
 
 

 Abstract: 

Colombia, like many other low and middle-income countries, faces an electricity access deficit. Even 

where access is available, many off-grid communities are only provided with a few hours of service, 

typically using diesel, which is expensive and polluting. Using a system dynamics model, this paper 

investigates how a sustainable and durable electricity supply can be provided in off-grid communities in 

Colombia. The scenarios examined draw on two government funds that have been established to: deliver 

the infrastructure and provide subsidies for electricity supply. The results demonstrate that a transition 

from diesel to renewables is not only possible but also economically viable and desirable. The simulations 

also show that in order to make the best use of limited government funding for electrification, the transition 

from diesel to renewables should begin as soon as possible and be accompanied by a zero-diesel policy 

by 2040. Furthermore, the model highlights that electricity systems should be designed to enable gradual 

growth in demand – driven by socio-economic development and productive uses. Given the imperative 

to provide a sustainable and durable electricity supply to off-grid communities, this paper provides 

insights into how this can be achieved while delivering clear benefits for users, utilities and the 

government. 
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1. Introduction 

Electricity is one of the key drivers for the sustainable development of low-income communities (Dyner 

et al., 2005; Kanagawa and Nakata, 2008; Rahman et al., 2013; Silva and Nakata, 2009; Tomei et al., 

2020). And yet, in 2020, an estimated 770 million people worldwide lacked access to electricity (IEA, 

2021). The supply of electricity to off-grid communities has focused on diesel-powered microgrids, 

interconnections to the national grid and, to a lesser extent, mini-hydropower generators (Come Zebra et 

al., 2021; Terrado et al., 2008). However, this focus is changing; for example, in sub-Saharan Africa, 

electrification with renewable technologies is becoming more frequent (IRENA, 2021), while in countries 

such as Bolivia, solar hybridisation of diesel microgrids is making progress (Ortiz-Jara et al., 2020). In 

Colombia, diesel generators remain common, although due to the high cost of fuel, electricity is typically 

only supplied for a few hours per day (Garces et al., 2021). 

As the price of renewable energy continues to fall, the use of such technologies for off-grid electrification 

is accelerating (IRENA, 2021, 2019, 2017a; Ortiz-Jara et al., 2020). Solar photovoltaic (PV) is one of the 

most popular options and offers advantages over other generation systems. It relies on solar radiation, 

which is abundant across different world regions, has low maintenance requirements, and capacity 

additions are simple and modular (Jimenez et al., 2014). Furthermore, falling prices, combined with the 

increased efficiency of end-use devices, have increased the affordability of solar and other renewable 

energy technologies (IRENA, 2020, 2019). Once it is (economically) viable to complement such systems 

with battery storage, it will be possible to envisage the development of 24-hour supply to currently 

(un)electrified communities – a process which will support socio-economic development worldwide. 

While it is reported in the literature that access to electricity is strongly related to socio-economic 

development (Boliko and Ialnazov, 2019; Chaurey et al., 2004; Dyner et al., 2005; IRENA, 2017a; 

Kanagawa and Nakata, 2008; Krithika and Palit, 2013; Mandelli et al., 2016), low-income communities 

do not progress simply by having access to electricity infrastructures. Rather, policies to promote 

electrification should take a more holistic view that considers the opportunities that enhanced access can 

provide for productive activities, such as agriculture and cold storage, and other household and 

community uses, such as education, health and street lighting (IEA, 2017; Tomei et al., 2020). 

Regarding access to electricity in Colombia, the country faces three challenges in the provision of 

sustainable energy for all: 1) the provision of electricity to those who currently lack access; 2) increasing 

the hours of electricity supply in smaller off-grid areas; and 3) increasing the affordability of electricity for 

consumers in off-grid areas. The policies designed to address these challenges are described below: 

With respect to the first challenge, the Colombian government has promoted expansion through the 

Indicative Expansion Plan of Electric Power Coverage (PIEC). The PIEC 2019-2023 aims to deliver 

electricity to the 1.9 million people who currently lack access and considers the use of solar PV solutions, 

including stand-alone systems and hybrid microgrids (Garces et al., 2021; UPME, 2019). However, the 

PIEC is narrowly focused on the provision of infrastructure to communities without access to electricity; 

it is not concerned with enhancing existing provision, e.g. limited hours of service (UPME, 2019). 

Concerning the second challenge, a large proportion of off-grid communities with access to electricity 

have only limited service. This is driven by two key factors: 1) electricity supply is largely provided through 

diesel generators (SSPD, 2021), and 2) Colombian regulation limits subsidies according to the number 

of users served per locality. For example, localities of Type 3 (51-150 users) and Type 4 (0-50 users) 



 
 

have a subsidized consumption of five and four hours per day respectively (MME, 2007). As a 

consequence of the regulatory limits on subsidies, this challenge is concentrated in smaller communities 

– those with less than 150 users which represent around 87.5% of off-grid communities in Colombia 

(Garces et al., 2021; SSPD, 2020). In September 2021, 89% of 1,636 villages in Colombia had less than 

seven hours of electricity per day (IPSE and CNM, 2021); the vast majority (91%) of these were Type 3 

and 4 which have on average 4.95 and 4.04 hours of service respectively (SUI, 2019a). 

Relating to the third challenge of affordability, the Colombian government has allocated funds to finance 

the provision of electricity service in off-grid areas – or Zonas No Interconectadas in Colombia (ZNI) 

(Garces et al., 2021). Two of the most important are the Financial Support Fund for the Energization of 

Non-Interconnected Zones (FAZNI) and the Solidarity Fund for Subsidies and Income Redistribution 

(FSSRI).  While FAZNI supports the financing of new installed capacity, FSSRI supports the operation of 

off-grid electrification plants (Garces et al., 2021; SSPD, 2019). The FSSRI provides subsidies for 

electricity to low-income domestic users in both rural and urban areas (MME, 2020). In the ZNI, these 

subsidies are used to cover the difference between the tariff that users pay and the Unit Cost of Service 

Provision (CU), which comprises generation, distribution and commercialization costs (CREG, 2007). In 

2020, the average tariff for the poorest users was 0.071 US$/kWh and CU was 0.40 US$/kWh (SSPD, 

2021). This means that for the poorest users, the subsidy provided by the FSSRI covered slightly more 

than 80% of the average CU. The Ministry of Mines and Energy (MME) is responsible for determining the 

amount of the subsidy to be granted to companies that provide electricity to ZNI (MME, 2007). These 

companies are as diverse as the localities themselves; for example, the larger localities such as San 

Andres and Leticia have utility companies, while smaller localities generally have management boards, 

service cooperatives, user associations, and many others (CREG, 2020). These companies will be 

referred to as electricity service providers (ESP). 

