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Abstract: This study focuses on strategic development for incorporating distributed energy resources
into the electrical off-grid power system operator, or isolated microgrids, to guarantee sustainability
and energy transition by an adapted business model. A business model canvas was adapted to
allow sustainability in an off-grid Colombian microgrid by integrating distributed energy resources
with voltage and frequency control as ancillary services; support services that maintain the sta-
bility and security of energy supply in isolated rural electrification. The business model canvas
was studied with government funds, who cover all the costs associated with making the model
attractive and sustainable in a Colombian context, and some proposed technical incentives to analyze
the profitability and guarantee the sustainability of rural electrification. The proposed modified
business model canvas offers a useful tool for supporting microgrid market scheme development
to include distributed energy resources in a Colombian case. The model showed the importance of
motivating investors and increasing profitability by including a value proposition based on technical
contributions that benefit the microgrid operation; by around 80%. These benefits can solve some
stability problems, including ancillary services, like frequency and voltage support, using distributed
energy resources. Finally, integrating rural electrification in off-grid zones into the national energy
regulation system is vital for incentivizing sustainable projects in rural zones, such as microgrids.

Keywords: business model canvas; distributed energy resources; electricity access; off-grid
rural electrification

1. Introduction

Rural electrification and electricity access are predominant aspects of achieving sus-
tainable development goals [1]. However, the electrification solutions for these areas have
historically focused on increasing electricity coverage, without considering the projects’
technical sustainability, which makes it possible to maintain a continuous electricity sup-
ply [2–5]. Moreover, there are no requirements and planning criteria that allow the integra-
tion of technical support services in the operation of these solutions to ensure security in
the supply [4,6]

A solution to guarantee sustainability in rural electrification is microgrids [5–7]. Oper-
ation by off-grid rural electrification represents several technical and market challenges
related to integrating variable generation sources, distributed control systems, storage, and
active demand participation [3–6,8,9]. Currently, the installation of these sources is consid-
ered a key aspect of energy transition, since, in addition to allowing energy sustainability,
it can reduce the effects of greenhouse gas emissions [10–14].

Nevertheless, the difficulties that arise due to the lack of regulation in technical and
market specifications, which define the requirements for the provision of voltage and
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frequency ancillary services in an off-grid rural microgrid, do not allow taking full advan-
tage of the contributions of the connection of distributed energy resources (DERs) to the
microgrids [6,9,10,15,16]. Therefore, the best way to combine the provision of ancillary
services by integrating DERs, including a new market scheme that reduces the inconve-
niences and uncertainties associated with providing these services at the distribution level,
is required [6].

It is critical for improving the robustness of energy policy to research some bene-
fits. Sustainability tries to cover technical and economic issues to assess off-grid rural
microgrids [17]. Around the world, energy transition arises from policies aimed at re-
ducing greenhouse gas emissions [14], or by implementing systems that allow being
sustainable and resilient [12,13,18], including incentives or mechanisms that are attractive
to investors [11,16]. That is the Netherlands’ case, where some wind energy laws were
enforced to analyze sustainable microgrids in the long term [11]. In that country, some
research pilot projects that are part of a road map to 2030 have been implemented since
2001. Other energy transition cases have been executed in China and India, where the
policies guarantee all users’ electricity supply [12].

In Latin America, some rural electrification policies have been put into effect to
increase the population with access to electricity. Rural electrification focuses on using its
resources in each region, like in Brazil, which has increased the use of small hydropower
plants. In some Latin American countries, policy has tried to change operation into
microgrids and mini-grids [17]. Thus, the Colombian electricity sector’s energy transition
towards integration of generation with renewable energy sources must include the non-
interconnected zones (ZNI) to define mechanisms that allow the sustainable operation of
the off-grid electricity solutions in rural electrification [19].

Off-grid rural electrification can be carried out through microgrids to integrate re-
newable energy sources to supply the energy [19,20]. These stand out as a solution for the
electrification of off-grid rural areas that require a continuous supply of electricity. The
proposed solutions are also focused on social or economic benefits, neglecting fundamental
technical aspects for the electricity service’s sustainable provision [8,20–22].

Within the global context, business models can be modified to achieve sustainability in
the provision of a service, such as the business model canvas [6]. This model allows offering
a product with a value proposition that gives users a benefit over other products [23]. We
propose achieving technical and economic sustainability in microgrid operation by imple-
menting ancillary services from DERs already connected to the off-grid rural microgrid.

Isolated microgrid operation has significant technical issues in the absence of inertia
and controllability of technical variables, such as voltage and frequency. Thus, control
strategies must be defined for DERs, since the connection of new resources can induce
unexpected voltage and frequency variations in the microgrid [24–26].

With the implementation of DERs in isolated microgrids, it is necessary to consider
topological variations and their effect on the control schemes. DERs have to include
hierarchy-specific controllers to keep frequency and voltage in regulatory ranges [27–46].
Therefore, based on the controllers, energy management strategies that guarantee stability
in the microgrid are implemented, and local controllers can maintain communication with
the control center of the isolated microgrid and monitor it. The setpoints are set and sent to
the DERs to ensure that the microgrid’s voltage and frequency are maintained within the
defined ranges [25].

Variables associated with voltage and frequency are intended to maintain a balance
between generation and demand. According to the variations, DERs in the microgrid need
to maintain and regulate the voltage and frequency values with an additional inversion
in controllers, which increases the capital cost [25]. Some markets have special schemes
associated with maintaining voltage and frequency in defined ranges; these are known
as complementary services, precisely voltage and frequency control [47]. This article
proposes a characterization of the provision of voltage and frequency ancillary services
through energy transition and the integration of non-conventional renewable sources. A
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business model for the provision of the service with continuity and security in an isolated
microgrid, based on an innovative strategy that allows for analyzing the conjugation of
providing added value, and that translates into income for investors and sustainability in
the operation of the isolated microgrid is included in a modified business model canvas.
The business model canvas was simulated in system dynamics to consider and compare
the Colombian regulatory structure for the sustainability of the ZNI with another market
scheme based on technical incentives, to guarantee the participation of the DERs already
connected to the energy supply systems.

Therefore, in the following section, the proposed model for non-interconnected zones
(ZNI) in Colombia is analyzed. In the third section, a model aimed at the energy transition
is proposed. In the fourth section, the results obtained from the simulations and the
conclusions are finally presented.

2. Business Model Methodology

Public electricity service providers located in isolated areas are composed in an inte-
grated manner. Generation, distribution, and commercialization activities are executed by
the same agent, owned by the community, and there is no diversified offer [21].

In the literature, some business models have used internal rate of return (IRR), and net
present value (NPV), including taxes and tax benefits, as well as costs with conventional
energy (diesel), or models that quantified the environmental benefits [20,21] However, the
benefits of providing technical support or ancillary services, which ensure sustainable
operation and continuity, are not considered in traditional business models.

Business models define the objectives for providing a service based on reliability,
profitability, social growth, impact, etc. These models can be applied to innovation and
technology to define business strategies, environmental sustainability, social entrepreneur-
ship, and relations between different agents [48]. Strategies for business model success are
focused on serving as an interface between the technology developed and what the market
is looking for [49].

For the market evaluation, it is proposed to structure a business model based on
the business model canvas, and focused on specific and specialized markets, in which
customers have similar needs and problems to the provided service, which is conducive
to sustainability, and allows the massification of isolated microgrids [50]. This paper
proposes to implement a business model for the provision of service with continuity and
security in an isolated microgrid, based on an innovative strategy that allows analyzing
the conjugation of providing added value, and which translates into income for investors
and sustainability in the operation of the isolated microgrid [2,21].

