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The Climate House at Tøyen in Oslo is a nearly Zero Emission Building (nZEB) designed for exhibitions and educational purposes. It operates with a hybrid ventilation system, where natural ventilation via operable windows serves as the primary strategy, supplemented by mechanical ventilation when natural ventilation alone cannot maintain acceptable indoor thermal comfort and air quality. However, monitoring and analysis indicate that the current ventilation system underperforms, particularly during the winter season, resulting in suboptimal thermal comfort and reduced energy efficiency. This study aims to investigate whether optimized hybrid ventilation control strategies can be beneficial in nZEB buildings in cold climates, both under current and future conditions. A new control strategy was tested using IDA-ICE 5.0 simulations, prioritizing mechanical ventilation while using natural ventilation as a supplement. Results show a 13% energy reduction compared to full mechanical ventilation, with improved thermal comfort and compliance with indoor air quality standards. When tested under future climate scenarios (RCP 2.6, 4.5, and 8.6), the strategy yields energy savings of 19%–21% by 2050 and up to 30% by 2100. However, under extreme heat conditions in 2100, the system may struggle with overheating, indicating the need for higher airflow rates and extended night ventilation. Overall, the findings suggest that, with adaptive control, hybrid ventilation is a promising solution for improving energy efficiency in low-energy buildings in cold climates—even as temperatures rise.
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1 INTRODUCTION
Buildings account for up to 40% of total energy consumption in Europe, with HVAC (Heating, Ventilation, and Air Conditioning) systems responsible for approximately half of a building’s total energy use (Pérez-Lombard et al., 2008; Cao et al., 2016). Given that people spend up to 90% of their time indoors, significant efforts have been made to integrate HVAC systems to maintain high indoor environmental quality (Cao et al., 2016). Research highlights that inadequate thermal comfort can reduce workplace productivity, while poor air quality negatively impacts cognitive function (Seppanen et al., 2003; Cedeño Laurent et al., 2021).
Climate change is significantly impacting building energy demand, even in cold climates. In Finland, simulations show that heating demand for a typical detached house could drop by 20%–40% by 2100, while cooling demand may rise by 40%–80%, depending on greenhouse gas emission scenarios. Despite higher summer cooling needs, total annual energy use for heating and cooling is projected to decrease by 20%–35% (Jylhä et al., 2015).
The Representative Concentration Pathways (RCPs) were introduced by the Intergovernmental Panel on Climate Change (IPCC) in the Fifth Assessment Report (AR5) in 2014 (Kottek et al., 2006). RCPs present different scenarios for future climate projections based on continued increases in greenhouse gas emissions. They serve as an essential tool for projecting future climate data. There are four main RCP pathways: RCP 2.6, 4.5, 6.0, and 8.5, categorized based on the total radiative forcing expected by the year 2100. Radiative forcing represents the net change in incoming and outgoing radiation at the top of the atmosphere due to changes in greenhouse gas concentrations and other climate drivers. It is a key metric used in climate projections, such as the RCPs, and is expressed in watts per square meter (W/m2). Figure 1 illustrates a comparison between RCP 2.6 and RCP 8.5, showing significant differences in both temperature increase and changes in precipitation levels between the periods 1986–2005 and 2081–2100 (Stocker et al., 2013). To meet the growing demand for both thermal comfort and indoor air quality, hybrid (mixed-mode) ventilation systems, which combine natural and mechanical ventilation strategies, are increasingly seen as a sustainable and energy-efficient solution. In office buildings, educational institutions, and other commercial settings, these systems can significantly reduce energy use by relying on natural ventilation when outdoor conditions are favorable.
[image: Maps showing projected changes in global surface temperature and precipitation from 1986-2005 to 2081-2100. Top row compares RCP 2.6 and RCP 8.5 scenarios for temperature changes, indicating less warming under RCP 2.6. Bottom row shows precipitation variations, with increased precipitation in some regions. Color-coded scales represent degrees Celsius and percentage change, respectively.]FIGURE 1 | Changes in temperature and precipitation under RCP 2.6 and RCP 8.5 (Stocker et al., 2013). (a) Change in average surface temperature (1986–2005 to 2081–2100). (b) Change in average precipitation (1986–2005 to 2081–2100).Mixed-mode ventilation refers to a strategy that integrates natural ventilation (such as operable windows, vents, or passive airflow) with mechanical systems (like HVAC units, or air handling systems). The goal is to enhance indoor air quality and occupant comfort while minimizing energy consumption. These systems can automatically switch between or simultaneously operate both modes based on factors such as weather conditions, indoor temperatures, occupancy levels, and air quality.
Typically, mixed-mode systems function in three main modes:
	• Natural Mode—using only passive airflow.
	• Mechanical Mode—relying solely on mechanical systems.
	• Mixed Mode—operating both systems in coordination.

This flexible approach is particularly effective in climates with varying seasonal or daily conditions. However, implementing mixed-mode ventilation in commercial buildings also presents challenges, especially in maintaining consistent indoor comfort amid fluctuating occupancy and use patterns. In cold climates, achieving optimal performance demands careful architectural design and a well-coordinated control strategy for managing window openings, façade elements, and ventilation schedules.
2 LITERATURE REVIEW
2.1 Past research and benchmark projects
Several major research initiatives have examined hybrid ventilation over the past two decades. The International Energy Agency’s Annex 35 (Heiselberg, 2025) investigated hybrid ventilation in office and educational buildings across various climates, but did not specifically address the challenges of cold climates. Similarly, the EU-funded RESHYVENT project (RESHYVENT Consortium, 2005) explored demand-controlled hybrid systems in residential buildings, with limited focus on cold-climate performance. Annex 68 (Rode, 2025) placed more emphasis on IAQ in residential settings using natural and mechanical ventilation yet also lacked specific insight into hybrid strategies for colder regions.
