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The article focuses on developing a methodology for energy diagnostics in 
intermediate Colombian municipalities as an initial stage for implementing a 
Municipal Energy Management System. The study is conducted in the municipality 
of Sabanalarga during the period from 2010 to 2022. The methodology consists 
of four key steps: the socioeconomic characterization, energetic supply-side 
analysis, energetic demand-side analysis, and assessment of energy performance 
indicators for effective energy planning. The results indicate that, although 
agriculture is the primary driver of the local economy, the transportation 
and residential sectors are the largest energy consumers. Lower-income 
residents, who have limited access to modern energy services, consume less 
electricity per capita compared to higher-income residents. In rural areas, 
lower-income households primarily rely on firewood for cooking. Additionally, 
due to the low level of industrialization, both energy and power intensity 
fall below the national average. To support municipal authorities in making 
informed decisions, the development of a municipal energy management 
system is essential.
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1 Introduction

Supporting the energy demand in cities is increasingly gaining significance because of the 
ongoing urban expansion and population growth (Cai et al., 2022). The importance of the 
energy demand is further stressed by the instability of energy costs in the global market, the 
risk to energy security, and the introduction of climate change mitigation strategies. 
Additionally, cities account for over 80% of energy-related greenhouse gas emissions (Suab 
et  al., 2016). Currently, over half of the global population resides in urban areas, with 
projections to keep increasing until 2050 and to further contribute to higher GHG emissions 
(Yazdanie and Orehounig, 2021).

Notably, around 70% of the population in Colombia lives in urban areas, mainly in large cities 
(DANE, 2019). In total, urban areas in Colombia account for 87% of national electricity 
consumption (Superservicios, 2020) and 97% of the use of natural gas (Superintendencia de 
Servicios Publicos Domiciliarios, 2021). In total, large municipalities (Inh > 100,000) account for 
over 60% of the Colombian population (DANE, 2019), some 65% of the Gross Domestic Product 
(DANE, 2021), and 60% of the electricity consumption (UPME, 2020). Moreover, intermediate 
municipalities (20,000 < inh < 100,000), characterized by a low urbanization ratio, account for 
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24% of the population and 26% of the electricity consumption. However, 
regardless of the significance of municipalities for energy consumption, 
no energy management strategies to improve energy efficiency are 
considered (UPME, 2022). Without tools for energy management and 
planning in intermediate municipalities in Colombia, this research aims 
to fill this gap by implementing a methodology for energy diagnosis as 
an initial stage in developing a municipal energy management 
system (MEMS).

MEMS can improve performance by focusing on energy efficiency, 
conservation, and renewable energy sources (Denis and Parker, 2009). 
To this end, municipal authorities in different countries successfully 
used Energy Management Systems (EMS) (Jekabsone et al., 2020), 
which reduces energy consumption and its costs while mitigating 
GHG emissions (Pochtovyuk et al., 2021). Furthermore, while EMS 
primarily focuses on improving energy efficiency, ISO 50001 permits 
considering using renewable energy sources within the EMS 
(Kaselofsky et al., 2021). Implementing EMS at the municipal scale is 
an emerging area that needs further research and development (Dzene 
et  al., 2015; Jekabsone et  al., 2020). Municipalities need EMS 
considering local conditions and possible synergic energy systems 
(Dhakal, 2009). Generally, urban areas concentrate the energy 
consumption, while rural areas have a greater availability of renewable 
energy sources. Intermediate municipalities in Colombia can benefit 
from developing a coordinated local energy management framework 
between its urban and rural areas (Ren et al., 2014).

Although the government in Colombia implemented policies to 
promote energy efficiency (Cabello et al., 2020) and renewable energy 
(Cabello et al., 2019; Mendoza et al., 2021), there are no adequate 
strategies for intermediate municipalities in urban and rural areas 
(Duque et  al., 2021; UPME, 2021a, 2022). Currently, the main 
initiative addressing municipal energy management has been the 
implementation of the “Energetic City” in three large municipalities 
(i.e., a Switzerland management tool to promote the implementation 
of energy efficiency, renewable energy sources, and green mobility 
projects in municipalities) (Swisscontact, 2021). Regardless of the 
importance of intermediate municipalities for energy consumption in 
Colombia, there is no discussion on energy management at this level.

One main challenge to municipal EMS is highlighting the need to 
improve municipal energy performance. Therefore, the first step to 
promoting municipal EMS is the awareness of local authorities 
(Fenton et al., 2016). For the awareness of authorities, the local energy 
diagnostic is a convenient tool (Kurahassi, 2006; Soto et al., 2018) to 
assess the supply and demand sides for the residential, industrial, and 
service sectors and identify the critical factors of the end-use energy 
(Brandoni and Polonara, 2012a,b). Therefore, this study focuses on 
developing an EMS methodology for municipal energy diagnostics in 
intermediate Colombian municipalities. The methodology developed 
is implemented in the Sabanalarga municipality.