In the literature, there are business models that accommodate different types of
business. The business model canvas was chosen in this paper because it organizes the
provided service with the resources and key activities for the value to be integrated into
service provision [8]. In this case, the business model canvas allows analyzing a market
scheme to provide ancillary services, such as voltage and frequency control, to incentive
the integration of DER to an energy transition into the proposal’s value.

Business model canvas makes isolated microgrids economically sustainable, guaran-
tees technical and economic sustainability, and avoids energy transition in rural electrifica-
tion [8]. In business model canvas, the market’s basic structure is defined, considering its
specific characteristics, such as energy resources, local potential, and demand. In addition,
the remuneration of ancillary services in an isolated microgrid does not have a structure;
therefore, it is essential to find alternatives for the characteristics that affect the environment
in which ancillary services should be provided to the microgrid [50].

3. Proposed Model for the Sustainable Electrification of Non-Interconnected
Zones (ZNI)

With the integration of renewable sources in ZNI systems, it is necessary to review
the technical challenges faced with the coordination of these intermittent systems, such as
continuity of supply and community interaction [6].
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The Energy Mining Planning Unit (UPME) has developed a proposal to make an
energy transition from operation with fossil energy sources, to the integration of renewable
energies in the ZNI by restructuring the projects to give added value to the energization of
remote areas [51]. This proposal aims to make operation by microgrids sustainable, taking
into account regulatory factors that encourage investors to participate in these types of
projects [51] through the smart automation of the grids for the optimal use of the DERs.
However, these solutions leave aside the technical characteristics that allow the sustainable
operation of microgrids in different temporal horizons, such as maintaining the voltage
and frequency ranges within the established limits [6].

Some of the literature models have focused on the economic and regulatory aspects
that should be considered in the operation of off-grid rural microgrids. That model proposes
integrating the demand activities to take more advantage of energy [8,50]. However,
there is a lack of technical foundations to guarantee technical and economic sustainability
for implementing off-grid rural microgrids over an extended time period, such as the
voltage and frequency control ancillary services definition [6]. Accordingly, the proposed
business model is based on ancillary services to guarantee the microgrid’s sustainable and
safe operation.

Including business models in an existing market is an innovative way of providing a
service with a new scheme [23]. The model allows structuring the service provision to meet
the needs of the users [20] and the requirement of maintaining technical and economic
sustainability in the operation of off-grid rural microgrids.

The areas in which off-grid rural microgrids operate have special considerations that
hinder the proliferation and diffusion of energy supply systems, primarily because they
are isolated from the bulk power system [52]. Therefore, it is essential to consider that even
when communities are close to a substation of the interconnected system, expansion and
modernization are costly, implying delays in implementing quality supply systems [50].

The sustainable operation of a microgrid is associated with the inclusion of devel-
opments and technological innovation in the control and automation of generation and
demand, and the interoperability or integration of DERs with a social approach to enable
energy integration focused on sustainable development goals [21].

Consequently, a business model for electricity provision with continuity and security
in the energy supply in an off-grid rural microgrid or a segment of the system integrated
into the rural electrification plan is proposed, to incorporate, through the provision of
additional technical services, an added value in the supply service. This value can be
translated into income for investors and an increase of sustainability in off-grid rural
microgrids [2,21].

Therefore, an analysis of the investment of renewable energies in the ZNI, considering
a business model canvas, is proposed [6]. This model considers that decisions are based
on cash flow, and considers community participation as a critical element of these rural
electrification programs’ success; constituting a solution that can be attractive to expand
the market [20,21,53]. In this context, one of the essential factors related to the sustainability
of the business models for rural electrification with hybrid generation systems is tariff
selection [6,21,54].

Additionally, the business model canvas will evaluate a scheme that allows the market
to guarantee sustainability and enable the massification of off-grid rural electrification,
considering the technical aspects of voltage and frequency control [23]. The business
model is supposed to help recognize the concept of sustainability as a contribution, since it
considers all the dimensions that may arise in the provision of a service, which transforms
difficulties into business or market opportunities [6,48].

3.1. Proposal of the Business Model Based on Technical Sustainability

Off-grid rural electrification is one of the predominant problems in electrification
worldwide [54]. Within the structuring of the market, it is necessary to have a value
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proposition that will motivate clients and investors to carry out projects to integrate non-
conventional renewable sources in ZNI, or in areas that can be electrified [6].

The projects that have been realized in some places satisfy the electricity supply
coverage without paying attention to whether the solutions implemented are sustainable [2].
Thus, technical sustainability refers to the system’s ability to maintain a reliable, safe,
and efficient supply, despite problems such as voltage or frequency drops outside the
established ranges [2,55]. It considers incentives for the provision of ancillary services
involving a series of particularities and challenges that differentiate it from the conventional
operation of traditional distribution networks [2,55,56]. The value proposition was to
analyze some policies to regulate the provision of technical services (frequency and voltage
control in an off-grid rural microgrid). This proposal’s potential benefit is found in the
incentive of technical sustainability to provide energy to end-users, regardless of events,
and based on the provision of technical services.

Economic sustainability guarantees investment in infrastructure. If implemented
in the Colombian ZNI or rural areas, it would increase the benefits and overcome some
challenges faced in the electrification of these off-grid rural areas [6].

The dimension of technical sustainability is related to the reliability, security, and
continuity of the electricity supply, and advantages such as reducing electrical losses and
accidental disconnections, through voltage and frequency control [6,57,58], as well as the
use of the potential renewable energy of each region. However, this energy transition
involves all the infrastructure development of the distribution network, which includes
advanced measurement and control technology that makes visible and communicates all
the microgrid elements [50,57,59,60].

Agents are presumed to participate in ancillary services in a microgrid in the ZNI
driven by incentives, subsidies, differential rates, and penalties, and depending on the
energy sources installed in each microgrid. The continuous updating and modernization
of the infrastructure are expected to provide the electric power service’s quality and
reliability [6].

3.2. Business Model Canvas for the Energy Transition to Operational Sustainability in the ZNI

For the business model’s definition, it is necessary to consider the dimensions pre-
sented in Table 1.

Table 1. Dimensions of the business model source: adapted from [6].

Dimensions

Who are the participating agents? The agents that participate in the business model are
the distributed energy resources (DERs)

What products does each agent offer?

3 Based on the technical analysis, an operational
policy is defined for each DER: providing ancillary
services to maintain the security of supply and
technical sustainability in non-interconnected zones
(ZNI). The ancillary services are:
Voltage control
Frequency control

How is agent satisfaction achieved?

Satisfaction is based on sustainability, based on
return on investment, taking advantage of
regulatory policy that considers operational and
economic concepts.

From who, how, and when is the money
produced?
Whom does it belong to?

The money is produced by some policies like
incentives, tax benefits, and rates that include the
Demand Side Management—DSM. The revenues
come from different entities, and a structure of
subsidies for the availability and provision of
voltage and frequency control ancillary services
is proposed.
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Table 1 shows the dimensions that allow us to define the business model canvas [23]
for energy transition and the sustainable operation of the off-grid rural microgrids with the
provision of ancillary services, such as voltage and frequency control. The main changes in
the business model canvas are defined and described below:

3.2.1. Value Proposition

The value proposition is why customers prefer one product or service over another; it
solves a problem or satisfies a market need with innovative solutions [23].

In this case, off-grid rural electrification is one of the predominant problems in elec-
trification worldwide [61]. Most countries have focused on increasing electricity supply
access without considering whether the solutions implemented are sustainable [2].

