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Abstract: Electricity access in rural areas is a critical challenge for global electrification. Most countries
have focused on increasing electricity coverage without assessing the long-term sustainability of
such solutions. To achieve sustainability in rural electrification solutions, it is necessary to consider
five dimensions: technical, environmental, economic, social, and institutional. This paper reviews
the state of rural electrification worldwide and proposes a dynamic tariff scheme that increases the
technical and economic conditions of implemented solutions over an extended period. The proposed
time-of-use (TOU) pricing methodology aims to flatten the system demand curve and utilize on-site
renewable energy potentials. For the methodology’s evaluation, we analyzed a case study focused on
electrification in isolated areas of Colombia, conducting a sensitivity analysis of user-behavior to the
proposed tariff scheme using the concept of price elasticity of demand. We also evaluated the effect of
the achieved demand curve flattening on the system frequency. The identified benefits highlight that
an accurate pricing scheme can reduce the variation range in the system frequency. Furthermore, the
evaluation results show that the implementation of the proposed tariff scheme has the potential to
significantly flatten the demand curve and encourage the connection of non-conventional renewable
sources to improve network conditions.

Keywords: rural electrification; sustainability; demand response; dynamic pricing; time-of-use (TOU)

1. Introduction
1.1. Background and Aims

Since the Johannesburg Summit in 2002, the fundamental role that energy plays
in achieving sustainable development has been recognized in the literature on energy
policy [1–3], and there seems to be a consensus that sustainable development is not possible
without affordable, reliable, and clean energy [3].

Currently, around one-tenth of the world’s population remains without electricity;
mainly in the developing countries’ poorest and most geographically remote areas [4]. It is
worth noting that access to reliable, sustainable, safe, and modern electricity is essential to
achieve sustainable development goals [5] related to eradicating extreme poverty, increasing
food production, accessing safe drinking water and public health services, increasing
economic opportunities, achieving gender equity, and attaining quality education [6].

Rural electrification is considered a crucial prerequisite for development and the
elimination of barriers to economic growth. Electricity potentially increases productivity in
agricultural and non-agricultural activities, facilitates domestic tasks, provides a source of
clean and efficient lighting, and enables the delivery of improved social services such as
education and health [5].

In recent years, the overall electrification rate has increased by less than 1% annually [5],
so the proportion of the world’s population with access to electricity increased from 83% in
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2010 to 91% in 2020. The number of people without access decreased from 1.2 billion in
2010 to 733 million in 2020 [4]. However, the rate of progress in electrification has slowed
in recent years due to the growing complexity of reaching more remote populations; a
difficulty worsened by the impact of the COVID-19 pandemic. In this scenario, from 2010
to 2018, an average of 130 million people gained access to electricity each year; a pace that
fell to 109 million between 2018 and 2020. The annual growth rate of access to electricity
was 0.8% between 2010 and 2018 and only 0.5% between 2018 and 2020 [7].

Achieving universal access to sustainable, reliable, and affordable energy should be
an integral part of a just energy transition [6]. Therefore, all countries with a deficit in
access to electricity should adopt comprehensive national strategies for electrification and
access to clean cooking fuels and integrate energy access priorities within their economic
development strategies. Since the beginning of the 21st century, Latin American countries
have shown a significant increase in rural electrification rates due to direct government
intervention in planning, financing, and executing national rural electrification programs.
This situation is particularly noteworthy in cases such as Brazil, Bolivia, and Venezuela [7,8].
According to the historical record of the Latin American Energy Organization (OLADE),
from 2005 to 2014, the electrification rate in South America increased at a rate of 0.57%
annually, increasing from 93.16% to 96.19% [9]. However, this rate was reduced to 0.27%
from 2014 to 2017 [10]. The reduction presented between 2014 and 2017 is due to the
focus on increasingly dispersed and isolated homes that require autonomous electrification
systems with renewable energy technologies since interconnection with the central system
is unfeasible due to remote location, difficult land access, low population density, and
the location of populations, in some cases, in environmentally protected areas [11]. Cur-
rently, 22 million people are without electricity, particularly in Haiti, Guatemala, Colombia,
Honduras, Mexico, Bolivia, and Peru [4]. Figure 1 shows an overview of coverage in
electrification and of the populations without access to electricity supply in Latin America.
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Figure 1. Latin American overview of the populations without access to electricity, electrification rate
by country (electrification coverage) in 2021, and average increase in national electrification rate in
the 2011–2021 scenario. Each vertical axis is marked with the color of the corresponding series, and
the scale and unit of measurement are indicated on it. Source: Own compilation based on [4].

1.2. Literature Survey of the Challenge of Sustainable Rural Electrification

Electrification of isolated areas is one of the predominant issues in electrification
worldwide [12]. Most countries have focused on increasing access to electricity without
paying relevant attention to whether these solutions are sustainable [13,14].
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The concept of sustainability is generally understood as the ability to maintain a
specific state over an extended time [15]. In the literature, there are different ideas about the
meaning of sustainable development in various domains and fields of research often with-
out understanding the holistic concept, and thus creating difficulties in other components
not initially considered as dimensions of “sustainability” analysis [16].

In general, we could say that humans choose to maintain themselves within their
analysis or system as an aspect of sustainability that is valuable to them [15,16]. Therefore,
we could argue that sustainable development is a concept that inherently is subjective and
requires deliberative forms of governance and evaluation for its holistic definition [16].

In this context, and based on an analysis of the related literature, the concept of sus-
tainability in rural or isolated electrification projects is related to the following dimensions:

• Technical sustainability: encompasses concepts such as resilience, reliability, and
continuity of the installed systems and energy security [10]. It also considers the use
of on-site energy potentials and the reduction in dependence on fuel transportation.

• Environmental sustainability: refers to the ability to maintain the qualities valued in
the physical world, such as the natural environment that maintains living conditions
for people and other species (clean and available water and air, suitable climate, etc.),
ensuring habitability for the future generations [17,18].

• Economic sustainability: encompasses the ability to keep a project operational with
minimal or no dependence on external sources of financing other than the fees received
for the service, without the collection of these fees compromising the economic capacity
of users [19].

