations for the designed hybrid microgrids use mixed AC/DC architectures, since
they allow direct connection between the generation systems depending on the output power. In
this regard, the diesel backup is connected to an AC bus, while there are separate DC buses for the
RET-based generators (PV modules and wind turbines) and the battery storage system [45]. Thus,
these microgrids have a mixed parallel architecture with bidirectional power inverters, including a
master and slaves, installed between the two buses. The master is responsible for energy



management, controlling the energy production, the battery charge and the diesel turn on/off [36].
The slaves have a similar function but under the control of the master converter [46]. Using this
architecture, significant control benefits can be achieved [47]. Figure 4 shows a layout of this

mixed AC/DC architecture.

Table 3. Renewable energy, storage and backup technologies used for
the design and implementation of rural hybrid microgrids in Venezuela

Solar PV generation

Small wind generation

Battery Storage

Diesel Backup

Two types are used

Maximum Power 150 + 5%;
Short Circuit Current (Isc)=8,9
A; Open Circuit Voltage
(Voc)=21,6 V; Max. Power
Current= 8,7 A, Max Power
Voltage: 17,3 V.

Two types are used:

Nominal Power=3000W;
Blades=2;  Diameter(m)=4;
Regulator Voltage (V)=24 V;
Nominal RPM=500

Three types are used:

800 A-h, 1080 A-h and
1200 A-h. All of them 2

Four types are used:

9 kw, 14 kW, 19 kW
and 23 kW. Fuel

consumption is 0.2529

V, Vented lead-acid, | ,.
liters per hour per output
. . tubular-plate, deep-
Maximum Power 160 * 5%; | Nominal Power=6000W; cvele batterv. 20 vears kW. All of them 60 Hz
Short Circuit Current (Isc)=10,2 | Blades=3;  Diameter(m)=4; y y: Y @ 1800 RPM and 4

o lifetime.
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Figure 4. Layout of a renewable hybrid system.

The general control strategy (Figure 5) ranks the RET-based technologies, prioritizing PV rather
than wind generation, since SWT are rotating machines requiring more frequent maintenance than
PV modules. Moreover, the control strategy has three essential objectives: 1) to reliably and
securely cover the electricity supply to the loads; 2) to minimize the fuel consumption and
maintenance costs of the backup system, and 3) to optimize the lifetime of the batteries and the
diesel generator. To do so, some predefined limit values are established in the charge regulators
and battery inverters. Depending on the SOC, the battery inverter generates a start/stop signal for
the diesel generator. In order to ensure optimal efficiency in fuel consumption, the diesel generator
must work at full power when the RET-based generators or batteries are unable to supply the
maximum peak demand (SOC>80%). Hence, the battery inverter regulates the current of the
generator to ensure it remains at its optimum operating point, even against sudden changes in the
load. The aim is for the diesel generator to always operate at maximum efficiency in order to
consume around 10-20% less fuel per produced kWh than it would under a regime at 50-75% of
the nominal capacity [48]. Finally, the battery inverter also monitors the heating and load level to
minimize the frequency of maintenance and significantly extend battery lifetime.
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2.5. Management model

The management model was developed by Fundelec, taking into account the structure of the
Community Councils (CC). Fundelec acts as the Autonomous Authority for Rural Electrification
(AARE), working in collaboration with the Electricity Service Company (ESC), Corpoelec [22].
Both public institutions are attached to the Electricity Ministry of Venezuela, as the Regulatory
Entity (RE) of the electricity sector. The RE is responsible for promoting, funding and supporting
projects for sustainable development in the communities electrified by the AARE. In each
community, a Community Operator (CO) is designated by the CC. The CC fixes and collects the
electricity rates, subsequent to the tariff approval by User Assemblies (UA). The electricity rates
are used to cover minor maintenance tasks carried out by the CO. The CO is trained by the AARE
to assume responsibility for the following activities: battery and diesel generator maintenance, fuel
refilling, cleaning of PV panels and the microgrid surroundings, etc. In addition, the CO is trained
to optimise the use of fuel during failures in wind-PV generators or batteries. Finally, the CO must
notify the AARE in the event of major breakdowns. Figure 6 shows examples of the four different
microgrid configurations installed in north-western Venezuela.
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3. Evaluation methodology

In order to obtain a comprehensive sustainability assessment, an approach based on the end-users’
perspective is very important [49]. This can only be achieved through in situ visits and adequate
surveys and interviews [50]. Moreover, simulations using HOMER v2.67 have been developed to
evaluate the technical performance of the systems. These data gathering processes are explained in
the following sections.