2 Municipal energy management

Municipal infrastructure provides high-energy consumer services 
(i.e., electricity, natural gas, and mobility). Thus, municipal energy 
management (MEM) has a significant potential to contribute to 
improving energy performance at the local and national scales 
(Schellong, 2016). Different projects improved municipal energy 
performance, making them more efficient, less costly, and sustainable 
(Jekabsone et al., 2020; Zhou et al., 2014). MEM focuses on short, 

medium, and long-term strategic planning for local energy needs 
(Brandoni and Polonara, 2012a,b; Sperling et al., 2011) and decrease 
the energy poverty in urban areas (Kim et al., 2016). Additionally, 
MEM stresses the importance of exploiting the renewable energy 
sources available, with several developed countries funding bottom-up 
renewable energy strategies (RES) to complement the national and 
regional renewable energy policies with municipal contributions 
(Visintainer et al., 2021). The implementation of MEM is projected to 
play a significant role because of its particular focus on renewable 
sources (Denis and Parker, 2009).

Currently, ISO 50001 is the most used standard to guide the 
implementation of an EMS toward holistic management of energy 
efficiency rather than isolated energy-saving measures (Cabello et al., 
2021). While ISO-certificated EMS in companies is widespread 
globally, showing relevant results (Lobo and Maldonado, 2022), the 
few EMS-certified municipalities are mainly found in developed 
countries (Jekabsone et  al., 2020). A project implemented in 28 
European municipalities resulted in energy savings of over 10% 1 year 
after the ISO 50001 certification of the MEM system, which stresses 
the importance of promoting this approach (Kaselofsky et al., 2021).

The ISO 50001 standard establishes a general methodology to 
implement and operate EMS. The energy consumption in municipalities 
is located in the public sector and the residential, production, and service 
sectors (Dzene et al., 2015). Numerous stakeholders influence energy 
services in municipalities, while some economic, cultural, and social 
factors must be  considered (Kostevsek et  al., 2016). Generally, 
municipalities lack a specialized energy management administrative 
structure or organized energy data collection; thus, missing or insufficient 
data is one significant barrier to MEM (Jekabsone et al., 2020). Moreover, 
municipalities are suitable micro-units for implementing renewable 
energy microgrid systems (Burton and Hubacek, 2007).

Based on the importance of adequate guidance for implementing 
MEM (Beihmanis and Rosa, 2016) and the required precertification 
work (Kaselofsky et  al., 2021), a four steps methodology was 
established before certification (Jekabsone et al., 2020):

	 1	 Motivate municipal authorities to develop a MEM system. This 
phase starts with the energy diagnostic to characterize the 
municipal energy system and energy efficiency level.

	 2	 Set MEM boundaries and goals.
	 3	 Develop the MEM process planning.
	 4	 Assess the implementation process, including communication 

between departments and other stakeholders.

Frequently, the energy diagnosis shows that energy consumption 
data is neither monitored nor analyzed. In other cases, energy 
management is implemented without a holistic view, inadequate data 
collection, and low transparency (Jekabsone et al., 2020).

2.1 Municipal energy system

The ISO 50001 standard focuses on assessing past and present 
energy consumption and use within the limits of the EMS (ISO, 2014). 
Therefore, the areas with significant energy consumption and the 
influencing parameters in the energy planning stage are identified 
(Soto et al., 2018). Regional energy diagnosis, frequently based on 
government data and reports, focuses on assessing the local energy 
supply and consumption in the different sectors (Brandoni and 
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Polonara, 2012a,b; Martínez et  al., 2020). The energy supply 
assessment includes the operation and plans of public and private 
companies, analyzing the current state of energy infrastructure, and 
estimating the renewable potential. Moreover, the demand side 
individually assesses the economic sectors (e.g., industry, transport, 
agriculture, residential, and public) to address their characteristics and 
needs, defining consumption patterns (Kostevsek et al., 2016). Usually, 
transportation management policies are discussed more during the 
MEM (Brandoni and Polonara, 2012a,b).

Frequently, municipal energy diagnosis is developed without 
implementing an energy data collection system or a MEM system 
(Kurahassi, 2006). However, for municipal energy diagnosis, the 
data available and its collection is essential for both top-down and 
bottom-up approaches (Jekabsone et  al., 2020). When there is 
limited data availability, the top-down approach is more suitable, 
calculating energy data from the regional consumption share (e.g., 
per capita consumption and population, number of households) or 
energy audits and interviews. Local energy companies can provide 
data on electricity and natural gas consumption (bottom-up 
approach). Moreover, the use of oil derivatives for transport could 
be estimated as a proportional share of the regional consumption 
and the population (top-down approach). The bottom-up approach 
is adequate when implementing municipal energy data collection 
systems (Kostevsek et al., 2016).

In addition, municipal energy diagnostic is a fundamental tool for 
urban planning that seeks to mitigate the effects of zoned heat in island 
countries (Jung, 2024), decentralized planning of urban renewable 

energy systems (Quan et al., 2022), and establish urban constraints in 
multi-scale energy transitions (Traill and Cumbers, 2024).