• Social sustainability: considers the human costs and benefits of corporate activities
and refers to the achievement of justice, equality, and well-being for people and their
communities in the present and the future. Social sustainability implies equality, well-
being, and balance between indicators of quality of life among sociocultural groups
and legal entities (corporations and governments) over time and from one generation
to the next [20].

• Institutional sustainability: refers to the activities of government and non-governmental
institutions related to providing tools that support decision-making and implementa-
tion of sustainability policies. It relates to how institutions shape behavior, expecta-
tions, relationships, value, and perceptions of actors and, therefore, their approach to,
and objectives for, sustainable development [21].

In this sustainable development framework, multiple authors have formulated method-
ologies for the planning, design, and execution of rural or isolated electrification projects,
while focusing their approach on some of these dimensions [10,22,23]. However, the appli-
cability of these methodologies must be evaluated concerning the resilience and adaptability
of the model [19]. Typically, the proposed methodologies found in the literature support
decision-making on indicators or data of the target community that, in some contexts, may
not be available, such as electricity consumption per user in unelectrified communities or
individually unmeasured users.

Under this paradigm, Figure 2 shows the characterization, in terms of sustainability
approach, of different methodologies found in the literature that tend towards the imple-
mentation of sustainable energy solutions in rural or isolated areas. Appendix A provides
a comprehensive characterization of each methodology presented in Figure 2; emphasizing
the sustainability approach adopted by each.
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Figure 2. Sustainability approach of different methodologies for electrification of rural or isolated
areas found in the literature. Source: Own compilation based on [10,22–36].

The following aspects stand out from the methodologies presented in Figure 2:

• There is a clear need to establish indicators that allow for the quantitative evalua-
tion of each sustainability dimension considered relevant in each methodological
framework [22,24,37].

• In general, methodologies that consider a social participation approach in decision-
making lack the establishment of rigorous technical mechanisms that guarantee the
sustainability of the system operation over an extended period.

• Few methodologies consider a systemic approach in which the interactions between
the different components of sustainability are considered relevant, and typically some
criteria or indicators are correlated with each other (an analysis excluded in most
methodologies) [32].

• Methodologies focus on, or are rigorous in, only one or two of the sustainability
dimensions analyzed in this document, and the effect that the other components may
have on the dimensions studied is excluded. Additionally, when methodologies seek
to comprehensively cover all sustainability dimensions, the rigor of each dimension
study decreases. This makes it necessary to establish a mechanism for prioritizing
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indicators that allow decision-makers to focus their analysis on the components that
will be most impacted by the project according to the objective context.

• In the economic aspect, few methodologies tend to promote the economic indepen-
dence of rural electrification solutions from external sources of financing, such as
government subsidies, which limits the adaptability of methodologies in sustainable
long-term planning.

1.3. Contributions and Paper Content

In this scenario, the analysis of different methodologies found in the literature allows
for the identification of a series of challenges and needs that still need to be studied in more
detail, such as the maintenance of the technical and economic sustainability of rural or
isolated electrification solutions over an extended period without dependence on external
sources of financing.

Therefore, this work presents an analysis of the state of rural electrification globally
and considers a comprehensive approach from various perspectives, including technical,
economic, environmental, social, and institutional sustainability. Additionally, a proposal
for a simple time-of-use tariff scheme is presented to encourage users to respond to the
needs of the network, flattening the demand curve, improving system frequency stability,
and promoting the maximum use of renewable resources in the system.

Typically, dynamic tariff schemes are based on market price variations when estab-
lishing consumption time-of-use bands. In the case of isolated or rural networks, the
main objective is not to reduce electricity supply costs but to generate schemes that allow
for increased continuity in service provision. Furthermore, in cases such as Colombia’s
non-interconnected zone, rural users see a leveled energy price with users who are part of
the central interconnected system, so the rural user does not see the total electricity supply
costs in the electricity bill. Therefore, this article proposes a methodology for establishing
a time-of-use tariff scheme based on the demand curve of the objective context and the
behavior of the on-site energy potentials used in electricity generation. This approach can
reduce dependence on non-present fuels in the area, leverage rational and efficient energy
use, and consequently improve the technical conditions of the network in terms of reducing
the range in which the main technical system parameters vary.

2. The Importance of Dynamic Pricing in the Technical and Economic Sustainability of
Rural Electrification Solutions

The remote location of rural communities, difficult road access, and the impossibility
of expanding transmission networks to these areas, have made the electrification of isolated
zones dependent on small-scale generation solutions [13]. The latter has historically led
to these rural electrification solutions being mostly dependent on fossil fuels for energy
production [3,38].

The global electricity sector is undergoing a fundamental transformation due to the
recognition that energy generation through fossil fuels contributes to greenhouse gas
emissions and other forms of environmental pollution [39]. To address this issue, renewable
generation technologies are being increasingly adopted even though they are frequently
subject to fluctuations in resource availability [40].

Small-scale renewable generation solutions offer a viable alternative for new rural
electrification solutions or for diversifying the energy mix of existing generation systems in
these areas, as this type of technology leverages the energy potential available on-site and
reduces dependence on fuel purchase and transportation [3,41].

The introduction of renewable generation technologies, whose primary resource is
typically variable, makes it necessary to establish tariff mechanisms that allow the user to
interact with the state of the network so that they can make responsible use of electricity that
contributes to the increase in the continuity and reliability of the supply [42]. In this regard,
dynamic pricing has emerged as a mechanism that enables conscious electricity demand
and has the potential to leverage the deployment of distributed energy resources [43].
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Here, dynamic pricing design for rural electrification systems should consider two
key factors. First, the average user of these systems is accustomed to flat rates, where the
cost per kWh consumed is constant regardless of the time or day of electricity consumption.
Second, these users are primarily residential [35].

According to [44], three principles of tariff design that are particularly important in
establishing tariff schemes for residential customers that promote rational and efficient
energy use are:

• The simplicity of the scheme. Tariffs should be easy for customers to understand and
respond to.

• Revenue stability for service providers. Tariffs should allow service providers to obtain
profits that enable them to maintain financial health.

• Promotion of energy conservation and energy efficiency. Tariffs should send price
signals to customers that allow for the conscious use of electricity, especially during
periods of high operating costs.