2.2 Application of hybrid ventilation in different building types
2.2.1 Educational buildings
A number of Norwegian studies focus on educational buildings. Algrøy (2014) evaluated automated and manual window opening in a naturally ventilated school classroom using IDA ICE simulations. Results showed 4% energy savings but raised concerns about drafts and indoor CO2 exceedances. Lie (2015) simulated mixed-mode ventilation in schools, integrating CO2, weather, and wind conditions in control logic. Despite 15.7% energy savings, the study reported summer overheating and CO2 levels exceeding recommended thresholds. Buvik (2003) measured the performance of a hybrid system with natural stack ventilation supported by mechanical fans. The findings indicated acceptable IAQ but no clear advantage over balanced mechanical ventilation. Grimsbo Øgård (2014) simulated a kindergarten building with automated window opening controlled by indoor sensors and a weather station. The results showed up to 14% energy savings, but thermal discomfort occurred during warmer periods.
In contrast, Peng et al. (2022) conducted one of the most comprehensive international reviews on hybrid ventilation, analyzing 74 studies and classifying them based on climate, building type, and control strategy using the Köppen-Geiger climate classification (Köppen and Geiger, 1930). Their findings revealed that hybrid ventilation has primarily been studied in Cfb (marine), Cfa (humid subtropical), and Csa (Mediterranean) climates, with commercial, residential, and educational buildings being the most common cases. However, studies focusing on cold climates (Dfb), such as those found in Nordic countries, were underrepresented. This gap emphasizes the importance of recent Norwegian contributions and provides a benchmark for evaluating hybrid ventilation performance in cold-climate educational buildings. Table 1 summarizes these key studies on educational buildings, detailing control strategies, performance outcomes, and limitations.
TABLE 1 | Summary of studies on educational buildings.	Study (Author/Ref)	Method	Use	Ventilation type	Window opening	Control strategy	Main findings/Notes	Climate
	Heiselberg (2025)	Review	Office, Educational	General hybrid	Not specified	General predictive/control strategies	Did not focus on cold climate challenges	Mixed/Cold (Europe)
	Hamdy and Mauro (2019)	Review/Test	Office, Educational	Mixed-mode	Yes	Adaptive, not fully specified	Supported adaptive strategies, but generalization limited	Cold (Finland)
	Algrøy (2014)	Simulation	School	Mixed-mode	Yes (Auto + Manual)	Temp and CO2 based	4% energy savings; minor CO2 exceedances; drafts noted	Cold (Norway)
	Lie (2015)	Simulation	School	Natural + Mechanical	Yes (Auto + Manual)	CO2, weather, indoor/outdoor temp, wind	15.7% energy saving; overheating (up to 32°C), CO2 high	Cold (Norway)
	Buvik (2003)	Measurement	School	Natural stack + Mechanical	Yes	CO2, temp sensors; mechanical assists when needed	Acceptable IAQ, but no clear advantage over balanced MV	Cold (Norway)
	Grimsbo Øgård (2014)	Simulation	Kindergarten	Mixed-mode	Yes (Auto)	Indoor sensors + weather station	Up to 14% energy saving; thermal discomfort in heat	Cold (Norway)
	Peng et al. (2022)	Educational building	Cold climate (China)	Field measurement and occupant survey	Occupant behavior and window opening patterns analyzed	Highlighted importance of occupant comfort and control strategy impact	Real-world behavioral variability	Cold (Norway)


2.2.2 Office buildings
Office buildings have been a primary focus in simulation-based studies. Naili et al. (2023) demonstrated that automated window control based on environmental conditions could save up to 40% energy while maintaining good IAQ. Manual control was less effective. Chaudhary et al. (2025) applied deep learning to control mixed-mode systems in offices, finding potential benefits but lacking occupant behavior modeling and real-world validation. Rabani and Petersen (2023) validated mixed-mode strategies using both field measurements and simulations, revealing 50% energy savings with demand-controlled ventilation and automated windows. Hsu et al. (2024) and Liu et al. (2021) also explored natural ventilation, noting IAQ benefits and behavioral trends without quantifying energy performance. Waterson and Hunt (2024) analyzed hybrid night purge strategies analytically, highlighting operational challenges like stack flow reversal. Table 2 summarizes the studies on office buildings, highlighting the methodologies employed and their key findings.
TABLE 2 | Summary of studies on office buildings.	Study (Author/Ref)	Method	Use	Ventilation type	Window opening	Control strategy	Main findings/Notes	Climate
	Naili et al. (2023)	Simulation	Office (High-rise)	Mixed-mode	Yes (Auto + Manual)	Manual 20% best; Auto 60% optimized	40% energy savings; good IAQ with automation	Cold (Canada)
	Chaudhary et al. (2025)	Simulation + ML	Office (Model)	Mixed-mode	Yes	Deep learning control	Promising but lacked validation, occupant behavior	Cold (Finland)
	Hsu et al. (2024)	Simulation	Office (Generic)	Natural	Yes	Not detailed	Medium window size optimal; assumptions limit outcomes	Cold (Sweden)
	Rabani and Petersen (2023)	Field + Simulation	Office	Mixed-mode	Yes (Auto)	Demand-controlled MV + Auto windows	50% energy savings; slight heating increase	Cold (Taiwan highlands)
	Liu et al. (2021)	Field	Office	Mixed-mode	Yes (Observed)	Behavior guidelines, not control system	No quantified energy savings	Cold (China, cold zone)
	Waterson and Hunt (2024)	Analytical Model	Office/Classroom	Hybrid night purge	Yes (Concept)	Stack + constant fan	Effective in forward flow; issues in reverse flow phase	Cold (United Kingdom)


2.2.3 Residential buildings
Residential studies are fewer and more fragmented. RESHYVENT Consortium (2005) focused on demand-controlled hybrid ventilation, but without addressing cold-climate specifics. Annex 68 (Rode, 2025) emphasized IAQ rather than hybrid strategies. Haktorson (2018) simulated mixed-mode ventilation in apartments using IDA ICE. Automated window control cut energy use from 67.6 to 39.7 kWh/m2, but indoor CO2 levels rose in winter. Deng et al. (2020) monitored 30 homes with occupant-controlled natural ventilation. Although CO2 sensors were installed, IAQ was often compromised during cold periods due to infrequent window use. Table 3 summarizes the studies on residential buildings, highlighting the methodologies employed and their key findings.
