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Abstract:
							                           
The residential sector represents a significant part of energy consumption in tropical countries, where the climate directly influences the demand for ventilation and air conditioning. In cities like Bucaramanga (Colombia), the growth of building stock and the increased use of electrical appliances highlight the need for energy efficiency strategies. Although Colombia has made regulatory progress—such as Resolution 0549 of 2015—its application in residential buildings, especially in warm climates, remains underexplored. This study analyzes the impact of energy-saving measures on the demand profile of a middle-income residential building located in a tropical warm climate. The implementation of strategies recommended by Resolution 0549-2015 was evaluated through energy simulations using DesignBuilder V6. The methodology considered five scenarios: an existing building, one representing typical features of the current building stock, and three others that incorporate horizontal shading, natural ventilation, and variations in the window-to-wall ratio. The results showed a 20% reduction in energy consumption in the existing building compared to the reference model, mainly due to improvements in lighting and elevator efficiency. It is concluded that the proposed energy-saving measures are effective only when air conditioning systems are present and that their implementation can help reduce transformer loads. This study offers a valuable local contribution, being one of the first in Colombia to examine residential building design from an energy efficiency perspective, based on national regulations and simulation tools.



Keywords: Building energy simulation, energy conservation, energy demand, energy efficiency, residential buildings.
		                         


Resumen:
						                           
El sector residencial representa una parte importante del consumo energético en países tropicales, donde el clima influye directamente en la demanda de ventilación y climatización. En ciudades como Bucaramanga (Colombia), el crecimiento del parque inmobiliario y el mayor uso de equipos eléctricos hacen necesaria la adopción de estrategias de eficiencia energética. Aunque Colombia ha avanzado en normativa, como la Resolución 0549 de 2015, su aplicación en viviendas, especialmente en climas cálidos, ha sido poco estudiada. Este trabajo analiza el impacto de medidas de ahorro energético sobre el perfil de demanda de una edificación residencial de ingresos medios ubicada en clima tropical cálido. Se evaluó la implementación de estrategias sugeridas por la Resolución 0549-2015 mediante simulaciones energéticas en DesignBuilder V6. La metodología consideró cinco escenarios: un edificio existente, uno con características del parque inmobiliario actual y tres que integran sombreado horizontal, ventilación natural y variaciones en la relación ventana-pared. Los resultados mostraron una reducción del 20 % en el consumo energético del edificio existente respecto al de referencia, principalmente por mejoras en iluminación y ascensores. Se concluye que las medidas propuestas tienen efecto sobre el consumo, solo cuando hay sistemas de aire acondicionado, y que su implementación puede reducir la carga en los transformadores. Este estudio representa una contribución local relevante al ser uno de los primeros en Colombia que examina el diseño de viviendas desde un enfoque de eficiencia energética, apoyado en normativa nacional y simulación computacional.



Palabras clave: Simulación energética de edificaciones, conservación de energía, demanda energética, eficiencia energética, edificaciones residenciales.
                                








Highlights





	
Resolution 0549 was evaluated in warm-climate housing through energy simulation.

Passive strategies are effective only when air conditioning is used.

Energy consumption in the existing building was reduced by 20% compared to the reference model.

The proposed measures help reduce transformer load demand.











Highlights 





	
Se evaluó la Resolución 0549 en viviendas de clima cálido a partir de simulación energética.

Las estrategias pasivas son efectivas solo si hay uso de aire acondicionado.

Se redujo un 20 % el consumo del edificio existente frente al modelo de referencia.

Las medidas propuestas ayudan a disminuir la cargabilidad en transformadores.











 1. INTRODUCCIÓN 


Buildings are one of the sectors that consume the most energy worldwide [1], [2]. In 2020, this sector finished 34% of the total end-use energy and produced 36% of the total polluting emissions related to energy processes [3], which shows the need to link this sector to the fight against climate change. For this reason, it is a priority to continue with the development of actions that allow for the reduction of emissions and improvement of the performance of buildings and their energy adaptation capacity [2]-[6].