An intelligent tariff design can maximize the utilization of the existing power grid,
which can help minimize future investments while also having the potential to empower
consumers to make good decisions about their electricity consumption [39,45]. In addition,
the tariff design should make the decisions that the customer takes to minimize their bill
consistent with the alternatives that help to reduce system costs [45].

Time-varying tariff schemes present various risk-reward trade-offs for consumers.
Time-varying tariffs include, among others, time-of-use (TOU) rates, critical peak pricing
(CPP), peak-time rebates (PTR), and real-time pricing (RTP), as well as variations and
combinations of these tariff designs. Each design provides a different degree of price
volatility and uncertainty for customers and, therefore, presents a different opportunity
to reduce their electricity bill by shifting the load from high-priced hours to lower-priced
hours [39].

However, it is important to note that the success of time-variable pricing deployment
largely depends on customer support and collaboration [44,46]. This may require imple-
menting awareness programs that promote rational energy use and coordinate community
needs with the system’s requirements, including shifting energy-intensive activities to
periods of higher energy availability. It is evident that a comprehensive strategy, which
considers social and institutional dimensions, is crucial for developing effective activities
that support the deployment of such pricing systems or schemes. This strategy should
involve the active participation of service providers, government entities, regulators, and
other stakeholders [39,44,47].

In [45,48], it is recommended to implement TOU schemes as a dynamic pricing option
for residential and commercial users who do not have advanced automation systems
and when transitioning from flat-rate to dynamic pricing. In addition, this type of tariff
promotes a permanent shift in the load from peak hours to low-priced hours and has a
simple design that is predictable and easy for customers to understand. However, these
tariffs do not have the dynamism to reflect real-time power system reliability events, so
they are not as appropriate in addressing specific events that occur in the grid [39].

Dynamic Pricing for the Improvement of Technical Parameters of Rural Electrical Systems

In the case of rural electrification or isolated areas, one of the biggest challenges is
the continuity of electricity supply. Typically, these systems are characterized by a limited
number of hours-of-service provision per day, mainly due to the difficulties in transporting
fuel for generation units that depend on it, and the intermittency in the availability of the
primary resource in renewable generation sources of variable nature, such as photovoltaic
solar generation [35,49].

The latter, combined with the communities’ economic challenges, mainly in emerg-
ing countries, makes the connection between storage systems and permanent control
and monitoring systems economically unfeasible in many regions. Therefore, it is es-
sential to establish energy management mechanisms that can be technically sustainable
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and cost-effective to maintain the technical variables of the system within an operational
margin [8,35].

In this context, the system’s frequency and voltage are the two main variables that must
be kept within established margins to ensure the reliability and continuity of the electricity
supply [50–52]. Furthermore, maintaining the system frequency within a narrower margin
ensures that there will be no spikes in demand or generations that generate significant
variations in the system voltage. Therefore, keeping the frequency within its operational
limits should be a priority for increasing supply continuity.

In this regard, having reviewed the literature related to the implementation of dynamic
pricing as a tool that allows user participation in frequency control, three mechanisms
have been identified through which demand response can help maintain system frequency
within its operational limits [51,53–57]:

• Demand participation as a power reserve.
• Consumer participation in critical events when system reliability is compromised, by

reducing consumption in response to critical peak prices.
• Participation of large population blocks in constraining the range in which frequency

varies through the implementation of time-varying tariffs based on system congestion.

In this sense, one of the demand response mechanisms that allows the involvement of
large segments of the population in improving the technical parameters of energy supply
systems is the implementation of time-varying tariffs [58–61].

Furthermore, the design of an appropriate tariff scheme should be based on the specific
characteristics of the target territory, as much of the success of deploying these schemes
depends on the attitude of the customers and the effectiveness of the activities supporting
the expansion of these mechanisms; while adopting tariff schemes that do not fit the
technical, economic, and social characteristics of the context can lead to a reduction in
system reliability indices, and subsequently an increase in the likelihood of unplanned
power outages [44].

In this context, as previously mentioned, a TOU pricing scheme is a dynamic pricing
option that promotes the permanent flattening of the demand curve and has a simple design
that is easily understood by customers. It is also an option that allows residential and
commercial users who do not have advanced automation systems to participate, especially
when transitioning from flat-rate pricing.

Therefore, this paper proposes a two-stage model for the design and evaluation of a
TOU scheme that allows flattening the demand curve of the system. In the first stage, the
model allows for the selection of the distribution of periods and the assignment of prices to
each based on the characteristics of the demand curve of each region and the behavior of
the energy potential of the target territory. The model then allows for the evaluation of the
effects of the pricing scheme on flattening the demand curve and subsequently limiting the
range in which daily demand varies.

3. Proposal for Designing Time-of-Use Tariffs to Flatten the Demand Curve in
Rural Microgrids

Time-of-use pricing is characterized by grouping the 24 h of the day into categories of
consumption intensity. Then, a price per kWh consumed, directly proportional to the con-
sumption intensity in that category, is assigned to each consumption band. In other words,
the 24 periods of the day are classified as periods of low, medium, or high consumption,
and the energy cost is assigned according to the category of each period [43,62,63].

The kWh prices of each category must reflect market prices, which are low when
generation units that depend on on-site energy potentials can supply the demanded power.
Prices will increase as generation units with high-cost primary resources are connected
(such as units dependent on fossil fuels). Therefore, the higher the energy consumption,
the higher the price assigned to each consumption category [63].

However, generating a TOU pricing scheme with only the demand curve of the target
context could fail to consider some context particularities, such as the behavior of the
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on-site energy potentials, and in periods with an abundance of generation from renewable
resources, the energy supply cost will be reduced.

Therefore, Figure 3 shows the proposed methodology for establishing TOU schemes
based on the demand curve of the target region and the behavior of the primary energy
resource present in the area. A highlight that this scheme focuses on is photovoltaic solar
energy use, but the model can be easily adapted for other types of renewable generation.
Additionally, this proposed scheme focuses on rural communities that are just transitioning
from flat rates, so the scheme’s simplicity is prioritized.
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The following method is proposed to define the TOU scheme, which aims to flatten
the demand curve while promoting greater use of electricity generated from photovoltaic
solar units.