TABLE 3 | Summary of studies on residential buildings.	Study (Author/Ref)	Method	Use	Ventilation type	Window opening	Control strategy	Main findings/Notes	Climate
	RESHYVENT Consortium (2005)	EU Project	Residential	Hybrid demand-controlled	Possibly	Demand-controlled	Did not focus on cold climate specifics	Mixed (EU)
	Rode (2025)	Research	Residential	Natural + Mechanical	Not specified	Focused on IAQ	No detail on window strategies in cold climates	Cold (various EU countries)
	Haktorson (2018)	Simulation	Apartment	Mixed-mode	Yes (Auto)	Temp, CO2, outdoor temp	Energy use cut from 67.6 to 39.7 kWh/m2; winter IAQ issue	Cold (Sweden)
	Deng et al. (2020)	Field	Homes (30)	Natural only	Yes (Manual)	Occupant-driven	CO2 sensors used; seasonal use trends; IAQ not optimal	Cold (China, heating zone)


2.3 Simulation vs. measurement approaches
Simulation dominates hybrid ventilation research, particularly using tools like IDA ICE and EnergyPlus. While simulations offer controlled comparisons of scenarios and control strategies, real-world data remains critical. Measurement studies like those by Buvik (2003), Rabani and Petersen (2023), and Deng et al. (2020) validate assumptions but reveal occupant behavior and environmental variability often deviate from models. This divergence highlights the need for more long-term, monitored case studies in cold climates.
2.4 Window opening and control strategies
Window operation plays a central role in hybrid ventilation. Studies like those by Naili et al. (2023), Algrøy (2014), and Haktorson (2018) show automated control based on CO2, temperature, and weather inputs yields better performance than manual use. However, even with sensors, issues like over-ventilation, occupant discomfort, or high CO2 levels during cold weather persist. Few studies directly assess window usability or occupant satisfaction, especially in educational settings.
2.5 Hybrid ventilation under future climate scenarios
Some studies simulate hybrid ventilation in the context of climate change. Bamdad et al. (2022) in Australia and Sánchez-García et al. (2019) in Spain found mixed-mode strategies could offset future cooling loads, yielding 38%–47% energy savings. In cold climates, Gilani and O’Brien (2021) and Wang et al. (2017) noted reduced energy savings under future scenarios and did not address IAQ. These findings suggest that hybrid ventilation may need reevaluation or redesign to remain effective in colder regions under warming trends. Table 4 summarizes the studies on hybrid ventilation with various climate scenarios, highlighting the methodologies employed and their key findings.
TABLE 4 | Summary of hybrid ventilation studies with various climate-scenarios.	Study (Author/Ref)	Method	Use	Climate focus	Window opening	Control strategy	Main findings/Notes
	Bamdad et al. (2022)	Simulation	Residential	Australia (Hot)	Yes (Auto)	Sensors + Ceiling fans vs. mechanical ventilation with cooling	Up to 47% energy savings; 7% from fans
	Sánchez-García et al. (2019)	Simulation	Office	Spain (Hot future)	Yes (Mixed-mode)	Mixed-mode vs. HVAC	38% total energy savings projected to 2080
	Gilani and O’Brien (2021)	Simulation	Office (9 m2)	Canada (Cold)	Yes (Auto)	Adaptive comfort control	Energy savings reduced in future; no IAQ mention
	Wang et al. (2017)	Simulation	Medium Office	U.S. (incl. cold climates)	Yes	Adaptive thermal comfort model	6% energy rise in cold climates, some savings elsewhere


Despite growing interest and research on hybrid ventilation, significant gaps remain, especially regarding its effectiveness in future cold climates. Most existing studies focus on warmer regions where rising temperatures and extreme heatwaves are expected to increase cooling demands, thereby reducing the potential energy savings achievable through natural ventilation alone.
In contrast, buildings in cold climates, such as Norway, rely heavily on mechanical ventilation with heat recovery during long heating seasons. However, with the anticipated shortening of heating periods due to climate change, hybrid ventilation strategies may involve more frequent use of window ventilation. This shift prompts critical questions about the applicability and efficiency of hybrid ventilation in airtight, low-energy buildings, such as nearly Zero Emission Building (nZEBs), compared to conventional constructions.
Key research gaps include:
	• Limited studies specifically addressing hybrid ventilation performance in cold climates under future climate scenarios.
	• Uncertainty about whether hybrid ventilation can maintain or improve energy savings and indoor air quality in highly airtight and energy-efficient buildings.
	• A need for integrated models that simultaneously consider energy use, indoor air quality, thermal comfort, and occupant behavior.

Addressing these gaps is essential for optimizing hybrid ventilation strategies and supporting sustainable building design tailored to the evolving climate conditions in cold regions.
3 CASE STUDY: CLIMATE HOUSE
Figure 2 shows the exterior and interior of case study, Climate house. The building is an exhibition and educational building at the Natural History Museum in the Botanical Garden, Oslo, Norway. Classified as a nearly Zero Emission Building (nZEB), the building meets passive house-level energy standards and fulfills the ZEB-O÷EQ level, meaning it offsets all operational energy-related emissions except those associated with user-controlled equipment such as appliances and electronics (Wang et al., 2022).
