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Abstract: Microgrids are a rapidly evolving and increasingly common form of local power generation
used to serve the needs of both rural and urban communities. In this paper, we present a methodology
to evaluate the evolution of the sustainability of stand-alone microgrids projects. The proposed
methodology considers a composite sustainability index (CSI) that includes both positive and negative
impacts of the operation of the microgrid in a given community. The CSI is constructed along
environmental, social, economic and technical dimensions of the microgrid. The sub-indexes of
each dimension are aggregated into the CSI via a set of adaptive weighting factors, which indicate
the relative importance of the corresponding dimension in the sustainability goals. The proposed
methodology aims to be a support instrument for policy makers especially when defining sound
corrective measures to guarantee the sustainability of small, isolated microgrid projects. To validate
the performance of the proposed methodology, a microgrid installed in the northern part of Chile
(Huatacondo) has been used as a benchmarking project.
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1. Introduction

Energy systems play a vital role in the social and economic development of communities and
nations, and directly in the quality of life of individuals [1]. Electricity access has been documented
to be a key factor in improving the welfare and living standards of human beings [2]. Despite the
dramatic technological developments of recent years, around one-third of the world’s population still
relies on the use of animal power and noncommercial fuels [2]. Indeed, roughly 1.2 billion people
around the world still have no regular access to electricity [3]. Most of these people live in remote rural
areas where electrification projects are difficult to implement due to high investment costs, low rates of
return, and technical issues.

Microgrids projects have emerged as a promising solution to electrify remote rural and
under-served urban areas [4]. A microgrid is a localized group of generation and storage devices
working together to supply a local demand [5]. Generation can be based on photovoltaics, wind power,
fossil-fueled distributed generation, or a combination of these and other technologies. Microgrids are
able to operate connected to a main grid or in stand-alone (often called off-grid). Rural electrification
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projects usually refer to the implementation of stand-alone microgrids. Due in part to their versatility,
microgrids have become a mainstream tool to electrify rural areas [6]. This also has been motivated by:
(i) technological developments; and (ii) the decrease of the investment costs of both renewable energy
technologies and storage devices.

Nevertheless, depending on the characteristics of the microgrid, its operation for electricity
production can have positive economic and social impacts as well as potentially negative impacts on
people and the environment. In the case of rural electrification, the positive effects include technological
and economic development as well as the increase of the living standard of the community. For instance,
one may expect a diversification of the economic activities of the community and an increase in
the employment level of the community members [6]. The negative effects include, for instance,
environmental problems due to the operation of fossil-fueled generation units often needed as backup
generation when renewable energies are not available. One of the major environmental impacts
is the release of greenhouse gases and other emissions that can that can lead to health problems.
Moreover, negative effects on residents’ quality of life may also arise if the microgrid increases the
level of noise or visually impact the landscape of the community [5].

Traditionally, negative impacts related to electricity production have been ignored or at least
underestimated in many generation projects [7]. In the design phase of those projects, economic and
technical aspects have been considered first priority since global resource depletion, climate change,
and other social or environment issues were not of major concern. However, the negative impacts of
any energy system cannot be further ignored during their design phase. In fact, rural electrification of
remote communities must also be done considering sustainability criteria. This means that the design
of microgrid projects must consider each relevant dimension in our system, i.e., the environmental,
social, economic and technical. A unified/integral assessment of energy projects that considers all
dimensions involved allows designers to achieve the global optimum for the society and therefore the
best sustainability outcome for the project [7].

From a policy perspective, it is important to have support tools that allow the assessment
of different alternatives when implementing a microgrid project. Based on such assessments,
non-sustainable and sustainable configurations are identified so that the best alternative for a
particular community is selected. Moreover, support instruments are required to monitor the temporal
evolution/trend of each relevant dimension in existing microgrids. Monitoring results are important
for long-term policy making especially when defining sound corrective measures to guarantee the
sustainability of those projects.

This work presents a methodology to evaluate the evolution of the sustainability in isolated
microgrids. The proposed methodology considers a composite sustainability index (CSI), which
includes positive and negative impacts of a microgrid’s operation in a given community. The CSI is
constructed considering a unified-sustainable perspective, which includes the environmental, technical,
economic, and social dimension of sustainability. The sub-indexes of each dimension are aggregated
into the CSI to gauge the overall performance of the microgrid from a sustainability perspective.
The aggregation process is performed considering a set of weighting factors that indicate the relative
importance of a particular dimension in the sustainability goals. Although other works have addressed
the evaluation of the sustainability in energy projects, all of them included fixed weighting factors.
Conversely, this work includes an adaptation procedure for the weighting factors. The objective of
this process is accelerating the movement of the microgrid towards the set of predefined sustainability
goals. The proposed methodology aims to be a support instrument for policy makers in defining sound
corrective measures to guarantee the sustainability of isolated microgrids. To validate the performance
of the proposed methodology, a microgrid installed in Huatacondo, located in the northern part of
Chile, has been used as a benchmarking tool.

This paper is organized as follows: Section 2 presents the literature review. Section 3 presents
the definition used in this work for a sustainable isolated microgrid. In Section 4, general aspects to
be considered in the selection and definition of the sustainability indicators are presented. Section 5



Sustainability 2016, 8, 1163 3 of 24

introduces the indicators proposed and the algorithm to obtain the proposed CSI using these indicators.
The proposed framework for monitoring the sustainable development of an existing microgrid is
presented in Section 6. Section 7 summarizes the case study and the obtained results. Finally, Section 8
presents the conclusions of this work.

2. Related Works

The published literature about sustainable energy decision-making has several examples of
multi-criteria decision analysis in sustainable energy scenarios [1,8,9], often considering social,
technical, environmental and economic dimensions. The assessment is usually made through a set of
indicators [10,11]. The main role of these indicators is to operationalize the concept in order to simplify
the evaluation process and to enable an easier use of the obtained assessments by stakeholders,
developers, policy makers, etc. [12]. In earlier studies, a design and planning method for the
development of remote microgrids is presented using a sustainable perspective [4]. The method is
based on a multi-objective optimization. Other authors present a framework to assess the sustainability
and reliability of different power production scenarios in a regional system [5]. This framework
calculated four sub-indexes (technical, environmental, economic and reliability sub-index) for the
different scenarios. For each scenario, a composite index is calculated as a simple average of the
four sub-indexes. In [10], a new sustainability index to assess the sustainability status of any
energy system by a single criterion is presented. Other authors propose a methodology to analyze
the sustainability of the expansion of electricity generation considering an integrated perspective
including technical, socioeconomic, environmental and technological factors [11]. The methodology
uses a multicriteria approach. Another group of authors present a multi-criteria approach to
assess the sustainability of different scenarios concerning the Croatian co-generation sector’s future
development [13]. To do this, environmental, social and economic sustainability indicators are defined
and calculated. The sustainability assessment is based on the General Sustainability Index rating
for different cases reflecting different criteria and their priority. Finally, in another relevant recent
work, a methodology to select, define and apply a set of sustainability indicators for an energy system
assessment is presented [6]. The proposed methodology considers resource, environment, social,
and economic criteria as well as a general index for sustainability assessment based on the contribution
of individual criteria.