3.1. Fieldwork

The 13 rural communities analysed in this paper, located in north-western Venezuela (Falcon and
Zulia states), were visited in order to collect the in situ data. First, 9 semi-structured interviews
with CO and technicians from the AARE (Fundelec) were carried out. Technical revisions were
made to identify the environmental and visual impact of the projects, the possible waste and the
physical condition of the equipment. Moreover, a total of 39 surveys (out of 39 benefited families)
were carried out in Falcén and 67 (out of 180 families) in Zulia. In Falcon all the beneficiaries
could be consulted, while in Zulia a representative sample of 37% was surveyed [51][52]. The
average duration of each survey was around 15-20 minutes, and it took 16 days to carry out the
106 surveys, 5 in Falcén and 11 in Zulia, from the end of August to the beginning of September
2016.

The questionnaire was organised in 5 sections, focussing on the main aspects that have an
influence on project sustainability: (1) rational use of energy and the environment; (2) demand and
electricity consumption; (3) basic services; (4) educational level and productive activities, and (5)
perception of the service quality. From the questionnaire, 16 sample indicators were defined to
summarise the results obtained [51][52] (Table 4), organised according to their relation to the 4
proposed sustainability evaluation dimensions.

Table 4. Sample indicator results according to the surveys

Indicator Description Value Dimension
Iy % people who claim that the microgrid produces pollution <1% E
I, % houses where domestic diesel generators were replaced 89% E
I3 Average daily consumption per house 1.775 kWh/day E-T
l4 End-users’ perception of failure frequency 76.1% T
Is End-users’ perception of failure duration 64.8% T
ls % houses with refrigerators or freezers 53.7% T-SE

% school attendance in comparison with
rural national average (between 7-12 years)
% school attendance in comparison with
rural national average (between 13-17 years)
Iy % adult illiteracy in comparison with rural national average 64.0% under SE
% people who consider electrification has

74.1% over SE

66.7% over SE

1o a good impact on education quality 55% SE
Iy % average income per capita in comparison 0.2% over SE
with rural national average
P Average tariff amount ($) 2% SE
li3 % people satisfied with the tariff 31.5% SE-I
l1a % people satisfied with the management model 0% [
lis % people satisfied with the CO 65.5% SE-I
lis % people satisfied with institutional commitment 32.1% [

3.2. Simulations

In the evaluation phase, HOMER v2.67 software is used to evaluate the performance of the
electrification systems, focussing on real energy generation and real load profiles. First, the
generation performance is determined from the energy resources (wind and solar) obtained from
satellite databases, with an accuracy of 200m [31]. The wind profiles are adjusted at the hub
height, considering wind shearing data obtained from measurements taken at different heights by
ENELVEN, the Electrical Energy company of Venezuela, over a period of more than 5 years.
Next, the load profile is calculated from the surveys: the number of electrical appliances and usage
hours. Figure 7 shows the average daily profile for rural communities in Falcdn and Zulia. In all
the communities, the peak load is reached in the 18 to 22 h period, as most of the electricity
consumption comes from lighting, radio, TV and other appliances used at night. Therefore, the
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load factor is high in most of the communities because the daily load average tends to be low and
constant except for night hours (peak demand). There are no noticeable seasonal changes in the
daily load profile, as hours of daylight are almost constant throughout the year, as well as the
climate and temperature (latitude 10°N). The profiles of Zulia and Falcén are also very similar
because of the determinant factors in climate conditions.
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Figure 7. Daily load profiles for Zulia and Falcon communities.

In HOMER v2.67, the DC buses of the SWT, PV modules and batteries are taken together; while a
single bidirectional inverter is considered, including the rectifier from the diesel genset to the
batteries. As a result, a mixed architecture is virtually assembled in HOMER to analyse the
behaviour of the real installed system, which has no incidence results for this investigation. Figure
8 shows the virtual mixed AC/DC architecture corresponding to the 4 microgrid configurations:
Jacuque (SH-10), with a 3 kW wind turbine; La Macolla (SH-20), with a single 6 kW wind
turbine; Wososopo (SH-30), where 3 kW and 6 kW wind turbines are shown, and Cusia (SH-40),
where two 6 kW wind turbines can be observed.
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Figure 8. Mixed AC/DC architecture in HOMER v2.67 simulation schemes
of hybrid microgrids for communities in north-western Venezuela
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The simulation results show that the SOC remains at over 80% during a typical year in 12 out of
the 13 communities (Figure 9). Jacuqgue is the only exception, being 76% of the time over 80% of
the SOC, because the load/generation ratio is higher than in the other communities. Figure 9 also
shows the daily load profile for Macuirrapa, where the relationship between the wind-PV
generation and the SOC can be easily understood.