Initially, the demand curve is normalized, and its percentiles are determined to catego-
rize each consumption period into one of the following three categories: peak, shoulder,
and off-peak. Periods in which the mean consumption falls between the percentiles 0
and 40 are considered off-peak periods; periods with mean electricity consumption be-
tween the percentiles 40 and 70 are considered shoulder periods; and periods whose mean
consumption falls between the percentiles 70 and 100 are considered peak periods.

By following this procedure, the electricity demand curve of the target context is
divided into three energy consumption categories. However, this does not guarantee that
the number of time slots for time-of-use rates is three, as situations such as those presented
in Table 1 may occur.
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Table 1. Example of time categorization for establishing time slots for time-of-use (The background
color indicated in the category row allows for easy visualization of the consumption bands that are
created) rates. Source: Own elaboration.

Period Start Time End Time Category Period Start Time End Time Category

P01 0:00 1:00 Off-peak P13 12:00 13:00 Peak
P02 1:00 2:00 Off-peak P14 13:00 14:00 Shoulder
P03 2:00 3:00 Off-peak P15 14:00 15:00 Shoulder
P04 3:00 4:00 Off-peak P16 15:00 16:00 Shoulder
P05 4:00 5:00 Off-peak P17 16:00 17:00 Shoulder
P06 5:00 6:00 Off-peak P18 17:00 18:00 Shoulder
P07 6:00 7:00 Off-peak P19 18:00 19:00 Peak
P08 7:00 8:00 Off-peak P20 19:00 20:00 Peak
P09 8:00 9:00 Shoulder P21 20:00 21:00 Peak
P10 9:00 10:00 Shoulder P22 21:00 22:00 Peak
P11 10:00 11:00 Shoulder P23 22:00 23:00 Off-peak
P12 11:00 12:00 Peak P24 23:00 0:00 Off-peak

In cases such as these, even if the number of consumption categories is three, the
number of time slots created may exceed the number of categories since a time slot can
be understood as a grouping of consecutive periods that belong to the same category.
Therefore, using the categorization method proposed earlier as the only parameter for
defining time slots may lead to situations such as the one illustrated in Table 1 where there
are only three consumption categories, but there are five time slots.

Although a scheme with five time slots is theoretically correct in a TOU scheme, it is
essential to opt for simple schemes that can be easily understood and remembered by any
user. Therefore, it is necessary to find a way to reduce the number of time slots. Therefore,
an additional technical parameter can be used for decision-making.

In this case, the behavior of renewable resources embedded in the system was selected
as an additional parameter for decision-making.

The selection of solar radiation as an additional parameter for establishing time
slots was because the procedure described above corresponds to a scheme that encourages
flattening the demand curve but does not consider the use of the photovoltaic solar resource,
one of the most used in isolated microgrids. In other words, although the system seeks
to reduce peak consumption and to fill valleys (increased demand during periods of
reduced consumption), it does not prioritize filling valleys during abundant photovoltaic
solar generation.

The average solar radiation in the objective context was taken for each period of the
day to consider the generation from photovoltaic solar units as a decision parameter. The
radiation was categorized into several categories using the same classifications used by the
Colombian Institute of Hydrology, Meteorology, and Environmental Studies—IDEAM [64]:

• Low radiation: [0, 200] Wh/m2.
• Medium-low radiation: (200, 400] Wh/m2.
• Medium radiation: (400, 600] Wh/m2.
• Medium-high radiation: (600 to 800] Wh/m2.
• High radiation: >800 Wh/m2.

Each category was assigned a relative multiplication factor that is inversely propor-
tional to the mean solar radiation of each category; this means that the factor decreases as
the category (or solar radiation) increases, as shown in Equation (1).

fREU−i = 1.00 i f 0 ≤ Ib−i ≤ 200
fREU−i = 0.95 i f 200 < Ib−i ≤ 400
fREU−i = 0.90 i f 400 < Ib−i ≤ 600
fREU−i = 0.85 i f 600 < Ib−i ≤ 800

fREU−i = 0.8 i f 800 < Ib−i

(1)
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where fREU—i is the factor that encourages the generation consumption of photovoltaic
solar sources in the ith period and Ib—i is the average irradiance of the area in Wh/m2 over
the ith period.

The curve of the factor to incentive renewable generation for all periods is then
multiplied by the original electricity demand curve period by period, and the resulting
curve is classified again. The latter ensures that the initial categorization method not only
aims to flatten the demand curve but also encourages the consumption of generation from
renewable sources embedded in the system.

Once the final TOU scheme is obtained, prices are assigned to each resulting category.
First, based on the flat electricity price at the time of program design, the average daily
electricity cost is calculated. Time-varying tariff schemes must ensure user protection by
not imposing exaggerated charges on those who choose not to modify their consumption
in response to changes in electricity prices. Therefore, the aim is to ensure that those users
who do not modify their daily demand curve pay approximately the same cost as the
flat rate.

Subsequently, the deviation between each period’s average consumption and the
average daily electricity consumption is determined. The electricity price for each time-of-
use period is calculated using these deviations and takes the base electricity price as the
average price. However, sometimes the direct application of these prices results in a final
cost seen by users with a variation of more than 10% compared to the flat rate. Therefore,
according to the context, the designer can manually adjust these prices until a balance is
achieved between the daily cost of electricity seen by the user with flat rates and the cost
with the application of the new scheme. This approach encourages a modification of the
consumption pattern of end-users while ensuring a fair price for all.

After establishing the time slots and electricity prices, it is necessary to model the
change in the demand curve due to the changes in the electricity price. The price elasticity
of demand concept is used to evaluate the demand response to the new tariff scheme.
Equation (2) shows that the price elasticity of demand is the ratio of the percentage change
in quantity demanded to the percentage change in price [65]:

η =
∆q/q
∆P/P

(2)

where η represents the elasticity (the price elasticity of demand is calculated by comparing
the percentage change in quantity demanded to the percentage change in price; price
elasticity is a measure of the responsiveness of the quantity demanded to a change in its
price; it is a unitless measure, which means that it does not have any standardized units), q
is the demanded quantity, and P is the price.