Studies interconnecting architecture, infrastructure, and hybrid 
renewable energy systems (Ibrahim, 2024) include this tool for initial 
energy analysis (Kobi, 2023).

3 Methodology

The energy balance involves the comprehensive bookkeeping of 
all energy flows entering, being generated, and exiting the 
municipality. Meanwhile, the energy diagnosis is aimed at establishing 
the interplay between energy and variables of an economic, social, 
political, environmental, and technological nature, among others 
(Gómez-Ceballos and Morán-Perafán, 2015). In this manner, the 
methodology employed in this research is primarily centered around 
the energy balance, followed by conducting a municipal energy 
diagnosis utilizing the quantified municipal information.

Various methodologies for conducting energy balances have been 
implemented in cities at both national and international levels. In the 
case of Colombia, there is limited research on these methodologies at 
the municipal level, energy balances are predominantly scaled at the 
national level (UPME, 2021b). Table  1 provides a comprehensive 
overview of the energy balance methodologies applied across various 
cities, illuminating their respective disadvantage in the context of their 
application within intermediary municipalities in Colombia. These 
methodologies share the common aspect of accounting for primary 

TABLE 1  Energy balance methodologies developed in cities.

Reported research Methodology Case study and 
energy balance 
years

Disadvantage

Pérez et al. (2019), Correa Soto 

et al. (2021)

The methodology is structured into three major 

modules: energy imports into the municipality, 

energy generation from either internal or external 

sources, and final energy consumption.

Madrid—España, (2006–

2020).

Cuenfuegos—Cuba, (2012–

2017)

Reports of its implementation are only found 

in capital cities, and data collection hurdles 

impede its utilization in intermediate cities of 

Colombia.

Liu et al. (2022) Method based on downscaling energy balance 

tables

Second-tier cities in China’s 

administrative structure 

(2003–2019)

Absence of data in the provinces (Departments 

in Colombia) to apply the method.

Barragán-Escandón et al. (2020) LEAP model (long-range energy alternative 

planning)

Cuenca—Ecuador (2016) Lack of updated information regarding 

biomass in Colombia hinders its utilization.

Ronco et al. (2017) Provincial energy balances, methodological notes, 

and information consolidation.

Argentine provinces; La Rioja, 

Mendoza, Neuquén, Santa 

Cruz y Tierra del Fuego 

(2015–2016)

Energy balances are applied to provinces, 

which are equivalent to departments in 

Colombia. This encompasses multiple 

municipalities and a larger territorial expanse.

IEA (2017) Methodology for energy balance OECD (Organisation for 

Economic Co-operation and 

Development) countries 

(1973–2019)

Reports of its implementation are only found 

in continents and nations.

Gonzales and OLADE (2017) Balance manual, useful energy OLADE (Latin 

American Energy Organization)

San Juan de Pasto—Colombia 

(2011)

Implemented in a Category 1 city in Colombia, 

it does not include the calculation of energy 

indicators.

CEnguix (2012) Energy and economic balance for the utilization of 

forest biomass in the Municipality of Enguera.

Enguera—España (2011) Focused on the utilization of forest biomass, its 

application is restricted exclusively to rural 

regions with populations of fewer than five 

thousand inhabitants.

Source: Authors.
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energy, secondary energy, external energy sources or imports, 
indigenous energy sources, their transformation, and final consumption. 
Drawing from this comparative analysis, the methodology to be adopted 
in the municipality of Sabanalarga (Atlántico) is chosen.

After analyzing the energy balance methodologies presented in 
Table  1, the one proposed by OLADE (Latin American Energy 
Organization) was chosen, and it was implemented in the city of San 
Juan de Pasto—Colombia in 2011 (Gómez-Ceballos and Morán-
Perafán, 2015), the criteria for this selection are as follows:

	•	 Methodology applicable to Latin American cities, encompasses 
the generation of energy from primary sources, transformation, 
losses, and final consumption.

	•	 It was implemented within a Colombian city, which, while not 
being an intermediary urban center, encapsulates the distinctive 
traits commonly found in municipalities of second and third tiers.

	•	 The gathering of information is carried out through municipal 
databases, given that a significant portion of the data is not 
available within the state sector.

	•	 Generate key data for the energy indicators of intermediate 
Colombian cities (see Figure 1).

The selected methodology uses the energy conservation principle 
to perform the energy balance. Applying this equation to primary 
energy, it can be derived that the overall supply is:

	 TS Pr IC Ex NuIm= + ± − −

Where: TS: Total supply; Pr: Production; Im: Importation; IC: 
Inventory Change; Ex: Exportation; Nu: Not used.

The same equation is applied across secondary energy sources, 
transformation centers, and final consumption centers.

Leveraging data from municipal, departmental, state databases, as 
well as energy supplying enterprises, a comprehensive municipal 
energy balance was conducted for the timeframe spanning from 2010 
to 2022. This endeavor was necessitated by the absence of energy-
related records pertaining to the municipality for years predating 2010 
(SUI, 2022; Manotas, 2020; SICOM, 2022; Gomez and UPME, 2019). 
This timeframe is adequate for conducting the diagnosis, as it not only 
falls within the ranges established by the methodologies implemented 
in Table  1, but also enables the identification of trends in energy 
consumption and indicators. These trends, in turn, will facilitate the 
execution of a comprehensive analysis.