This research focuses on the second and third challenges outlined above and extends the work carried 

out in Garces et al. (2021), in which the authors’ analysed Colombia’s policy context by examining funds 

and strategies for renewable energy roll-out and the potential impacts on ZNI communities. This paper 

aims to assess the performance of different strategies that enhance sustainable electricity supply and 

result in the appropriate use of government financial funds for off-grid electrification in Type 3 and 4 

communities in Colombia. This paper proposes two strategies: 1) a gradual repowering of existing 

generation capacity with renewable energy technologies as demand grows; and 2) a gradual reduction 

in tariffs in line with the falling cost of generation. To address the research aim, a simulation model was 

built using system dynamics and sustainability indicators to explore the impacts of different strategies 

under different scenarios. System dynamics was selected as this approach allows the incorporation of 

feedback loops (Sterman, 2000), which is necessary to represent the long-term interaction between 

electricity supply, electricity demand, generation system margin and generation system costs, making it 

possible to represent changes over time. For example, the installation of new generation capacity or 

growth in energy demand (Dyner, 2000). 

The provision of sustainable energy for all is about more than just the provision of low-carbon, renewable 

energy sources (Garces et al., 2021; Tomei et al., 2020). Rather, it must also be affordable, reliable, 

environmentally benign and of sufficient quality. It is this conceptualization of “sustainable electricity 

supply” that is used here, via strategies that seek to provide 24-hour electricity that: facilitates the 

 
1 Exchange rate: Average of the TRM for 2020 and 2019 ($ 3,487.23 COP/USD) (Banco de la República, n.d.). 



 
 

development of productive activities, benefits the environment, communities and government funds, and 

lasts over time. To assess the sustainability of the strategies, this paper uses the same five dimensions 

of sustainability (environmental, economic, social, technological and institutional) as Garces et al. (2021). 

Finally, there is ample evidence - not least in the declining costs of solar and wind - that renewable energy 

should underpin electrification in off-grid areas (Boliko and Ialnazov, 2019; Diouf et al., 2013; Dyner et 

al., 2005; IRENA, 2019; Kumar et al., 2009); therefore, a starting assumption for this research is that 

renewable energy is used in off-grid areas of Colombia. 

This is the first study to use system dynamics to assess and measure the sustainability impacts of 

different strategies to deliver and enhance electricity access in off-grid communities, and it, therefore, 

makes an important contribution to knowledge. While this research focuses on Colombia, the methods 

and findings are relevant to any country that is seeking to deliver sustainable, affordable and durable 

electricity to all, as the model and its results are based on two assumptions which are widely reported 

and validated in the literature for off-grid communities, i.e. the benefits of renewable installation and the 

potential for socio-economic development linked to electricity access. Thus, the novelty of this research 

lies in the development of a simulation model based on these two assumptions, which seeks to answer 

the following question: how can a sustainable and durable electricity supply be provided in small off-grid 

communities in Colombia? 

The rest of this paper is structured as follows: Section 2 provides background information and the 

rationale for using system dynamics. Section 3 describes the methodology. Section 4 presents the 

modelling results and discusses the findings, including the impacts on the sustainability of different supply 

options. Finally, Section 5 draws some conclusions and discusses the policy implications of the research. 

 

2. Background 

The relationship between access to electricity on the one hand, and the sustainable development of off-

grid communities on the other, is a central component in the formulation of the simulation model 

developed for this research. This relationship has been studied from different perspectives and using 

different methodologies. For example, research has examined this relationship by correlating access to 

electricity with indicators, such as Gross Domestic Product, and indexes such as the Human 

Development Index and Education Index (Alstone et al., 2015; Bhattacharyya and et.al., 2013; Jimenez, 

2017; Kanagawa and Nakata, 2008). Other studies have merged existing frameworks, such as 

sustainable rural livelihoods, with mathematical modelling techniques such as system dynamics (Dyner 

et al., 2005; Franco et al., 2008) and optimisation approaches (Cherni et al., 2007; Henao et al., 2012). 

System dynamics, for example, has been used by Riva et al. (2018) and Riva and Colombo (2020) to 

characterize, describe and understand the nexus between electricity access and rural development in 

isolated settings. 

Sustainable development is viewed here not as an outcome, but rather as a process (Nabavi et al., 2017). 

From this perspective, sustainable development is governed by two principles: (1) its final state cannot 

be predicted, as everything is highly intertwined and interconnected; and (2) it is constantly in 

development, as it responds to feedback from the system. In other words, the future state depends on 

actions that are taken today. These principles are closely related to those which govern system dynamics 

(Nabavi et al., 2017). Therefore, the use of system dynamics is appropriate for the simulation and 



 
 

modelling of issues such as access to electricity, sustainable development and their relationships in off-

grid community contexts (Dyner et al., 2005; Franco et al., 2008; Hartvigsson et al., 2018; Riva et al., 

2019, 2018; Riva and Colombo, 2020). 

System dynamics (SD) is a rigorous modelling approach that allows observation of system behaviour 

over time through computer simulations of different scenarios, that can often be applied to any dynamic 

and complex system, with any time and spatial scale (Sterman, 2000). SD can be applied to a wide 

variety of topics ranging from the areas of health, education and security to the world of business and 

public policy-making (Kunc et al., 2018) reveals that SD encompasses research areas of both soft 

(qualitative) and hard (quantitative) nature. In addition to this, there is a strong tradition of research into 

behavioural aspects - where a key area of research is decision-making and organisational learning. 

Furthermore, SD has become a strong contributor in different application areas, among them energy 

policy and markets, and as such, SD enables understanding of the long-term effects of policies, strategies 

and decisions, helping to accelerate learning and enhance effectiveness by developing a better 

understanding of the system (Sterman, 2000). 

Regarding the use of SD in off-grid electrification studies, it was found that Hartvigsson et al. (2018), for 

example, used SD to compare different capacity expansion strategies for rural mini-grids in Tanzania. 

Also Riva et al. (2019) and Riva and Colombo (2020) provide tools for projecting electricity demand in 

isolated rural areas through the conceptualisation of the determinants and complexities affecting the 

evolution of demand in such settings. As a result, this approach requires fewer quantitative data and 

provides a structured and holistic modelling framework – this is important for countries such as Colombia, 

where quantitative data for off-grid communities is limited. 

SD is also recognised in the literature as a suitable methodology for social model simulation, as it adopts 

a systemic perspective to map value generation processes, integrating feedback loops, strategic 

resource accumulation and depletion processes, time delays and non-linear interactions (Cosenz et al., 

2020). Likewise, SD has components such as level and flow diagrams, through which revenue and cost 

structures can be built. This approach has been used by Cosenz and Noto (2018) and Cosenz et al. 

(2020), who use these diagrams to assess business strategies over time. Finally, level and flow diagrams 

also allow the incorporation and measurement of sustainability indicators across different dimensions of 

sustainability. For example, Cosenz et al. (2020) incorporate indicators such as CO2 emissions to assess 

the environmental dimension, improved value for money for the economic dimension, and community 

development and well-being for the social dimension. 