Therefore, it is essential to consider that the electricity demand of residential users
accustomed to flat-rate pricing tends to be inelastic [66]. International experiences in the
application of demand response programs based on hourly rates have been able to establish
the values of price elasticity of demand that can be expected when initiating the application
of these programs [67]; a price elasticity of demand of 0.1 allows for largely conservative
predictions of user behavior, while an elasticity of 0.3 to 0.5 should be considered an
optimistic scenario.

To determine the range in which demand may respond to the proposed tariff scheme,
it is necessary to carry out a sensitivity analysis. This analysis evaluates the behavior of
the demand curve of the system regarding the proposed tariff scheme with a variation of
the price elasticity of demand within a range of 0.0 to 0.3 (conservative projection). This
analysis shows the possible modifications in the consumption curve that will be triggered
by the application of the proposed TOU scheme.

Once the sensitivity analysis is completed, it is proposed to carry out a dynamic or
quasi-dynamic simulation of the microgrid. This simulation evaluates the behavior of the
technical variables of the system according to the daily evolution of the base demand curve
and the limit scenarios obtained with the sensitivity analysis. For this analysis, the authors
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of this article have used the Quasi Dynamic Simulation package of DIgSILENT Power
Factory 15.1.2 ®.

4. Case Study and Evaluation of the Proposed Tariff Model
4.1. General Context of the Case Study

The electrification of isolated areas in Colombia poses one of the most significant
challenges for the country’s energy transition. According to [68], Colombia’s energy
matrix ranks fourth in the share of renewables in energy production. However, it is
crucial to note that the country’s electrical systems are categorized into two types: the
National Interconnected System (SIN) and isolated microgrids. SIN, which operates with
centralized generation units, provides electricity to 80% of the country’s electricity demand
but only covers 47% of the national territory, while the remaining 53% is covered by isolated
microgrids that rely on distributed generation resources and serve mainly residential
demand [69–71].

In Colombia, the isolated microgrids are collectively referred to as Non-Interconnected
Zones (ZNI) and provide power to 1786 localities located in environmentally protected areas
such as tropical forests, deserts, mountain ranges, and snowy mountains, and 26 national
parks, among others [72]. These areas have 201,525 users [73].

Electrifying these remote and environmentally sensitive areas poses significant chal-
lenges for the electric power service providers due to the difficulty in accessing these
localities and the possible environmental impacts. Expanding transmission networks to
many of these areas is unfeasible which makes energy supply dependent on the primary
resources available in these territories or the use of fossil fuel generators [74]. Diesel is the
primary source of energy for most localities in the ZNIs (86.5% of the aggregated capacity
of these microgrids corresponds to diesel), with only 15 localities operating projects that
integrate renewable energy with diesel production units [75,76].

In addition, ZNI communities are characterized by low population density, low pay-
ment capacity, low collection levels, and an unsatisfied basic needs index greater than
77%. These areas have low average consumption levels, high service delivery costs, low
micro-measurement levels, and high dependence on fossil fuels [76,77]. The transportation
of primary energy resources, coupled with limited on-site generation alternatives, leads
to a scarce, deficient, and costly energy supply in the ZNI; while the payment capacity
for energy is low [78]. Therefore, energy management in these areas presents challenges
not only in technical sustainability but also in issues related to economic, social, and
environmental sustainability.

One of the biggest challenges for rural electrification in Colombia is the implementation
of individual measurement infrastructure in rural areas [79]. Without information related to
electricity consumption, the implementation of the proposed dynamic pricing methodology
on an individual basis is limited. Therefore, it is necessary to start with social programs
that promote efficient resource management through system status notifications and the
establishment of typical, critical, and steady-state operating ranges in the early stages of
energy-efficient management system implementation.

It is also important to consider the investments made by Colombia to finance the Non-
Interconnected Zones (ZNI), which amounted to more than COP $1.2 trillion from 2018 to
2022 [80]. In this regard, the Colombian Ministry of Mines and Energy recently issued a
resolution establishing the procedure and criteria for the distribution and disbursement of
subsidies for the public electricity service in the ZNIs [80]. All with the aim of providing
energy to 500,000 users located in isolated areas by 2035 [81], which requires the deployment
of individual measurement infrastructure [82].

Currently, some service providers estimate energy use based on applicable regulations,
which means that the information reported to the National Unique Information System
(SUI) does not fully reflect the reality of service delivery [79]. Therefore, one of the main
strategies established by the Colombian government to promote the deployment of in-
dividual measurement infrastructure are the tax incentives proposed for energy-efficient
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management projects. These incentives represent an opportunity for those interested in
investing in smart metering deployment projects for these types of communities [83,84].

4.2. Case Study

To evaluate the proposed method for defining a TOU scheme in an isolated microgrid
that resembles Colombian ZNIs, we consider a typical demand curve for aggregating
residential and some commercial users, as shown in Figure 4. The demand curve shape
was obtained from the national market operator [85] and scaled to the level of the isolated
microgrid considered in this exercise.

Additionally, we consider the hourly average solar radiation for the Antioquia-Chocó
departments as the typical behavior of radiation for Colombian ZNIs. The monthly average
hourly solar radiation data and the annual average hourly data are shown in Table 2.

Table 2. Hourly average of solar radiation for the Antioquia-Chocó departments (Hourly average of
solar radiation for the Antioquia-Chocó departments with the indicated categories of solar radiation
represented by background colors). Source: Own compilation based on [86].