3. Definition of Sustainable Isolated Microgrid

In this section, the concept of a sustainable isolated microgrid is discussed. Sustainability and
sustainable development have been the subjects of wide discussions and debates around the world
in recent years [1]. While sustainability denotes a system property referred to as a quality [14],
sustainable development means “the way to meet the needs of the present without compromising the
ability of future generations to meet their own established needs” [14,15]. However, this is a rather broad
definition, which is difficult to translate into quantifiable criteria to be used in the practical assessment
of microgrid projects. Thus, in the context of energy supply, sustainable development is defined
as a system with the following features: (i) balance between energy production and consumption;
(ii) minimal negative environmental impacts; and (iii) preservation of social and economic activities of
the population [1]. Nonetheless, in energy projects, economic, social, environmental, and technical
aspects change dynamically over time [16]. Their evolution is determined by several external factors
that cannot be controlled directly (e.g., policies and climate changes). Therefore, the future evolution
of microgrids projects is hard to predict.

Given the definition of sustainable development in an energy framework, in this paper a
sustainable isolated microgrid is defined as an isolated microgrid that is able to maintain the
balance between energy production and consumption with minimal environmental effects, and whose
operation does not compromise the economic and social activities of the community where the project
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has been implemented. This definition implies that the microgrid project must satisfy the following
four requirements [4].

• Technical sustainability: The implementation of the microgrid project must be possible with
current available technologies without compromising the operation of critical elements.

• Economical sustainability: The microgrid project must be implemented so that the efficient use of
the energy allows the community and the microgrid profitable functioning over time.

• Social sustainability: The microgrid project must be accepted by the community and must promote
its social development and engagement.

• Environmental sustainability: The microgrid project must bring larger environmental benefits than
the use of traditional electrification alternatives (e.g., only diesel-based electrification projects).

The aforementioned requirements allow including the assessment of the sustainability of a
microgrid project during both the design and implementation phases. Furthermore, indicators and
composited indexes could also be defined to continuously assess the evolution of the sustainability
of the project, and then to establish measures/policies towards guaranteeing its sustainability.
The next section puts forward the general aspects considered in this paper for the selection of
sustainability indicators.

4. General Aspects for the Selection and Definition of the Indicators

4.1. Representation of Sustainability Dimensions

The proposed methodology for evaluating and monitoring the sustainable development of an
existing microgrid is based on a CSI. The selection of the indicators to be included in the CSI was based
on the representation of the sustainability dimensions shown in Figure 1 [17]. In Figure 1, inner and
outer circles connect the dimensions of sustainability. As can be seen, economic and technological
aspects are an integral part of the society (they are inside the society circle). Moreover, economy,
technology, and society aspects determine how the environment evolves.
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Exploiting the relationships depicted in Figure 1 requires an appropriate definition of the
boundaries of each dimension. Such boundaries are determined by the thresholds set for each
individual indicator included in the CSI. The thresholds must be set so as to ensure that the vulnerability
to potential crises in each dimension is minimized [17]. However, identifying all potential crises is not
an easy task. Thus, the use of absolute values may not entirely matter. Instead, a notion of what is
acceptable is commonly used. Further details in this regard are given in Section 6.

4.2. Requirements on the Indicators

During recent years several works have published guidelines for the selection of sustainable
indicators [18–20]. Although a single widely accepted methodology has still not been adopted [21],
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it is generally accepted that the set of indicators should reflect the sustainability concept as a whole
and also should reflect the interactions among its dimensions (see Figure 1). To meet these goals, the
selected indicators must fulfill the following requirements:

(1) Be capable of being “measured” quantitatively and/or qualitatively [15,22].
(2) Be understandable by the community including those who are not experts [22].
(3) Be defined based on available data in the microgrid or information that can be gathered if

necessary [22].
(4) For each indicator, it must be possible to define a lower and upper threshold in order to perform

a normalization process.

While the first and third requirements enable the monitoring process, the second requirement
fosters community engagement. Finally, the fourth requirement enables the definition of the boundaries
for each dimension shown in Figure 1. Further details on this regard are presented in the next section.

To exemplify how these requirements are applied, consider the emissions indicator. This indicator
is broadly used to evaluate the environmental effects of a microgrid project. This indicator is
measurable and quantifiable, and is easily understandable by both expert and non-experts in a
community. In addition, it promotes the reduction of the use of fossil-fueled energy sources and
fosters the engagement of the community through the achievement of a common goal: to minimize the
emissions of the microgrid. Moreover, this indicator allows the definition of maximum and minimum
thresholds, and enables the definition of the effects of the massive use of fossil-fueled energy sources.
Thus, this indicator satisfies all the aforementioned requirements and thus it could be used as indicator
to construct the CSI.

5. Indicators of Sustainable Development Applied to Isolated Microgrids

In this section, the set of indicators used to evaluate the economic, technical, environmental, and
social dimensions of a microgrid project are presented. These indicators have been selected taking into
account the requirements analyzed in Section 4.

5.1. Enviromental Dimension

Environmental sustainability means maintaining or improving the integrity of the life supporting
systems of the earth [14]. This includes enabling current and future generations to achieve economic
and social improvement while maintaining both the biological diversity and the biogeochemical
integrity of the biosphere, by means of conservation and proper use of air, water, and land resources.
Since diesel generators are often used to support the operation in isolated microgrid projects, this
dimension is strongly related to monitoring the emissions associated with these energy sources. In this
work, the indicators used to measure the environmental dimension focuses on the following areas:
gases emission, noise and other contaminants (see Figure 2). Although indicators related to particulate
matter emissions are usually considered in this dimension, they are not included in this work due to
the inherent difficulty of measurement.

(a) Greenhouse gas emission: Several gases are released into the atmosphere during the combustion
process of fossil fuels due to the operation of diesel generators [1,7]. Depending on the technology
used and on the fuel quality, these gases may have a direct impact on the health of the community
and contribute to the greenhouse effect and global warming [1]. Thus, monitoring such emissions
helps to formulate strategies to reduce the negative effects associated with the intensive use of
these energy sources.

(b) Noise and contamination: In addition to gas and particulate matter emissions, a microgrid
project could involve the use of hazardous substances for the environment and human health
(e.g., substances used in battery storage systems, biogas production, and the diesel itself) [7].
Furthermore, the noise produced by power converters and fossil-fueled generators might threaten
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the health of the environment surrounding an isolated microgrid. Hence, monitoring the use
of hazardous substances, levels of noise and how wastes are managed is essential for the
sustainability of a microgrid project.

Sustainability 2016, 8, 1163 6 of 25 

 

Figure 2. Areas of environmental indicators. 

5.2. Social Dimension 

Social sustainability is defined as “the extent to which social values, social identities, social 
relationships and social institutions can continue into the future” [14]. Since microgrid projects have 
a direct impact on the community development, this dimension regards monitoring the evolution of 
the social progress of the community where the microgrid is implemented. Social development is 
monitored through four main areas, namely, equity and affordability, community development, 
health and risks, and community engagement. Figure 3 presents these areas and Appendix C 
summarizes the social indicators proposed in this paper. Below each area is described. 

(a) Equity and affordability: Equity and affordability in microgrid projects regards the coverage of 
electricity service in a community and the price the users must pay for such service. For a proper 
social development, coverage should be maximized while the price of the service must be kept 
at a fair level. Thus, a continuous monitoring of these variables is required as well as the 
definition of policies to guarantee that the aforementioned objectives are achieved [23]. 