Regarding the use of SD and scenarios, one of the main strengths is that they can involve testing the 

robustness of various strategies in a dynamic but endogenous environment. Scenarios can also involve 

simulating the external environment and observing the performance path of a system under “business as 

usual” conditions. In such cases, a system does not determine external environment dynamics, but rather 

the external environment defines system performance (Torres et al., 2017). 

On the other hand, one of the limitations or main challenges of SD is that it is a simulation tool through 

which it is intended to represent the decision-making of the modelled agents, which implies an exhaustive 

study of these agents and their interaction with their environment to justify and model their behaviour and 

decision-making in the best possible way (Greasley and Owen, 2016). To address this limitation, an 

exhaustive review was made of the public policy governing the actions of ESPs in the ZNI, and field visits 

were also undertaken, through which it was possible to gain first-hand knowledge of the behaviour of 



 
 

both generating agents and users, which is reported in Garces et al. (2021). It is worth mentioning that 

the premise of energy transition through hybrid microgrids (diesel, solar panels and batteries) that 

governs the model is aligned with national public policy. However, one of the limitations of this study is 

that it does not include other renewable electricity generation technologies. In addition, the study is limited 

to the financing mechanisms offered by the Colombian government in the ZNI and through the service 

charge, so there could be an opportunity to incorporate other financial mechanisms. It can also be seen 

as a limitation that the study is done in a general way through a case study in which the localities of Type 

3 and 4 are represented, but it is not an application to a specific community. 

Regarding the development of the dynamic hypothesis, a key starting point is the concept of the "energy 

poverty trap" (Dyner et al., 2005). This concept is associated with reinforcing loops (see Figure 1), that 

are perpetuated over time and which condemn isolated rural communities to remain trapped in energy 

poverty (Dyner et al., 2005) when denied access to electricity - an essential element of contemporary 

development. This means that the poorer the community, the lower the energy demand, which, in turn, 

reduces energy supply and induces poverty – hence the energy poverty trap. 

 

Figure 1. The energy poverty trap. Source: Authors’ adaptation from Dyner et al. (2005). 

However, the energy poverty trap may be alleviated if other aspects or actions are considered. This may 

include economic activities, which can result in a greater household or community income, providing the 

means to acquire and maintain energy infrastructure and thus reducing energy poverty. In this sense, 

economic and productive activities are one potential option for improving the welfare of communities 

(Cherni et al., 2007; Garces et al., 2021; Kanagawa and Nakata, 2008; Mandelli et al., 2016). Another 

aspect is that of community uses, wherein access to electricity supports the development and social 

wellbeing of off-grid communities by facilitating improvements in, for example, electricity in health centres 

and schools, community centres and street lighting (Cherni et al., 2007; Dyner et al., 2005; Garces et al., 

2021; IEA, 2017; Tomei et al., 2020). Community uses can therefore result in improvements to people's 

quality of life, including in terms of health, nutrition and use of time; for example, by eliminating drudgery 

individuals should have more time to spend on education, skills development and recreation (Garces et 

al., 2021; IEA et al., 2020). 

 



 
 

3. Methodology 

To answer the research question posed in the introduction, a three-step methodology was used. The first 

step is the construction of a simulation model using SD, which is specified in Section 3.1. The second 

step is the definition of the scenarios, strategies and cases to be evaluated through the simulation model, 

and these are defined in Section 3.2. Finally, Section 3.3 defines the sustainability indicators that were 

incorporated into the model to measure the performance of each of the strategies defined in Section 3.2. 

3.1 Modelling approach 

The first step in the construction of the simulation model is the development of a dynamic hypothesis or 

conceptual causal model (see Figure 2), which is built from a set of constructs and their linkages 

discussed in the literature (summarised in Appendix A). The hypothesis set out in Figure 2 proposes that 

the gradual expansion of off-grid electrification systems – via renewable energy technologies – supports 

socio-economic development in off-grid communities, either due to increased hours of access or the 

provision of electricity access itself. This in turn facilitates the provision of a sustainable and durable, i.e. 

long-term, electricity supply. The dynamic hypothesis depicts the interactions between power capacity, 

demand, margin, electricity supply, and productive activities through a causal diagram made up of six 

loops: two balancing loops (B1 and B2), and four reinforcing loops (R1 to R4). These loops represent the 

balancing and reinforcing feedback mechanisms that constitute the system under study i.e., electricity 

access in off-grid communities. 

 

Figure 2. Global aspects of sustainable electricity supply in off-grid communities. Source: Authors’ own. 

Loops R1, R2, R3 and R4 have a positive reinforcing effect on the system. Loop R1 (production) indicates 

that with more productive activities, community incomes grow, which means that users have increased 

ability to pay for electricity. In turn, this means that the ESP will also have greater financial revenue, which 
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increases the likelihood of investment in electricity supply. Increased electricity supply in off-grid 

communities has an impact on time use efficiency and also on the development of economic activities 

(Garces et al., 2021; IRENA, 2019), which leads to an increase in electricity demand in homes and 

community spaces, and in economic and productive activities, generating a positive reinforcing effect for 

the community and the ESP. 

The R2 to R4 loops show how the community develops with a greater supply of electricity; these three 

cycles are explained jointly as they all share a similar structure and behaviour, with similar impacts on 

demand growth and community development. These loops show that as the hours of electricity supply 

are extended, the community can use their time more efficiently and have access to better conditions for 

work and education, which could lead to greater skills for entrepreneurship - an important factor in the 

development of productive activities (Hartvigsson et al., 2021; Narula and Bhattacharyya, 2017). Many 

productive activities require electricity and as they grow so does demand; growing power demand leads 

to a narrowing of the power margin, requiring greater installed capacity (loop R4 - Figure 2). A similar 

situation occurs for residential demand – which also grows with population growth (loop R2 - Figure 2) – 

and community services or community demand (loop R3 - Figure 2), where greater electricity supply 

facilitates new uses in schools, health centres, public lighting, among other services, which improve 

quality of life in off-grid communities. 

Figure 3 shows the balancing loops. Loop B1 shows how the power margin gives a signal for demand 

growth. In other words, the higher the power margin, the more capacity it must cater for in terms of new 

household, community and/or productive uses of electricity. Despite the amplifying relationship, this loop 

has a balancing effect because, as electricity demand grows, the power margin is reduced, and therefore 

productive activities and power demand have less possibility of growth as the system begins to reach its 

limit, evidencing the need for new power capacity. This is where loop B2 comes in, because when the 

power margin is large (> 1), no new installed capacity is required, but when the margin is small (<1) or 

starts to shrink, new renewable power capacity needs to be installed, extending the power margin. These 

two balancing cycles are associated with oscillatory tracking behaviour, and together generate a 

reinforcing effect on the system. 

 

Figure 3. Causal relationships between demand, margin and power capacity. Source: Authors’ own from Dyner (2000). 