[image: A modern building with wooden paneling and large windows stands in a snowy landscape. It features vertical wooden poles as part of the design. An inset shows an architectural render of the building with a purple roof. Below, an overhead view reveals a detailed interior layout with seating arrangements and partitions.]FIGURE 2 | Interior and exterior spaces of the Climate House.The building’s heating, cooling, and ventilation demands are primarily met through district heating/cooling, with thermal energy supplied from the Natural History Museum at the University of Oslo. This is supplemented by a ground-source system utilizing collector pipes installed approximately 1 m below the base slab, providing additional heating and cooling capacity. A waterborne underfloor heating system is implemented throughout the building, supported by a mixing valve and a frequency-controlled circulation pump to modulate thermal output. The underfloor loops also offer a limited potential for passive cooling. The detailed configuration of the HVAC system is illustrated in Figure 3a.
[image: Heating and cooling system diagrams show airflow and energy recovery processes. The heating mode uses pre-heating, heat recovery, and floor heating. The cooling mode uses pre-cooling, heat recovery, and floor cooling. For winter, balanced ventilation with full fan operation recovers exhaust heat. In autumn/spring, hybrid ventilation partially recovers heat with natural venting. During summer, hybrid ventilation uses natural exhaust via the upper facade with minimal mechanical aid.]FIGURE 3 | Schematic of the (a) HVAC system and (b) Hybrid ventilation system in the climate house (Ahmadi, 2023).The hybrid ventilation system in the Climate House primarily relies on natural ventilation through operable windows, with mechanical ventilation serving as a supplementary system. The mechanical ventilation unit includes heating and cooling coils, as well as a heat recovery system. The system operates such that mechanical ventilation is activated only when natural ventilation alone is insufficient to maintain thermal comfort or indoor air quality. However, the hybrid ventilation mode is not used during the winter season, meaning that window openings are mainly intended for use in periods when CO2 concentration limits cannot be met through mechanical ventilation alone (Figure 3b). The hybrid ventilation control is managed through temperature and CO2 sensors, which regulate the windows and exhaust system. These sensors are strategically placed at a height of approximately 1.6 m from the finished floor to optimize indoor climate regulation.
4 METHODOLOGY
4.1 Building envelope and internal load characteristics
For modelling the building, IDA-ICE 5.0 has been employed. The building model was first imported via Naviate Simple BIM and then exported to IDA-ICE 5.0 using SketchUp as shown in Figure 4. Two zones are considered in this model called Amphitheater and Exhibition.
[image: Three-panel architectural illustration with two 3D exterior views (a) of a building featuring a sloped roof and large windows, and a floor plan (b) showing labeled sections: an amphitheater and an exhibition area, with a scale and compass for orientation.]FIGURE 4 | (a) 3D model and (b) floor plan of the Climate House in IDA-ICE 5.0.The building envelope and technical properties adhere to the stipulations outlined in the Norwegian Building Code, TEK 17 (TEK17, 2017) and the specific requirements of the building. Factors contributing to internal gains—namely occupancy, lighting, and equipment—along with their respective utilization profiles, were chosen based on the real usage in the building (Table 5).
TABLE 5 | Details of the building envelope properties, internal gains, and mechanical ventilation specifications.	Parameter, units	Value/properties
	External wall U-value, W/(m2.K)	0.12
	Roof U-value, W/(m2.K)	0.10
	Glass U-value, W/(m2.K)	0.88
	Floor U-value, W/(m2.K)	0.07
	Solar heat gain coefficient g-value (glass only/with solar shading)	0.38/0.18
	Normalized thermal bridge ψ, W/(m2(floor aera).K)	0.03
	Infiltration n50, (1/h)	0.73
	External solar shading strategy	Blinds on, if Qsol > 175 W/m2, outside window
	Internal gains (persons/lighting/equipment)	Amphitheater: 13 persons—2 W/m2—1 W/m2
	Exhibition: 18 persons—2 W/m2—1 W/m2
	Nominal specific fan power (SFP)	1.5 kW/(m3.s)
	Average heat recovery efficiency	80%


The usage profile for the occupants, lighting, and equipment are considered based on the information collected from users. The opening hours of the Climate House are every day from 9:00 to 17:00 (Figure 5).
[image: Graphs (a) and (b) display two step functions over a time range from 0 to 24. Graph (a) shows a more complex pattern with multiple transitions between 9 and 18, while graph (b) has a single block from 9 to 18. Both graphs have vertical intervals of 0 to 1.]FIGURE 5 | Usage profile for (a) occupants and (b) lighting and equipment.4.2 Ventilation scenarios
The current hybrid ventilation control strategy in the Climate House, shown in Figure 3b, relies only on CO2 and indoor air temperature and schedule opening. User feedback indicates that the current hybrid ventilation system in the Climate House does not adequately maintain thermal comfort and indoor air quality. To address this, an optimized hybrid control strategy is proposed, prioritizing mechanical ventilation while utilizing natural ventilation as a supplementary approach. The window opening mechanism is regulated based on air change per hour (ACH), indoor temperature, CO2 concentration, outdoor temperature, and a predefined operation schedule.