Energy efficiency effectively reduces building energy consumption and addresses sustainable development and climate change mitigation efforts. Widespread adoption of energy-saving measures in buildings reduces overall energy use and helps countries achieve emission reduction targets [4]. Literature indicates that numerous studies investigate the effects of incorporating energy-saving measures in buildings situated in tropical regions, either by estimating the decrease in consumption [5]-[12] benefits for thermal comfort [13]-[15] or reduction of polluting emissions [16], [17].

In Colombia, recently, the Ministry of Housing, City, and Territory (Ministerio de Vivienda, Ciudad y Territorio - MVCT) established Resolution 0549 of 2015 (R0549-2015) [18], which established the minimum percentages of savings in energy and water that new constructions must satisfy throughout the country, according to the climatic situation and the type of building [19]. Researchers have carried out some prospective energy efficiency studies despite a regulatory framework. Such is the case of [20], who estimated the energy demand for 2030 and 2050, considering the massive implementation of savings measures, among other technological changes and energy regulations. According to this study, the no-integration of saving measures will cause an increase in energy demand in the residential sector of 58% and 118% for 2030 and 2050, respectively.

For their part, [21] estimate energy demand through a systems model for various sustainable construction scenarios, considering the degree of compliance with R0549-2015, the price of fossil fuels, and the favorability of the national energy transition policy. This study predicts a demand reduction of around 12% for Bogotá and Medellín towards 2025 and 2030, respectively, due to compliance with the saving percentages established in that resolution and the improvement of the energy efficiency of existing buildings.

Other studies have investigated the incorporation of energy-saving measures in buildings. In 2017 [22] researched optimizing the passive design of residential buildings in Shanghai, China. The study's primary goal was to enhance thermal comfort while reducing the energy demand of buildings. To achieve this, the researchers used a multi-objective optimization approach, including developing a representative EnergyPlus model and performing a sensitivity analysis with 370 samples. The variables analyzed encompassed passive strategies such as natural ventilation, solar shading, thermal insulation, and passive heating. The results revealed that the window opening factor significantly impacted thermal comfort, whereas airflow significantly influenced energy demand.

On the other hand, [23] analyzed in 2015 how various building parameters and occupant behavior influence heating energy consumption and the PMV thermal comfort index in residential buildings in the Netherlands. The study employed a sensitivity analysis using the Monte Carlo method with EnergyPlus software and a reference building. Results revealed that factors related to occupant behavior, particularly thermostat usage and ventilation, had a significantly more significant impact on heating energy consumption than the physical parameters of the building. Another finding was that metabolic rate and clothing primarily influenced the PMV index.

In 2024, [12] analyzed the impact of thermal insulation strategies and the integration of photovoltaic cells on energy consumption reduction. The study presented a case involving a residential community in Florida, USA, based on a simulation of a complex of 90 buildings to optimize energy use by implementing shading systems and solar energy. DesignBuilder and PV-Syst were the software used to build the energy models. The study concluded that installing shading devices on south-facing windows, insulating walls and roofs, and replacing traditional lighting with LED lamps are effective strategies to reduce energy consumption in buildings.

In Colombia, case studies on energy efficiency strategies applied to specific buildings are scarce. Most identified research has focused on the analysis of public policies and literature reviews. However, recent progress has been reported with an energy characterization study conducted on 20 residential and office buildings in Bucaramanga [24]. In this work, the researchers analyzed the main causes of energy consumption and investigated the effects of implementing passive energy-saving measures recommended by local regulations. The results demonstrated improvements in the energy performance of buildings after integrating strategies that mitigate the direct effects of solar radiation.