Thus, it is crucial to develop off-grid rural microgrids capable of supplying reliable,
sustainable, and safe electricity by providing support services to the operation with DERs,
which involves a series of particularities and challenges that differentiate this type of
operation from the conventional distribution network operation [55]. The balance between
the energy generated in the distributed generation (DG) units and the power consumed by
the demand [62,63] are among these challenges.

In isolated microgrid operation there are some challenges related to the continuity and
sustainability of the service provision, intending to maintain a constant balance between
demanded and generated power, avoiding load disconnections when there is a loss of
generation or when fortuitous events occur in the microgrid, while at the same time,
there are interoperability challenges related to the constant exchange of signals with the
microgrid’s central control [64–68].

Providing ancillary voltage and frequency control services makes it possible to ensure
technical sustainability in microgrid operation [65]. Voltage control is associated with reac-
tive power flow through the microgrid to avoid congestion and damage to equipment [68],
and frequency control is related to the difference between generation and demand [66].
In the case of isolated microgrid operation, these changes are constant and noticeable
compared with bulk power system operation (lower inertia), so maintaining stability is
crucial for its operational sustainability.

This challenge is linked to the provision of ancillary services for voltage and frequency
control, i.e., to overcome a small inertial difficulty, it is necessary to have DERs with the
ability to increase or decrease the active and reactive power to recover the frequency and
voltage profiles at the ranges defined in the regulation [47].

Table 2 shows a proposal that, if implemented in Colombia, would allow a possible
increase in the impact of DERs utilization benefits, and which could help to overcome some
challenges presented in the operation of the microgrids.

Table 2. Proposal for the operation by off-grid rural electrification in Colombia. Source: [6].

Proposal Potential Benefit

Regulation for ancillary services with DERs
(frequency control and voltage regulation in
off-grid rural microgrids), based on a
regulatory policy that encourages investment.

Technical sustainability that allows, after the
occurrence of an event, to continue providing
energy to users, based on the modernization of
the distribution, communications, and control
network infrastructure.

Economic sustainability guarantees investment
in active distribution network infrastructure,
such as advanced measurement and control,
that allows different DERs to communicate
with the system operator.

The dimension of technical sustainability is related to the reliability and continuity of
the electricity supply. The following events occur in the sustainable operation of microgrids
with high DER penetration:
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• Deferment of investments in the expansion of distribution networks [69–71].
• Reduction of electrical losses due to the installation of dispersed DERs in the sys-

tem [57,58,72]
• Use of each region’s energy potential through the connection of distributed generation

from renewable sources close to consumption centers.
• Implementation of proposals related to sustainable project development would re-

duce disconnect hours by implementing frequency and voltage control services as
ancillary services.

However, to achieve technical sustainability in this type of operation, the distribution
network infrastructure must be active, i.e., the distribution system must include advanced
measurement and control technology that allows DERs to be visible and to communicate
with the system operator [2,57,60,73].

In defining a decision policy that encourages ancillary services in operation by off-
grid rural microgrids, there are challenges related to the system’s technical and economic
operation, making it necessary to define each agent’s responsibilities and commitments.

From a technical perspective, a technological infrastructure includes the control,
communications, protections, and elements of an active distribution network associated
with the installed DERs. It is also necessary that the mentioned infrastructure allows
maintaining the balance between generation and demand in the off-grid rural microgrid to
guarantee the provision of a sustainable service when variations and disturbances occur in
the microgrid [60,74].

Economically, agents are expected to participate in the provision of voltage and
frequency control ancillary services in an off-grid rural microgrid, driven by incentives,
subsidies, differential rates, and penalties, depending on the nature of the DERs, and
which guarantee constant updating and infrastructure modernization for the provision of
ancillary services.

Table 3 presents a proposal for defining each DER’s role connected to the off-grid rural
microgrid, to differentiate each interconnected resources’ responsibilities, commitments,
and challenges.

Table 3. The proposed definition of roles for each DER connected to the off-grid rural microgrid.
Source: [6].

Ancillary Service DER Technical Challenge Economic Challenge

Voltage control
DG

(Distributed
Generation)

Reactive control. Reactive
power reserve.

Incentives,
Subsidies

Frequency control DG
Demand Response

Active power balance
and frequency control.

Reduction and increase in
consumption.

With the different actors involved in the off-grid rural microgrid’s technical sustainabil-
ity, safe and reliable operation is guaranteed with the provision of ancillary services. The
experience obtained from implementing off-grid rural electrification in the Colombian ZNI
can be replicated in the national interconnected system (SIN) to operate the system flexibly,
and allow the distribution systems to provide ancillary services to the transmission system.

For this business model, the value proposition is classified as a perceived need in
operation by off-grid rural microgrids. This value proposition is implementing off-grid
rural microgrids that operate sustainably through the provision of ancillary services.

3.2.2. Customer Relationships

Customer relationships lead to redefining and keeping the business model up to date.
These dynamics allow customers to acquire and retain or promote new business models
based on providing a service [23].
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In the off-grid rural microgrid, there are demand-response (DR) systems that allow the
demand to participate in the microgrid operation when variations in the primary resource
occur, or when there are oscillation events or generation losses. DR will enable us to know
the behavior and preferences of the users. In this case, the demand must be able to be
disconnected from the off-grid rural microgrid, according to the generation and demand
power balance.

As a result, the possibility of making changes in the consumption patterns allows
the system operator to program controlled load shifting and load curtailments, which
would maintain the active power balance in the system, while allowing it to respond to
emergencies that compromise the connection of users [70].

3.2.3. Revenue Stream

International experiences have presented this economic model with or without a social
rate, since the populations of the ZNI should be considered to have limited financing [20].
The strategy proposed for the tariff is the inclusion of the DSM, due to the importance of
having flexible demand to maintain the off-grid rural microgrid’s technical sustainability.

Currently, in terms of electrical energy provision, there is a subsidy mechanism that
guarantees that ZNI users have the same energy rates as any user that is supplied by
the national interconnected system (SIN), justified by the high generation costs of electric
power in these remote zones [75]. The rates applied to these projects must consider what
is defined in El Consejo Nacional de Política Económica y Social—CONPES 3453 of 2006,
regarding the characteristics of the ZNI, which allow the operation to be profitable with
off-grid rural microgrids and to have a profitability consistent with the provision risks of
these services [76].

The DSM contributes to security and continuity in the supply by the contribution
of the DER. For the reliability indices to improve, and thus guarantee the security of the
supply to the off-grid rural microgrids, DSM programs that allow the provision of voltage
and frequency control ancillary services are proposed; to reduce the energy not supplied,
traditional schemes have been “tropicalized” to implement a sustainable scheme called:
renewable energy premium tariff (RPT) [77].

This scheme includes the demand as an agent in off-grid rural microgrids [77]. This
DSM mechanism describes the inclusion of incentives in the user rate [77]. The bonus
is discounted in the tariff formula because it provides ancillary services, as shown in
Equation (1), measured in USD/kWh.

New Tariff = ZNI Tariff − Ancillary services, (1)

where “New Rate” corresponds to the payment for electricity. This rate is taken from CREG
resolution 091 of 2007 [75], and it is defined by Equation (2), measured in USD/kWh.

ZNI Tariff = Gm1 − P + Dmn + Cm, (2)

where
Gm: cost of generation available, USD/kWh
P: cost system losses, USD/kWh
Dmn: cost of distribution system usage tariff, USD/kWh
Cm: cost of commercialization, USD/kWh.

3.2.4. Sources of Income

The ancillary services incentive used to guarantee economic sustainability in operation
by off-grid rural microgrids needs to define income sources, taking into account the value
proposal [23].