8
. Percentage of Time, PV Power
B Communities | SOC is over 80% | Wind Powec e
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&
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" ) 7 100%
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g
96% .
Machuaiya 99.9% T d Z
) @ 94% 5
Castilletes 100.0% 53 :
~ 2% £
Cusia 99.8% M~ 5 %
1 90% «
Macuirrapa 95.8% i )
! 88% 3
Punta Manglar 99.7% -
1 0 86Y
0 3 6 9 12 15 18 22 24

Hours

Figure 9. Typical day in Macuirrapa: (above) PV and wind generation; (below) daily load demand and
SOC. The table shows the annual percentage of time with SOC over 80% for the studied communities

Results from HOMER v2.67 simulations are used to calculate the indicators for the Venezuelan
project evaluation presented in the next section. In particular:

e Regarding the environmental dimension, the emission factor in rural hybrid microgrids
comes from the diesel backup system. The simulation considers the load profile, the
available renewable energy sources and the battery capacity. Consequently, the emission
factor is obtained as the emission rate for the operation of the diesel system and the total
energy generated (CO2/kWh). Simulations are carried out according to the normal
operation and failure conditions of a RET (N-1) [53]. The results are compared with the
emissions from alternative electrification schemes (Figure 10): (a) electrical system in
north-western Venezuela; (b) individual diesel generation, and (c) community diesel
generation.
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Figure 10. Emission factors of studied communities according to the rural electrification technology
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e Regarding the technical dimension, the adequacy and reliability of the system are obtained
by studying the daily load profile gathered from surveys and the electricity generation
results from HOMER v2.67. The electricity generation is a function of the available energy
resources (satellite data) and technology performance (specification sheet), obtained during
the field-work. Thus, the average daily consumption per community and house is
compared to the generating capacity of the hybrid microgrid, according to the available
resources [21], as shown in Figure 11.
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Figure 11. Average annual electricity generation and community consumption in hybrid microgrids
of north-western Venezuela, based on HOMER v2.67 simulations and end-user surveys

4. Project comparison and results analysis

In this section, the 4 sustainability dimensions are assessed: environmental (Section 4.1), technical
(Section 4.2), socioeconomic (Section 4.3) and institutional (Section 4.4). For this purpose, some
ad hoc specific criteria are proposed for each dimension. Table 5 shows the data used to evaluate
each criterion: the indicators generated from the surveys, the information obtained in the technical
visits, the results of the HOMER simulation or National statistics databases.

Table 5. Evaluation elements for each of the criteria considered for sustainability dimensions

Dimension

Criteria

Evaluation Data

Environmental

Impact on local ecosystems (E-1)

I3, I3, Technical Visits

Technology dissemination and technological change (E-2)

Iy, I3

Emission mitigation (E-3) HOMER v2.67 simulation
Technical Adequacy (T-1) I3, ls

Reliability (T-2)

l4, Is, Is, HOMER v2.67 simulation

Socioeconomic

Education (SE-1)

17, s, lg, 110, National Data

Health (SE-2)

lg, National Data

Community participation (SE-3)

l13, l15

Affordability and sustainability of electricity rates (SE-4)

l12

Energy poverty reduction (SE-5)

l11, 112, National Data

Improvement in productivity (SE-6)

l11, National Data

Institutional

Institutional alignment and relationship with communities (1-1)

l13, l14, l15, l16

Economic sustainability of the program (1-2)

l13, Technical Visits, National Data

Sustainable development goals (1-3)

Technical Visits
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4.1. Environmental dimension

The environmental dimension is evaluated considering the possible impact of hybrid microgrids
on the environment, the natural resources and the ecosystems of the community locations [18].
This impact can be reflected at a local, regional and global level [54]. For example, the use of fuel
or kerosene lamps has an effect on the air pollution within houses (local impact), deforestation
(regional impact) and the atmospheric concentration of greenhouse gas emissions (global impact).
From the investigations of Brent et al. [55], llskog [18] and Munasinghe [17], 3 criteria have been
defined for evaluating the environmental sustainability dimension:

e Impact on local ecosystems (E-1): In none of the 13 visited communities have polluting
residues been produced. Similarly, no negative impact has been found on the flora or fauna
of community ecosystems, not even birds killed by impact with turbine blades [6]. A
negative impact is reported in only one house of Falcén, located at less than 15m from the
wind turbine, regarding the noise from blades during wind gusts. The evaluation for this
criterion is positive.