Based on the dynamic hypothesis, a simulation model was constructed to represent a hybrid microgrid 

system comprising diesel, solar PV and lithium batteries - the latter with an average lifetime of 10 years 

(IRENA, 2017b). Diesel technology is considered here since around 95% of off-grid communities in 

Colombia are served by diesel generation plants (SSPD, 2018). Solar PV technology is considered for 
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its modularity, since one assumption of the simulation model is that the system gradually expands using 

renewable energy technologies, and this requires a technology that allows such expansion. In addition, 

Colombia has an adequate level of radiation throughout its geographical area - on average 4.5 kWh/m2 

per day (IDEAM, 2020). The simulation horizon is set at 22 years as this provides an appropriate 

timeframe to observe how the initial life cycle of a hybrid microgrid system may contribute to the 

sustainable development of off-grid communities (Huneke et al., 2012; Vides-Prado et al., 2018). The 

financial sustainability of the system is also analysed, particularly the replacement of parts and 

repowering of the microgrid. The model was built using Powersim software and consists of three main 

blocks: (1) electricity demand; (2) installed capacity and generation; and (3) cash flows and repowering. 

These are described in full in Appendix B. To validate the simulation model, we followed the methodology 

proposed in Barlas (1994), where three blocks of tests are proposed: direct structure tests (structure 

validation, dimensional consistency and parameter verification); performance-oriented structure tests 

(extreme conditions and sensitivity analysis) and performance validity tests. These tests are detailed in 

Annex D of Garces (2021). It is important to mention that during the process of building the model, 

interviews with experts and visits to ZNI communities with hybrid microgrids (diesel, solar panels and 

batteries) were carried out to support the development of a model that is close to reality. 

3.2 Development of scenarios, strategies and cases 

Four scenarios were proposed, which considered two financing dimensions: (1) with and without tariff 

subsidies for operation expenditure (OPEX); and (2) with and without external financing for capital 

expenditure (CAPEX) (see Figure 4). These scenarios are aligned with the two key funds that support 

electricity access in off-grid communities in Colombia – FSSRI and FAZNI – and which were described 

in the introduction (Garces et al., 2021; MME, 2020; Presidencia de la República, 2001). 

The simulation model has a dashboard through which each scenario can be set using two binary 

parameters. "Request EF CAPEX" is for requesting or not requesting external financing (EF) to install 

new generation capacity, where 0 indicates no request and 1 indicates that financing is requested. “% 

Tariff subsidy” indicates whether or not the community has a tariff subsidy, where without subsidy it is 0 

and with subsidy it is 0.83 (which is the typical percentage in communities of fewer than 150 users). The 

scenarios are as follows: 

• TSO - Tariff Subsidy Only, no external financing for CAPEX: This scenario is linked to FSSRI, 

which guarantees a subsidy to the ESP to provide electricity supply to low-income users (Garces et 

al., 2021). Under this scenario, the ESP receives subsidies under FSSRI, but no external financing 

for CAPEX. % Tariff subsidy = With subsidy, Request EF CAPEX = No 

 

• EFC - External Financing for CAPEX, no tariff subsidy: This scenario is linked to FAZNI, through 

which the construction of new installed capacity in off-grid communities is financed (Garces et al., 

2021). In this scenario, the ESP receives external financing for CAPEX, but there is no tariff subsidy 

(i.e. no FSSRI). % Tariff subsidy = Without subsidy, Request EF CAPEX = Yes 

 

• NSNEF - No Subsidy and No External Financing: In this scenario, the ESP does not receive any 

support, i.e., it operates and invests in new installed capacity using its financial resources. This 



 
 

scenario draws on neither FAZNI nor FSSRI. % Tariff subsidy = Without subsidy, Request EF CAPEX 

= No 

 

• TSEFC - Tariff Subsidy and External Financing for CAPEX: In this scenario, the ESP receives 

finance for CAPEX and a subsidy to provide electricity to low-income users. This scenario implies the 

use of both FAZNI and FSSRI. % Tariff subsidy = With subsidy, Request EF CAPEX = Yes 

 

 

Figure 4. Scenarios for strategy evaluation. Source: Authors’ own from Garces et al. (2021). 

 

Under these scenarios, two strategies are evaluated: 

• Strategy 1 (S1) - Expansion with Renewables: This strategy is incorporated into the model as a 

decision rule whereby new renewable energy capacity is installed to replace diesel and to meet 

community demand. If new installed capacity is required, as the margin of the system is lower than 

the desired margin, the model estimates how much new installed capacity is required and its cost 

(which according to the model's assumption will be covered by solar panels and batteries). Then, this 

value is compared with the funds available for expansion. If the funds are sufficient, the total new 

capacity is installed; if not, what can be paid for with the available funds is installed (under some 

scenarios, external financing is used to build the total required). In addition, hours of electricity supply 

are gradually increased to 24 hours of continuous service, which also incentivises the gradual and 

continuous replacement. Additionally, diesel generation is reduced annually by 5% so that by 2040 

diesel use is zero. The system becomes economically sustainable thanks to the savings from 

subsidies as diesel use, and thus variable costs, decrease, which allows for increased funding for 

new renewable installed capacity. 

 

• Strategy 2 (S2) - Reduction in CU: The incorporation of solar PV and battery storage (dependent 

on S1), which have learning curves in their costs, makes it possible to reduce the CU (reduced 



 
 

OPEX). Since the unit cost is lower, a reduction in subsidies is possible. This has a benefit for the 

government (less subsidy is required), and no impact on the ESP, while households have the same, 

or reduced, cost of electricity (depending on the ESP). To model these changes, we assume a 10% 

reduction in subsidies every five years. This approach draws on existing Colombian regulations which 

require an evaluation of electricity costs every five years - Article 126 of Law 142 of 1994 on 

Domiciliary Public Services (Congreso de Colombia, 1994). 

 

To measure the performance of these two strategies under the proposed scenarios, the simulation model 

is parameterised using information from Type 3 and 4 localities. As mentioned in the introduction, these 

localities are characterised by low-income residential users (SUI, 2019b), typically have less than five 

hours of electricity supply (usually by diesel) (SUI, 2019a), and average subsidy percentage rates of 

83.8% (Type 3) and 81.2% (Type 4). The model is based on a ‘typical’ Type 3 or 4 community with 30 

households, street lighting, a school, a health centre, and a community centre; and where electricity is 

provided for four hours per day by a diesel generator. The simulation begins with residential load curves 

and public infrastructure with electricity supplied from 6 pm to 10 pm, and total daily demand of 17.22 

kWh / day and a peak demand of 4.71 kW. Appendix C summarises the most relevant model parameters. 

In addition, the model has indicators to make it easier to measure and compare the sustainability 

performance of the strategies under the different scenarios - these are described in the Section 3.3. 

 

Finally, SD allows ‘what if?’ questions to be asked of results. In this paper, four ‘what if?’ cases are 

examined: 

• Case 1 (BAU): Examines the ‘typical’ community under the TSO scenario, without the proposed 

strategies. Here, the community is provided with four hours of electricity supply through a diesel plant 

during the entire 22 years of the simulation. In addition, it has an operating subsidy through the CU, 

but no access to FAZNI. This scenario could be considered a business as usual (BAU). 