This section is divided into two: first, the tax benefits described in the law, and the
incentives that can be obtained for the provision of voltage and frequency control ancillary
services will be described, then the commercialization revenues will be defined, according
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to the document CREG 091 of 2007 [75]. Additionally, the source of income is related to the
incentives to provide ancillary services, together with support for demand management,
which may be associated with the microgrid’s technical and economic sustainability [50].

• Income from benefits provided in laws and technical incentives

Due to the characteristics of the ZNIs, where off-grid rural microgrid implementation
is proposed, state intervention is necessary to ensure the expansion of electrification and to
make the investment is profitable for investors and agents. This intervention can be carried
out through legislation or through investment incentives for providing ancillary services to
guarantee the technical sustainability of the off-grid rural microgrid [20].

• Benefits provided by law

From the issuance of Law 1715 in 2014, the use of off-grid rural electrification initiatives
has been encouraged, especially in ZNIs that are in the process of regulation, and mainly
seeking to gradually replace generation with fuel, in an aim to reduce costs in the provision
of the service and polluting emissions [78].

Law 1715 (2014) and decrees of the Ministry of Mines and Energy (MME), 1623
(2015) and 1513 (2016), define the policy guidelines for the universalization of the electric
power service and the use of financial support funds. With this decree, a change in the
policy was presented to favor the extension of the coverage through off-grid, centralized,
individual solutions and microgrids [79]. The financial support funds that can be used are
the Financial Support Fund for the Energization of Non-Interconnected Zones (FAZNI), the
Non-Conventional Energy Fund, the Sistema General de Regalías (SGR), and the National
Fund for Efficient Energy Management (FENOGE) [79].

The SGR coordinates and determines, between the territorial entities and the national
government, the distribution, objectives, purposes, administration, execution, control,
use, and allocation of income from the exploitation of non-renewable natural resources,
specifying the conditions of participation of its beneficiaries [79].

The income information for coverage by type of technology allows considering the
value assigned for technologies with renewable sources. For solar technology, a total of
USD 26.4 Million were allocated in 2018 to hybrid projects in the ZNI [80].

• Benefits for technical incentives

The ZNI has subsidies so that the fossil fuel they are fed can be profitable for the
operation. It is proposed to change the incentive delivered by fuel, to being used to
compensate for the availability of DERs for the provision of voltage and frequency control
ancillary services.

During the second half of 2019, the fuel subsidy assigned to one of the service providers
was USD 2.5 Million [81]. However, the value to be analyzed will correspond to half of
the lower subsidy (USD 200) because it is expected that these long-term subsidies can be
dismantled in a longer time period [81].

3.2.5. Key Activities

These activities contain what must be done for the business model to succeed, such as
the essential resources. They are related to the value proposition design and are necessary
to maintain customer relationships and generate revenue [23]. The key activities for the
provision of voltage and frequency control as ancillary services are presented in Table 4.

Table 4. Key activities defined for the business model canvas. Source: [6].

Key Activity DG Solar Photovoltaic (PV) + Energy
STORAGE System (ESS) Demand

Reactive control X X
Active power reserve X X

Active power and
frequency control X X X
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3.2.6. Cost Structure

It is necessary to consider the annual recurring costs, equipment replacement costs,
OPEX (Operational expenditures) and CAPEX (Capital Expenditures), and beneficiary rates
to develop a market design. Likewise, the benefits defined by regulation and the economic
advantages that arise when implementing this type of technology, such as international
financing, must be analyzed [20].

Off-grid rural microgrid operation and the integration of the DERs to the distribution
system require a high initial investment and adequate maintenance, so that the off-grid
rural microgrid can provide ancillary services and ensure sustainability [54].

• Investment Costs: CAPEX

The learning curves show the evolution of technology’s investment costs and how
they are reduced by accumulating knowledge and experiences related to research and
development (R&D), production, and implementation [77]. The costs associated with the
off-grid rural microgrid tend to be reduced due to new technologies, asset management
programs, and scheduled maintenance. The investment is related to the plant’s profitability,
and the ratio of income related to the operation support [77].

The costs analyzed in the business model canvas for the sustainable operation of the
off-grid rural microgrids are the CAPEX, which are associated with the investment costs
related to the necessary infrastructure for the operation of off-grid rural electrification,
combined with the Comisión de Regulación de Energía y Gas—CREG methodology of the
weighted average cost of Capital (WACC) [77]. The CAPEX behavior is based on learning
curves, i.e., costs are reduced over time through learning, diffusion of technologies, and
operation by off-grid rural microgrids that include voltage and frequency control ancillary
services.

The CAPEX calculation formula contains the learning rate curve for the technologies
installed in the off-grid rural microgrid.

CAPEX =
Capitalcosts

(1 + Learningrate)
(3)

The values considered the learning rate with which the business model is analyzed are
taken from [82], and are associated with the generation technology installed in the off-grid
rural microgrid, and are shown in Table 5.

Table 5. Learning rate by technology. Source: [82].

Technology Learning Rate

Solar PV. 23%
Hydropower 1.4%

• Operation and maintenance costs: OPEX

The OPEX is the annual recurring costs associated with the operation and mainte-
nance (O&M) expenses and the equipment’s useful life costs. Traditionally, operation
and maintenance costs in off-grid rural electrification solutions are higher than for micro-
grids connected to the electrical power system. These costs should reflect the value of the
provision of the service [20].

4. Results and Discussion

The conditions described in the business model canvas were modeled using system
dynamics (SD), which allows analyzing different agents’ behavior in different scenarios
holistically. Figure 1 shows a summary of the business model canvas.
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Figure 1. Business model canvas. Source: adapted from [6].

It is necessary to define adequate policies to analyze the investors’ profitability in each
proposed case. Table 6 shows a summary of the scenarios for an off-grid rural distribution
system (microgrid) with three DG units.

Table 6. Simulation scenarios. Source: own design.

Case Scenario

1 Commercialization (Base Case)
2 Law incentives + Technical incentives by a capacity for frequency control
3 Law incentives + Technical incentives by a capacity for voltage control
4 Law incentives + Technical incentives for availability

Figure 2 shows the results of economic sustainability, represented as profitability in the
model. The figure shows the relationship between income and costs incurred in integrating
solutions with DERs in an off-grid rural microgrid. It is expected that this ratio will be
greater than or equal to one (1) to ensure that benefits are obtained.

Case 1 shows that the costs are higher than the income for the 20 years of the analysis.
Therefore, it is not economically sustainable to maintain this type of operation in the ZNI.
Thus, incentives that favor the investment in DERs must be incorporated.

For case 2, income is higher than costs, and investors will be attracted to this type of
investment. Moreover, the benefit–costs relationship shows that the investment is recovered
and has sustainability in the long term. The oscillation in profitability, stabilizing O&M
costs when the potential DERs and the CAPEX correspondingly decrease with the learning
rate. Therefore, in year 12, profitability is stabilized.

The profitability in case 3 also decreases when compared with case 2, and it is possible
to balance costs and income. However, this incentive alone would not be so attractive
to investors.
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In case 4, profitability is below case 2 (in which DERs connection and the ability to
maintain the balance of P is remunerated) and above case 3 (in which DERs connection and
ability to maintain Q’s balance is remunerated). However, the revenues are more significant
than the costs, and, the DERs’ availability to support the microgrid is remunerated. This
incentive also maintains economic sustainability in the off-grid rural microgrid by having
revenues higher than costs. This incentive can be used as a decision policy to attract
investment in DERs connection to microgrids and the participation of the demand.

Figure 2. DER evolution. Source: compiled by author.