Period
Average Hourly Solar Radiation (Wh/m2)—Antioquia-Chocó

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

P01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P06 0.0 0.0 0.1 0.2 0.4 0.4 0.3 0.2 0.3 0.6 0.6 0.1 0.3
P07 15.6 15.8 23.2 36.3 42.7 43.8 38.2 35.5 43.7 44.0 40.6 25.6 33.8
P08 105.1 105.3 108.5 154.0 165.4 166.4 159.3 151.4 165.5 173.9 174.4 152.9 148.5
P09 252.6 266.6 265.3 315.5 328.5 337.7 331.2 333.5 342.6 354.6 345.6 323.0 316.4
P10 399.7 431.2 423.0 505.6 486.9 487.8 492.6 509.3 526.5 502.9 501.5 461.7 477.4
P11 501.0 577.1 546.1 613.7 587.7 567.4 612.3 644.6 643.2 602.5 598.9 577.0 589.3
P12 539.3 589.9 614.5 642.5 590.6 617.1 647.3 653.6 685.9 616.1 614.0 609.5 618.4
P13 602.2 624.1 664.2 614.0 579.4 658.7 683.3 668.1 682.4 610.8 624.8 645.3 638.1
P14 571.4 610.4 570.9 537.4 503.3 609.2 633.9 613.6 583.9 503.9 506.8 553.8 566.5
P15 480.1 493.2 460.1 424.0 416.3 502.6 526.8 498.1 457.2 354.0 370.6 420.0 450.3
P16 345.5 328.7 292.7 239.8 279.9 350.5 377.6 367.4 303.2 216.5 224.1 260.5 298.9
P17 179.4 185.3 146.4 114.2 142.0 196.4 207.2 213.5 155.2 100.5 95.4 107.2 153.6
P18 40.6 52.5 43.6 28.8 33.9 51.2 60.3 58.1 33.9 12.3 11.4 17.5 37.0
P19 2.1 3.3 2.2 1.1 0.9 1.7 2.8 2.1 1.3 0.6 0.6 1.0 1.6
P20 1.2 1.5 0.7 0.5 0.4 0.5 0.8 0.6 0.7 0.5 0.4 0.7 0.7
P21 1.0 1.2 0.6 0.4 0.3 0.3 0.6 0.5 0.5 0.4 0.3 0.6 0.6
P22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0–200 Wh/m2 200–400
Wh/m2

400–600
Wh/m2

600–800
Wh/m2

>800
Wh/m2

Finally, to evaluate the effects of changes in demand on the system frequency in an
isolated microgrid when integrating photovoltaic solar generation units, we consider the
theoretical microgrid shown in Figure 5. This microgrid corresponds to an isolated system
with a voltage level of 13.2 kV/220 V, a radial topology, and is based on the characteristics
of Colombian non-interconnected zones. This microgrid has four 1 MVA hydro generation
units and four 300 kWp photovoltaic solar generation units.
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The presented microgrid is designed to meet the typical operating conditions of
population centers in non-interconnected areas of Colombia. These population centers are



Sustainability 2023, 15, 7985 14 of 24

characterized by an agglomeration of rural or urban households, with a population ranging
from 100 to 2000 inhabitants. The microgrid is specifically tailored to the common needs of
these population centers, providing a reliable and sustainable source of energy to support
their daily activities.

4.3. Evaluation of the Proposed Tariff Methodology

The proposed method begins with the application of an initial categorization by using
percentiles of the demand curve shown in Figure 4. This categorization results in the
classification ranges presented in Table 3, which allow for each period’s average demand to
be categorized as low, medium, or high demand (off-peak, shoulder, peak).

Table 3. Determination of ranges for categorizing the electricity demand of the isolated microgrid for
each period. Source: Own elaboration.

Category Range in MW

Off-peak [0; 2.15)
Shoulder [2.15; 2.44)

Peak [2.44; 2.75]

Once the classification ranges for electricity demand have been established, the initial
classification for each period can be calculated. Additionally, to incentivize the production
from photovoltaic solar generation sources and to reduce overall system congestion, the
renewable solar incentive factor is calculated for each period based on the average radiation
from the solar generation curve presented in Table 2. Finally, the final demand classification
is determined, and the results are presented in Table 4. By incorporating the additional
parameter of the renewable solar incentive, the number of initial time-of-use periods is
diminished, and the start and end times of some periods are modified.

Table 4. Classification of demand by periods before and after implementation of the solar incentive
for the isolated microgrid use (The background color indicated in the category row allows for easy
visualization of the consumption bands that are created). Source: Own elaboration.

Period Initial Category Renewable Factor Final Category

P01 Off-peak 1.00 Off-peak
P02 Off-peak 1.00 Off-peak
P03 Off-peak 1.00 Off-peak
P04 Off-peak 1.00 Off-peak
P05 Off-peak 1.00 Off-peak
P06 Off-peak 1.00 Off-peak
P07 Off-peak 1.00 Off-peak
P08 Off-peak 1.00 Off-peak
P09 Off-peak 0.95 Shoulder
P10 Shoulder 0.90 Shoulder
P11 Shoulder 0.90 Shoulder
P12 Peak 0.85 Shoulder
P13 Peak 0.85 Shoulder
P14 Shoulder 0.90 Shoulder
P15 Shoulder 0.90 Shoulder
P16 Shoulder 0.95 Shoulder
P17 Shoulder 1.00 Shoulder
P18 Shoulder 1.00 Shoulder
P19 Peak 1.00 Peak
P20 Peak 1.00 Peak
P21 Peak 1.00 Peak
P22 Peak 1.00 Peak
P23 Off-peak 1.00 Off-peak
P24 Off-peak 1.00 Off-peak
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With the final demand classification shown in Table 4, the time-of-use tariff scheme
for the isolated microgrid can be determined (as shown in Figure 6).
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Considering the proposed tariff mechanism, the next step is to establish prices for each
consumption band, assigning an electricity price to each category based on the average
electricity price in October 2018. The base price and the prices assigned to each band are
presented in Table 5.

Table 5. Base price in COP $/kWh paid by users of the isolated microgrid for the year 2018 and
selected prices for each category of the TOU scheme. Source: Own elaboration.

Category Price COP$/kWh

Base price 330
Off-peak 270
Shoulder 320

Peak 390

5. Results and Discussion

With the TOU scheme fully defined, we perform the sensitivity analysis, as explained
earlier, on the demand curve of the system, considering the curve presented in Figure 4 as
the base case. For this case study, the sensitivity analysis considers the variation of the price
elasticity of demand in a range from 0.0 to 0.3, highlighting the scenario with 0.1 elasticity,
which means the users respond moderately to changes in electricity prices. Figure 7 shows
the behavior of demand in the base case (black line), the conservative scenario (red line),
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and the possible variations in that behavior that may occur if the demand elasticity varies
between 0.0 and 0.3 (gray shadow).
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Figure 7. Demand curve of the isolated microgrid in MW over a 24 h horizon, in the base case (black
line), with an elasticity of 0.1 (red line), and the possible variations that may occur when considering
a range of elasticity from 0.0 to 0.3 (gray shade). Source: Own elaboration.