The municipal energy diagnosis generates the input variables for 
the energy planning proposed by ISO50001 (2018). And it constitutes 
the initial stage of this phase for implementing a municipal energy 
management system as depicted in Figure 2.

The diagnosis focuses on a preliminary view of the municipal 
energy system to highlight energy-saving opportunities and propose 
energy performance indicators. Two factors must be assessed in more 
detail: municipal energy sources and sectorial energy demand from 
each source. Energy sources can be identified by interviewing municipal 
authorities and energy stakeholders, assessing the municipal energy 
mix, companies, and the state of energy infrastructure, and estimating 
the renewable potential on the supply side (Kostevsek et al., 2016).

The dates and information used in this study is based on 
interviewing stakeholders and other actors, analyzing available data, 
and comparing to other studies (Kamenders et al., 2017; Beihmanis 

and Rosa, 2016; Brandoni and Polonara, 2012a,b; Correa et al., 2021; 
Dzene et  al., 2015; Rad, 2010; Soto et  al., 2018), and the current 
governmental energy policy in Colombia (UPME, 2022b):

	 1	 Socioeconomic characterization:
a)	 Total population, urban population, and rural population 

in the municipality.
b)	 Share of the population by economic stratum.
c)	 Municipal and per capita GDP.
d)	 Share of the GDP by economic activity.

	 2	 Supply-side analysis
a)	 Municipal energy mix (e.g., firewood, natural gas, 

electricity, and transport fuels).
b)	 Energy from non-conventional renewable energy sources.

	 3	 Demand-side analysis
	a)	 Annual energy consumption by economic sector and 

energy form (Natural gas, firewood, diesel, and gasoline).
	b)	 Residential electricity consumption by economic strata in 

urban and rural areas.
	c)	 Annual electricity consumption in urban and rural areas.
	d)	 Annual residential natural gas consumption by economic 

strata in urban and rural areas.
	 4	 Assessment of energy performance indicators and technologies.

a)	 Access to electricity.
b)	 Per capita electricity consumption.
c)	 Electricity consumption by sector.
d)	 Residential electricity consumption by strata in urban and 

rural areas.
e)	 Access to natural gas.
f)	 Per capita natural gas consumption by economic strata in 

urban and rural areas.
g)	 Firewood penetration.
h)	 Municipal energy intensity.
i)	 Sector energy intensity.
j)	 Energy technologies in the municipality.

4 Case study: energy diagnosis in 
Sabanalarga municipality

Sabanalarga, with 414 km2 and 101,843 inhabitants, is a second-level 
municipality from the Atlántico department (i.e., the Colombian Caribe). 
The MGDP (municipal gross domestic product) in 2021 accounted for 
842 MMCOP (i.e., around 224.5 MUSD) (DANE, 2023). The main 
economic activities are tertiary activities like commerce, public services, 
services (e.g., hotels, restaurants), banks, and transport. Historically, the 
municipality has been one leading supplier of agricultural products in 
the department; thus, agriculture, livestock breeding, and fishing are also 
important activities (Manotas, 2020). Moreover, although the industrial 
sector grew significantly during the last ten years, it remains a marginal 
contribution to the municipal economy.

4.1 Municipal energy balance

Supplementary Table S1 presents the energy balance for the 
year 2022, conducted using the OLADE methodology (Gonzales 
and OLADE, 2017), which has previously been applied in the 
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Colombian city of San Juan de Pasto (Gómez-Ceballos and 
Morán-Perafán, 2015). The energy balance covers the period from 
2010 to 2022; however, for conciseness, only 
Supplementary Table S1 provides detailed data for 2022. Figure 3 
illustrates the annual energy balance results over the entire 
study period.

4.2 Socioeconomic characterization

National and municipal databases were used in this study. 
Demographic data assess the total municipal population during the 

last years, classified into urban and rural inhabitants. In Colombia, the 
government stratifies households into six levels closely related to 
purchasing power (Gallego et al., 2014). Strata classification defines 
public service costs and the focus of government social policies 
(Bonilla et al., 2014). Therefore, stratification data was considered in 
the socioeconomic characterization.

Population growth is a significant diver of increasing energy 
consumption in urban and rural sectors. Figure 4 shows the evolution 
of the municipal population between 2010 and 2022.

In Sabanalarga, the urban population increased 24.8% between 
2010 and 2022. The population growth rate has increased significantly 
since 2016 because immigrants from Venezuela settled in urban areas. 

FIGURE 1

Energy flow for balancing (Source: Gonzales and OLADE, 2017).

FIGURE 2

Energy planning (Source: adapted from ISO, 2011).
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FIGURE 4

Evolution of the municipal population (Source: own elaboration with data from DANE, 2023).