Sustainability in the provision of electricity supply to the non-interconnected zones is
associated with the energy transition by implementing regulatory policies that facilitate the
integration of renewable energy into the network, and the implementation of a business
model attractive to investors. In this paper, the inclusion of technical incentives that become
a source of income for investors through regulatory policies providing an electricity service
that allows investors to have an investment return, and under considerations that will
enable technical and economic sustainability, is proposed. Another proposal is that the
added value guarantees the service’s continuity and sustainability based on the provision
of voltage and frequency control ancillary services by integrating DERs into an off-grid
rural microgrid.

The requirements of the proposed business model canvas were developed around
what is defined in the regulation. However, it is necessary to redirect the existing subsidies
so that the integration of non-conventional renewable sources is massified, and an energy
transition is possible in Colombian off-grid rural electrification.

The proposed model includes the direct interaction with the users, intending to
involve the community in the maintenance of the electricity supply system, and raising
awareness in the users that through the inclusion of technical support services and with the
participation of the community, it is possible to have a continuous supply, and decreasing
the billing price.

The energy transition must be associated with energy policies, including rural electri-
fication off-grid zones that encourage DER integration, such as those proposed that include
the compensation of the generation availability (dispatch) or a connection charge in case of
possible unbalances, to incentivize the development of sustainable projects.

5. Conclusions and Future Research

In this paper, a business model canvas with a technical and economic view has been
proposed. The value proposition is formulated to include support services to guarantee
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microgrid operation and to improve the condition of inertia, reactivity, and stability prob-
lems with the ability to increase or decrease the active and reactive power to recover the
frequency and voltage profiles at the ranges defined in the regulation, and using different
DERs connected to it.

The business model canvas quantifies the costs associated with DER control and the
infrastructure required to facilitate the provision of ancillary services, voltage and frequency
control, and to guarantee microgrid operation sustainability. Additionally, in the incomes,
the model includes some incentives evaluated under system dynamics methodology to
analyze the impact of implementing the incentives on the investors’ profitability and the
participants of microgrid operations.

The results show that it is necessary to define the demand participation in the mi-
crogrid operation with a tariff that compensates for the energy interaction between the
demand and the grid. Furthermore, to guarantee sustainability, investment is needed in DG
with advanced control to provide active and reactive power when needed by the microgrid.
Furthermore, DG investors’ incentives have been according to the benefit and the services
provided to microgrid sustainability.

Results focused on the profitability of different regulatory policies to incentivize the
massification of DER in isolated microgrids must increase the connection and participation
of DER, with technical and economic responsibilities adjusted in the business model canvas.
The simulation shows that it is necessary to propose a market scheme that motivates the
investors to include technological innovation, in control terms, to maintain voltage and
frequency in regulatory ranges.

In future research, a big data analysis could be considered in the model to adjust the
demand in ancillary services, taking into account the dynamics of demand. In these cir-
cumstances, the stochasticity of the demand can modify the participation and the flexibility
of the microgrid. Moreover, the dismantling of incentives in the long term and determining
user fees can be included in the model to help the government define a microgrid policy to
develop Colombian non-interconnected zones.

Author Contributions: Formal analysis, A.A.-M.; Investigation, A.A.-M., D.L.-G., C.A.-L. and S.X.C.-
Q.; Methodology, A.A.-M., D.L.-G., and C.A.-L.; Software, A.A.-M., and D.L.-G., Validation, A.A.-M.,
D.L.-G., and S.X.C.-Q.; Writing—original draft, A.A.-M., D.L.-G., C.A.-L. and S.X.C.-Q.; Writing—
review & editing, A.A.-M., D.L.-G., C.A.-L. and S.X.C.-Q. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that there are no conflicts of interest regarding the publica-
tion of this paper.

References
1. Programa de las Naciones Unidas para el Desarrollo Objetivos de Desarrollo Sostenible. PNUD. Available online: https:

//www.undp.org/content/undp/es/home/sustainable-development-goals.html (accessed on 4 April 2019).
2. Bhattacharyya, S.C. Energy access programmes and sustainable development: A critical review and analysis. Energy Sustain. Dev.

2012, 16, 260–271. [CrossRef]
3. Thapa, R.B.; Upreti, B.R.; Devkota, D.; Pokharel, G.R. Identifying the Best Decentralized Renewable Energy System for Rural

Electrification in Nepal. J. Asian Rural Stud. 2020, 4, 49–70.
4. Thapa, R.B.; Upreti, B.R.; Raj, B.; Durga, U.; Govind, D.; Pokharel, R. Prioritizing the Weightage of Sustainability Criteria

and Sub-Criteria of Decentralized Micro-Hydropower Projects for Rural Electrification in Nepal. J. Energy Technol. Policy 2019.
[CrossRef]

5. Delano, O.; Odou, T.; Bhandari, R.; Adamou, R. Hybrid off-grid renewable power system for sustainable rural electrification in
Benin. Renew. Energy 2019. [CrossRef]

https://www.undp.org/content/undp/es/home/sustainable-development-goals.html
https://www.undp.org/content/undp/es/home/sustainable-development-goals.html
http://doi.org/10.1016/j.esd.2012.05.002
http://doi.org/10.7176/jetp/9-9-02
http://doi.org/10.1016/j.renene.2019.06.032


Sustainability 2021, 13, 4308 14 of 16

6. Arango-Manrique, A. Evaluación Técnica y de Mercado de la Operación de una Microrred en Modo Aislado dentro de un Sistema Eléctrico
de Potencia con Ambiente Desregulado; Universidad Nacional de Colombia: Manizales, Colombia, 2017.

7. Peters, J.; Sievert, M.; Toman, M.A. Rural electrification through mini-grids: Challenges ahead. Energy Policy 2019, 132, 27–31.
[CrossRef]

8. Knuckles, J. Business models for mini-grid electricity in base of the pyramid markets. Energy Sustain. Dev. 2016, 31, 67–82.
[CrossRef]

9. Boutin, V.; Feasel, M.; Cunic, K.; Wild, J. How Microgrids Contribute to the Energy Transition Executive summary. 2016. Available
online: https://perspectives.se.com/drive-sustainable-growth/how-microgrids-contribute-to-the-energy-transition (accessed
on 13 August 2020).

10. Child, M.; Koskinen, O.; Linnanen, L.; Breyer, C. Sustainability guardrails for energy scenarios of the global energy transition.
Renew. Sustain. Energy Rev. 2018, 91, 321–334. [CrossRef]

11. Kern, F.; Smith, A. Restructuring energy systems for sustainability? Energy transition policy in the Netherlands. Energy Policy
2008, 36, 4093–4103. [CrossRef]

12. Pachauri, S.; Jiang, L. The household energy transition in India and China. Energy Policy 2008, 36, 4022–4035. [CrossRef]
13. Low, M. Climate Change Negotiations Training Workshop for NUS and Singapore Youth. 2018. Available online: https:

//unfccc.int/sites/default/files/resource/InfoNotetoPartiesonAdditionalSession_Revised.pdf (accessed on 13 August 2020).
14. Andrews-Speed, P. Energy law in support of the low-carbon transition: Lessons from the United Kingdom and China. Front. Law

China 2015, 10, 295–315. [CrossRef]
15. Kubli, M.; Ulli-Beer, S. Decentralisation dynamics in energy systems: A generic simulation of network effects. Energy Res. Soc. Sci.

2016, 13, 71–83. [CrossRef]
16. Banal-Estañol, A.; Calzada, J.; Jordana, J. How to achieve full electrification: Lessons from Latin America. Energy Policy 2017, 108,

55–69. [CrossRef]
17. Boliko, C.M.; Ialnazov, D.S. An assessment of rural electrification projects in Kenya using a sustainability framework. Energy

Policy 2019, 133, 110928. [CrossRef]
18. Intergovernmental Panel on Climate Change (Ed.) Euei Pdf Summary for Policymakers. In Climate Change 2013—The Physical

Science Basis; Cambridge University Press: Cambridge, UK, 2014; pp. 1–30. ISBN 9788578110796.
19. Ministerio de Minas y Energía. DECRETO NÚMERO 884 DE 26 MAYO 2017. 2017. Available online: https://www.

funcionpublica.gov.co/eva/gestornormativo/norma.php?i=81837https://www.funcionpublica.gov.co/eva/gestornormativo/
norma.php?i=81837 (accessed on 4 April 2020).