The hybrid ventilation control system is designed to prioritize mechanical ventilation over natural ventilation via window openings (Figure 6). However, windows are automatically activated when specific indoor environmental conditions are not met in designated control areas (2, 3, and 5). Specifically, window operation is triggered if the indoor air temperature exceeds 24°C and is at least 1°C higher than the outdoor temperature (control area 4), or if CO2 concentration surpasses 950 ppm—provided this occurs between 7:00 a.m. and 6:00 p.m. (control area 7). Outside of occupancy hours (6:00 p.m. to 7:00 a.m.), windows will open if the indoor temperature exceeds 21°C, the outdoor temperature is above 12°C, and there is a minimum 1°C temperature difference favoring indoor warmth. Throughout the day, the window opening is further regulated by a maximum allowable air change rate (ACH), ensuring that natural ventilation does not exceed predefined limits (control area 1). The degree of window opening is modulated automatically to maintain optimal conditions.
[image: Diagram of a ventilation control system with multiple modules, labeled one to seven. Each module includes components for air volume, temperature control, CO2 control, benefit limits, night ventilation cooling, and window opening signals. Schedules and output files are shown on the right side. Various control paths and interactions are depicted with lines and arrows, indicating the complex relationships between elements.]FIGURE 6 | Schematic of the window opening control used in the hybrid ventilation system of the Climate House (Rabani and Petersen, 2023).Additionally, the heating system is activated when the indoor temperature drops below 21°C. However, during night-time ventilation, the heating setpoint is lowered to 20°C (control area 6) to prevent the simultaneous operation of radiators and window openings, thus improving energy efficiency (Rabani and Petersen, 2023). Minor adjustments have been made to reflect the occupants’ usage patterns. The hybrid ventilation approach is evaluated in comparison to a fully mechanical ventilation system, which includes heating and cooling coils as well as heat recovery, to assess its performance in reducing energy consumption while maintaining indoor thermal comfort. Table 6 presents the ventilation airflow rates for both scenarios. In the full mechanical ventilation case, night ventilation is additionally implemented from May 1st to September 1st.
TABLE 6 | Setpoints for ventilation strategies.	Ventilation scenarios	Max CO2 setpoint (ppm)	Max airflow (L/s/m2)
	Full mechanical ventilation (MV)	900	4
	Hybrid ventilation (HV)	900 (950)1	2


4.3 Thermal comfort criteria
To access the indoor thermal climate and thermal comfort requirements, the Fanger model (Fanger, 1970) has been used for scenarios with full mechanical ventilation, and the adaptive thermal comfort model for hybrid ventilation scenarios. This distinction is based on guidance provided in the RIF industry guidelines (Association of Consulting Engineers in Norway) and Norway’s technical building regulations (TEK17), which acknowledge the applicability of adaptive models when natural ventilation is present (Karlsen et al., 2021). For the MV, according to TEK17, specifically § 13-4 on thermal indoor climate, it is recommended that the indoor operative temperature should not exceed 26°C for more than 50 h per year under normal conditions.
The adaptive thermal comfort was applied based on the model specified in NS-EN 16798-1 (Norsk Standard, 2019). This standard provides a method suitable for buildings without mechanical cooling systems, where occupants can adapt to the indoor climate through behavioral, physiological, or psychological means.
The analysis focused on Category II comfort conditions, which represent a normal level of expectation and are recommended for existing buildings and typical applications. According to NS-EN 16798-1, Category II specifies acceptable indoor operative temperature ranges based on the running mean outdoor temperature, with ±3°C limits for naturally ventilated buildings.
The adaptive comfort temperature was calculated using the following Equation 1:
Tcomf=0.33Trm+18.8(1)
Where:
	• Tcomf: is the neutral (comfortable) operative temperature [°C]
	• Trm: is the running mean outdoor temperature [°C]

For Category II, the acceptable temperature range is Equation 2:
Tcomf−3≤Toperative≤Tcomf+3(2)
In this study this criterion is used to assess the number of hours during which indoor temperatures exceeded the comfort limits in HV scenario.
4.4 Climate data and future climate scenarios
The future climate files for this study were generated using Meteonorm (Meteotest, 2020), a comprehensive software tool that provides access to historical climate data from various weather stations. Meteonorm enables interpolation between multiple stations to enhance location-specific accuracy. It is fully compatible with IDA-ICE 5.0, allowing climate files to be exported in PRN format for seamless integration into simulations. Additionally, historical climate data can be utilized to model future climate scenarios. For this study, we used climate data from the Oslo Blindern weather station, referred to as “Historic.” This is the most recent TMYx 2007–2021 dataset available for this location. TMYx represents typical weather conditions and is similar to traditional TMY files but is based on a longer and more recent period than older TMY2 or TMY3 datasets (Crawley et al., 2020).
To evaluate the resilience of the hybrid ventilation control strategy, the Climate House will be simulated using future climate data. All setpoint values, system properties, and parameters will remain unchanged, with no adjustments or modifications. Simulations will be conducted for two future time periods: 2050 and 2100. For each period, three climate models will be used RCP 2.6, RCP 4.5, and RCP 8.5.
Figure 7 presents the average monthly temperatures for the years 2050 and 2100.
[image: Line graphs of monthly air temperature in degrees Celsius are shown for two locations. Four scenarios are represented: RCP 8.5, RCP 4.5, RCP 2.6, and historic. Each scenario shows temperature patterns peaking in July and dipping in January, with RCP 8.5 indicating the highest temperatures and historic the lowest.]FIGURE 7 | Projected monthly average outdoor temperatures for Blindern, Oslo: Year 2050 (left) and Year 2100 (right).The purple line represents the baseline climate. While the year 2050 shows minimal variation among the different climate scenarios, significant differences emerge by 2100. In particular, under the RCP 8.5 scenario, the average temperature in July reaches 23.6°C, representing a 7°C increase compared to the current climate.