(b) Community development: Community development criteria express the social progress 
obtained by the implementation of a microgrid project. Given a baseline (the situation of the 
community before implementing a microgrid), monitoring the extent to which economical 
activities have grown, new economic activities have appeared, the relationship among the 
inhabitants has strengthened, and common objectives have been achieved, provides information 
about the impact of the microgrid project in the community and allows defining strategies to 
foster its sustainability [1]. 

(c) Health and risks: health and risk in microgrid projects refer to the use of electricity for medical 
purposes. In particular, the extent to which health care has increased since the implementation 
of the microgrid. This includes available hours for attention, quality of service, quality of the 
medicines, coverage level, and the effects that these factors have in the members of the 
community [24]. 

(d) Community engagement: The community engagement in a microgrid project involves the 
relationship between the members of the community and the developers of the microgrid project 
[6]. In particular, it concerns how the community has organized to monitor the state of the 
microgrid. The formation of committees in charge of the maintenance of the energy sources, of 
assessing the energy use, and of gathering the resources for equipment replacement are 
examples of community organization around a microgrid project. 

 

Figure 3. Areas of social indicators. 

Environmental 
Indicators

Gas Emission Noise Contamination

Social 
Indicators

Equity & 
Affordability

Community 
Development

Health &
Risks

Community 
Engagement

Figure 2. Areas of environmental indicators.

5.2. Social Dimension

Social sustainability is defined as “the extent to which social values, social identities, social
relationships and social institutions can continue into the future” [14]. Since microgrid projects have a
direct impact on the community development, this dimension regards monitoring the evolution of
the social progress of the community where the microgrid is implemented. Social development is
monitored through four main areas, namely, equity and affordability, community development, health
and risks, and community engagement. Figure 3 presents these areas and Appendix C summarizes the
social indicators proposed in this paper. Below each area is described.

(a) Equity and affordability: Equity and affordability in microgrid projects regards the coverage of
electricity service in a community and the price the users must pay for such service. For a proper
social development, coverage should be maximized while the price of the service must be kept at
a fair level. Thus, a continuous monitoring of these variables is required as well as the definition
of policies to guarantee that the aforementioned objectives are achieved [23].

(b) Community development: Community development criteria express the social progress obtained
by the implementation of a microgrid project. Given a baseline (the situation of the community
before implementing a microgrid), monitoring the extent to which economical activities have
grown, new economic activities have appeared, the relationship among the inhabitants has
strengthened, and common objectives have been achieved, provides information about the
impact of the microgrid project in the community and allows defining strategies to foster its
sustainability [1].

(c) Health and risks: health and risk in microgrid projects refer to the use of electricity for medical
purposes. In particular, the extent to which health care has increased since the implementation
of the microgrid. This includes available hours for attention, quality of service, quality of
the medicines, coverage level, and the effects that these factors have in the members of the
community [24].

(d) Community engagement: The community engagement in a microgrid project involves the
relationship between the members of the community and the developers of the microgrid
project [6]. In particular, it concerns how the community has organized to monitor the state
of the microgrid. The formation of committees in charge of the maintenance of the energy
sources, of assessing the energy use, and of gathering the resources for equipment replacement
are examples of community organization around a microgrid project.
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5.3. Economic Dimension

Often, the implementation of isolated microgrid projects is motivated by social aspects such
as equity in the supply of the electricity service. However, microgrid projects are costly and thus
promoters are required. However, generally, promoters have economic rather than social motivations.
Hence, advantages that justify the incurred costs (investment, operation and maintenance) must be
analyzed [13]. In several cases, these advantages come from corporate social responsibility incentives.
In this context, economic sustainability means the optimal use and management of resources to avoid
compromising the incomes in the future [14]. This could be associated with inventive policies that
foster the investment on these projects. Despite the motivation and the financial mechanism, this
paper proposes to evaluate the economic dimension of isolated microgrid projects based on four
areas: investment, operation and maintenance (O & M), fuel cost, and electricity cost (see Figure 4).
Appendix B presents the economic indicators proposed in this paper.

(a) Investment: The investment is one of the most common indicators to evaluate energy systems
from an economic perspective [25]. From a sustainability viewpoint, monitoring the investment
not only at the initial stage but also throughout the evolution of the project allows determining
the economic viability of an isolated microgrid project. Often, the investment indicator includes
expansion of the grid and increasing the capacity of the energy sources. However, the economic
viability of the project should not only be evaluated in terms of economic profit. The improvement
in the corporate image and other externalities that produce indirect incentives for the investment
should be also included in the viability assessment.

(b) Operation and maintenance costs: Operation and maintenance costs involve the normal operation
of the microgrid and all activities done to keep the microgrid operative [25]. Examples of these
activities are the cleaning of solar panels, the inspection of the distribution grid to identify
possible sources of abnormal operation, and keeping the fuel at a level that guarantees the
operation of diesel generators. The monitoring of operation and maintenance activities is part
of the assessment of the economic viability of an isolated microgrid project, and allows for the
definition of policies to foster its sustainability.

(c) Fuel costs: Fuel cost refers to the costs spent for the provision of fuel necessary for the microgrid
operation. This includes transportation, storage, and the cost of the fuel itself. The monitoring
of the fuel costs allows predicting its availability in the future and formulating strategies of
consumption and provisioning to avoid power outages, especially during the night hours.

(d) Electricity costs: Electricity cost has been used as a criterion to evaluate the economic performance
of energy systems from the viewpoint of consumers. In isolated microgrid projects, this value is
associated with investment and operational costs. Although this value is easy to calculate, often
in isolated microgrids the price paid by the customers for the electricity does not reflect its real
cost. This situation arises because inhabitants of remote communities normally have little income
and therefore the electricity must be subsidized. Thus, keeping a balance between investment,
operation and maintenance, as well as electricity costs is necessary for the sustainability of
the project.
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5.4. Technical Dimension

Satisfying and responding to customer requirements is one of the key features of isolated
microgrids [26]. The quality and reliability of electricity supply services are influenced by diverse
factors, such as the performance of the distribution network, the types of distributed generation (DG)
sources, the control systems, and the characteristics of the load. In this sense, an isolated microgrid
is technically sustainable if current technologies are able to provide a proper quality of service to a
community, when operating within their normal limits [26]. In this paper, the technical dimension
is assessed from four perspectives: efficiency, primary energy use, reliability and power quality, and
microgrid management (see Figure 5). Appendix D presents the indicators proposed in this paper to
evaluate the technical dimension of microgrid projects.

(a) Efficiency: Efficiency refers to how the energy produced by the sources in a microgrid is used.
Compared with bulk power systems, in general in isolated microgrid projects load centers are
placed nearer the energy sources. Consequently, distribution losses are reduced. However, in
isolated microgrids the energy resources are limited. Hence, a proper use of the energy by the
customers must be promoted. Thereby, the monitoring of the use of electricity through the
behavior of the demand (e.g., peak values, tendency, and location of peak values) is essential
to guarantee the sustainability of the project from a technical viewpoint, since demand side
management strategies could be designed to foster a rational use of electricity.

(b) Primary energy use: Primary energy is defined as a type of energy found in nature that has not
been subjected to any conversion or transformation process. In isolated microgrid projects, solar
radiation, wind speed, diesel, and chemical reactions are typically used as primary energies.
Due to the environmental and economic costs associated with the use of diesel as primary energy
source, monitoring the percentage of the demand supplied with diesel is required for sustainable
development purposes. Indeed, reducing the use of diesel as primary energy source has a
positive impact in economic and environmental dimensions and might foster the sustainability of
the project.