20. Chamoch, M.; Bernad, R. Desarrollo de un Modelo de Electrificación para Comunidades Rurales y Zonas Aisladas. 2016. Available
online: https://energiasinfronteras.org/wp-content/uploads/2016/09/Esf-Iberdrola_-Modelo-de-Electrificación-Rural-1.pdf
(accessed on 10 August 2020).

21. Wiemann, M.; Rolland, S.; Glania, G. Hybrid Mini-Grids for Rural Electrification: Lessons Learned. 2011. Available online:
https://www.ruralelec.org/sites/default/files/hybrid_mini-grids_for_rural_electrification_2014.pdf (accessed on 10 June 2020).

22. Euei Summary for Policymakers. 2014. Available online: http://www.euei-pdf.org/en/recp/mini-grid-policy-toolkit (accessed
on 6 August 2020).

23. Osterwalder, A.; Pigneur, Y.; Clark, T.; Smith, A. Business Model Generation: A Handbook for Visionaries, Game Changers, and Challengers;
John Wiley & Sons: Hoboken, NJ, USA, 2010; ISBN 9780470876411.

24. Al-Saedi, W.; Lachowicz, S.W.; Habibi, D.; Bass, O. Voltage and frequency regulation based DG unit in an autonomous microgrid
operation using Particle Swarm Optimization. Int. J. Electr. Power Energy Syst. 2013, 53, 742–751. [CrossRef]

25. Bayat, M.; Sheshyekani, K.; Hamzeh, M.; Rezazadeh, A. Coordination of Distributed Energy Resources and Demand Response
for Voltage and Frequency Support of MV Microgrids. IEEE Trans. Power Syst. 2016, 31, 1–11. [CrossRef]

26. Lopes, J.A.P.; Madureira, A.G.; Moreira, C.C.L.M. A view of microgrids. Wiley Interdiscip. Rev. Energy Environ. 2013, 2, 86–103.
[CrossRef]

27. Riverso, S.; Sarzo, F. Plug-and-play voltage and frequency control of islanded microgrids with meshed topology. IEEE Trans.
Smart Grid 2014, 6, 1176–1184. [CrossRef]

28. Soshinskaya, M.; Crijns-Graus, W.H.J.; Guerrero, J.M.; Vasquez, J.C. Microgrids: Experiences, barriers and success factors. Renew.
Sustain. Energy Rev. 2014, 40, 659–672. [CrossRef]

29. Koch-Ciobotaru, C.; Boraci, R.; Prostean, O.; Szeidert, I. Voltage control in a microgrid using demand response. SACI 2013 8th
IEEE Int. Symp. Appl. Comput. Intell. Inform. Proc. 2013, 233–237. [CrossRef]

30. Weckx, S.; D’Hulst, R.; Driesen, J. Primary and Secondary Frequency Support by a Multi-Agent Demand Control System. IEEE
Trans. Power Syst. 2015, 30, 1394–1404. [CrossRef]

31. Riesz, J.; Macgill, I. Frequency Control Ancillary Services Is Australia a Model Market for Renewable Integration? 12th Int. Work.
Large-Scale Integr. Wind Power into Power Syst. 2013.

32. Mazidi, M.; Zakariazadeh, A.; Shahram Jadid, P.S.; Mazidi, M.; Zakariazadeh, A.; Jadid, S.; Siano, P. Integrated scheduling of
renewable generation and demand response programs in a microgrid. Energy Convers. Manag. 2014, 86, 1118–1127. [CrossRef]

33. Kroposki, B.; Lasseter, R.; Ise, T.; Morozumi, S.; Papathanassiou, S.; Hatziargyriou, N. Making microgrids work. IEEE Power
Energy Mag. 2008, 6, 40–53. [CrossRef]

http://doi.org/10.1016/j.enpol.2019.05.016
http://doi.org/10.1016/j.esd.2015.12.002
https://perspectives.se.com/drive-sustainable-growth/how-microgrids-contribute-to-the-energy-transition
http://doi.org/10.1016/j.rser.2018.03.079
http://doi.org/10.1016/j.enpol.2008.06.018
http://doi.org/10.1016/j.enpol.2008.06.016
https://unfccc.int/sites/default/files/resource/InfoNotetoPartiesonAdditionalSession_Revised.pdf
https://unfccc.int/sites/default/files/resource/InfoNotetoPartiesonAdditionalSession_Revised.pdf
http://doi.org/10.3868/s050-004-015-0016-6
http://doi.org/10.1016/j.erss.2015.12.015
http://doi.org/10.1016/j.enpol.2017.05.036
http://doi.org/10.1016/j.enpol.2019.110928
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=81837https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=81837
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=81837https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=81837
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=81837https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=81837
https://energiasinfronteras.org/wp-content/uploads/2016/09/Esf-Iberdrola_-Modelo-de-Electrificaci�n-Rural-1.pdf
https://www.ruralelec.org/sites/default/files/hybrid_mini-grids_for_rural_electrification_2014.pdf
http://www.euei-pdf.org/en/recp/mini-grid-policy-toolkit
http://doi.org/10.1016/j.ijepes.2013.06.002
http://doi.org/10.1109/TPWRS.2015.2434938
http://doi.org/10.1002/wene.34
http://doi.org/10.1109/TSG.2014.2381093
http://doi.org/10.1016/j.rser.2014.07.198
http://doi.org/10.1109/SACI.2013.6608974
http://doi.org/10.1109/TPWRS.2014.2340582
http://doi.org/10.1016/j.enconman.2014.06.078
http://doi.org/10.1109/MPE.2008.918718


Sustainability 2021, 13, 4308 15 of 16

34. Schiffer, J.; Seel, T.; Raisch, J.; Sezi, T. Voltage Stability and Reactive Power Sharing in Inverter-Based Microgrids with Consensus-
Based Distributed Voltage Control. IEEE Trans. Control Syst. Technol. 2016, 24, 96–109. [CrossRef]

35. Wang, Z.; Sun, H.; Nikovski, D. Static voltage stability detection using local measurement for microgrids in a power distribution
network. Conf. Decis. Control 2015, 3254–3259.

36. Simpson-Porco, J.W.; Shafiee, Q.; Dorfler, F.; Vasquez, J.C.; Guerrero, J.M.; Bullo, F. Secondary Frequency and Voltage Control of
Islanded Microgrids via Distributed Averaging. IEEE Trans. Ind. Electron. 2015, 62, 7025–7038. [CrossRef]

37. Carlos, A.; De Souza, Z.; Santos, M.; Castilla, M.; Miret, J.; De Vicuña, L.G.; Marujo, D. Voltage security in AC microgrids: A
power flow-based approach considering droop-controlled inverters. IET Renew. Power Gener. 2015, 9, 1–7. [CrossRef]

38. Mohanty, A.; Viswavandya, M.; Mishra, D.; Ray, P.K.; Patra, S.; Sthitapragyan, M. An optimized STATCOM controller for voltage
stability and reactive power compensation in an isolated micro grid. In Proceedings of the 2015 IEEE Power, Communication and
Information Technology Conference (PCITC), Bhubaneswar, India, 15–17 October 2015; pp. 884–888. [CrossRef]

39. Gouveia, C.; Moreira, J.; Moreira, C.L.; Pecas Lopes, J.A. Coordinating storage and demand response for microgrid emergency
operation. IEEE Trans. Smart Grid 2013, 4, 1898–1908. [CrossRef]

40. Zhao, Z.; Yang, P.; Green, T.C.; Ma, Y.; Xu, Z.; Lei, J. Steady-State Voltage Stability Analysis and Improvement Strategies of
Microgrid With Double Fed Induction Wind Generator. In Proceedings of the 2015 18th International Conference on Electrical
Machines and Systems (ICEMS)), Pattaya City, Thailand, 25–28 October 2015; pp. 1063–1068.