Moreover, one of the most relevant national studies examines sustainable construction scenarios and the adoption of energy efficiency standards in the cities of Bogotá, Medellín, Cali, and Barranquilla. Using a dynamic model with monthly resolution for the period 2015–2035, a high level of compliance was identified in Bogotá (around 70%), while in Cali and Barranquilla many companies remain unaware of current regulations [21].

Additionally, another study addresses the conditions facilitating the implementation of energy efficiency policies in buildings in Brazil, Chile, Colombia, and Uruguay. The authors conclude that literature on enabling frameworks in developing countries is scarce, highlighting Chile and Uruguay as having the most favorable environments. In contrast, Colombia faces significant distortions in energy pricing, which hinders progress in this field [25].

Regarding thermal comfort, a review of the state of research in the country reveals limited academic output, mostly concentrated around 2012. Residential buildings are the most studied typology, followed by schools and offices [26]. Finally, a study focused on the use of reflective coatings in houses located in warm areas of the Colombian Caribbean coast was found. The results demonstrate the effectiveness of this passive solution to reduce thermal discomfort and improve energy efficiency in such environments [24].

The literature includes several studies that analyze the behavior of the demand curve in buildings [27]-[35]. These works have examined aspects such as the identification of consumption patterns, peak loads, seasonality, system efficiency, user behavior, and energy cost analysis, among others. Based on these analyses, researchers have proposed strategic recommendations regarding building operation, appropriate system sizing and efficiency, and energy use improvements through the implementation of energy-saving measures.

Although some studies focus in detail on individual dwellings, there is a notable lack of research centered on tropical multifamily buildings with limited use of artificial air conditioning. As mentioned earlier, incorporating energy-saving measures can enhance both the energy performance and thermal comfort of buildings. Furthermore, the widespread adoption of such measures may positively impact electrical system planning by lowering energy demand, increasing system stability, and supporting the integration of renewable energy sources.

Despite this, there is still a gap in the literature regarding studies that assess how the integration of energy-saving measures affects energy demand in residential buildings. This gap limits the ability to fully understand the potential benefits of these measures in transforming both the residential sector and the operation and planning of electrical systems.

With respect to the energy-saving measures analyzed, previous studies have mainly focused on measures related to air conditioning systems and their interaction with thermal storage [32], or the integration of photovoltaic systems [28], [34]. In contrast, this study considers energy-saving measures recommended by local regulations for middle-income multifamily buildings, as these are more likely to be widely adopted.

Therefore, the objective of this work was to evaluate the impact of a set of energy-saving measures on the demand curve of a residential building. The building analyzed is a middle-income multifamily dwelling located in Bucaramanga, Colombia—a city representative of both the tropical climate and national construction practices. The analysis includes five scenarios that incorporate the energy-saving measures recommended by the prescriptive method outlined in Resolution R0549-2015 for residential buildings in hot-dry climates. This method aims to meet energy-saving targets defined by the implementation of the measures listed in Tables 16 to 19 of Annex 1 of the Resolution [19]. Investigating this topic can provide valuable insights for network operators regarding the potential future operating conditions of the electrical grid.





2. METHODOLOGY


The study starts by obtaining the energy model of the selected building (scenario 0). The actual model allowed four additional analysis scenarios to be received. The reference building or baseline (scenario 1) and three scenarios (2, 3, and 4) later consider integrating energy-saving measures. Finally, the results of the energy simulations allow a comparative analysis to determine the impact of incorporating such a strategy on the building's power demand curve. Figure 1 presents the schematic of the study methodology.
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Figure 1.



Methodology applied in this study







Source: own elaboration.









 2.1 Description of the building under study 


This study takes place in the Metropolitan Area of Bucaramanga (Área Metropolitana de Bucaramanga – AMB), situated at 7.13° N latitude and 73.13° W longitude. The region experiences an average solar irradiation of 4.8 kWh/m² per day. Characterized by a warm tropical climate, the city is located at an elevation of 960 meters above sea level. Table 1 summarizes the main climatic characteristics of this tropical location [36].




Table 1.