 

• Case 2 (Baseline): Examines the same community, but both strategies (S1+S2) are implemented 

under the TSFEC scenario. This means that the generation system is repowered with new renewable 

energy installed capacity. 

 

• Case 3 (Reducing surplus): This case arises from the results obtained in Case 2, where the joint 

application of the two strategies under the TSFEC scenario generates a financial surplus. It explores 

how this surplus might be reduced – to decrease dependence on subsidies and benefit users and 

government alike – asking “what if the CU reduction curve is adjusted?”. 

 

• Case 4 (Faster expansion with renewables): This case answers the question “what if renewable 

installed capacity is introduced from the first simulation period, even if the system margin does not 

signal that new capacity is required?”. The results presented are those related to the TSFEC scenario, 

together with the implementation of the two strategies. 



 
 

3.3 Measuring the sustainability of the system 

A final component of the research was to understand the environmental, technological, institutional, 

economic, and social sustainability of the system over time. Building on the authors’ earlier research 

(Garces et al., 2021), this study used the same set of dimensions to evaluate the performance of the 

microgrid system and the outcomes of different strategies for electricity service provision. Table 1 sets 

out the indicators included in the model. 

Table 1. Sustainability indicators considered in the simulation model. 

Dimension Indicator 

Code 

Indicator name Unit Indicator description 

Environmental ENV1 CO2 Generated Tons CO2 
Tons of CO2 equivalent per kWh of diesel 

generation 

Technological TEC1 Solar Generation % % Total solar generation vs. total generation 

Institutional INS1 

Average Cost of 

Government Contributions 

(ACGC) 

US$/ kWh 

Average costs resulting from dividing the total 

subsidies + funding for CAPEX by the total 

generation for the whole simulation 

Economic 

ECO1 
Average Cost of Electricity 

Supply (ACES) 
US$/ kWh 

Average cost resulting from dividing the total 

system cost by the total system generation for the 

whole simulation 

ECO2  Total System Cost (TSC) US$ 

Sum of OPEX for the whole simulation + sum of 

replenishment expenditure for the whole 

simulation + sum of CAPEX for the whole 

simulation. Helps determine which strategy leads 

to lower overall system cost 

ECO3 Total OPEX US$ 
Sum of OPEX expenditures over the entire 

simulation period 

ECO4 Surplus US$ 

The sum of all the financial resources available to 

the ESP once operation, replacements and 

repowering costs are met. This indicator enables 

the identification of whether the % decrease in the 

tariff of S2 can be accelerated and how rapidly 

this can occur 

ECO5 

Productive Activities 

Demand vs Total Demand 

(% PAD vs TD) 

% 
% Share of demand from productive activities with 

respect to the total demand of the system 

Social 

SOC1 
Community Weighted 

Average Tariff (CWAT) 
US$/ kWh 

The average of total collection revenue divided by 

total system generation for the entire simulation 

SOC2 Per Capita Demand (PCD) 
kWh/ 

person 

The amount of electricity consumed per person 

per annum 

 

4. Results and Discussion 

This section presents the results associated with the four cases described in Section 3.2. The full results 

are summarised in Appendix D. It is important to clarify that the pattern of linear change in the figures is 

due to different decision criteria that were incorporated into the model to make it more realistic. For 

example, the construction of new installed capacity is not conducted smoothly over time, rather this is 

achieved through a minimum project expansion size to cover several periods of time according to the 



 
 

signals given by the model itself, which makes the potential generation behave in a discrete rather than 

continuous manner. Due to the difficult access to these communities, the continuous installation of new 

generation capacity is not viable. 

4.1. Case 1 vs Case 2 

Figure 5 shows the results of Cases 1 and 2. For Case 1, there is no expansion in generation, as 

illustrated by the green line in Figure 5A. Generation is limited in Case 1 because the system can only 

supply four hours of subsidised service through a diesel generator, which limits the operation of the ESP 

due to insufficient funds being available to grow the system. The limited hours of electricity supply also 

limit the community’s ability to undertake productive activities, which keeps communities in an energy 

poverty trap. 

 

Figure 5. Potential generation, electricity demand and generation of Case 1 vs. Case 2. Source: Authors’ own. 

Conversely, in Case 2, where external financing is available for the installation of new generation 

capacity, both potential generation and demand grows (see Figure 5B). This growth is due to the gradual 

installation of solar panels and batteries, which in turn facilitates the increase of electricity supply from 

four to 24 hours per day. The installation of new renewable generation is due to the annual decrease in 

diesel (see the first ten years of the green line in Figure 5B) and the availability of external financing. In 

Case 2, both strategies result in a better performance across all sustainability indicators when compared 

to Case 1 (see Table D.1 Appendix D), and help to free the community from the energy poverty trap 

through benefits such as the creation of productive activities (ECO5) and higher per capita electricity 

demand (SOC2). This scenario also offers other benefits such as a decrease in CO2 emissions (ENV1) 

and a reduction in OPEX (ECO3) and total system cost (ECO2) (see Table 2). 

Table 2. Breaking out of the poverty trap: Case 1 vs. Case 2. 

Indicator 

Cases 

ECO5: PAD 

vs TD (%) 

SOC2: PCD 

(kWh/person) 

ENV1: CO2 

Gen (Ton CO2) 

ECO3: Total 

OPEX (US$) 

ECO2: Total 

System Cost (US$) 

Case 1 0 66.75 192.94 112,090 112,090 

Case 2 6 164.45 93.43 62,396 107,240 

These results indicate that to improve electricity supply in off-grid communities and enhance the 

sustainability of the system, it would be prudent to install renewables and phase out the use of diesel. 

This latter strategy would also provide a means to pay for system expansion with renewables, as 

expenditure on diesel would fall. Analysis of the economic sustainability of the two cases reveals a 

reduction in “Total System Cost” (ECO2) (see Table 2), which falls from US$ 112,090 in Case 1 to 

US$107,240 in Case 2. However, the decrease in OPEX (ECO3) is more noteworthy and falls from US$ 



 
 

112,090 in Case 1 to US$ 62,396 in Case 2. This decrease can be attributed to the reduction in the use 

of diesel and the installation of solar panels and batteries. These results demonstrate that the cost of 

operating and maintaining a diesel system, which operates for just four hours per day, is higher than the 

costs of repowering the system with solar PV and batteries, which results in a system that would become 

capable of operating for 24 hours per day during the simulation period. Furthermore, the difference in 

total OPEX between the two cases2 is sufficient to cover the US$ 44,844 required for CAPEX and 

replacements in solar PV and batteries in Case 2 (see Table 3). This means that external financing for 

CAPEX could be recovered in the 22 years of operation – providing the use of diesel is reduced to zero, 

as outlined in Strategy 1. 

Table 3. CAPEX for solar PV and batteries and the cost of replacements for Case 2. 