Immigrants mainly select urban areas because there are more 
employment and economic opportunities. Contrasted, the rural 
population, with a lower impact from immigration, increased by 18% 
in the same period.

In Colombia, energy consumption varies significantly between 
strata, and reducing the electricity inequality between strata was 
highlighted as an important socioeconomic issue for human 
development (Cabello et  al., 2022a,b). Therefore, the population 
distribution by strata in Colombia must be  considered in the 
municipal energy diagnostic. In Sabanalarga 2022, 90% of the 
population resides in strata 1 and 2, higher than the national average 
of 66%. Furthermore, there are no strata 5 or 6 in the municipality 
(Manotas, 2020). This strata distribution highlights the need to 
increase the population’s well-being (Cabello et al., 2022b).

The municipal economic performance is characterized using the 
municipal gross product (MGP) (see Figure 5). Figure 5 shows the 
MGDP in Colombian pesos (COP) and USD.

Results show that while the MGDP in COP increased 144% from 
345 to 842 million COP, measured in USD only increased 24% from 
180.9 to 224.5 million USD. Sabanalarga accounts for 2% of the gross 
domestic product (GDP) of the department of Atlántico, which 
accounts for 4.5% of the national GDP. Tertiary activities (e.g., public 
services, commerce, hotels, restaurants, and transport) represent 70 to 
85% of the MGDP. This MDPG distribution indicates a low 
development of industry (i.e., secondary activities). Moreover, 
primary activities (i.e., agricultural activities) have increased since 
2015, primarily related to increased livestock production. The MGPpc 
in Sabanalarga is 42% of the Colombian GDP per capita of 5,800 USD 

FIGURE 3

Supply energy mix in Sabanalarga (2010–2022) (Source: own elaboration with data from SUI, 2022; Unidad de Planeación Minero-Energética [UPME], 
2021; SICOM, 2022; Minenergia, 2020; Manotas, 2020).
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in 2022 (Expansión, 2023) highlighting the low economic performance 
of the municipality.

4.3 Energy supply-side analysis

The supply-side analysis must consider all energy sources with 
significant use in the municipality. At the intermediate municipal scale 
in Colombia, energy data collection is inefficient. Therefore, local data 
from national and regional reports were used (SUI, 2022; Unidad de 
Planeación Minero-Energética [UPME], 2021; SICOM, 2022; 
Minenergia, 2020; Manotas, 2020). This supply matrix was obtained 
from the energy balance for the period 2010 to 2022. Figure 3 shows 
the supply energy mix of Sabanalarga.

The energy mix shows that liquid fuels account for the highest 
energy supply in the municipality, mainly driven by public transport 
systems like motorcycles and inter-municipal diesel buses. Firewood for 
household cooking accounts for 20%–32% of the energy mix. Firewood 
use is explained by the limited access to natural gas in households. The 
electricity supply increased proportional to the population growth, while 
the natural gas supply increased at a lower rate during this period. These 
differences between electricity and natural gas consumption indicate that 
immigrants mainly depend on firewood for cooking.

4.4 Energy demand side analysis

The demand side assesses the yearly energy consumption from 
different sources by economic sector. Given the importance of 
electricity for welfare, the electricity consumption in households 
should be assessed in detail for urban and rural areas and the different 
strata (Cabello et al., 2022a).

Figure  6 shows the yearly electricity consumption by sector 
in Sabanalarga.

On average, household accounts for 66.4% of the electricity 
consumption, while the commercial sector uses 12.2%. Industry 

historically accounted for lower consumption and has increased the 
demand for electricity since 2016, evidencing rapid development. 
Rural areas, with 25% of the population, account for an average of 3% 
of the total electricity consumption. Poverty affecting access to 
electricity is the main reason for the low electricity consumption in 
rural areas. Similarly, in Colombia, rural areas accounting for 23.7% 
of the population represent 11% of electricity consumption (Cabello 
et al., 2022b).

Figure  7 shows the per capita electricity consumption in the 
residential sector.

The results show that strata 1 to 3 have a similar per capita, while 
on average, stratum 4 has a per capita 24.3% higher than stratum 1. 
Moreover, in rural areas, the electricity per capita averages 13.9% of 
the stratum 1 per capita in urban areas.

Except for strata 4, all strata exceed national and departmental per 
capita electricity consumption. It should be noted that the highest 
income households in the municipality and departmental are included 
in this stratum as there is no stratum 5 or 6. The typical climatic 
conditions of the tropic of the Colombian Caribbean coast influence 
this value to be above the national average, where air conditioning 
corresponds to the main consumption. Concerning the departmental 
value, the indicator is lower in strata 1, 2, and 3 because the 
departmental average includes its capital.

Figure 8 shows the municipal natural gas by sector and firewood 
households consumption.

The residential sector accounts for an average of 90% of the 
consumption, mainly for cooking. Moreover, the commercial sector 
accounts for nearly 10%. Other sectors have a marginal demand.