General climate data from Bucaramanga









	





	Parameter
	Value



	Average annual precipitation
	1279 mm



	Average ambient temperature
	24°C (During the day)



	27°C (Sunlight hours)



	Average maximum temperature
	31°C



	Average solar irradiation
	4.8 kWh/m2∙day



	Wind speed
	1.0-1.5 m/s














Source: adapted from [35].








This building is a type of multifamily, half-income housing. It has twelve floors, each housing six three-bedroom apartments with an average area of 62 m2. Table 2 presents the building's construction characteristics.




Table 2.




Characteristics of the building under study









	





	Characteristic
	Value / Details



	Construction system
	Industrialized with a structure of plates and concrete walls



	Approximate WWR
	19



	Exterior walls configuration
	The wall is concrete, putty, and painted inside, and the plastic stucco is outside. Overall thickness: 13 cm



	Exterior walls U value [W/m²·K]
	3.25



	Roof configuration
	Solid concrete plate, stucco, and lower face paint. Mortar, asphalt layer, and reflective paint on the upper face. Overall thickness: 16 cm



	Cover U value [W/m²·K]
	2.76



	Lighting power density - LPD [W/m2]
	2.22



	Power Density of plug-in charges [W/m2]
	31.49



	Average power consumption [kWh/m2]
	130



	Air conditioning system
	The main room of some of the apartment typologies (9000 BTU)



	Elevators
	1 x 7.5 HP



	Apartment area [m2]
	4145.0



	General services area [m2]
	456.6














Source: adapted from [36]










 2.2 Energy modeling 


DesignBuilder V6 software enabled the building's energy modeling. This program stands out for its user-friendly graphical interface, integrated simulation modules, high degree of customization through coding, support for certifications and regulations, and extensive documentation and technical support. This process comprises three phases: geometric modeling, model data mapping, and model fitting.

Geometric modeling requires information from floor plans, facade elevations, and door and window details. The model data mapping consists of four categories: building usage data, material data, load data, and HVAC data. Memories of the building's architectural and electrical design and an inspection visit were considered sources of information.

Findings from the inspection visit and historical monthly energy consumption data provided valuable insights into the characteristics and operational dynamics of the building's air conditioning systems. Each apartment's main room has a 9000 BTU split air conditioning unit. Figure 2 presents the energy model of the building under study.
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Figure 2.



The representative energy model of the building







Source: own elaboration.








A parameter adjustment process improved the reliability of the building’s energy model. This process involved comparing the simulated annual energy consumption values with the measured data provided by the local energy utility company. For the habitable areas (apartments), the adjustment was based on calculating the percentage error between the measured and simulated consumption. The model was considered calibrated when the error was below 10% in at least 90% of the apartment types.

For common areas, where measured consumption data were not available, the adjustment relied on lighting and motor usage data obtained from modeling exercises of similar buildings.

Refining the usage data of some of the building systems allowed the adjustment of the models. After adjustment, the model error was only 0.06%. For this reason, the energy model is valid for the proposed analyses.


 2.3 Evaluation of the impacts of measures 


Five (5) simulation scenarios were considered to evaluate the impact of integrating measures. The proposed simulation scenarios consider the building's design characteristics (actual building scenario), the characteristics typical to its typology (reference building scenario), and recommended energy-saving measures for compliance with R0549-2015 that can be modeled in DesignBuilder (strategy integration scenarios).



 2.3.1 Actual scenario 



This scenario corresponds to the simulation of the energy model of the building under study as it is built. It allows analysis of the impacts of the building's particular design characteristics on the demand curve.



 2.3.2 Reference scenario 



This scenario consisted of simulating the energy model of the building configured with a group of usual characteristics of the stock. The representative characteristics of the reference scenario are part of the results of an inter-institutional project led by the Construction Cluster of the Bucaramanga Chamber of Commerce [36]. These characteristics are the product of an analysis with experts from the local construction sector. Table 3 presents the characteristics of the reference scenario.