4.5 Validation of the simulation model
Due to the shared energy metering system between the Climate House and the adjacent Natural History Museum, isolating the Climate House’s specific energy consumption is not feasible. This limitation restricts the possibility of directly validating the simulated energy use with measured data. Consequently, the validation strategy was redirected toward indoor environmental parameters. The simulation model was evaluated using detailed monitoring data, with a focus on indoor air temperature and CO2 concentration levels measured on 7 January 2023. The measurement equipment and sensor placement for both temperature and CO2 are illustrated in Figure 8. Details of the equipment and sensors used to measure air temperature and CO2 concentrations are provided in Supplementary Appendix 1.
[image: (a) Three images showing indoor setups with temperature and CO2 sensors mounted on tripods and handheld devices. (b) Floor plan marking locations of temperature sensors with red circles. (c) Floor plan marking locations of CO2 sensors with red circles.]FIGURE 8 | (a) Equipment and sensors used for measuring air temperature, (b) placement of temperature sensors, and (c) placement of CO2 sensors in both Amphitheater and Exhibition.A macro for window control was developed in IDA-ICE to validate measured data from the existing ventilation system of the Climate House, which combines natural ventilation via window openings with mechanical support (Figure 9). This macro operates using PI control, and when either the room temperature exceeds 21°C or the CO2 level surpasses 650 ppm, the windows gradually open to maintain the setpoints. The “Max” control ensures that the higher of the two signals (0–1) takes priority and activates the window opening accordingly. The mechanical ventilation is set to activate at 700 ppm CO2. In other words, the windows will open first, and if that is not sufficient, the mechanical ventilation will be activated. This is how the building currently operates.
[image: Flowchart diagram depicting a control system for managing indoor temperature and CO2 levels. Components include a PI controller, multipliers, and a signal processing unit. Inputs show ambient, zone, setpoints, and facade, with outputs labeled for temperature and CO2. Values displayed include 21 for Innertemp and 650 for CO2 in parts per million. The final output is labeled as 'Opening signal'.]FIGURE 9 | Macro for a window-opening strategy prioritizing natural ventilation, with mechanical ventilation used as a supplementary system for validating the current ventilation setup in the Climate House.5 RESULTS
5.1 Validation results
Figure 10 presents a comparison between the measured and simulated air temperatures at the two measurement points illustrated in Figure 8. The temperature fluctuations fall within the expected sensor error range and generally align well with the measured variations in both the Amphitheater and Exhibition areas.
[image: Two line graphs compare measured air temperature data with simulation results over time. Both graphs depict temperature in degrees Celsius on the y-axis and time intervals on the x-axis. Chart (a) shows more variability in measured data, illustrated by blue lines and dots, with simulation data in orange. Chart (b) similarly displays these data, with a notable increase towards the end. Error bars indicate variability in measurements.]FIGURE 10 | Air temperature trends at the selected sensor locations for (a) Amphitheater and (b) Exhibition.Similarly, Figure 11 shows a comparison between the measured and simulated air temperatures at the two measurement points illustrated in Figure 8. While the simulation results generally follow the measured trends, some deviations are observed. These discrepancies may be attributed to the fact that CO2 levels in the measurements were recorded at specific points, whereas the simulation provided only an average value, which could account for the differences.
[image: Two line graphs compare CO2 levels over time. Graph (a) shows CO2 peaking at approximately 1400 ppm and settling around 1000 ppm. Graph (b) records higher values, peaking near 1800 ppm and fluctuating slightly above 1600 ppm. Both graphs include measured data and simulation lines.]FIGURE 11 | CO2 concentration trend at the selected sensor locations for (a) the Amphitheater and (b) the Exhibition area.5.2 Analysis of energy use and indoor climate in climate house
Figure 12 presents the variations in operative temperature and window opening signals on the coldest winter day in the Amphitheater, under the existing hybrid ventilation system in the Climate House. During winter operation in mixed-mode ventilation, the windows are required to open to control indoor CO2 levels. However, this introduces significant drops in indoor temperature, making it difficult to maintain thermal comfort.
[image: Two line graphs showing operative temperature and outsignal data for January 23, 2023. The left graph displays operative temperature in degrees Celsius, fluctuating around 20 degrees with a dip near the midpoint. The right graph shows the outsignal data, with several peaks between 0.1 and 1.0, indicating significant activity during the same period.]FIGURE 12 | Operative temperature (left) and window opening degree (right) in the Amphitheater under the Blindern, Oslo Historic climate scenario.When the outdoor temperature reached −15°C, the operative temperature in the Amphitheater fell below 13°C. These temperature reductions occurred exclusively during occupancy hours when the Climate House primarily relies on natural ventilation through window openings. User feedback further confirms that the current hybrid ventilation control system is ineffective, likely due to the reliance on natural ventilation as the primary system, with mechanical ventilation serving only as secondary support.
The thermal comfort results for both new HV and MV are presented in Figure 13. The operative temperature predominantly remains near the lower threshold for extended periods. Temperature fluctuations are significantly more pronounced in the Amphitheater compared to the Exhibition across both ventilation strategies. Among the analyzed scenarios, the Amphitheater with HV presents the greatest challenge in maintaining a stable operative temperature, with a total of 41 h exceeding 26°C. According to the adaptive thermal comfort model, the operative temperature under HV remains within Category II for the majority of the time, with only 8 h of exceedance in the Amphitheater and 1 h in Exhibition (as shown in Table 7).