e Technology dissemination and technological change (E-2): Before the electrification, most
of the houses had individual diesel generators. After implementing the hybrid microgrids,
89% of the houses have abandoned these generators and only 11% keep them as a backup.
Globally, 190 individual diesel generators have been replaced as a result of the hybrid
microgrid connection. The evaluation for this criterion is positive.

e Emission mitigation (E-3): Even under the N-1 condition, hybrid microgrids have an
emission factor 80% lower than individual diesel generators, 56% lower than the national
grid extension and 55% lower than community diesel generation. The evaluation for this
criterion is positive.

As a result of the environmental dimension, the three criteria analysed for the sustainability
evaluation of hybrid microgrids are positive. Therefore, these rural electrification systems are
environmentally sustainable.

4.2. Technical dimension

The technical dimension is related to specific aspects of microgrid operation and could be defined
in terms of the safety and quality of the energy supply. This in turn depends on the supply being
available on a regular and reliable basis and of standard quality, according to the given regulatory
framework [56]. These aspects of the technical dimension are integrated into other sustainability
dimensions, such as the environmental or socioeconomic [18]. In this sense, the technical
dimension is closely linked to the achievement of universal access to reliable and modern energy,
according to the seventh goal of the 2030 Agenda [57]. Therefore, 2 criteria are considered for the
evaluation of the technical sustainability: adequacy and reliability. The adequacy of a technology
is based on a comparison with the minimum electricity threshold required to meet specific energy
needs [58]. Regarding reliability, an energy supply must be available on a regular and reliable
basis in order to be considered adequate [56].

e Adequacy (T-1): The weighted average consumption per house in Falcon and Zulia
communities is 1.775 kWh/day, representing 88.75% of the value considered during the
design (Section 2.1). Nevertheless, it can be observed how demand can be globally
supplied by solar PV technology, while wind turbines are used to cover daily demand
fluctuations. In addition, these community demand values represent between 34% and 95%
of the typical electricity consumption of rural houses connected to the north-western
electrical system of Venezuela [28]. In other words, the technical design of hybrid
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microgrids is consistent with the real consumption of beneficiaries and the rural population
in similar socioeconomic conditions. The evaluation for this criterion is positive.

e Reliability (T-2): 76.1% of end-users consider that hybrid microgrids have a low failure
rate and 64.8% perceive a short duration for failures. Failures and their duration are
directly related to the quality of maintenance and speed of repairs. However, the
fundamental factor is the size and design values considered for these projects. Indeed,
thanks to the system’s highly reliable performance (Figure 11), the consistency of the
generating, storage and backup capacity of hybrid microgrids with average consumption in
electrified communities is favourable. The average annual consumption of communities
does not in any case exceed 63% of the generating capacity. The evaluation for this
criterion is positive.

As a result, in the technical dimension the 2 criteria implemented for the evaluation of hybrid
microgrids are positive, so this technology can be considered technically sustainable.

4.3. Socioeconomic dimension

This is the most complex dimension of sustainability [59], since all the criteria considered for the
evaluation are linked to another dimension. As the social and economic criteria are closely related,
a single dimension is proposed. In both aspects, the evaluation criteria must be related to the
characteristics of sustainable development, established in the Brundtland report [16] and analysed
in detail by Munasinghe [17] for the specific field of energy.

In social terms, the evaluation criteria include the concepts of community empowerment, inclusion
and governance [16]. The key aspects to ensure the social sustainability of hybrid microgrids are:
end-users’ participation (empowerment), the promotion of equity in access to energy and basic
services such as education and health (inclusion), and the reduction of social vulnerability in terms
of school dropout rates, illiteracy and diseases. Governance is related to strengthening the
institutions involved and the social values that are enhanced through education [17].
Consequently, 3 criteria are considered for the evaluation of social sustainability: education, health
and community participation.