Table 3.




Characteristics of the reference scenario energy model









	





	Characteristics
	Value / Detail



	Building use and operation data
	Same as in the actual case



	Exterior walls
	Exterior walls of hollow clay brick core, covered with frieze mortar, interior stucco, and exterior plastic stucco



	Cover
	Roof with a solid concrete core, leveling mortar, asphalt layer on the outside, and plaster inside



	Glazing
	3 mm glass, U value of 5.91, and SHGC value of 0.8



	WWR
	The window-to-wall ratio remains the same



	Appliance and plug-in loads
	Same as in the actual case.



	Elevators load
	18.5 kW



	Lighting power density
	7.53 W/m2















Source: adapted from [36].










 2.3.3 Scenarios with savings measures 



There are three in total. These scenarios are associated with three energy-saving measures recommended by R0549-2015 for medium-income residential buildings in hot and dry climates: window-to-wall ratio – WWR, horizontal shading, and natural ventilation. The savings strategy scenarios required three energy models, one for each strategy. Table 4 summarizes the considerations for the simulation scenarios.




Table 4.




Considerations of the different simulation scenarios









	





	Scenario
	Denomination
	Scenario considerations



	0
	Actual building
	The annual hourly simulation of the energy model was generated according to the design specifications and inspection visit findings.



	1
	Reference building
	The annual hourly simulation of the energy model was generated according to the representative characteristics of the stock, as shown in Table 3.



	2
	Actual building + horizontal shading
	The annual hourly simulation of the energy model of the actual building was set with horizontal overhangs of 80 cm on the top of the windows.



	3
	Actual building + Natural ventilation
	The annual hourly simulation of the energy model of the actual building was configured with natural ventilation in all its spaces.



	4
	Actual building + WWR 30%
	The annual hourly simulation of the energy model of the actual building was configured with a WWR ratio of 30% (this percentage was analyzed by the technical document of R0549-2015)



	
	
	
	














Source: own elaboration.












 3. RESULTADOS Y DISCUSIÓN 


The breakdown of the characteristic demand curve allowed the study of the building's actual behavior. Comparing the demand curves permitted the analysis of the scenarios' differences in behavior. The study of the impacts of the different scenarios considered the consumption curves of the principal energy uses.

Likewise, the analyses considered the effects of using the power transformer. The study also compared the energy use intensity indicators obtained for each scenario with the indicators regulated in R0549-2015. Finally, the impact of savings measures was analyzed using the concept of virtual energy.


 3.1 Energy consumption results 


The analysis began with the evaluation of global energy consumption across the scenarios. Figure 3 presents the total annual energy consumption associated with each simulation scenario. According to the results, the actual scenario has a yearly energy consumption of 130.42 MWh. Appliances and other plug-in loads account for 76.1% of total consumption. Air conditioning and lighting consumption represent 12.8% and 11.1%, respectively.
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Figure 3.



Annual energy consumption of the different simulation scenarios







Source: own elaboration.








The actual building's energy performance is like that of the building configured with a WWR of 30% (scenario 4) and that of the building with horizontal shading (scenario 2). These results suggest a negligible impact of these measures on the building's energy savings, possibly due to the nocturnal and sectorized operation of the air conditioning systems.

Applying natural ventilation (scenario 3) reveals more significant energy savings than the other scenarios. The annual energy consumption of the building decreases by approximately 13% in the actual scenario. On the contrary, the Reference building scenario presents the highest annual energy consumption (162.71 MWh). This behavior occurs due to less efficient lighting systems and elevators, which are typical stock characteristics. These systems could be the subject of a technological reconversion campaign that makes it possible to improve the energy efficiency of buildings, from which savings of close to 25% in energy consumption would be achieved in the actual scenario.