 2030 2034 2037 2040 Total 

CAPEX S+B  $     11,631   $        10,437   $       10,391   $          9,232   $       41,690  

Replacements S+B     $          3,154   $          3,154  

Under the technological dimension, the percentage of solar generation (TEC1) increases from 0% in 

Case 1 to 63% in Case 2 (see Table D.1 Appendix D). This shift in generation also has environmental 

benefits through reduced CO2 emissions (see Table D.1 Appendix D). 

4.2 Case 3 

For Case 3, different approaches were evaluated to reduce the financial surplus, whilst also maintaining 

good performance across the sustainability indicators (Figure 6D). The analysis revealed that the CU is 

reduced every four years; during the first 10 years, the CU decreases by less than 10%, but after that, 

when the share of renewables is higher, the CU can reach up to 90% reduction compared to the initial 

value (see Figure 6C). This reduction in the CU results in a reduction in the Community Weighted Average 

Tariff (SOC1) indicator from 0.10 to 0.04 US$/ kWh and a decline in the Average Cost of Government 

Contributions (INST1) indicator from 0.36 to 0.28 US$/ kWh. This shows that a reduction in CU has 

benefits for both the community and the government - without affecting ESPs. The former by reducing 

the cost of electricity, and the latter by a reduction in subsidies. 

 

Figure 6. New Unit Cost of Service Provision (CU) reduction and its impacts. Source: Authors’ own. 

 
2 Total OPEX Case 1 – TOTAL OPEX Case 2 = US$ 112,090 – US$ 62,396 = US$ 49,694.  



 
 

4.3 Case 2 vs. Case 4 

To complement the analysis, the performance of the ‘typical’ community was evaluated by installing 13.5 

kW of solar PV and batteries from the start of the simulation. Figure 7B shows how the performance of 

the system improves under Case 4 with respect to Case 2 - where the transition to renewables is gradual 

(see Figure 7A). This improved performance is also revealed through sustainability indicators; for 

example, the percentage of productive activities (ECO5) increases from 6% to 20%, and per capita 

electricity consumption (SOC2) goes from 164.45 to 317.80 kWh/ person (see Table D.1 Appendix D). 

This is due to the wider generation margin, which makes it possible to develop more productive activities 

thus encouraging growth in demand. In addition, the usage rate of renewables (TEC1) increases from 

63% to 91%, which further reduces CO2 emissions (ENV1) – even though more electricity is being 

generated. Finally, the "Average Cost of Electricity Supply" (ECO1) reveals that overall system 

performance is also improved; falling from 0.43 US$/kWh in Case 1 to 0.18 US$/kWh in Case 4 (see 

Table 4). This indicates that more electricity is being generated for longer hours at a lower cost. 

 

Figure 7. Potential generation, electricity demand and generation of Case 2 vs. Case 4. Source: Authors’ own. 

4.4. A cross-case comparison 

The reduction in the average cost of electricity supply across all the cases is shown in Table 4. To support 

this reduction, public policies are required that support the use of renewable energy technologies in off-

grid areas and disincentivise the use of diesel. Table 4 also shows that the faster the installed renewable 

capacity comes on stream, the better the performance (i.e. Case 4). This result supports the Colombian 

PIEC which, as discussed in the introduction, aims to install stand-alone and hybrid systems in locations 

not yet served by electricity. Furthermore, these results highlight the importance of making the transition 

to renewables as soon as possible given the substantial cost reduction. 

Table 4. Total Cost, Total Generation and Average Cost of Electricity Supply for the different cases. 

Cases Total Cost (US$) Total Generation (kWh) ECO1: ACES (US$/ kWh) 

Case 1 $112,090 263,361 0.43  

Cases 2 and 3 $107,240 344,173 0.31  

Case 4 $188,434 1,020,210 0.18  

Table 5 reveals that across the different cases, government subsidies to off-grid communities continue 

to be required. For Case 1 this amounts to a subsidy of 0.36 US$/kWh; however, when renewables are 

added to the generation mix this requirement falls to 0.28 US$/kWh in Case 3 and 0.12 US$/kWh in Case 

4. As a result, although subsidies will likely still be required for the foreseeable, the integration of 

renewable energy technologies reduces the amount of subsidies needed. Table 5 also shows that the 



 
 

0.36 US$/kWh given by the government in Case 1 to subsidize the operation (INS1), is sufficient to cover 

the total cost of the electricity supply (ECO1) in Cases 3 and 4 (0.31 or 0.18 US$/kWh). In other words, 

the support currently provided by the Colombian government to operate diesel plants for a few hours of 

electricity supply per day will be more than enough to operate, maintain and upgrade to a hybrid system. 

Table 5. Average Cost of Electricity Supply, Average Cost of Government Contributions, and average tariff. 

Cases ECO1: ACES (US$/ kWh) INS1: ACGC (US$/ kWh) SOC1: CWAT (US$/ kWh) 

Case 1 0.43  0.36  0.07  

Case 2 0.31  0.36  0.10  

Case 3 0.31  0.28  0.04  

Case 4 0.18  0.12  0.07  

These results indicate that the Colombian government will need to maintain subsidies to off-grid 

communities, but that, by integrating renewable energy technologies, this contribution could be 

significantly reduced. Under the different cases, the cost of electricity to the community stays largely the 

same. While SOC1 declines slightly from 0.07 US$/ kWh in Case 1 to 0.04 US$/ kWh in Case 3, it remains 

the same as Case 1 in Case 4 (0.07 US$/ kWh). This means that the community will benefit from longer 

hours of electricity supply for the same cost. 

The analysis has also shown that phasing out diesel leads to significant savings in OPEX and reduces 

the overall system cost. By comparing Cases 3 and 4, it is evident that the sooner the transition is made, 

the better the system will perform, with knock-on benefits to all stakeholders (i.e. the ESP, communities, 

and the government). It is therefore important that the Colombian government accelerates the installation 

of renewable energy technologies in communities that a) currently do not have access to electricity, and 

b) rely on diesel generators, to eliminate the use of diesel as soon as possible - according to simulations 

it is possible to reach zero diesel by 2040. 

The different cases show that the installation of renewable generation capacity in communities with 

limited electricity service, together with the implementation of the other strategies (e.g. increased hours 

of service, and decreased use of diesel), increases electricity demand and improved the overall system 

performance. This validates the hypothesis because an ESP's business model is dependent on the sale 

of electricity. By making it viable for the ESP to increase electricity supply - through renewable sources - 

communities can develop and enhance productive activities, thus increasing electricity demand (and 

enhancing sales for the ESP) and improving the capacity of users to pay for that new demand. Thus, this 

creates a virtuous circle which alleviates the energy poverty trap. 