In economic terms, 3 criteria are considered: the affordability and sustainability of electricity rates,
the improvement in productivity and the reduction of energy poverty. Thus, three key aspects are
considered respectively: energy equity, productive growth and energy poverty. Equity is related to
the ability to pay for and have access to a quality electricity service [54], with a reliable supply
that allows productive activities to be carried out [16]. Productive growth is related to the ability
to increase incomes through the use of electricity. Regarding energy poverty, no consensus has
been reached on its nature and definition [60]. However, the most common quantitative indicators
are: (1) Low Income, High Cost (LIHC) [61], (2) Minimal-Standard (MIS) [62], and (3) The Ten-
Percent-Rule (TPR) [63] [64]. On the one hand, the LIHC and MIS indicators are very precise in
local contexts, but are generally complex to estimate at a regional or international level. On the
other hand, the TPR is easier to estimate and considers as energy poor those people who have to
spend more than 10% of their net income on adequate energy services [60]. Indeed, thanks to
TPR’s simplicity, easy communicability and versatility, it has become the most used indicator for
energy poverty and is the indicator considered in this assessment.

e Education (SE-1): In the Wayuu indigenous communities of Zulia, the rate of basic and
secondary education has increased after the installation of microgrids. Among children
aged from 7 to 12 (basic education), school attendance is 74.1% higher than the national
average for rural indigenous communities [65]. For ages ranging from 13 to 17 years,
attendance in secondary education is 66.7% higher than the national average for this social
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group [65]. In addition, the illiteracy rate is 64% lower than the indigenous national
average [65]. On the other hand, the non-indigenous communities of Falcon show no
significant improvements in the education rates since those communities were already at
an average level before electricity access. In other words, the impact on education is
greater in communities which, previously, had low educational levels. Finally, 55% of
respondents in Falcon and Zulia believe that electrification has had a positive impact on
education quality for children and teenagers.

Education is also related to access to information and telecommunications. In this sense,
69.0% of the indigenous houses electrified in Zulia and 78.6% in Falcén have acquired a
TV since electrification. Moreover, in 42% of the houses in Falcén, one family member
has regular access to internet; this figure is almost 10 times higher than in nearby villages
(4.65%) [25]. The evaluation for this criterion is positive.

Health (SE-2): After electrification, 47.6% of the houses in Zulia and 64.3% in Falcon
were able to install refrigerators or freezers, a very important step considering that the
average annual temperature exceeds 30°C [34]. In the indigenous communities of Zulia,
this is 62% higher than the average for the non-electrified Wayuu population [25]. Taking
into account that many communities have a diet based on shellfish and goat meat,
refrigeration prevents most pathogens, so food will keep safe for a longer time [66]. It also
enables the preservation of food for children under 5 years, thereby reducing infant
mortality [67]. Additionally, electric lighting replaces kerosene lamps. The latter produce
lung-damaging gases and particles which increase the rates of illnesses such as
tuberculosis, asthma or cancer [68]. The evaluation for this criterion is positive.
Community participation (SE-3): 65.5% of beneficiaries consider that Community
Operators (CO) are well-trained and have been efficient in maintaining hybrid microgrids.
In general, the Community Councils (CC) manage the microgrids efficiently. The
collection of electricity rates is effective, given the acceptance of CO among end-users. In
addition, beneficiaries have appropriated the electrification systems and they ensure the
adequate maintenance of equipment after 5 years of continuous operation. In this regard,
the participatory management model has made it possible to keep RET-based facilities
operative during that time. However, most users suggest the need for a change in the
management model in order to make hybrid microgrids more self-sufficient from the
national electricity sector. The evaluation for this criterion shows elements of the social
dimension in need of improvement.

Affordability and sustainability of electricity rates (SE-4): End-users pay between $1 and
$3 per house per month to cover minor O&M costs. This tariff is established through User
Assemblies (UA) and may vary according to the expenses of maintenance activities each
month. However, the collected amount does not even cover 10% of the annual O&M costs
(including expenses assumed by the government and free for beneficiaries), nor are capital
costs recovered. Table 6 shows the income percentage of the families spent on energy
supply when using: the current hybrid microgrids (column 2), individual diesel generators
(column 3), hybrid microgrids assuming all the O&M costs (column 4) or hybrid
microgrids assuming the levelized cost of electricity, LCOE (column 5). Therefore, the
current electricity rates are, on the one hand, affordable. On the other hand, they do not
allow communities to be self-sufficient. Consequently, economic sustainability in the
medium and long term is not guaranteed under this scheme. Indeed, 68.5% of end-users
consider that the tariff should be fixed and cover all O&M annual expenses. The
evaluation for this criterion shows elements of the social dimension in need of
improvement.
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Table 6. Percentage of family incomes of different aspects for communities
electrified with hybrid microgrids in north-western Venezuela
Tariff as percentage of family incomes