Compliance with local efficiency standards (R0549-2015) was also evaluated across the study scenarios. Table 5 presents the comparison of the Energy Intensity Index- EII of each scenario with the base indicator of the regulations, taking into account the hot, dry climate (assigned by the local regulations for the AMB) and the tempered climate (determined as the climate of the AMB from of the results of [36]). The latter is included in the analysis since the results of a recent study suggest that the AMB belongs to this climatic zoning.




Table 5.




Comparison of EII









	





	Scn.
	kWh/m2/year
	Baseline (kWh/m2/year)
	Hot-Dry [%]
	Tempered [%]



	Hot-Dry
	Tempered



	0
	30.50
	36.9
	48.3
	17%
	37%



	1
	38.06
	-3%
	21%



	2
	30.33
	18%
	37%



	3
	26.60
	28%
	45%



	4
	30.52
	17%
	37%














Source: own elaboration.








According to these results, the natural ventilation scenario represents the highest percentage of savings. When considering AMB in a hot-dry climate, the natural ventilation scenario is the only one to satisfy the minimum savings percentage established by the resolution (25% in a hot-dry and temperate climate). For the other scenarios, meeting the savings goal depends on different measures to achieve an additional 8% savings.

The opposite occurs when considering Bucaramanga in a temperate climate. In this case, the real and strategy integration scenarios satisfy the minimum energy-saving requirement.

From the above, climatic zoning greatly influences the savings percentages. For this reason, studies are needed to verify the climatic zoning assigned to the AMB. By validating climatic zoning, it will be possible to evaluate whether the degree of required savings is difficult to satisfy or if the estimated design has good savings characteristics.


 3.2 Results of the actual scenario 



Figure 4 presents the demand curves and their respective breakdown in energy uses for the actual scenario on the average day of March, the month with the highest solar irradiation of the year according to the climate file.
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Figure 4.



The hourly curve of the energy demanded the actual scenario







Source: own elaboration.








According to these results, the highest consumption in a typical day occurs between six in the afternoon and midnight. During this period, the building's highest energy demand occurs due to the intensive use of appliances and plug-ins inside the homes. The lighting and air conditioning systems are used (after 10 p.m.).

Considering the previous results, some measures could be proposed to reduce the building's energy consumption. Firstly, an energy awareness campaign aimed at users could reduce the energy consumption of plug-in appliances and motors. Secondly, additional savings could be achieved by improving the efficiency of air conditioning systems or dispensing with them during the early morning hours, the period with the lowest outside temperatures.


Figure 5 compares the demand curves of the actual building (scenario 0) and the reference building (scenario 1). According to the comparison, the building under study has better energy performance than its reference counterpart. The building under study presents an average reduction of 17% in energy consumption compared to the reference one. The most significant savings can be seen between 9:00 a.m. and 10:00 p.m. This behavior may be related to improvements in the efficiency of elevators and the lighting system of the actual building concerning the reference building. Notably, similar occupancy data was used in both cases, so this is not an influencing factor in the comparison.
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Figure 5.



Comparison of the demand curve of the actual building and the reference building







Source: own elaboration.









 3.3 Comparison of the demand curve obtained for the proposed scenarios 



Figure 6 compares the time curves of power consumption for the five scenarios presented in Table 4.
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Figure 6.



Hourly energy consumption curves for the different simulation scenarios







Source: own elaboration.








As the annual energy consumption results show, the actual scenario (scenario 0) behaves similarly to the scenario with shading (scenario 2) and to the WWR configuration at 30% (scenario 4). This is because there are no appreciable changes in the demand for air conditioning due to the effect of the exterior overhangs since air conditioning use is primarily nocturnal.

On the other hand, increasing the glazing area to 30% (the value recommended by the local standard for medium-income residential buildings) slightly increases the thermal load and, consequently, the air conditioning consumption of air-conditioned spaces. As expected, the natural ventilation scenario does not present consumption due to the absence of artificial air conditioning equipment. Opening windows to satisfy comfort needs in mostly air-conditioned spaces offers an average saving of close to 28% relative to the actual case.