(c) Reliability and power quality: Reliability and power quality indicators measure the vulnerability
of a microgrid from a technical viewpoint. As in large power systems, frequency and voltage
deviations from their desired values (nominal values) as well as the number of power outages
in a predefined period of study are used to measure this indicator. Since frequency and voltage
deviations as well as power outages might affect the electrical equipment within a microgrid,
monitoring these variables helps to take actions to reduce their number so that economic activities
and domestic equipment are not severely affected. Consequently, a positive (complimentary)
effect on economic and social dimensions is envisioned.

(d) Microgrid management: Microgrid management regards the activities carried out by the
community to keep the performance of a microgrid at a desired level. Often, the performance
of a microgrid is measured by means of the quality of service provided to the customers.
Therefore, fulfilling the electricity requirements of the community implies continuously
monitoring the quality of service provided. From the sustainability perspective, microgrid
management has a complimentary effect on social and economic dimensions. In this sense,
microgrid management is an important aspect of the sustainability of the project.
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5.5. Further Classification of Indicators

As we review in Sections 5.1–5.4, there are several areas related to one another, and others
that seems to evaluate similar aspects regarding the sustainability of an isolated microgrid project.
To organize the process of sustainability assessment and to make the formulation of the proposed
CSI easier, in this paper, a further classification of the indicators is introduced. Such a classification
is based on their level of intervention. The level of intervention classifies the indicators according
to the time span of their analysis (e.g., long, medium and short term), and according to their impact
in the community (e.g., environment and community as a whole or just the community). For these
purposes, three levels of intervention have been considered, namely, impact indicator (II), outcome
indicator (OI), and process indicator (PI) [27]. Impact indicators measure both long- and medium-term
effects of an isolated microgrid project on the community. Due to the time span of analysis, these
indicators must consider the community and the environment as a whole; that is, how they relate
with each other during the period of analysis. Outcome indicators measure the short-term effects
of an isolated microgrid project in a community. In particular, they measure how the operation of a
microgrid impacts the social and economic activities of the members of the community. In this case,
environmental impacts are not considered since they have a low rate of change and therefore the effect
only can be measured in the medium- and long-term time spans. Finally, process indicators measure
technical and administrative aspects in the operation of an isolated microgrid. Often, these indicators
are formulated to analyze short- and medium-term effects of a microgrid project. They measure the
relationship between the community and the microgrid from a management viewpoint.

For a proper assessment of the sustainability of an isolated microgrid project, it is desirable that
each of the four dimensions under consideration, environment, social, economic, and technical, has at
least one indicator at each level of intervention (impact, outcome, and process).

5.6. Methodology to Obtain the CSI

Although a large set of indicators offers a complete “picture” of the microgrid situation, their
utilization by policy makers would be complex [21]. To facilitate the decision-making process, it is
desirable to combine these indicators into a single composite index able to reflect—in a simplified
way—the wholeness of the sustainability concept in the development of a microgrid. Figure 6 shows
the algorithm to obtain the proposed composite sustainability index (CSI).
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Once the set of indicators for each dimension is defined, the next step of the methodology is to
normalize these indicators and then define the pertinent weighting factors. Based on the normalized
indicators, those belonging to a particular dimension are grouped to form the pertinent sub-index
(for each dimension), which are finally grouped to form the CSI.
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5.6.1. Normalization of the Indicators

The selected indicators might be expressed in different units and thus they cannot be used in their
initial form for the calculation of the sub-indexes or the CSI [28]. As a consequence, a normalization
process for each indicator is performed based on linear functions considering lower and upper
thresholds [5,24,29]. For those indicators for which a bigger value denotes a better situation from a
sustainability perspective, the normalization is performed according to:

Iid =


0 i f Iid < llid
Iid−llid

ulid−llid
i f llid < Iid < ulid

1 i f Iid > ulid

(1)

Otherwise:

Iid =


1 i f Iid < llid
ulid−Iid
ulid−llid

i f llid < Iid < ulid
0 i f Iid > ulid

(2)

where Iid is the indicator i of dimension d, Iid is its normalized value (non-dimensional), llid is the
lower limit or threshold of Iid, and ulid is its upper limit. With the proposed normalization process,
whether an indicator moves towards 1 means that the sustainability has being increased, otherwise
countermeasure actions must be undertaken to improve the sustainability of the project.

The boundary values of the indicators can be determined based on national or international
standards, empirical judgment, environment background values, and/or the average global
values [10,21]. The upper limit should be set according to the best value from a sustainability
perspective and the lower limit considering the worst case. The boundary values for each indicator
proposed in this work are included in the Annexes.

5.6.2. Definition of Weighting Factors

In order to calculate the sub-indexes for each category, the relative importance of each indicator
within its pertinent dimension has to be specified. Since different weighting factors will lead to
different results, it is necessary to obtain rationality and veracity criteria to select the weights [1].
However, the determination of the “true” individual importance of each indicator is not possible.
Indeed, the relative importance of each indicator will vary among people with different backgrounds,
cultural environments, social origins, education levels, life experiences, among others things [5,7].
Moreover, subjectivity of preferences among different decision groups may also lead to different sets
of weighting factors even within the same cultures and/or education levels. To overcome this obstacle,
one typical solution is to use the equal weights method [1,29]. In this method, the same weight is
assigned to each individual indicator subject to the constraint that the sum of all weighting factors
is one. This allows all of the indicators to be considered in an even way. Furthermore, the equal
weights method requires minimal knowledge about the priorities of the decision makers and is simple
to apply. The equal weights method is one of the most popular methods used in sustainable energy
assessments [1]. For illustrative purposes, consider an isolated microgrid project where economic,
environmental, social, and technical indicators are considered to assess the sustainability of the project
(one indicator for each dimension). Thus, following the equal weighting method, each indicator has
a weighting factor of 0.25. As the project evolves, some indicators might become more important
than others. For instance, assume that the demand rises because the economic activities of the
community have increased (e.g., due to the development of new activities or the industrialization
of an existing economic activity), and consequently the microgrid starts to operate at its maximum
capacity. As explained later in Section 6, in this scenario, technological issues will become the largest
source of loss of sustainability. Since the microgrid is operating at its maximum capacity, there will
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be no range to take corrective actions and any disturbance might produce a blackout of the system
with its economical and social consequences. Additionally, making a reinforcement of the microgrid
might increase the cost of energy supplied to the customers, and might require the use of additional
land, which might have a negative impact in the environmental and social indicators. Given these
conditions, the weighting factor of the technical indicator should be increased while the weighting
factors of the remaining indicators should be decreased. For example, the final weighting factor of the
technical indicator may reach a value of 0.7 whereas the remaining indicators have a weighting factor
of 0.1. The selection of these new values allows focusing on technical aspects without neglecting the
impact of technical decisions in the environmental, social, and economic aspects of the project.

In this paper, a procedure for the adaptation of the weighting factors is proposed. The objective
of this process is leading the microgrid project towards the set of predefined sustainable goals.
As initial condition, the methodology assumes equal weighting factors. However, as the project
evolves, the weighting factors may be accordingly changed depending on the sustainability objectives.

5.6.3. Definition of Sub-Indexes for Each Dimension

In order to get information that is more manageable for policy-making purposes, the normalized
indicators contained in a particular dimension are then combined to form a sub-index.