Firewood consumption varied from 12 to 26 kt per year. Firewood 
is mainly used in rural areas, driven by the lack of access to natural gas 
or other cooking fuels. At the national level, firewood consumption 
accounted for 5,718 kt in 2019, whit a per capita of 114 kg (Gomez and 
UPME, 2019). Contrasted, the per capita consumption in Sabanalarga 
account for 169 kg, 30% higher than the national average. 
Countrywide, the use of firewood is reducing, yet the flow of illegal 
immigrants living in precarious conditions lacking access to electricity 

FIGURE 5

Evolution of the MGDP between 2010 and 2022 (Source: own elaboration with data from DANE, 2023).
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and clean cooking fuels is causing an increased use in the municipality. 
Firewood accounted for 20%–30% of the municipal energy mix. The 
traditional three-stone cooking fire causes estimated greenhouse gas 
emissions of 2,0347 tCO2/GJ. Additionally, pollutant emissions and 
deforestation driven by firewood affect human health and the 
environment. It is estimated that health consequences from firewood 
consumption account for 0.2% of the GDP in Colombia, mainly 
affecting women and children (Gomez and UPME, 2019).

Figure 9 shows the consumption of transport fuels between 2010 
and 2020.

Fuel consumption increased by 89.1% between 2010 and 2021. In 
the municipality, transport is the only source demanding diesel 
and gasoline.

Public transportation stands as the highest consumer of liquid 
fuels in the municipality. In 2019, the intermunicipal diesel 
transport fleets included 26 buses, 9 minibuses, and 147 vans. 
Moreover, urban public transport was developed with 9,592 

motorcycles, many of which are not legalized (Bermejo Altamar 
et  al., 2022). In total, public transport accounts for 96% of the 
transport fuel consumption, while private vehicles account for 4% 
(Manotas, 2020; SICOM, 2022). There is no data available on the 
use of transport fuels in agriculture and industry, although based 
on the characteristics of these sectors, they have little influence on 
the use of transport fuels.

4.5 Assessment of energy performance 
indicators and technologies

Two routes were considered evaluation of municipal 
energy performance:

	 1	 Household energy consumption: the analysis is based on the 
electricity and natural gas coverage indexes and the per capita 

FIGURE 7

Residential electricity per capita by strata and area (2019–2022) (Source: own elaboration with data from SUI, 2022; Cabello et al., 2022b; Manotas, 
2020).

FIGURE 6

Electricity consumption by sector and area (2010–2022) (Source: own elaboration with data from SUI, 2022; Minenergia, 2020).
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electricity and natural gas consumption in urban and rural 
areas and by strata.

	 2	 Production and service sectors: the analysis is based on the 
yearly municipal and sectorial energy intensity.

Table 2 depicts the energy performance indicators considered 
during the energy diagnosis.

Figure  10 shows the electricity and natural gas access in the 
municipality between 2010–2021 and the firewood penetration. 
Households using firewood are calculated as the difference between 
total municipal households and households using natural gas. In 
Sabanalarga, there is no distributor of LPG, and electricity and electric 

cooking appliances are too costly and are not used. Since there is no 
use of electric stoves (because of high electricity costs) or LPG 
(because of the lack of suppliers) (Manotas, 2020), firewood users in 
the municipality correspond to the difference between the total 
inhabitants and natural gas consumers.

The figure shows that between 2010 and 2022, access to electricity 
increased from 87% to 98%. During the same period, access to natural 
gas remained relatively constant at around 82%. Firewood penetration 
reduced from 18% in 2010 to 12% in 2015 and increased to 17% in 
2022. The increased firewood penetration is mainly explained by 
illegal immigration. Firewood consumption in the municipality 
sometimes has cultural and culinary foundations to cook some 

FIGURE 8

Evolution of natural gas by sector and firewood households consumption (2010–2022) (Source: own elaboration with data from SUI, 2022; 
Minenergía, 2021; Gomez and UPME, 2019; DANE, 2023).

FIGURE 9

Evolution of transport fuel consumption (2010–2022) (Source: own elaboration with data from SICOM, 2022).
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traditional plates, while in most cases is due to the lack of natural gas 
infrastructure in rural or immigrant illegally occupied areas.

Figure 11 shows per capita electricity consumption by area.
Total electricity per capita increased from 721 in 2010 to 965 kWh 

in 2021. Particularly in urban areas, they were increased to 1,252 kWh 
in 2021. The higher per capita in 2021 is explained because, during 
COVID-19 confinement, the residential demand for electric 
appliances increased in stratum 4. In rural areas, the per capita is 
significantly lower, remaining under 115 kWh (the data from 2010 is 
an outlier with no correspondence with the situation in the 
municipality). In addition to poverty, rural areas are affected by poor-
quality electricity and frequent blackouts that further impact 
electricity use.

Figure 12 shows the yearly per capita of natural gas by area.
The figure shows that natural gas consumption is concentrated in 

urban areas, highlighting that until 2019 there were no users in rural 
areas. Since 2010, the per capita in urban areas has varied between 35 
and 41 m3. In contrast, rural areas have had from 1 to 5% of the per 
capita in urban areas since 2019.