[image: Four line graphs labeled (a) and (b), each with a pair of plots. The x-axes represent time from January to December, and the y-axes show operative temperature in degrees Celsius. Green lines indicate temperature fluctuations over time.]FIGURE 13 | Operative temperature in the Amphitheater (left) and Exhibition (right) for (a) HV and (b) MV, categorized according to NS-EN 16798-1. The colored thresholds correspond to the thermal comfort categories defined in NS-EN 16798-1: Category I (High)—Light blue, Category II (Medium)—Light green, Category III (Moderate)—Light yellow, and Category IV (Low)—Light orange.TABLE 7 | Analysis of thermal comfort criteria for both MV and HV.	Ventilation scenarios	Zone	Max Top (°C)	Hours of Top > 26°C (h)	Hours outside category II (h)
	HV	Amphitheater	28	41	8
	Exhibition	27	2	1
	MV	Amphitheater	28	4	5
	Exhibition	27	0	0


In contrast, MV demonstrates better thermal stability, with just 5 h outside Category II in the Amphitheater and none in the Exhibition. The larger window areas and a greater reliance on window openings contribute to the increased temperature variability in the Amphitheater, particularly in the HV scenario. The maximum operative temperature is relatively consistent across both zones and ventilation strategies, reaching approximately 27°C. While MV ensures a more stable indoor temperature, much of the temperature variation occurs outside operating hours, reducing its impact on overall thermal comfort assessment.
To assess the risk of draft (DR%), a detailed zone analysis was conducted using IDA-ICE 5.0. The grid resolution of the model is 0.2 m × 0.2 m with time interval 0.25 h. The analysis was performed for two different days, one in winter and one in summer. Figure 14 presents the DR% for the coldest winter day (23rd January), with an outdoor temperature of −15°C. The analysis was conducted at 15 O’clock, during which the window opening percentage was limited to 15%.
[image: Top: Diagram of a room showing a draught dissatisfaction percentage, with colors from blue (0%) to red (30%). Bottom: Graph dated January 23, 2023, depicting CO2, temperature control, and ACH outside air signals over time, with peak points noted.]FIGURE 14 | Detailed zone analysis of perceived draught in the Amphitheater (top) and the corresponding average indoor air temperature and CO2 signal (bottom) under HV on the coldest winter day.During this time period, the ACH reached three, achieved through window opening in response to CO2 levels, as indicated by the control signals, temperature control was inactive, and window operation followed the CO2 signal. A noticeable draft was observed near the door to the Exhibition area, while draft levels near the windows remained minimal. DR% across the zone was approximately 10%–13%. The concentrated draft in the center corresponds to the location of the single supply air vent in the Amphitheater, which leads to elevated airflow velocities and explains the draft sensation in that area. The results show a significant DR% under HV during extremely cold winter days when using the proposed new control strategy, an outcome not achievable with the current model.
Figure 15 illustrates the average surface temperature across horizontal cross-sections at different heights within space. The simulation was performed for a winter day with an outdoor temperature of approximately −9°C. According to NS-EN ISO 7730 (Standard Norge, 2005), the maximum permissible vertical temperature difference is defined as heights ranging from 0.1 to 1.1 m above the floor. The average surface temperature values shown are calculated by IDA-ICE, following the method described in Javed et al. (2021). The results indicate that while opening the windows leads to a decrease in air temperature, it remains within a comfortable range. Notably, the vertical temperature difference is lower when the windows are open, approaching ∼0°C. This reduction is likely attributed to enhanced air mixing, as the substantial temperature gradient between indoor and outdoor air drives cold air inflow, promoting effective ventilation.
[image: Graph showing air temperature and window opening percentage over time on January 25. The green and blue lines represent air temperature at 0.1 meters and 1.0 meters above the floor, respectively. The red line indicates window opening percentage. Temperature ranges from 18 to 21 degrees Celsius, while window opening peaks sharply around hour 591.]FIGURE 15 | Vertical air temperature difference with window opening in the Amphitheater for January 25th.The air quality in terms of CO2 concentration (ppm) for the Climate House is presented in Figure 16 for HV and MV scenarios. The data indicates occasionally high CO2 levels during occupancy but never exceeds the Norwegian Labour Inspection Authority’s guideline (Norwegian Labour Inspection Authority Arbeidstilsynet and in Norwegian, 2023), which sets a maximum CO2 level of 1,000 ppm. For HV, the upper threshold is 950 ppm, at which point the CO2 control system signals window openings. HV operates with an upper threshold of 950 ppm, triggering window openings, whereas MV is set at 900 ppm.
[image: Four heat maps display CO2 concentrations over 365 days, with time in hours on the y-axis and days on the x-axis. CO2 levels range from 400 to 900 ppm, indicated by a color scale from blue to red. The maps show patterns and variations in CO2 levels throughout the year, with higher concentrations depicted in red and lower in blue. Panels (a) and (b) suggest comparative analysis.]FIGURE 16 | “Carpet plot” for air quality measured in ppm CO2 for (a) HV and (b) MV and for the Amphitheater (upper) and Exhibition (lower) in each ventilation scenario.In HV scenario, elevated CO2 levels persist longer in the exhibition area, likely due to fewer windows compared to the amphitheater. In contrast, for MV, higher CO2 levels are more pronounced in the amphitheater, driven by a higher occupant density relative to room size. Notably, HV demonstrates superior CO2 reduction efficiency during night ventilation, effectively lowering concentrations to 400 ppm over extended periods compared to MV.
Furthermore, air quality improvements are more pronounced in HV during the warmest summer periods, benefiting from enhanced ventilation rates that not only regulate temperature but also optimize air exchange. This suggests that HV offers a dynamic and responsive strategy by leveraging natural airflow to enhance indoor air quality while maintaining thermal comfort. This is supported by Table 8, which shows a lower number of occupancy hours with CO2 concentrations exceeding 800 ppm in the HV scenario.
TABLE 8 | Number of occupied hours with CO2 concentrations exceeding 600 and 800 ppm.	Air quality criteria	HV	MV
	Number of hours CO2 > 800 ppm	2,300	2,320
	Number of hours CO2 > 600 ppm	2,650	2,720


Figure 17 illustrates the energy consumption for heating, cooling, and fan operation in the Climate House equipped with HV and MV systems.