The sub-index of dimension d, namely Id, is defined based on an aggregation function according
to [24]:

Id =
nd

∑
i=1

Iid × wid (3)

where nd is the number of indicators within dimension d and wid is the weighting factor of the
normalized indicator i from dimension d (Iid). The process to obtain these sub-indexes is subject to the
following constraints:

1 =
nd

∑
i=1

wid ∧ wid ≥ 0 (4)

5.6.4. Composite Sustainability Index

Once the sub-indexes for each dimension are calculated, the results are aggregated into a unique
CSI to gauge the overall performance of the microgrid:

CSI =
4

∑
d=1

Id × wd (5)

where wd is the weighting factor of dimension d. As before, each weighting factor must be greater than
zero and their sum must be equal to one. The weighting factors used in this case give an indication of
the importance of each dimension within the sustainability concept.

It is important to highlight that the sustainability of a project cannot be measured with a single
value like the CSI since it depends on several factors. The CSI aims only to give an overview of the
sustainability situation in the microgrid. However, possible corrective measures needed to guarantee
the sustainability of these projects should be determined based on the CSI and on the analysis of the
sub-indexes involved on its computation.

6. Proposed Framework for Monitoring the Sustainable Development of Microgrids

The proposed framework for monitoring the evolution of an existing microgrid from a sustainable
development perspective is shown in Figure 7. In this figure, the microgrid is monitored based on
available data. Such data come from periodical surveys (especially in the case of social indicators),
direct measurements (e.g., voltage and frequency measures), and indirect measurements (emissions for
instance). All data are concentrated and processed in a monitoring unit where, in addition to the data,
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key parameters of the microgrid are recorded. It is worth noting that periods for measuring social,
environmental, economic, and technical indicators could differ from one to each other. Therefore, the
monitoring unit must analyze the microgrid considering the previous values of those indicators with
larger time frames.

The framework proposed for monitoring the evolution of a microgrid consists of four steps:

(1) Determination of sub-indexes and CSI
(2) Analysis of the temporal evolution of the sub-indexes and of the CSI
(3) Adaptation of the weighting factors
(4) Corrective measures (if needed)

In the first step, the monitoring unit uses the available information to compute all sub-indexes
and the CSI by means of Equations (3) and (5). In the second step, the results obtained in the first step
are used to analyze the temporal evolution of the sub-indexes and the CSI. In the third step, the results
of the second step are used to determine if the weighting factors for each dimension must be changed
or not. If the sub-indexes are evolving within the bandwidth defined by the sustainability goals, their
values are kept constant. Otherwise, the values of the weighting factors are modified. Depending on
the obtained results, a last step may be needed in which corrective actions are defined.

Note that Steps 2 and 3 require the definition of boundaries and adaptation of the weighting
factors, respectively. In this work, a target bandwidth for each sub-index and the CSI (as shown
illustratively in Figure 7) is considered. The lower boundary means a weak sustainability while
the higher boundary represents a strong sustainability [21]. Based on the normalization process
presented in Section 6, the higher boundary of the target bandwidth for each sub-index and the CSI
is fixed, with a constant value of one (best case from a sustainability perspective). Thus, a microgrid
is strongly sustainable when all its indicators are equal to one. On the other hand, a microgrid is
weakly sustainable when all its indicators are at the minimum level that guarantees the sustainability
of the project.
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It is important to note that when talking about sustainable development, there is not a final
fixed sustainable state [21]. This is due to the dynamic nature of our society, meaning that the new
knowledge and experiences acquired by next generations will probably lead to different sustainability
goals over time. By this way, sustainability goals are assumed to be dynamic, meaning that they
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may change depending on the evolution of the system (see Figure 7). The (initial) lower limit can be
determined based on the baseline of the microgrid [14]. The time evolution of this boundary depends
on the defined sustainability goals and time frames for their achievement.

The adaptation of the weighting factors is done based on a deeper analysis of the behavior of the
sub-indexes and the CSI. Such analysis consists on determining the sources of loss of sustainability
and then sorting them from the most to the less critical. In this paper, the distance from the current
status to the maximum value of each sub-index (i.e., one) determines how critical the sub-index is.
Then, the sub-index with the highest distance is the most critical, and the sub-index with the shortest
distance is the less critical. Based on such classification, the weighting factors may be modified so that
the most critical sub-index has the highest level of priority and the less critical sub-index has a lowest
level of priority.

As previously mentioned, the methodology also considers corrective actions taken by the policy
makers. The temporal evolution of the indexes allows policy makers to calculate the gap to the
target at a given time and then take corrective actions directly on the microgrid to reduce this
gap [22]. These actions are often related to the operation of the microgrid and could affect either the
demand or the sources. However, these actions must be carefully implemented, since environmental,
economic, social, and technical dimensions are interrelated (see Figure 1). Therefore, any action taken
to enhance one dimension could have negative impacts in the remaining dimensions or in the CSI
as a whole. The most critical dimension must be enhanced through corrective actions focused on its
worst indicators. The corrective actions should be designed to sustain a sound balance among the four
dimensions and considering past experiences as well as expert knowledge.

For illustrative purposes, consider again the case in which the demand of the microgrid rises
until its maximum capacity is reached. In this situation, the CSI will indicate that the sustainability of
the project is threatened due to technical issues. Accordingly, some corrective actions in the system
are required. Such actions may imply increasing the capacity of the energy sources, implementing
additional demand response actions, and/or implementing educational programs focused on a rational
use of energy. Nevertheless, since technical aspects are critical for the sustainability of the microgrid,
the first action to be taken is the enlargement of the generation capacity of the sources. Specifically, the
capacity of the renewable resources considered in the project should be increased. In this way, a larger
demand could be supplied while the environmental effects of an increasing demand are reduced.

Moreover, consider a situation, in which a stakeholder of the project decides to give up the
project, i.e., it decides to not contribute in the future development of the microgrid. This is a large
social disturbance that can cause social divisions in the community. This situation should be captured
by the CSI that will indicate that the sustainability of the project is threatened. Particularly, some
social indicators and the pertinent sub-index will exhibit a decreasing trend as the situation evolves.
In accordance with the adaptation methodology, the weighting factor of both the social indicators
and sub-indexes measuring the social cohesion should be increased thus indicating that social actions
have to be taken in order to guarantee the sustainability of the project. Among the actions that may be
undertaken are the development of community workshops focused on harmonizing the position of
each member of the community, the implementation of economic policies to have additional incomes,
and the implementation of promotional plans to get additional stakeholders. Note that introducing
new economic policies and implementing promotional plans requires a unified position of the members
of the community. Therefore, community workshops should be firstly implemented to overcome the
issues arising from the resignation of the stakeholder.

7. Obtained Results

7.1. Case Study Huatacondo

The rural electrification system ESUSCON (acronym in Spanish of “Sustainable Electricity
Condor”) is a microgrid located in Huatacondo, in the northern part of Chile, within the Atacama
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Desert. The microgrid was an initiative of the Energy Center of the Electrical Engineering Department
of the University of Chile and supported by a mining company of the zone. The objective of ESUSCON
was to develop an isolated microgrid to provide the community with continuous electricity and
adequate levels of quality of service [6].