Figure  13 shows the energy and electricity intensity in 
the municipality.

Since 2010 the energy intensity has reduced to 65%, while in the 
same period, the electricity intensity reduced to 79%. Overall, the 

municipality improved energy efficiency, although the improvement 
is less significant for electricity use.

Primary sectors like agriculture, livestock, and fishing, 
characterized by low energy consumption, show the lowest energy 
intensity. Moreover, secondary sectors, like manufacturing and 
construction, show an increasing trend, explained by the expanding 
development of these activities in the municipality. Finally, tertiary 
sectors, like commerce, transportation, and communication, show 
slight variation in the same period.

Table 3 shows the energy technologies in the municipality by 
sector, this information was obtained through field trips in the 
different sectors of the municipality, in addition to the information 
collected by Manotas (2020) in the municipal development plan. The 
municipality in the different sectors in general does not have the latest 
generation technologies with high energy efficiency equipment.

5 Discussion

The energy diagnosis of the municipality reveals that the 
transportation, residential, and commercial sectors are the primary 
energy consumers, relying on outdated and inefficient technologies 
that contribute to significant energy losses. Firewood, natural gas, and 

TABLE 2  Energy performance indicators.

Energy performance indicators Units

Residential sector (households)

Access to municipal electricity (AME)
% Inhabitants with access to electricityAME

Municipal population
=

Electricity consumption per capita (ECpc)
kWh/inh Total electricity consumptionECpc

Municipal population
=

Electricity consumption per capita rural (ECpcr)
kWh/inh Rural electricty consumptionECpcr

Rural population
=

Electricity consumption per capita urban (ECpcu)
kWh/inh Urban electricity consumptionECpcu

Urban population
=

Stratum electricity consumption per capita (SECpc)
kWh/inh Stratum electricity consumptionECpc

Stratum population
S =

Natural gas municipal coverage (MNGC)
% Inhabitants with access to NGMNGG

Municipal population
=

NG consumption per capita (NGpc)
M3/inh Total NG consumptionNGpc

Municipal population
=

NG consumption per capita rural (NGCpcr)
M3/inh Rural NG consumptionNGCpcr

Rural population
=

NG consumption per capita urban (NGCpcu)
M3/inh Urban NG consumptionNGCpcu

Urban population
=

Firewood penetration (FWP)
% Inhabitants cooking with firewoodFWP

Municipal population
=

Production and service sectors

Municipal energy intensity (MEI)
TJ/MMCOP Municipal energy consumptionMEI

Municipal gross product
=

Energy intensity by sector (EIS)
TJ/MMCOP Sector energy consumptionEIS

Municipal sector gross product
=

Municipal electricity intensity (MELI)
TJ/MMCOP Municipal electricity consumptionMELI

Municipal gross product
=

Source: own elaboration.
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electricity serve as the main energy sources for residential and 
commercial activities, with the increasing demand for firewood 
raising serious environmental and health concerns. These findings 
align with previous studies (Gómez-Ceballos and Morán-Perafán, 
2015), which highlight the inefficiencies of traditional energy 
consumption patterns in municipalities with similar socio-economic 
conditions. However, the implications of these trends extend beyond 
localized concerns, underscoring the urgent need for comprehensive 
policy interventions at municipal, regional, and national levels.

A key challenge identified is the excessive reliance on inefficient 
combustion-based energy sources, particularly in the transportation 
sector, which remains a major consumer of gasoline and diesel. 
Suggest that transitioning to cleaner fuels such as natural gas, adopting 
hybrid or electric vehicles, and modernizing public transportation 

systems can significantly mitigate emissions and improve energy 
efficiency. The municipality’s low level of industrialization translates 
into minimal electricity demand, which contrasts with higher energy-
intensive urban centers. This lack of industrial development limits 
economic productivity and inhibits the adoption of advanced energy 
technologies, as evidenced by the discrepancy in energy intensity 
between Sabanalarga (0.4576 BOE/MCOP) and Pasto (0.1546 BOE/
MCOP) in 2011 (Bermejo Altamar et al., 2022).

The residential sector accounts for 55% of total energy 
consumption, with electricity, natural gas, and firewood being the 
dominant energy sources. Comparatively, household electricity 
consumption in the municipality surpasses regional and national 
averages (Hernández, 2017; UPME, 2021b). This disparity highlights 
the municipality’s underdeveloped industrial and agricultural sectors 

FIGURE 10

Evolution of access to municipal electricity (AME), natural gas municipal coverage (MGC), and firewood penetration (FWP) between 2010 and 2022 
(Source: own elaboration with data from Minenergía, 2021; Gomez and UPME, 2019; DANE, 2023).