State Current tariff | Individual diesel O&M LCOE
Falcon 0.62 % 12.00 % 16.64 % | 26.10 %
Zulia 2.53 % 17.00 % 32.24 % | 45.82 %

Energy poverty reduction (SE-5): The financial cost for families is studied, considering the
average monthly incomes. First, as 89% of beneficiaries have stopped using individual
diesel generation, hybrid microgrids have reduced the cost of electricity by 90% (mainly
fuel saving costs), allowing families to overcome energy poverty. Indeed, Table 6 shows
that the financial cost is now below the energy poverty threshold, which is generally
considered to be around 10% of the monthly family budget [69]. Therefore, this criterion
shows an effective reduction in energy poverty, which is positive with regard to individual
diesel.

Improvement in productivity (SE-6): The productive activities and the average income per
house and person in each community are determined (Table 6). According to a study
carried out by the Central Bank of Venezuela [70], the average rural income per capita in
2005 for non-electrified communities was $2.10/day. According to end-user surveys, the
weighted average per capita income in non-indigenous communities is $4.02/day, while
for the indigenous population this value is $0.99/day. Thus, 28.8% of hybrid microgrid
beneficiaries have increased their incomes after electrification, with the average income
growth being 60.1%. The largest increase is observed in the fishing communities of
Prudencio and La Macolla (Falcon), where seven government microcredits have been
granted for the acquisition of boats and outboard engines. Among the three main activities
in the target communities (fishing, goat farming and handicrafts), the average income for
fishing activities outstrips the others (Table 6). This is due to the impact of electrification,
which has led to an increase in fishing thanks to the refrigerated storage capacity. On the
other hand, regarding goat farming, improvements have only had an impact on the
conservation of dairy products. This is a marginal activity at a community level, producing
very little income in comparison with the direct sale of goats, which doesn’t need
electricity. Finally, concerning the manufacture of handicrafts, although the number of
light hours for crafting has increased, the impact is not significant in terms of productivity.
In Table 7, the indigenous and non-indigenous communities are differentiated. Note that
the poverty line is considered at $1.90 per person per day [71]. Most of the indigenous
population electrified with hybrid microgrids remain below this threshold; while non-
indigenous families mostly exceed that value (Jacuque and Castillete only represent 14
houses). The improvement in productivity is uneven, as some aspects of population were
not considered during the program design. The evaluation for this criterion shows elements
of the social dimension in need of improvement.

As a result of the socioeconomic dimension, there is a clear difference between the social and
economic outcomes. In the Wayuu indigenous communities (Zulia), the socioeconomic
improvement is focussed on social aspects, where very positive advances have been observed in
education and health. On the other hand, in the non-indigenous communities (Falcén), which
already had better education and health levels, the improvement is more significant in economic
and productive aspects. It can then be inferred that there will be an economic improvement for the
Wayuu population in the medium and long term, after their social conditions are consolidated. In
short, hybrid microgrids promote the sustainable development of the socioeconomic dimension,
although at different rates depending on the beneficiaries’ previous conditions. Therefore, hybrid
microgrids are sustainable in their socioeconomic dimension.
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Table 7.

Incomes and productive activities in communities electrified with hybrid microgrids

Community Per capita Family
. " Productive productive productive productive
Region | Community o - . -
activity incomes incomes incomes
[$/month] [$/day] [$/day]
Prudencio Fishing 6,668 6.35 18.52
Jacuque Goat breeding 1,127 1.14 4.70
Faleon | | & Macolla Fishing 5,755 5.99 27.40
Goat breeding
Los Arroyos Fishing 4,477 3.64 12.44
- Fishing
Poloos Goat breeding 9,845 2.17 13.67
Taparo* Goat breeding 1,695 0.64 3.77
Iramacira* Handicrafts 1,659 0.76 3.95
Wososopo* | Goat breeding 3,161 0.69 4.05
Zulia Machuaiya* | Goat breeding 3,132 1.05 6.14
Castilletes Fishing 1,782 1.52 9.90
Cusia* Handicrafts 5,214 1.03 4.83
. - Fishing
Macuirrapa Goat breeding 2,860 0.45 3.67
Fishing
Punta Manglar Goat breeding 8,582 3.14 17.88

4.4. Institutional dimension

The institutional dimension is directly linked to the environmental, technical and socioeconomic

performance [18].