The population of Huatacondo is 75 people [6]. The main economic activities of the community
are mining and agriculture. During the year, the community celebrates a series of religious festivals
that attract an important amount of seasonal visitors. The maximum seasonal population is between
200 and 400 people (maximum for a week). During the festivities, the electricity consumption increases
between 2 and 4 times, depending on the celebration [6].

Before the construction of ESUSCON, the power generation in Huatacondo was based on a diesel
generator, with an average peak demand of 30 kW [30]. The load was characterized by residential
consumption. At that time, the energy access was not continuous, instead it was provided only at
some hours during the day [6].

The microgrid ESUSCON has a voltage level of 380/220 V at 50 Hz. Figure 8 shows a distribution
chart of the microgrid [6]. Its main technical characteristics are [30]:

(1) Photovoltaic (PV) plant of 23 kW with inverters.
(2) Diesel generator of 108 kW.
(3) Lead-acid battery for energy storage of 27 kW/127 kWh, BESS (acronym of battery energy storage

system).
(4) SCADA (acronym of supervisory control and data acquisition) system for control and monitoring.
(5) Energy management system for optimal operation.
(6) Social SCADA. Computational tool located at the head office of the neighborhood

council, developed to provide information in real-time to the community and stakeholders.
Historical operation data of the microgrid are also available. The tool also incorporates
key performance indicators to support the decision-making and management support
maintenance [30].
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The proposed methodology is applied using a database containing the operation of ESUSCON
between the years 2011 and 2013. Based on this database, the indicators presented in Table 1 were
obtained for each month of the study period.

Table 1. Considered indicators.

Dimension Indicator Definition Unit

Social Electrification level Household with electricity service in Huatacondo %

Technical

Ratio of generation Ratio between renewable generation and fossil fuel
generation %

Fuel consumed
per energy produced

Total amount of fuel consumed divided by the total
energy produced in the microgrid L/kWh

Consumption comparison Comparison of the household average consumption
with the region average %

Capacity factor of the
photovoltaic (PV) panels

Defined as the ratio between the total amount of
energy that the PV plant produced during a period
of time and the amount of energy that the plant
would have produced at full capacity over the same
period of time

%

Voltage deviation Average deviation of the voltage from its nominal
value during a period of time V

Frequency deviation Average deviation of the frequency from its nominal
value during a period of time Hz

Environmental CO2 emissions CO2 total emissions per energy produced kg-CO2/kWh

Economic
Fuel cost Fuel cost per energy produced $/kWh

Electricity cost comparison
with the region

Microgrid electricity cost compared with the costs of
the region $/kWh

7.2. Example of Application of the Methodology

In this section we present an example to illustrate—step by step—how to apply the methodology
considering the indicators shown in Table 1. The example includes the computation of the sub-indexes
and the CSI for January of 2011 as well as details of the normalization process.

Table 2 contains the values of the technical indicators in January of 2011 (without normalization)
as well as their lower and upper limits to perform the normalization process. The references for the
lower and upper limits shown in the table are presented in Appendix D. The normalized value of the
indicators (shown in the last column of Table 3) is obtained using Equations (1) or (2) depending on
the kind of indicator (“bigger value is better” or “smaller value is better”). For instance, the indicator
“CO2 emissions” is categorized within the group “smaller value is better”, since a smaller value denotes
a better situation from a sustainability perspective. In this case, the normalization is done based on
Equation (2).

Table 2. Normalized value of the technical indicators.

Indicators of the Technical
Dimension (Iid)

Value in
January 2011

Lower
Limit (llid)

Upper
Limit (ulid)

Normalized Value of the Indicator
(Iid) (Non-Dimensional)

Ratio of generation [%] 0.21 0.7 1.0 0, since Iid = 0.21 < llid = 0.7

Fuel consumed per energy
produced [L/kWh] 0.191 0.05 0.18 0, since Iid = 0.191 > ulid = 0.18

Consumption comparison [%] 0.25 0 1.0 0.25−0
1.0−0 = 0.25

Capacity factor of the
photovoltaic panels [%] 0.05 0.1 0.25 0, since Iid = 0.05 < llid = 0.1

Voltage deviation [V] 0.09866 0 0.1 0.1−0.09866
0.1−0 = 0.0134

Frequency deviation [Hz] 0.03946 0 0.04 0.04−0.09865
0.04−0 = 0.0135
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As indicated in Section 5.6, to calculate the sub-indexes for each category, the relative importance
of each indicator within its dimension has to be specified. In this context, Table 3 shows the weighting
factors of each indicator i within a dimension d (wid of Equation (3)) for January of 2011. The values
assume equal weighting factors for each indicator. As a consequence, if only one indicator is considered
in a particular dimension, its weighting factor is 1. Otherwise, the sum of the weighting factors of all
indicators within a dimension is 1.

Table 3. Considered indicators.

Dimension Indicator Weighting Factor (wid) of
Indicator i from Dimension d

Social Electrification level 1

Technical

Ratio of generation 1
6 = 0.167

Fuel consumed per energy produced 1
6 = 0.167

Consumption comparison 1
6 = 0.167

Capacity factor of the photovoltaic (PV) panels 1
6 = 0.167

Voltage deviation 1
6 = 0.167

Frequency deviation 1
6 = 0.167

Environmental CO2 emissions 1

Economic
Fuel cost 0.5
Electricity cost comparison with the region 0.5

Considering the normalized value of the technical indicators (last column of Table 2) and the
weighting factors presented in Table 3, the technical sub-index in January of 2011 can be calculated
using Equation (3):

Itechnical =
nd

∑
i=1

Iid × wid =
1
6
× 0 +

1
6
× 0 +

1
6
× 0.25 +

1
6
× 0 +

1
6
× 0.0134 +

1
6
× 0.0135 = 0.04615

The other sub-indexes for January of 2011 are obtained using the same equations. The obtained
results are:

Isocial = 1.0

Ienviromental = 0

Ieconomic = 0.07

Considering the value each sub-index, the value of the CSI in January 2011 is obtained using
Equation (5):

CSIJan−11 =
4

∑
d=1

Id × wd = 0.04515× 0.25 + 1.0× 0.25 + 0× 0.25 + 0.07× 0.25 = 0.279

The result above for the CSI is obtained assuming equal weighting factors for each sub-index.

7.3. Obtained Results Considering Real Data

Figure 9 shows the sub-indexes obtained after applying the methodology presented in Section 6.
The social sub-index is not shown since the electrification of Huatacondo is always higher than the
lower limit (70%, see Appendix C). Thus its inclusion in the figure does not add additional information
for the analysis of the temporal trend.

Figure 9 shows a decreasing trend of the economic and environmental sub-indexes. On the other
hand, the technical sub-index has a slight upward trend.
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The sub-indexes are aggregated into CSI to gauge the overall performance of the microgrid.
The evolution of the CSI considering constant weighting factors is shown in Figure 10. From the figure
it can be seen that the CSI has shown a slight decreasing trend during the last years.
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The characters a, b, c in the figure highlight key events that occurred during the control period:

(1) The events indicated as “a” are known as the Bolivian winter. This natural phenomenon occurs
each year in January, which is the month of the year with increased rainfall in the region.

(2) The event “b” occurs every year in August. It corresponds to a Catholic Feast for the Virgin,
which gathers about 400 people coming to Huatacondo during one week.

(3) The event “c” corresponds to an atypical situation that occurred in May 2013. It was a fault in the
tracking system in one of the six sections of the PV plant, thus decreasing the PV capacity to 83%
of its nominal capacity during two months.