41. Kekatos, V.; Wang, G.; Conejo, A.J.; Giannakis, G.B. Stochastic Reactive Power Management in Microgrids with Renewables.
IEEE Trans. Power Syst. 2015, 30, 3386–3395. [CrossRef]

42. Broeer, T.; Fuller, J.; Tuffner, F.; Chassin, D.; Djilali, N. Modeling framework and validation of a smart grid and demand response
system for wind power integration. Appl. Energy 2014, 113, 199–207. [CrossRef]

43. Mistry, K.D.; Roy, R. Impact of demand response program in wind integrated distribution network. Electr. Power Syst. Res. 2014,
108, 269–281. [CrossRef]

44. Oconnell, N.; Pinson, P.; Madsen, H.; Omalley, M. Benefits and challenges of electrical demand response: A critical review. Renew.
Sustain. Energy Rev. 2014, 39, 686–699. [CrossRef]

45. Bottrell, N.; Prodanovic, M.; Green, T.C. Dynamic stability of a microgrid with an active load. IEEE Trans. Power Electron. 2013, 28,
5107–5119. [CrossRef]

46. Nemati, M.; Tenbohlen, S.; Imran, M.; Mueller, H.; Braun, M. Frequency and voltage control in microgrids: Modeling and
simulations in islanded mode. IEEE PES Innov. Smart Grid Technol. Conf. Eur. 2015, 2015, 1–6. [CrossRef]

47. Gomez-Exposito, A.; Conejo, A.J.; Canizares, C. Electric Energy Systems Analysis and Operation; CRC Press: Boca Raton, FL, USA,
2009; ISBN 9780849373657.

48. Massa, L.; Tucci, C.; Afuah, A. A Critical Assessment of Business Model Research. Acad. Manag. Ann. 2016, 11, 73–104. [CrossRef]
49. Kavadias, S.; Ladas, K.; Loch, C. Intelligent Content In One Click The TransformaTive Business model: How To Tell If You Have

One. Harv. Bus. Rev. 2016, 2–7.
50. Bhattacharyya, S.C.; Palit, D. Mini-grid based off-grid electrification to enhance electricity access in developing countries: What

policies may be required? Energy Policy 2016, 94, 166–178. [CrossRef]
51. UPME, MINMINAS, C.I. Acciones Para La Transformación Del Sector Eléctrico Colombiano. 2017. Available online: http:

//www.upme.gov.co/Memorias_Seminarios_sp/Taller_microrredes_ZNI/resultados_taller.pdf (accessed on 19 March 2020).
52. Sánchez, A.S.; Torres, E.A.; Kalid, R.A. Renewable energy generation for the rural electrification of isolated communities in the

Amazon Region. Renew. Sustain. Energy Rev. 2015, 49, 278–290. [CrossRef]
53. Kavadias, S.; Ladas, K.; Loch, C. The transformative business model. Harvard Bus. Rev. 2016, 94, 90–98.
54. Meier, D.T. Innovative Business Models and Financing Mechanisms for PV Deployment in Emerging Regions. Int. ENERGY

AGENCY Photovolt. POWER Syst. Program. 2014, 11, 26.
55. IEEE. IEEE 1547.4 Guide for Design, Operation, and Integration of Distributed Resource Island Systems with Electric Power Systems;

IEEE Standards Coordinating Committee: New York, NY, USA, 2011.
56. Dobakhshari, A.S.; Azizi, S.; Ranjbar, A.M. Control of microgrids: Aspects and prospects. 2011 Proc. 2011 Int. Conf. Netw. Sens.

Control 2011, 38–43. [CrossRef]
57. Sioshansi, F. Smart Grid: Integrating Renewable, Distributed and Efficient Energy; Sioshansi, F.P., Ed.; Academic Press: Waltham, MA,

USA, 2011; ISBN 0123864534.
58. Afkousi-Paqaleh, M.; Abbaspour-Tehrani Fard, A.; Rashidinejad, M. Distributed generation placement for congestion manage-

ment considering economic and financial issues. Electr. Eng. 2010, 92, 193–201. [CrossRef]
59. Ardeshna, N.K.; Chowdhury, B.H. Supporting islanded microgrid operations in the presence of intermittent wind generation. In

Proceedings of the IEEE PES General Meeting, PES 2010, Minneapolis, MN, USA, 25–29 July 2010; pp. 1–8.
60. Lidula, N.W.A.; Rajapakse, A.D. Microgrids research: A review of experimental microgrids and test systems. Renew. Sustain.

Energy Rev. 2011, 15, 186–202. [CrossRef]
61. International Energy Agency—IEA Energy for All: Financing access for the poor (Special early excerpt of the World Energy

Outlook 2011). 2011. Available online: http://www.iea.org/media/weowebsite/energydevelopment/weo2011_energy_for_all-1.
pdf (accessed on 30 January 2020).

62. Iravani, R.; Mehrizi-Sani, A. Potential-Function Based Control of a Microgrid in Islanded and Grid-Connected Modes. IEEE Trans.
Power Syst. 2010, 25, 1883–1891.

http://doi.org/10.1109/TCST.2015.2420622
http://doi.org/10.1109/TIE.2015.2436879
http://doi.org/10.1049/iet-rpg.2014.0406
http://doi.org/10.1109/PCITC.2015.7438121
http://doi.org/10.1109/TSG.2013.2257895
http://doi.org/10.1109/TPWRS.2014.2369452
http://doi.org/10.1016/j.apenergy.2013.06.058
http://doi.org/10.1016/j.epsr.2013.11.018
http://doi.org/10.1016/j.rser.2014.07.098
http://doi.org/10.1109/TPEL.2013.2241455
http://doi.org/10.1109/ISGTEurope.2014.7028858
http://doi.org/10.5465/annals.2014.0072
http://doi.org/10.1016/j.enpol.2016.04.010
http://www.upme.gov.co/Memorias_Seminarios_sp/Taller_microrredes_ZNI/resultados_taller.pdf
http://www.upme.gov.co/Memorias_Seminarios_sp/Taller_microrredes_ZNI/resultados_taller.pdf
http://doi.org/10.1016/j.rser.2015.04.075
http://doi.org/10.1109/ICNSC.2011.5874892
http://doi.org/10.1007/s00202-010-0175-1
http://doi.org/10.1016/j.rser.2010.09.041
http://www.iea.org/media/weowebsite/energydevelopment/weo2011_energy_for_all-1.pdf
http://www.iea.org/media/weowebsite/energydevelopment/weo2011_energy_for_all-1.pdf


Sustainability 2021, 13, 4308 16 of 16

63. Detroja, K.P. Optimal autonomous microgrid operation: A holistic view. Appl. Energy 2016, 173, 320–330. [CrossRef]
64. Katsanevakis, M.; Stewart, R.A.; Lu, J. Aggregated applications and benefits of energy storage systems with application-specific

control methods: A review. Renew. Sustain. Energy Rev. 2017, 75, 719–741. [CrossRef]
65. Espina, E.; Llanos, J.; Burgos-Mellado, C.; Cardenas-Dobson, R.; Martinez-Gomez, M.; Saez, D. Distributed Control Strategies for

Microgrids: An Overview. IEEE Access 2020, 8, 193412–193448. [CrossRef]
66. Alghamdi, B.; Canizares, C.A. Frequency Regulation in Isolated Microgrids Through Optimal Droop Gain and Voltage Control.