The following criteria are considered when assessing institutional

sustainability: 1) institutional alignment and relationship with communities [70], defined as the
capacity of institutions to organise their functions, facilitate projects’ sustainable performance and
establish a positive relationship with communities; 2) economic sustainability of the program [71],
which is the institutional capacity to sustain fulfilment of the medium and long-term commitments
in terms of the project’s economic sustainability, and 3) sustainable development goals [57], and
how the program contributes to their achievement.

Institutional alignment and relationship with communities (1-1):74.4% of indigenous
communities (Zulia) and 55.2% of non-indigenous ones (Falcon) consider that the
institutions have not been diligent in carrying out their assigned O&M tasks, according to
the management model. Therefore, they are willing to pay more for the electricity service
in exchange for expanding their management capacity for O&M tasks and increasing their
self-sufficiency. However, when the institutional alignment is effective, productive
improvements can be observed. For example, 7 micro-credits were granted in La Macolla
and Prudencio (Falcon), leading to an increase in productivity and incomes. Another
positive aspect regarding the institutional alignment is observed in indigenous
communities. Here, a clear increase in the school attendance rate is the result of a greater
availability of teachers, thanks to salary incentives and better conditions due to electricity.
However, the per capita incomes have not risen for the indigenous population, not even
above the poverty line [71]. Therefore, this criterion shows that the institutional alignment
has been effective in promoting social development, while for economic development only
a partial improvement has been confirmed, especially for population with some previous
education level.

Economic sustainability of the program (I-2): considering the total number of houses
electrified with hybrid microgrids and the projection of savings in opportunity costs for
fuel over a period of 20 years, the Internal Rate of Return (IRR%) of the microgrid
configurations is: 6.2%, 8.2%, 11.2% and 13.0% for systems up to 10, 20, 30 and 40
houses, respectively. In each case the 15% threshold set by the Venezuelan state oil
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company for such programs is not exceeded [72]. In order for the program to be
economically sustainable at an institutional level, an additional tariff must be established
under the conditions described in the evaluation of criterion SE-4 (Section 3.3). Therefore,
this criterion shows that measures must be taken to guarantee, through economic support,
the medium and long term sustainability of such programs in Venezuela.

e Sustainable development goals (I-3): rural electrification with hybrid microgrids has an
impact on 15 out of 17 Sustainable Development Goals [57]. All the dimensions of
sustainability evaluated in the previous sections have one or more objectives within the
goals of sustainable development, which goes to prove the broad impact of electrification
in reaching national and global institutional targets. Therefore, this criterion shows a
positive direction of the program in terms of meeting these goals, at least in the short and
medium term. The evaluation for this criterion is positive.

As a result of the evaluation of the institutional dimension, some improvements must be made in
order to consolidate the economic development of the program in the medium and long-term,
regarding maintenance by the institutions responsible for such tasks. Thus, the beneficiaries’
perception of the economic sustainability of the program will improve if the AARE carries out the
required maintenance activities promptly. On the other hand, institutional links should be
strengthened to promote productivity development, not only in communities with previous social
development, but also in those where previous social exclusion levels are higher, such as the
indigenous population of Zulia. Therefore, hybrid microgrids are not properly supported by the
corresponding institutional organization, and improvements must be implemented to ensure their
medium and long-term sustainability.

5. Discussion about sustainability assessment results

This section analyses and discusses the results obtained from the criteria used for the evaluation of
hybrid microgrids in north-western VVenezuela, according to the 4 sustainability dimensions.

First, the combination of the wind and solar technologies is positive and allows a continuous and
reliable electricity service to be provided on an hourly, daily, seasonal and yearly basis. In this
regard, it can be observed (Figure 11) that the design and sizing (T-1) of hybrid microgrids in
Venezuela has had a basic PV generation support. Through HOMER v2.67 simulations, it can be
seen that the wind generation aims to cover daily fluctuations in the demand profiles of
communities. In other words, although in global terms the PV generation meets the energy
demand, in relative terms the wind is necessary to avoid supply cut offs caused by hourly or daily
peaks in demand (T-2). Therefore, the usefulness of SWT is proved in regions with sufficient wind
resources. The results also show that, as long as the houses are suitably distributed, hybrid
microgrids are more adequate and reliable than individual systems (solar home systems or home-
based wind turbines). It has also been determined, from HOMER v2.67 simulations, that the
emission factors are still lower than those from national grid extension and community or
individual diesel generators (E-3), even in conditions of equipment failure (N-1 condition). Hence,
the combination of technologies for the design and sizing of hybrid microgrids is fundamental in
reaching high levels of adequacy (T-1) and reliability (T-2). This promotes a technological change
(E-2) towards electrification systems that pollute less than diesel generators, thus reducing the
environmental impact (E-1). As a result, the environmental dimension is improved.