Regarding lighting consumption, the results show a significant variation in behavior in the curve of the Reference building scenario compared to the other scenarios. The hourly energy consumption for lighting in this scenario is approximately 64% higher than the average hourly consumption of the different scenarios. In this case, the lighting could be more efficient.

Equipment consumption behavior is similar in scenarios that consider the characteristics of the actual building. The reference-building scenario presents hourly consumption values that are, on average, 6% higher than those of the other scenarios. This situation occurs due to the use of efficient elevators in the actual building design.


 3.4 Transformer loadability analysis 


The analysis also included transformer loadability under the different scenarios. Figure 7 presents the results of an analysis of the use of the transformer.
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Figure 7.



Transformer chargeability analysis







Source: own elaboration.








The similarity between the demand curves of the actual building scenario, horizontal shading scenario, and WWR of 30% of the scenario causes the cumulative demand curves to overlap. The power demanded from the transformer for these scenarios in each case is between 10 kVA and 15 kVA most of the time (46%). Under these conditions, the transformer operates at a chargeability of 30%. For the case of Scenario 3 (natural ventilation), the demand was between 5 kVA and 10 kVA most of the time. In this case, the load capacity of the transformer can be reduced by an additional 5%.


 3.5 Virtual energy assessment 


Previous results do not show the impact of measures such as: horizontal shading on windows and increasing the window-to-wall ratio on the building's energy savings and its respective demand curve. Consequently, the study assessed the impact of these measures and natural ventilation based on the virtual energy concept.

This indicator refers to the potential energy used in the building to guarantee comfort conditions (temperatures within the comfort range of 21 and 25 °C). To calculate virtual energy, a standard air conditioning system was defined by the recommendations of tables G3.1.1-3 and G3.1.1-4 of Appendix G of ASHRAE 90.1 of 2019.

In addition to considering shading measures, increasing WWR to 30%, and natural ventilation, the analysis using virtual energy considered three additional scenarios: a scenario that integrates all the measures considered in this study (All Measures) and the actual (Full Air-Conditioning) and reference (Reference Air-Conditioning) scenarios with integration of virtual energy. Figure 8 presents the demand curves for the scenarios considered in this study section.
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Figure 8.



The energy demand curve for different simulation scenarios considering the continuous presence of air conditioning







Source: own elaboration.








The results of the simulations that consider virtual energy show that the scenarios with a WWR of 30% considerably increase a building's energy consumption during the day. This increase occurs due to increased interior thermal gains through the building's glazing. In practice, these results infer deterioration in thermal comfort inside the homes if such WWR values are considered.

On the other hand, the shading and natural ventilation scenarios behave similarly to the actual scenario under the virtual energy configuration. Horizontal shading on windows does little to reduce the building's energy consumption. Unlike the analysis without virtual energy, the scenario with natural ventilation has a negligible impact because, under the virtual energy configuration, natural ventilation does not occur at the user's request but automatically considers the thermal comfort inside the building.

In contrast, the combined use of all measures enables an average hourly reduction of 43% compared to the actual scenario, which occurs thanks to the greater use of natural ventilation due to the increase in the opening area.

Regarding the information used for the analysis, the strategy adopted to evaluate demand curves based on dynamic simulations has been validated multiple times by other researchers using tools such as TRNSYS [24] and EnergyPlus [32]. Although some authors report on the validation of these models, this study employed DesignBuilder v6 as the simulation platform. This tool combines a user-friendly graphical interface with the EnergyPlus simulation engine, allowing for a detailed representation of building geometry, construction materials, internal loads, and operational schedules. Its high level of customization, compliance with regulatory standards, and extensive documentation make it a suitable choice for assessing the energy performance of residential buildings under different energy-saving scenarios.