IEEE Trans. Smart Grid 2020, 12, 988–998. [CrossRef]
67. Blanco-Contreras, B.; Meneses-Silva, J.; Mendoza-Araya, P.; Jimenez-Estevez, G. Effect of constant power load models on

the stability of isolated Microgrids. In Proceedings of the IEEE CHILEAN Conference on Electrical, Electronics Engineering,
Information and Communication Technologies, CHILECON 2019, Valparaiso, Chile, 13–27 November 2019; Institute of Electrical
and Electronics Engineers Inc.: Valparaiso, Chile, 2019.

68. Nasr, M.A.; Nikkhah, S.; Gharehpetian, G.B.; Nasr-Azadani, E.; Hosseinian, S.H. A multi-objective voltage stability constrained
energy management system for isolated microgrids. Int. J. Electr. Power Energy Syst. 2020, 117, 105646. [CrossRef]

69. Narimani, M.R.; Nauert, P.J.; Joo, J.-Y.; Crow, M.L. Reliability assesment of power system at the presence of demand side
management. In Proceedings of the 2016 IEEE Power and Energy Conference at Illinois (PECI), Urbana, IL, USA, 19–20 February
2016; pp. 1–5.

70. Federal Energy Regulatory Commission—FERC Benefits of Demand Response in Electricity Markets and Recommendations for
Achieving Them. Available online: https://emp.lbl.gov/sites/all/files/report-lbnl-1252d.pdf (accessed on 17 November 2019).

71. Brooks, A.; Lu, E.; Reicher, D.; Spirakis, C.; Weihl, B. Demand Dispatch. IEEE Power Energy Mag. 2010, 8, 20–29. [CrossRef]
72. Iyer, H.; Ray, S.; Ramakumar, R. Voltage profile improvement with distributed generation. In Proceedings of the IEEE Power

Engineering Society General Meeting, 2005, San Francisco, CA, USA, 12–16 June 2005; pp. 1603–1610.
73. Chowdhury, S.; Crossley, P. Microgrids and Active Distribution Networks; IET: London, UK, 2009; ISBN 9781849190145.
74. López-García, D.; Arango-Manrique, A.; Carvajal-Quintero, S.X. Integration of distributed energy resources in isolated microgrids:

the Colombian paradigm. TecnoLógicas 2018, 21, 13–30. [CrossRef]
75. CREG Resolución CREG 091: Prestación ZNI. 2007. Available online: http://apolo.creg.gov.co/Publicac.nsf/Indice01/

Resolucion-2007-Creg091-2007 (accessed on 17 November 2019).
76. Consejo Nacional de Política Económica y Social Esquemas de Gestión para la Prestación del Servicio de Energia Electrica en

las Zonas No. Interconectadas 3453. In Dep. Nac. Planeación; 2006. Available online: http://www.upme.gov.co/zni/portals/0/
resoluciones/conpes3453.pdf (accessed on 6 March 2020).

77. Arango-Manrique, A.; Carvajal-Quintero, S.X.; Arango-Aramburo, S.; Younes-Velosa, C. Contribution of Distributed Generation
to Voltage Control. Simp. Int. sobre la Calid. la Energía Eléctrica—SICEL 2011, 6, 6.

78. Congreso de Colombia. Gobierno de Colombia Ley 1715 de 2014 por la cual se Regula la Integración de las Energías Renovables
no Convencionales al Sistema Energético Nacional. Available online: http://www.upme.gov.co/Normatividad/Nacional/2014
/LEY_1715_2014.pdf (accessed on 19 October 2019).

79. Estella, O.; Yaima, R. UPME Piec 2016–2020; Unidad de Planiación Minero Energética: Bogotá, Colombia, 2016; pp. 1–48. Available
online: http://www.upme.gov.co/Siel/Siel/Portals/0/Piec/PIEC_2016-2020_PublicarDic202016.pdf (accessed on 10 October 2019).

80. Instituto de Planificación y Promoción de Soluciones Energéticas para las Zonas No Interconectadas—IPSE Informe de Gestión
2018. 2018. Available online: http://ipse.gov.co/documento_acordeon/documento/informes_de_gestion_evaluacion_y_
auditoria/informe_de_gestion_2018/Informe%20De%20Gestión%202018%20.pdf (accessed on 4 December 2019).

81. Ministerio de Minas y Energía Resolución MME 411542 de 2019, Colombia. 2019. Available online: https://www.minenergia.gov.
co/documents/10180//23517//48197-Resol-411542+de+20+agosto+2019-ENAM+S.A+E.S.P.pdf (accessed on 28 January 2020).

82. Rubin, E.S.; Azevedo, I.M.L.; Jaramillo, P.; Yeh, S. A review of learning rates for electricity supply technologies. Energy Policy
2015, 86, 198–218. [CrossRef]

http://doi.org/10.1016/j.apenergy.2016.04.056
http://doi.org/10.1016/j.rser.2016.11.050
http://doi.org/10.1109/ACCESS.2020.3032378
http://doi.org/10.1109/TSG.2020.3028472
http://doi.org/10.1016/j.ijepes.2019.105646
https://emp.lbl.gov/sites/all/files/report-lbnl-1252d.pdf
http://doi.org/10.1109/MPE.2010.936349
http://doi.org/10.22430/22565337.774
http://apolo.creg.gov.co/Publicac.nsf/Indice01/Resolucion-2007-Creg091-2007
http://apolo.creg.gov.co/Publicac.nsf/Indice01/Resolucion-2007-Creg091-2007
http://www.upme.gov.co/zni/portals/0/resoluciones/conpes3453.pdf
http://www.upme.gov.co/zni/portals/0/resoluciones/conpes3453.pdf
http://www.upme.gov.co/Normatividad/Nacional/2014/LEY_1715_2014.pdf
http://www.upme.gov.co/Normatividad/Nacional/2014/LEY_1715_2014.pdf
http://www.upme.gov.co/Siel/Siel/Portals/0/Piec/PIEC_2016-2020_PublicarDic202016.pdf
http://ipse.gov.co/documento_acordeon/documento/informes_de_gestion_evaluacion_y_auditoria/informe_de_gestion_2018/Informe%20De%20Gesti�n%202018%20.pdf
http://ipse.gov.co/documento_acordeon/documento/informes_de_gestion_evaluacion_y_auditoria/informe_de_gestion_2018/Informe%20De%20Gesti�n%202018%20.pdf
https://www.minenergia.gov.co/documents/10180//23517//48197-Resol-411542+de+20+agosto+2019-ENAM+S.A+E.S.P.pdf
https://www.minenergia.gov.co/documents/10180//23517//48197-Resol-411542+de+20+agosto+2019-ENAM+S.A+E.S.P.pdf
http://doi.org/10.1016/j.enpol.2015.06.011

	Introduction 
	Business Model Methodology 
	Proposed Model for the Sustainable Electrification of Non-Interconnected Zones (ZNI) 
	Proposal of the Business Model Based on Technical Sustainability 
	Business Model Canvas for the Energy Transition to Operational Sustainability in the ZNI 
	Value Proposition 
	Customer Relationships 
	Revenue Stream 
	Sources of Income 
	Key Activities 
	Cost Structure 


	Results and Discussion 
	Conclusions and Future Research 
	References