The proposed tariff scheme encourages electricity consumption during times of sur-
plus generation from photovoltaic solar sources and stimulates the reduction in electricity
demand during peak consumption, which could compromise the system’s reliability.

With the results of the sensitivity analysis to the tariff scheme, the effect of the ap-
plication of this scheme on the frequency of an isolated microgrid is analyzed. For this,
we take the two extreme demand curves (base scenario and maximum elasticity scenario)
and the conservative elasticity scenario demand curve and carry out a dynamic analy-
sis of the evolution of the system frequency for each of them in a 24 h scenario in the
DIgSILENT®® Power Factory software, also considering the speed-governing control of
the small hydroelectric plants. The results of this simulation are shown in Figure 8.
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It can be highlighted that with a minimum flattening of the demand curve, it is possible
to reduce the frequency variations of the system to more restricted operational limits, which
would reduce the risk of unplanned disconnections, thus increasing the system’s reliability
and enabling better integration of variable renewable generation resources.

Therefore, the proposed TOU scheme has the potential to achieve significant flattening
in the system’s demand curve, which in turn is reflected in limits to the range of frequency
variations during the day. Table 6 presents some of the most relevant results of the eval-
uation of the TOU scheme when considering the conservative elasticity scenario and the
base scenario.

Table 6. Summary of some of the most significant results of technical simulations for the isolated
microgrid, before and after the implementation of the tariff scheme. Source: Own elaboration.

Daily Energy
Consumption

[MWh]

Change in
Daily Energy
Consumption
with TOU [%]

Range of
Frequency

Variation [Hz]

Limitation of
Frequency

Range with
TOU [%]

Flat rate 53.64 - [59.81; 60.15] -
TOU 53.7 0.11% [59.85; 60.15] 13.3%

Based on the results obtained, it was found that using a decision variable that reflects
the behavior of renewable generation sources in the system can simplify the application
of time-of-use tariff schemes and enhance the utilization of energy from these sources.
The dynamic pricing approach reduces the frequency variation in the system by altering
consumption patterns, which shows the potential for flattening the demand curve and
promoting the integration of non-conventional renewable sources to improve the technical
conditions of the network.

Remuneration schemes based on wholesale market prices, such as time-of-use tariffs,
can involve a large portion of the population in the provision of frequency regulation
services by limiting frequency range variations without compromising comfort. The billing
price for consumers who do not wish to participate in the scheme remains roughly constant
compared to flat rates.

The results indicate that the high flexibility of demand and its ability to adjust the
demand curve can indirectly provide frequency control services to the system, thus main-
taining frequency variations within a narrower range. This could lead to a more accurate
balance of active power, reducing the likelihood and severity of power outages.

The above discussion shows that it is possible to involve the user as an active agent in
the electricity supply chain. Additionally, the actions of users in response to price signals
can help increase the technical, economic, and social sustainability of projects implemented
in rural or isolated areas.

In addition, it should be noted that typical rural electrification systems in Latin Amer-
ica are often characterized by being far from major consumption centers, being in locations
with difficult vehicular access, and being in environmentally protected areas. Different
governments have been concerned with promoting the electrification of these isolated
populations, but so far there have been no significant advances in individual measurement
that allow for a deeper understanding of the consumption habits of the inhabitants in these
areas, which leads to challenges such as those exposed in the Colombian case.

6. Conclusions

Electrification of rural areas is one of the predominant issues in global electrification.
Solutions proposed for these areas must allow for long-term sustainability across different
dimensions, such as technical, economic, environmental, social, and institutional.

The economic sustainability of projects seeks to minimize the dependence of rural
electrification projects on external funding sources. While the need for government par-
ticipation is evident in the early stages of planning and implementation, it is necessary to
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propose tariff mechanisms to maintain a stable income level that allows for the maintenance
of these solutions. Additionally, a well-designed tariff system allows users to respond to
the state of the network and prevent events that compromise the continuity and reliability
of the supply.

This paper proposes a model for designing and evaluating time-of-use tariff schemes
that link large blocks of the population to the provision of frequency-control ancillary
service by limiting the range in which the frequency varies daily. This mechanism enables
users to consciously use electricity, allowing them to redistribute non-vital consumption,
thus significantly flattening the demand curve. This flattening translates, for the user, into
a possible decrease in their electricity bill with minimal impact on their daily activities. By
contrast, this translates to a reduction in system congestion for the system operator and a
consequent decrease in the probability of fortuitous disconnections.

The flattening of a system demand curve undoubtedly led to a subsequent narrowing
of the system’s frequency range and the node’s voltage variation range. However, the
narrowing degree for any microgrid cannot be directly calculated because it depends on
the inertia constant of the system, the on-site renewable energy potentials, the load demand
curve, and the output power of each generation source.
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Appendix A. Review of Sustainable Electrification Methodologies

In the context of sustainable development, multiple authors have formulated method-
ologies for the planning, design, and execution of electrification projects in isolated or rural
areas of developing countries, focusing their approach on some of the sustainability aspects
mentioned in Section 1.2.

Under this paradigm, Table A1 shows the characterization of different methodologies
found in the literature that advocate for the implementation of sustainable energy solutions
in rural or isolated areas.
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Table A1. Characterization of sustainable rural electrification methodologies. Source: Own compilation.

Methodology Description and Adaptability Sustainability Approach

Ref. [22]
Year: 2008

Methodology for evaluating rural electrification projects based on
the use of indicators that cover the dimensions of technical,
economic, social/ethical, environmental, and institutional
sustainability. This study allows decision-makers to review the
reasons for the success behind rural electrification projects.
In terms of adaptability, some of the proposed indicators are not
easily calculable in contexts where individual electricity
measurement is not available.
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Table A1. Cont.