From Figure 10 it can be seen that the Bolivian winter leads to a reduction of the solar energy
production, which implies a rise in the diesel generation. Thus, the CSI drops each January due to
this phenomenon. A similar drop is observed during the Catholic Feast for the Virgin, and when
the failure in the tracking system in the PV panels occurred. In both events, an increase in the
diesel consumption was the final result with the expected decrease in environmental and economic
sub-indexes. The aforementioned conclusions are illustrated in Figure 11.
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Figure 11. Comparison of CSI and diesel consumption.

7.4. Obtained Results Considering Corrective Measures

As stated in Section 6, the relative importance of each indicator as well as the weighting factors
of each sub-index has to be identified. However, this is not an easy task since different experts could
assign different relative importance to each indicator and sub-index. The proposed methodology
assumes as initial condition the same weights for each indicator within a dimension, and also the same
weight for each sub-index. As some of them become critical, the indicators are organized in decreasing
level of criticality and the weights are adjusted accordingly.

From the results presented in Figures 9–11 it can be concluded that the generation of the PV plant
is critical for the sustainability of the Huatacondo microgrid. The variations of this indicator affect
several technical, environmental, and economic indicators since more diesel generation is required
to supply the demand. However, the system is also affected by technical, environmental, and social
influences. For instance, the Bolivian winter and the religious festivities reduce the percentage of
the total demand supplied by the PV plant. However, these events are uncontrollable. The analysis
presented in this section also focused on the failure of the tracking system of the PV plant (see point c)
in Figure 10.

As shown in Figures 9 and 10, the long time it took to repair the tracking system (two months),
significantly affected the CSI of the microgrid. Indeed, apart from the initial value and the Bolivian
winter of 2011, this event produced the lowest value of the CSI for the microgrid during the
control period. As mitigation action, a situation in which the replacement equipment is available in
Huatacondo is considered for comparison purposes. Once the failure of the tracking system occurred,
the production of the PV plant was reduced. Consequently, the indicators cost of energy produced,
capacity factor of the PV plant, fuel consumed per kWh produced, and ratio between renewable
generation and fossil fuel, became critical for the sustainability of the microgrid. Thus, in conjunction
with the availability of the replacement for the tracking system, the weights of these indicators were
modified, the capacity factor of the PV plant and the ratio between renewable and fossil fuel generation
being the most critical indicators. The obtained results considering the adaptation of the weighting
factors and the corrective measure “availability of replacement equipment in situ” are shown in
Figures 12 and 13.

In Figure 12, a comparison between the evolution of the sub-indexes with and without the
corrective actions is presented. As it can be seen, if the corrective actions are not taken (Figure 12b),
the failure of the tracking system produces a decreasing trend in all sub-indexes until the replacement
process is completed (two months after the event). By contrast, if the proposed methodology is applied
considering the corrective measures plus the adaptation of the weighting factors, the sub-indexes
exhibit an increasing trend. As a consequence, the minimum value achieved by each sub-index is also
reduced, which implies an enhancement of the sustainability of the microgrid.
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corrective measures.

Figure 13 presents how corrective actions are taken in order to obtain the results presented in
Figure 12. For illustrative purposes only two (normalized) indicators have been considered in the
analysis, namely, PV production and diesel consumption. Furthermore, only the environmental
sub-index was included. For comparison purposes, the conditions at the beginning of the project have
been considered as baseline, that is, the values of both indicators and the sub-index shown in Figure 13.
The selection of the initial condition as baseline was motivated by the fact that those values reflect the
conditions of the community without the implementation of the project.
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the study period.

From Figure 13 it is possible to see that the implementation of the microgrid project involved diesel
as well as other energy sources. Both the diesel and solar PV production indicator move together, with
the former more closely correlated with the environmental sub-index. These perhaps counter-intuitive
variations are explained by the change in the demand pattern in Huatacondo: once the microgrid
project was implemented, demand started to rise (as expected).

Notwithstanding the improvement on the indicators and the sub-index, in January 2012, there
was a major disturbance: the Bolivian winter. At this month, the PV production dramatically decreased
enforcing an extensive use of diesel to supply the electric demand of Huatacondo. Accordingly, both
indicators PV plant production and diesel consumption decreased towards zero, producing a similar
trend in the environmental sub-index (see Figure 13). To overcome such situation, corrective measures
were implemented to mitigate the negative effects of the Bolivian winter in the sustainability
of the microgrid. These measures were focused on the environmental indicators, specifically in
how to prevent their rapid decreasing towards zero during the Bolivian winter. As a result of the
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implementation of these corrective measures, during January 2013, the PV production did not decrease
as much as in January 2012, and, therefore, the diesel consumption remained within acceptable levels.
The enhancement in the operation of the microgrid reflects how the proposed methodology can be
used to reduce the negative effects of external disturbances in microgrid projects, and therefore to
improve its sustainability.

Figure 14 presents a comparison between the evolution of the CSI when the proposed methodology
is applied with and without corrective measures. As expected, the failure in the tracking system of
the PV plant produced a decreasing trend in the CSI when the corrective actions are not considered.
Furthermore, such trend is sustained until the repair process is finished two months after the failure.
Then, the CSI begins to rise again. By contrast, when corrective actions are taken into account, the
trend of the CSI changes and continues rising despite the failure. These results verify the key role that
the proposed methodology may play in guaranteeing the evolution of isolated microgrids towards
sustainability goals.

Sustainability 2016, 8, 1163 20 of 25 

production did not decrease as much as in January 2012, and, therefore, the diesel consumption 
remained within acceptable levels. The enhancement in the operation of the microgrid reflects how 
the proposed methodology can be used to reduce the negative effects of external disturbances in 
microgrid projects, and therefore to improve its sustainability. 

Figure 14 presents a comparison between the evolution of the CSI when the proposed 
methodology is applied with and without corrective measures. As expected, the failure in the 
tracking system of the PV plant produced a decreasing trend in the CSI when the corrective actions 
are not considered. Furthermore, such trend is sustained until the repair process is finished two 
months after the failure. Then, the CSI begins to rise again. By contrast, when corrective actions are 
taken into account, the trend of the CSI changes and continues rising despite the failure. These results 
verify the key role that the proposed methodology may play in guaranteeing the evolution of isolated 
microgrids towards sustainability goals. 

 
Figure 14. Comparison of CSI with and without corrective measures. 

8. Conclusions 

In this work, a methodology to evaluate the evolution of the sustainability of an existing isolated 
microgrid was presented. The methodology considers a composite sustainability index (CSI) that was 
constructed along the environmental, social, economic and technical dimensions of the sustainability. 

To validate the performance of the proposed methodology, a microgrid installed in the northern 
part of Chile (Huatacondo) was used as a test case. The obtained results have shown that the 
proposed methodology might play a key role in the assessment of the sustainability of isolated 
microgrid projects and in the definition of policies focused on moving the evolution of these projects 
towards sustainability objectives. The proposal has shown to be a workable support instrument for 
policy makers, especially when defining sound corrective measures to guarantee the sustainability of 
small isolated microgrid projects. 

As a future work, the use of historical data to predict the expected behavior of the CSI in order 
to anticipate future contingencies and to formulate an adequate policy of microgrids planning is 
proposed. Furthermore, including comparisons with similar microgrid projects and data from other 
studies is also proposed for a future version of the proposed methodology. 