Finally, to ensure that solar energy can meet electricity demand, after gradually replacing diesel power 

generation, the use of battery banks is essential; storage enables 100% renewable mini-grids (IRENA, 

2019, 2017b) - something that is expected to be feasible considering the forecasts of lower prices and 

higher efficiency (IRENA, 2017b). It was also noted that the success of a 100% renewable system 

depends on the quality of the batteries, and the required maintenance and replacement of the different 

components (Garces et al., 2021) – this is why the model includes savings for replacements and repairs, 

intending to make the system sustainable in the long term. Indeed, one of the main novelties of the study 

is to show that small ZNIs can have a sustainable electricity supply through the gradual transition of diesel 

until 100% renewable generation systems are reached. In addition, as electricity supply in small ZNIs is 

so poor (less than 5 hours per day), this gradual approach ensures that demand is met sustainably as 

the installed renewable capacity is increased gradually and in advance (by having the desired margin). 

Furthermore, the use of renewables allows savings to be generated for replacement and repowering of 



 
 

the renewable system, savings that could not be generated with the use of diesel. At last, the increase in 

hours of service provision facilitates the socio-economic development of the communities, which has an 

impact on greater electricity demand and therefore more income for the ESP, generating a development 

path for both the ZNI and the companies that provide the electricity service in these places. 

 

5. Conclusions and Policy Implications 

In this paper, we described a system dynamics simulation model that was developed to explore how 

different strategies impact the sustainability of electricity supply in off-grid communities in Colombia. Four 

scenarios were developed, which aligned with two key funds that support electricity access in Colombia 

– FAZNI for CAPEX and FSRRI for OPEX. The results of the simulations enable us to draw three key 

conclusions. First, for off-grid communities, a transition from diesel generators to hybrid systems which 

incorporate renewable energy technologies, such as solar PV with batteries, is not only possible but also 

economically viable and desirable. Second, to improve electricity service in off-grid communities and 

make their electricity supply sustainable, the transition to renewables should be made as soon as 

possible. The transition should be accompanied by the strategies analysed here, which included 

achieving the complete phasing out (zero use) of diesel by 2040, provision of increased hours of electricity 

service via renewable energy, and reducing CU. The analysis shows, however, that these strategies 

should be implemented gradually, because a decrease in diesel without sufficient installed renewable 

capacity could, for example, lead to blackouts. The results also show that, once a hybrid system is in 

place, new renewable installed capacity can be added gradually in line with demand growth. Third, the 

simulation model indicates that the Colombian government should seek to shift the status quo away from 

the use of diesel and towards renewable energy. Every year of continued use of diesel plants is a year 

in which public money is misused through subsidies for the operation of diesel plants. This paper has 

shown that the use of renewable energy technologies can not only provide more hours of electricity 

service but also enhance the sustainability of the system across multiple dimensions. However, part of 

the success of the proposed strategies is due to the financial support that the country offers through 

FAZNI and FSSRI. These funds are essential to reach full electrification in Colombia and must be 

maintained; however, implementation of the proposed strategies would reduce dependence on these 

funds whilst delivering other system benefits. 

The results highlight the need to speed up the energy transition in Colombia’s off-grid communities, 

especially in Type 3 and 4 localities which typically have a poor and expensive electricity supply. This 

transition in turn requires adjustments to existing policy and regulations, which can respond to the 

changes brought about by the transition to renewable energy technologies in these areas. For example, 

one of the regulatory adjustments that can be foreseen through the simulations relates to electricity 

subsidies. In Type 3 localities (i.e. <150 users), subsidies cover around 80% of CU, i.e. the cost of 

providing electricity service through diesel plants, which guarantees no more than five hours of electricity 

supply per day. With a transition to renewables, the cost of service provision decreases to around 0.25 

US$/kWh, which indicates that the ESPs would need lower subsidies for OPEX. Thus, the Colombian 

government should plan what to do with the money that the ESPs will not require as a result of this 

transition. Options might be to cover CAPEX and future replacements of new installed renewable energy 

capacity, and/or to support the socio-economic development of off-grid communities. This last option 

would support the maintenance of a virtuous cycle of growing electricity demand and users’ ability to pay. 



 
 

Finally, the energy poverty trap is not only a challenge for off-grid communities in Colombia. Around the 

world, millions of people face the same problem – they live without access to electricity, or have only a 

few expensive hours of electricity supply provided through diesel generators. This presents a major 

challenge to efforts to undertake productive activities and improve the economic, social and 

environmental well-being of off-grid communities around the world. Although a few hours of service are 

better than no hours of service, it is clear that limited electricity – provided by diesel generators – remains 

a key factor in keeping communities in an energy poverty trap. Given that the benefits of renewable 

energy are well known, it makes little economic sense to supply just a few hours of electricity through 

diesel plants, using subsidies to cover their high operational costs. Furthermore, the provision of 

infrastructure alone will not be sufficient to drive the sustainable development of communities.  Rather, 

and as the results have illustrated, the provision of electricity must go hand-in-hand with other initiatives 

to support the socio-economic development of the communities – for productive activities, as well as 

services, such as education and health. This requires not only accounting for today’s demand but also 

anticipating and planning for tomorrow. Only in this way can access to sustainable electricity promote the 

virtuous circles that provide communities with a way out of the energy poverty trap. 

 

Appendix A 

Table A.1 details the explanation of the main concepts that make up the causal model (see Figure 2) in 

a similar way to that outlined in Rocha et al. (2020). 

Table A.1. Constructs and relationships considered in the causal model. 

Construct Description Ref Verbal description of the equation 

Power margin A measure of the relationship 
between demand and 
generation capacity. 

(a) This results from the following calculation: generation 
capacity minus the demand, divided by the demand. The 
greater the generation capacity the greater the margin, and 
the more demand the lesser the margin. 

Power capacity The total installed generation 
capacity in the community from 
both non-renewable (diesel) and 
renewable energies. 

(a) In the simulation model, generation capacity is represented 
by levels which grow by the construction of new installed 
capacity (renewable only). 

Renewable power 
capacity required 

The installed renewable capacity 
that needs to be incorporated 
into the generation system due 
to a decrease in the margin. 

(a) This results from comparing the current margin with the 
desired margin, identifying whether the installation of new 
generation capacity is required – which according to the 
premise of the model will be covered by PV.  

Power demand The electricity demand of the 
community. 

(a) This is the sum of residential demand, public infrastructure 
demand and demand for productive activities. 

Residential 
demand 

The electricity demand of 
residential users. 

(b) 
and 
(c) 

This is calculated as the hourly demand of a residential user 
multiplied by the number of residential users in the 
community. 

Electricity for 
public 
infrastructure 

The electricity demand of public 
infrastructure, including public 
lighting, health centres, and 
educational institutions. 

(b) 
and 
(c) 

In communities of less than 150 users, community uses are 
few and are generally limited to street lighting, a school, a 
community centre and in some cases a health centre (these 
four uses are included in the model). 

Productive 
activities demand 

Electricity demand used for 
productive activities such as 
agriculture or cold storage. 

(b) 
and 
(c) 

In the model, there are different load curves according to the 
uses (cold chain, transformation, tourism) that can occur 
depending on the type of community (fishing, agriculture or 
tourism) and the hours of electricity supply that the 
community has. 