FIGURE 11

Yearly electricity per capita by areas (Source: own elaboration with data from SUI, 2022; Gomez and UPME, 2019; DANE, 2023).
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and suggests an urgent need to implement demand-side energy 
management policies. Potential strategies include promoting 
renewable energy sources such as modern biomass and solar systems, 
expanding electricity and natural gas access in rural areas, enhancing 
energy efficiency in residential appliances, and reducing illegal 
electricity connections. Moreover, replacing traditional cooking stoves 
with more efficient alternatives can substantially lower firewood 
dependence and improve air quality.

Energy poverty remains a critical issue in Sabanalarga and 
Colombia, particularly in rural areas where energy access and 
affordability are significantly lower than in urban centers. National data 
indicate that the Basic Subsistence Consumption (BSC) of electricity 
varies from 130 kWh/month in cold regions to 187 kWh/month in 
warmer climates (Cabello et al., 2022a). However, rural households in 
the municipality fall below these thresholds, exacerbating socio-
economic disparities. While multidimensional poverty has decreased 
from 50.8% in 2005 to 36.5% in 2018 (DANE, 2023), rural communities 

continue to experience inadequate access to modern energy services. 
Addressing energy poverty requires coordinated governmental policies 
and infrastructure investments aligned with Sustainable Development 
Goal 7 (SDG 7), which emphasizes universal access to affordable, 
reliable, and sustainable energy.

The transportation sector presents additional opportunities for 
energy optimization. Upgrading diesel injection technology in public 
transportation, promoting the conversion of gasoline vehicles to natural 
gas, and encouraging the adoption of hybrid and electric vehicles can 
enhance both energy efficiency and environmental sustainability. 
Moreover, restructuring public transport systems to optimize routes and 
vehicle usage can further reduce energy consumption and emissions.

The integration of modern technologies and renewable energy 
sources into agriculture and livestock is crucial for improving 
economic productivity and sustainability. Agricultural biomass 
presents an untapped potential as a renewable energy source that 
could support the municipality’s energy transition.

FIGURE 12

Evolution of the natural gas per capita in the municipality (Source: own elaboration with data from SUI, 2022; DANE, 2023).

FIGURE 13

Evolution of electricity, total and economic sector energy intensity in Sabanalarga (Source: own elaboration with data from SUI, 2022; DANE, 2023).
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Across Colombia, 1,123 municipalities collectively account for 
26% of national electricity consumption (SUI, 2022) while 
representing 24% of the country’s population (DANE, 2023). To align 
with SDG 7, municipalities must implement comprehensive energy 
management strategies that enhance efficiency, diversify energy 
sources, and foster sustainable energy consumption. A holistic 
approach to energy planning can drive economic growth, alleviate 
energy poverty, and ensure equitable access to clean energy for both 
urban and rural populations. Future research should explore region-
specific barriers to energy transitions, assess the socio-economic 
feasibility of proposed interventions, and examine the long-term 
sustainability of energy policies to facilitate an equitable energy  
transformation.

6 Conclusion

The energy diagnosis of Sabanalarga, which is the initial stage of 
creating a municipal energy management system, is highlighted in this 
paper. In line with the first action plan of the Rational and Energy 
Efficiency Utilisation Program (PAI-PROURE) 2020–2030, the next 
step is to create energy planning to establish goals to enhance 
municipal energy performance that are in line with the federal 
government (UPME, 2022).

The choice of the OLADE-proposed energy balance methodology 
was made possible by the evaluation of several energy balance 
approaches used globally (Gonzales and OLADE, 2017). This choice 
facilitates the diagnostic process by enabling the thorough 
quantification of all energy flows inside the municipality. In the 
residential and transportation sectors, respectively, electricity and 
liquid fuels are the main energy carriers causing increased  
consumption.

Establishing a baseline to compare the municipal energy 
performance and the achievement of the management goals is made 
possible by the energy diagnosis. The municipal energy management 

system’s performance indicators are listed in Table 3. These results 
will help the municipality create energy policies that aren’t already 
included in the municipal development plan (Manotas, 2020). 
Monitoring the development of municipal energy performance and 
the application of energy saving measures are made possible by the 
energy performance indicators. According to the diagnosis, in order 
to enhance well-being and lessen the negative effects of firewood use 
on the environment and society, the development plan and energy 
regulations must take into account correcting the disparity in access 
to contemporary energy between urban and rural areas. Since the 
transportation, residential, and commercial sectors use the most 
energy, they require special attention in municipal energy  
management.
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Glossary

AME - Access to Municipal Electricity

COP - Colombian Pesos

ECpc - Electricity consumption per capita

MES - Municipal Energy System

UPME - National Energy Planning Unit

MEM - municipal energy management

MGDP - Municipal Gross Domestic Product

MGPpc - Municipal Gross Product per capita

MMP - Miles of millions of Colombian pesos

MEC - Municipal Electricity Coverage

EISS - Energy intensity of the secondary sector

MGC - Municipal PLG Coverage

NGpc - NG consumption per capita

SECpc - Strata Electricity consumption per capita

FWP - Firewood penetration

MEI - Municipal energy intensity

MELI - Municipal electrical intensity

EIPS - energy intensity of the primary sector

EITS - Energy intensity of the tertiary sector

GHG - Green House Gas
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