Acknowledgments: The authors acknowledge the support of the Fulbright NEXUS Regional Scholar Program, 
the Chilean Council of Scientific and Technological Research, CONICYT/Fondap/15110019, and the Complex 
Engineering Systems Institute (ICM: P-05-004-F, CONICYT: FB0816), in the realization of this work. 

Author Contributions: Claudia Rahmann and Felipe Valencia wrote the paper and conceived the proposed 
methodology for monitoring the evolution of sustainability in isolated microgrids. Oscar Núñez collected the 
data of the microgrid and performed the calculations to determine the indicators and the CSI. Susana Arrechea 
worked on the social, environmental, and economic indicators, and helped frame the project. Jalel Sager helped 
with the English grammar of the manuscript and with the economic indicators. Daniel Kammen advised and 
helped frame the project and revised the manuscript. 

0,3

0,4

0,4

0,5

0,5

0,6

0,6

Mar-13 May-13 Jun-13 Aug-13 Oct-13 Nov-13

f

CSI with corrective actions CSI

0.60

0.55

0.50

0.45

0.40

0.35

0.30

N
or

m
al

ize
d 

in
di

ca
to

r

Figure 14. Comparison of CSI with and without corrective measures.

8. Conclusions

In this work, a methodology to evaluate the evolution of the sustainability of an existing isolated
microgrid was presented. The methodology considers a composite sustainability index (CSI) that was
constructed along the environmental, social, economic and technical dimensions of the sustainability.

To validate the performance of the proposed methodology, a microgrid installed in the northern
part of Chile (Huatacondo) was used as a test case. The obtained results have shown that the proposed
methodology might play a key role in the assessment of the sustainability of isolated microgrid
projects and in the definition of policies focused on moving the evolution of these projects towards
sustainability objectives. The proposal has shown to be a workable support instrument for policy
makers, especially when defining sound corrective measures to guarantee the sustainability of small
isolated microgrid projects.

As a future work, the use of historical data to predict the expected behavior of the CSI in order
to anticipate future contingencies and to formulate an adequate policy of microgrids planning is
proposed. Furthermore, including comparisons with similar microgrid projects and data from other
studies is also proposed for a future version of the proposed methodology.
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Appendix A. Environmental Indicators

Table A1. Environmental indicators.

Area Indicator Definition Type 1 Boundaries

Gas Emission
CO2 emission CO2 emissions OI (0–0.5) kg-CO2/kWh, data

for Latin America [31]

Perception about
emissions

Community perception
about emissions PI 0%–100%

Noise and
Contamination

Noise
measurement Noise level measurement OI (0–70) dB [32]

Waste produced

Waste generated due to
electricity generation
compared with
previous system

II

(0, Bmax) kg/kWh.
Where Bmax is the existing
level in the community
before the microgrid.

Perception noise
and contamination

Community perception
about noise and
contamination

PI 0%–100%

Note: 1 impact indicator (II), outcome indicator (OI), and process indicator (PI).

Appendix B. Economic Indicators

Table B1. Economic indicators.

Area Indicator Definition Type Boundaries

Investment

Investment Investment per
generation technology OI

(500–6500) $/kW Biomass
(1.175–6.000) $/kW Hydropower
(2.150–7.000) $/kW Solar PV
(1.900–6.040) $/kW Wind [33]

Stakeholders
perception about the
“profits” gained
through the
microgrid

Profits in rural microgrids
projects may not necessary
be monetary. An example of
other kind of “profits” is the
image improvement in case
of mining projects affecting a
rural community

II 0%–100%

O & M Cost O & M global cost O & M global cost per kWh
produced (all technologies) II

According to the O & M cost per technology and
specific technologies using by the microgrid:
(106–112) $/kW Biomass
(21–22) $/kW Biomass cofiring
(136–144) $/kW Biomass combined heat and
power (CHP) medium
(186–197) $/kW Biomass CHP small
(292–310) $/kW Biomass-waste incineration CHP
(64–68) $/kW Hydropower small scale
(34–36) $/kW Solar PV
(40–43) $/kW Wind [34]
(0.7) $/h Diesel, cost per hour of operation [35]

Fuel Cost Fuel cost Fuel cost per kWh produced OI (0.00–0.27) $/kWh [36]

Electricity
Cost

Electricity cost
comparison with
the region

Microgrid electricity cost
compared with the costs of
the region

OI (0.06–0.45) $/kWh [33]

Electricity cost
comparison previous
system (if apply)

Comparison of microgrid
electricity cost with the
previous system

II
(0, Bmax) $/kWh. Where Bmax is the existing
electricity cost in the community before
the microgrid
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Appendix C. Social Indicators

Table C1. Social indicators.

Area Indicator Definition Type Boundaries

Equity &
Affordability

Electricity expenses Household electricity expenses OI (0.07–0.49) $/kWh [37]

Electrification level Household with electricity service II (70–90)% [37]

Perceived
affordability Perceived affordability of electric service PI 0%–100%

Community
Development

New jobs New direct jobs due to the microgrid II

(0.25–6.21) jobs/MW; New jobs due to
construction, manufacturing,
and installation of the microgrid
(0.27–4.80) jobs/MW O & M and fuel
management [38]

Development
achieved
perception

Community perception about
development achieved due to
the microgrid

PI 0%–100%

Health
and Risk

Training in
health risk

Training sessions in health risk related to
the electricity OI (0–30) h/year [39]

Improvements
health perception

Perception of improvements in health
due to the microgrid PI 0%–100%

Community
Engagement

Attendance at
meetings

Attendance at meetings for community
training and engagement OI 0%–100%

Community
O & M tasks Community engagement in O & M tasks II 0%–100%

Community
perception

Community satisfaction level about the
microgrid operation PI 0%–100%

Appendix D. Technical Indicators

Table D1. Technical indicators.

Area Indicator Definition Type Boundaries

Efficiency

Distribution losses Distribution network losses OI 5%–15% [33]

Consumption
comparison

Comparison between the
household average consumption
with the region average

II 0%–100%

Capacity factor Capacity factor per technology PI

50%–90% Biomass
30%–60% Hydropower
10%–25% Solar PV
25%–40% Wind [33]

Primary
Energy Ratio Ratio of generation Ratio between renewable

generation and fossil fuel PI (70–100)% [33]

Reliability
and Power

Quality

Voltage deviation
Average deviation of the voltage
from its nominal value during a
period of time.

OI It depends on local grid codes for low
distribution systems. In Chile is ±10%.

Frequency deviation
Average deviation of the
frequency from its nominal
value during a period of time.

OI It depends on local grid codes for low
distribution systems. In Chile is ±4%.

Hours without
energy (HWE)

HWE within the community
compared to the situation before
the microgrid

II
(0, Bmax) hours/month. Where Bmax are the
hours per day that the community had no
electricity before the microgrid (if apply)

Perception reliability
and quality service

Community perception about
reliability and quality service PI 0%–100%

Microgrid
Management

Compliance
maintenance plan

Compliance of the maintenance
plan II 0%–100%

Mean time to
repair (MTTR) Mean time to repair PI

(0, Bmax) hours/event. Where Bmax depends
on the particular conditions of the microgrid.
For instance, in the case of Huatacondo,
the technical support of the microgrid is
located in Santiago. Then, if a critical event
occurs, the MTTR is, at least, the time it takes
the support team to flight to Huatacondo.
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