 
 

Construct Description Ref Verbal description of the equation 

Income The household income 
generated from productive 
activities. 

(d) 
and 
(e) 

The model has a parameter for average household income 
(which is set according to the community). In addition, there 
is a variable that estimates an increase in income per 
dwelling as productive activities are incorporated and 
electricity consumption increases, following the equation 
reported by Kanagawa & Nakata where GDP is associated 
with per capita electricity consumption. 

Electricity supply The electricity that is generated 
to supply electricity demand. 

(a) Generation by technology occurs according to the dispatch, 
which considers demand and supply (see Figure B.3. of 
Appendix B). 

Sources: (a) Dyner (2000), (b) Mandelli et al. (2016), (c) Riva and Colombo (2020), (d) Kanagawa and Nakata 

(2008), (e) IRENA (2019) 

 

Appendix B 

The three blocks that make up the simulation model are described below. 

1. Electricity demand  

Electricity demand is made up of three components: residential demand, public infrastructure demand 

and demand for productive activities. Daily electricity demand is estimated by summing up the 24 

components of the total load curve which groups the three demand components, as follows: 

Daily Electricity Demand =  ∑ Load Curve Totalh

h = 23

h = 0

 

Where: 

Load Curve Totalh0 = LC Residential h0 + LC Public infrastructureh0 +  LC Productive activities h0 

 

The behaviour of the three demand components depends on the number of hours of electricity supply. 

When the hours increase, demand has incentives to grow. For each of the demand components, there 

are reference load curves through which the shape of the load curve transforms over time according to 

the increase in the hours-of-service provision. For example, the reference and simulated load curves of 

the residential demand component are shown in Figure B.1 - where the green load curve corresponds to 

the reference of 3 kWh/day-residential for an off-grid user in Colombia (UPME, 2019). 

 

Figure B.1. Reference vs Simulated load curves for the residential demand component. Source: Authors’ own. 



 
 

 

2. Installed capacity and generation 

As shown in Figure B.2, the installed capacity is represented by two levels, one for diesel and one for 

solar PV; however, other technologies can be incorporated if necessary. It should also be made clear 

that the model only builds new renewable installed capacity – in this case, solar PV. 

 

Figure B.2. Installed capacity. Source: Authors’ own 

 

System generation is simulated based on the installed capacity, and involves estimating the potential 

generation of each of the technologies according to the available generation resources. Having estimated 

the potential generation, the generation is calculated as shown in Figure B.3. 

 

Figure B.3. Dispatch for daily electricity generation. Source: Authors’ own. 

 

3. Cash flows and repowering 

Cash flows are made up of three main stocks: 1) ESP Financial Resources (FR), 2) FR Repositions and 

3) FR CAPEX, where money balances are accumulated in USD (see Figure B.4). The amount of money 



 
 

at each of these levels depends on the inflows and outflows, which represent average annual revenues, 

savings, and expenditures respectively. 

 

Figure B.4. Stocks and flows diagram of cash flows. Source: Authors’ own. 

 

• ESP Financial Resources: This accumulating variable is where the money collected through user 

charges is deposited, as well as the income from the tariff subsidy in the case that the community 

has this benefit. In addition to these two inflows, this variable has two outflows - "Annual OPEX 

Expenses" and "Savings for Repositions", as shown in the following equation: 

ESP Financial Resources =  0 + ∫ (ESP Collection Revenues +
t

0

 Revenue Subsidy −  Annual OPEX Expenses −  Savings for Repositions) dt  

 

• FR Repositions (Financial resources for repositions): "Savings for Repositions" is an outflow for the 

level variable "ESP Financial Resources", and is the only inflow of the stock FR Repositions. FR 

Repositions has two outflows corresponding to the expenditures for replenishments and savings for 

the installation of new installed capacity, as follows: 

FR Repositions = 0 + ∫ (Savings for Repositions −
t

0
 Expenditure for Repositions −

Savings for CAPEX) dt  

 

• FR CAPEX (Financial resources for CAPEX): From this stock comes the money for the repowers, 

where the inflow "Own resources CAPEX" has the same value as the outflow "Savings for CAPEX" 

from the stock "FR Repositions". FR CAPEX has two inflows and only one outflow, as shown in the 

following equation: 

FR CAPEX = 0 + ∫ (Own resources CAPEX +
t

0
 External Financing CAPEX − CAPEX expenditure ) dt  



 
 

 

Appendix C 

Table C.1 presents the most relevant simulation model parameters. 

Table C.1. Simulation model parameters 

Parameter Value and measurement Source 

Diesel Installed Capacity 28 kW Estimated from SUI (2019a) 

Potential diesel generation 42 kWh-day Estimated from SUI (2019a) 

Diesel Decreasing Parameter 5% decrease in initial 

capacity each year 

This value is assumed so that by 2040 

the potential diesel generation is 0 

PSH - Peak Solar Hours 4.5 hours/day Estimated from IDEAM (2020) 

CAPEX Diesel 650 US$/kW (Viteri et al., 2019) 

Fixed Diesel OPEX – Diesel 

Generation 

3% of CAPEX diesel Average value is taken from (EU and 

MWH, 2016, p. 2) 

Variable Diesel OPEX 0.38 US$/kWh Estimated from MME (2019) and SUI 

(2019b) 

Fixed Solar and batteries OPEX 2% Average value is taken from (EU and 

MWH, 2016, p. 2) 

CAPEX Solar System 1604 US$/kW (IRENA, 2020) 

Calendar Life - PV Solar System 20 years (Vides-Prado et al., 2018) 

Learning curve – Cost Solar System {0,084; 0,134; 0,184; 0,234; 

0,284; 0,333; 0,383; 0,433; 

0,483; 0,532; 0,582; 0,632; 

0,636; 0,641; 0,645; 0,649; 

0,654; 0,658; 0,662; 0,667; 

0,671; 0,675} 

Estimated from NREL (2020) 

Battery costs in US$/kWh 533,62 US$/kWh Estimated from IRENA (2017b) 

Calendar life Lithium-ion Batteries LFP 10 years Lower value from IRENA (2017b) 

Learning curve – Cost Lithium-ion 

Batteries LFP 

{0,067; 0,134; 0,147; 0,165; 

0,237; 0,290; 0,339; 0,384; 

0,424; 0,460; 0,496; 0,549; 

0,589; 0,605; 0,628; 0,643; 

0,673; 0,688; 0,711; 0,734; 

0,749; 0,764; 0,780} 

Estimated from NREL (2020) 

Isolated increment 1.7 Highest value from Gaona et al. (2015) 

CU (Localities Type 3 and 4) 0.43 US$/kWh  Estimated from SUI (2019b) 

% Tariff subsidy (Localities Type 3 and 

4) 

83% Estimated from SUI (2019b) 



 
 

 

Appendix D 

The full simulation results are summarised in Table D.1. 

Table D.1. Simulation results 
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