Secondly, the adequacy (T-1) and reliability (T-2) of hybrid microgrids have an impact on end-
user energy uses, which in turn determine the improvements in the environmental and
socioeconomic sustainability dimensions. In this sense, access levels to energy have allowed most
of the indigenous and non-indigenous benefited houses to have televisions (SE-1) and refrigerators
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(SE-2), at higher percentages than the average for similar non-electrified communities of the
region (SE-5). Considering the poverty levels in those communities, the low electricity costs (SE-
4) have been an important factor in bringing about technological change (E-2). Consequently, a
significant enhancement of the environmental dimension is produced by replacing the individual
diesel generators previously used in the communities. Thus, a clear relationship between the
design adequacy of hybrid microgrids (technical dimension) and the emissions mitigation
(environmental dimension) is established. Additionally, access to telecommunications (SE-1) and
refrigerators (SE-2), has a positive repercussion on education and health conditions
(socioeconomic dimension). This shows the relationship between the environmental, technical and
socioeconomic sustainability dimensions.

Thirdly, electricity access has a higher impact on social aspects of the socioeconomic dimension in
communities with lower development levels (Wayul indigenous villages from Zulia), while it has
a greater impact on economic aspects in communities with higher development levels (Falcén).
This is particularly relevant when looking at the education (SE-1) and health (SE-2) criteria of the
Wayul population, as well as the productivity improvement (SE-6) criteria of the non-indigenous
communities. This proves how the impact of rural electrification on the socioeconomic dimension
of communities is directly linked to their social development prior to electricity access.

Finally, the population is committed to the maintenance of hybrid microgrids through community
participation (SE-3). Therefore, an adequate institutional alignment (I-1) is fundamental for the
rural electrification stakeholders: the regulatory entity, the communities, and other institutions
involved in rural development. This alignment must be progressively improved in order to ensure
the economic sustainability of these programs (I-2). Only in this way can it be guaranteed that
communities receive both electrification and the institutional support for their specific
socioeconomic needs, so as to progress towards the Sustainable Development Goals of the 2030
Agenda of the United Nations (I-3).

6. Conclusion

In this work, a sustainability evaluation is carried out on hybrid wind-PV-diesel-battery
microgrids implemented in north-western Venezuela. The projects are part of a government
strategy to promote electricity access in isolated poor regions using renewable energy, under the
program “Sowing Light”. The evaluation is carried out following a proposed methodology, which
considers 4 sustainability dimensions: environmental, technical, socioeconomic and institutional.
Each dimension is assessed using ad hoc criteria to evaluate specific aspects of each project. The
information for the evaluation is gathered from visits to 13 benefited communities located in
Falcon and Zulia. During the visits, 106 end-user surveys are carried out as well as 9 semi-
structured interviews, collecting information about the socioeconomic conditions of the
population, the electricity demand, the management model and the electricity rates. Moreover,
HOMER v2.67 simulations of the hybrid microgrids are made in order to provide an in-depth
analysis of the technical performance of the systems.

As a result of the sustainability evaluation, in the first place the wind-PV combination can provide
a reliable electricity service to end-users, utilising the PV technology for basic supply and the
wind to cover peaks in demand. In addition, when the houses are not excessively scattered, hybrid
microgrids are more suitable than individual systems. Even assuming equipment failures (N-1
conditions), the emission factors are lower than other supply options. Moreover, the adequacy and
reliability of microgrids strengthen the technological shift towards less polluting technologies,
reducing the environmental impact. Secondly, microgrids have a wide acceptance among end-
users, since the design directly responds to the population’s energy needs. When comparing
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indigenous and non-indigenous beneficiaries, the impact of electricity access on productivity is
determined by the previous social development of communities, and especially their education and
health conditions. Finally, although the population is committed to projects’ maintenance, the
institutional alignment of stakeholders must be progressively improved to ensure the medium and
long term economic sustainability of the program.

The results of this research can be useful for rural electrification promoters in other developing
countries. In this regard, the evaluation shows that hybrid microgrids in Venezuela have been an
efficient tool in achieving the seventh objective of the Sustainable Development Goals of the 2030
Agenda of the United Nations.
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