Methodology Description and Adaptability Sustainability Approach

Ref. [34]
Year: 2015

This methodology focuses on the formulation of Sustainable Rural
Electrification Plans (PERS) in Colombia, aimed at regional and
local stakeholders such as governors, mayors, potential investors,
project developers, planners, academics, etc. Its objective is to
promote the creation of PERS in all regions of the country.
The methodology focuses on electrification, productivity, and
entrepreneurship, but does not guarantee long-term economic
sustainability. Additionally, community energy management is
not considered.
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attitudes and needs, presenting the key factors that should be
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to ensure a sustainable electrification program in the long term.
It constitutes a good framework for the social approach, but does
not cover the economic, technical, and environmental aspects.
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Ref. [32]
Year: 2017

This method focuses on selecting appropriate technologies and
designing sustainable electrification solutions but does not consider
the impact of institutional intervention on the viability of a project.
The technical sustainability approach is limited to selecting the
suitable technology to implement on-site and does not consider the
extended operation of the system, equipment maintenance, among
other factors.

Sustainability 2023, 15, x FOR PEER REVIEW 21 of 26 
 

Ref. [36] 

Year: 2013 

This methodology focuses on the design of autonomous electrifica-

tion systems based on solar and wind energy, which are suitable for 

the economic, technical, and social characteristics of rural communi-

ties in developing countries, and considers the opinions of all stake-

holders involved in the project. However, it excludes consideration 

of other possible technologies that could be used, and the environ-

mental component is limited to the use of solar and wind energy po-

tential in the area. 
 

Ref. [34] 

Year: 2015 

This methodology focuses on the formulation of Sustainable Rural 

Electrification Plans (PERS) in Colombia, aimed at regional and local 

stakeholders such as governors, mayors, potential investors, project 

developers, planners, academics, etc. Its objective is to promote the 

creation of PERS in all regions of the country. 

The methodology focuses on electrification, productivity, and entre-

preneurship, but does not guarantee long-term economic sustaina-

bility. Additionally, community energy management is not consid-

ered.  

Ref. [30] 

Year: 2016 

Methodological framework for the assessment of community atti-

tudes and needs, presenting the key factors that should be consid-

ered in the different stages of program development and implemen-

tation. The framework allows project developers and policy makers 

to address different socio-cultural and political issues at different 

stages of development and implementation of a solution to ensure a 

sustainable electrification program in the long term. 

It constitutes a good framework for the social approach, but does 

not cover the economic, technical, and environmental aspects.  

Ref. [32] 

Year: 2017 

This method focuses on selecting appropriate technologies and de-

signing sustainable electrification solutions but does not consider 

the impact of institutional intervention on the viability of a project. 

The technical sustainability approach is limited to selecting the suit-

able technology to implement on-site and does not consider the ex-

tended operation of the system, equipment maintenance, among 

other factors. 

 

Ref. [28] 

Year: 2017 

Methodology for planning and designing a microgrid for remote lo-

cations. This methodology prioritizes improving the quality of life 

of the inhabitants by considering variables such as location, availa-

bility of renewable energy resources, equipment prices, initial 

budget, operation and maintenance costs, and equipment replace-

ment costs. 

However, the implementation and operation stages are not consid-

ered in detail, which may compromise long-term technical sustaina-

bility. Finally, possible changes in the demand behavior of the elec-

trified community are not considered to make a better projection 

 

Ref. [28]
Year: 2017

Methodology for planning and designing a microgrid for remote
locations. This methodology prioritizes improving the quality of
life of the inhabitants by considering variables such as location,
availability of renewable energy resources, equipment prices, initial
budget, operation and maintenance costs, and equipment
replacement costs.
However, the implementation and operation stages are not
considered in detail, which may compromise long-term technical
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Year: 2017

This document considers five rural electrification experiences in
Andean countries, analyzes the decisions made throughout the
design process, and highlights the suitability of these technologies
for expanding access to electricity. This study can be a good
reference for the dissemination of distributed generation
technologies in future projects in Andean countries, but it does not
consider the institutional and social impact on the success of
implemented solutions. Additionally, the environmental
component is limited only to the use of energy potentials present in
the area.
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Table A1. Cont.

Methodology Description and Adaptability Sustainability Approach

Ref. [25]
Year: 2018

Comprehensive methodological framework based on the synergies
of decision analysis and optimization models for designing a
reliable, robust, and economical microgrid system based on locally
available resources for rural communities in developing countries.
The role of government and non-governmental institutions in
implementing sustainable electrification solutions is excluded from
the decision-making process, while the particular social dynamics
of each context cannot be easily integrated into the
proposed methodology.
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Year: 2019

Methodological framework for rural electrification based on the
three pillars of the energy trilemma (environment, security, and
equity), considering four dimensions of sustainability:
environmental, technical, socio-economic, and institutional. It is
based on experiences from a national program carried out in
Venezuela between 2005 and 2013.
The methodology is easily adaptable to other Latin American
countries and could be complemented by strengthening the
economic component over an extended horizon.
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Year: 2019

Methodology for evaluating energy needs in the rural electrification
sector to obtain reliable inputs for load profiling and microgrid
sizing, with the aim of characterizing the energy needs of the
community and exploring the viability of potential projects, as well
as optimizing the operation of the energy system.
This methodology focuses on the initial collection of data from
communities to create economically viable designs, but it does not
delve into the particularities of each context or consider the use of
potential generation resources present on-site.
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Ref. [33]
Year: 2020

Methodological guide that seeks to strengthen the institutional and
normative capacities of governments in the Latin American and
Caribbean region for the adoption of the Water-Energy-Food Nexus
approach in the design of comprehensive actions, whether these are
policies, plans, programs, or projects, to achieve coordinated and
efficient actions. At the same time, it seeks to provide tools to
evaluate to what extent the Nexus approach has been adopted in
actions that are currently underway or are seeking funding.
The guide focuses on establishing a methodology for proposing
projects and monitoring progress but does not go into detail on
establishing mechanisms for selecting technologies and ensuring
the operation and maintenance of the installed system over time.
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This study focuses on establishing a strategic methodology for the
incorporation of distributed energy resources in isolated microgrids
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business model. The model highlights the importance of
motivating investors and increasing profitability by including a
value proposition based on technical contributions that benefit the
operation of the microgrid. However, this model restricts the
environmental component to the use of local potentials and does
not provide guidelines for selecting generation technologies.
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