Although this study identifies limitations associated with the partial use of the air conditioning system, it is important to note that the scientific literature commonly reports research that quantifies the energy-saving potential of conservation measures under continuous HVAC operation [37]. In such cases, the results tend to be more pronounced, as the impact of passive strategies—such as shading or optimizing the window-to-wall ratio—is more clearly reflected in the reduction of thermal load and overall energy consumption [38], [39]. However, these types of scenarios do not accurately represent the context analyzed in this study, where the air conditioning system operates on a restricted schedule and only in specific zones. Therefore, although the theoretical potential of passive strategies is high, their practical effect is diminished under the real operating conditions of the evaluated building.

To address this limitation, the analysis was complemented by the concept of virtual energy. This approach allowed for the evaluation of the potential contribution of passive measures in a scenario where the building would be required to maintain constant thermal comfort conditions (between 21°C and 25°C). In other words, the building’s energy performance was simulated under the assumption of continuous HVAC operation. This made it possible to more clearly identify the impact of strategies such as increasing the window-to-wall ratio or combining multiple measures, which can lead to energy consumption reductions of up to 43%. These effects would not have been evident in simulations based solely on actual usage, where the individual impact of each strategy was more limited.

Another important factor is the official climate zoning assigned to Bucaramanga. This study relied on the classification established by Resolution R0549-2015 (hot-dry climate); however, recent research suggests that the area may be more accurately characterized as temperate. This discrepancy is significant, as regulatory requirements—and the expected savings thresholds—vary by climate zone. Thus, there is a degree of uncertainty that directly affects the evaluation of compliance with the regulation and warrants further examination in future studies.

The definition of the reference building also represents a critical variable. As in other simulation-based studies, the results largely depend on the selected baseline. A poorly defined reference scenario can either exaggerate or underestimate the impact of the evaluated strategies. In this case, efforts were made to construct a representative scenario based on the existing building stock; nonetheless, a certain degree of arbitrariness is inherent in the definition of such references.

Finally, the transformer load analysis was based on average values, providing a general overview but failing to fully capture the dynamic behavior of the electrical system. Future research should consider installed nominal power and hourly load profiles to better understand how these energy-saving measures affect the building’s electrical infrastructure.

In summary, although the limitations identified do not diminish the value of the findings, they do highlight important aspects that warrant further exploration. In particular, future studies could incorporate more comprehensive economic and environmental assessments, as well as improve the resolution of the electrical analysis, to provide a more holistic view of the impact of efficient design strategies in residential buildings located in tropical climates.





 4. CONCLUSIONES 


The primary determinant of energy consumption in the scenarios analyzed is plug-in equipment, which represents around 75% of total consumption. The presence of efficient elevators and LED lighting in the actual configuration (scenario 0) produces an approximate saving of 20% compared to the reference scenario (scenario 1). This configuration offers a saving of 17% relative to the baseline of R0549-2015, while under temperate climate conditions, savings can reach close to 37%.

Most scenarios that include energy-saving measures (scenario 2 and scenario 4) present only minor changes in energy demand. Compliance with local regulations requires additional measures. The exception is the natural ventilation scenario (scenario 3), which provides the only significant savings under hot-dry weather conditions.

Comparing scenarios reveals the reference scenario as having the highest energy demand. During much of the daytime, hour-by-hour consumption values are similar across scenarios, but significant differences occur during periods of intensive elevator and lighting use.

The results also demonstrate that energy-saving measures can influence transformer loadability. In this study, savings were achieved through design changes—such as improved ventilation and efficient lighting—without investments in new technologies like solar or wind power. While the transformer load analysis used average consumption values, future assessments could benefit from considering the rated power established in the building’s electrical design, a common recommendation for designing distribution networks in residential buildings. Notably, integrating natural ventilation reduces energy demand and limits transformer loadability by nearly 25% of the time.

Finally, virtual energy analysis shows that the use of artificial air conditioning determines the impact of passive measures on a building’s energy consumption. Combining multiple savings measures generally offers better results than implementing individual ones.
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