[image: Bar chart comparing energy use in kilowatt-hours per square meter between MV and HV systems for fan, cooling, and heating. MV uses 3.9, 2.4, 57.1, and 63.4 kWh/m², while HV uses 1.2, 1.2, 52.8, and 55.2 kWh/m² respectively.]FIGURE 17 | Energy use of the Climate House with mechanical ventilation and hybrid ventilation.5.3 Analysis of energy use and indoor climate in climate house with future climate
Figure 18 presents a diagram illustrating the percentage of occupancy time during which windows are open in the Amphitheater. The innermost circle serves as a reference, representing window opening under the current climate conditions. By 2050, there is already an increase of approximately 10%, with minimal variation between different climate models—window opening times range from 26% for RCP 2.6%–29% for RCP 8.5. However, by 2100, a more significant divergence emerges between future climate scenarios, with windows expected to be open for 27% of the time under RCP 2.6 and 39% under RCP 8.5. This trend is anticipated, as higher outdoor temperatures increase cooling demand.
[image: Two donut charts depict RCP scenarios for the years 2050 and 2100. Each chart shows percentages of opened (blue) and closed (orange) states. In 2050, segments are 29%, 27%, 26%, and 16%. In 2100, segments increase to 39%, 32%, 27%, and 16%, illustrating changes in RCP 8.5, 4.5, 2.6, and historic conditions.]FIGURE 18 | Percentage of occupancy time with open windows in Amphitheater for different climate data.Figure 19 presents the thermal comfort analysis for the Climate House with both HV and MV. Dissatisfaction percentages (PPD) are calculated exclusively during occupancy hours, omitting non-operational periods. For MV, the percentage of dissatisfied occupants rarely exceeds 25%, aligning with the Category IV threshold in NS-EN 16798-1. Similarly, for HV, PPD values above 25% are infrequent. However, under the RCP 8.5 scenario for 2100, HV faces challenges in maintaining acceptable indoor temperatures during summer months, resulting in elevated PPD levels. Specifically, 6.7% of occupancy time exceeds the 25% PPD threshold, primarily due to increased indoor temperatures. Nevertheless, considering the recommended commercial building limit of 10%, HV still demonstrates a clear advantage over MV under future climate conditions.
[image: Two bar charts (a) and (b) compare the percentage of occupancy hours with predicted percentage dissatisfied (PPD) above 10% and 25% under different climate data scenarios: historic, RCP 2.6, RCP 4.5, and RCP 8.5 for years 2050 and 2100. Chart (a) shows increasing PPD above 10% from 3.3% historically to 22.4% under RCP 8.5 in 2100; PPD above 25% also increases slightly. Chart (b) shows an increase in PPD above 10% from 7.1% historically to 31.4% under RCP 8.5 in 2100, with PPD above 25% remaining near zero.]FIGURE 19 | Annual thermal comfort performance of the Climate House under future climate scenarios, expressed as the percentage of occupied hours with PPD > 10% and >25% for (a) HV and (b) MV systems.Based on the adaptive thermal comfort model according to NS-EN 16798-1 (Norsk Standard, 2019), the thermal indoor climate is satisfactory for all climate scenarios with hybrid ventilation. For the year 2100 with RCP 8.5, the Climate House with HV is only 23 h outside Category II. These results are not depicted in a figure but are derived from simulation data based on the adaptive model.
Figure 20 presents a 3D carpet plot illustrating indoor air quality under HV and MV for the Historic climate. Corresponding plots for future climate scenarios are provided in Supplementary Appendix 2. It is essential to distinguish the upper CO2 concentration limits for each strategy: 950 ppm for HV and 900 ppm for MV. In the plot, the width represents the hour of the day, the length corresponds to the day of the year, and the height indicates CO2 concentration. Notably, the blue region appears to expand in future scenarios, likely due to an increased demand for night ventilation driven by rising outdoor temperatures.
[image: 3D plots showing CO2 concentration in parts per million over time in hours and days. The top plot labeled "a) HV Historic" displays higher CO2 levels with more fluctuations. The bottom plot labeled "b) MV Historic" shows similar trends with slightly lower fluctuations. Both plots use a color gradient from blue (lower) to red (higher) to indicate CO2 levels.]FIGURE 20 | 3D carpet plot for air quality in ppm CO2 with (a) Hybrid ventilation and (b) mechanical ventilation for Historic climate scenario.The results show that both ventilation strategies demonstrate improved air quality during summer, with this effect becoming more pronounced as temperatures rise, consequently increasing ventilation demand. Climate scenarios RCP 4.5 and RCP 8.5 show lower CO2 concentration (wider blue area) due to higher window opening percentage. Overall, the findings suggest that future climate change is unlikely to negatively impact indoor air quality in cold climate.
Figure 21 presents the simulated energy performance of the Climate House under mechanical ventilation (MV) and hybrid ventilation (HV) across various future climate scenarios. When simulated using historical climate data, HV achieves a 13.1% energy savings compared to MV. While both ventilation strategies contribute to energy reductions, HV demonstrates a more pronounced reduction.
[image: Bar chart comparing energy use in kilowatt-hours per square meter between mechanical and hybrid ventilation under different RCP scenarios for the years 2050 and 2100. Historic data shows mechanical ventilation using more energy than hybrid. Future scenarios maintain this trend, with mechanical ventilation consistently using more energy than hybrid across RCP 2.6, RCP 4.5, and RCP 8.5 for both years.]FIGURE 21 | Building energy consumption for the Climate House with MV and HV under various future climate scenarios.In the near future (2050), the projected energy savings with HV increase to approximately 20% compared to MV, marking a 7% point improvement relative to current conditions. By 2100, the energy savings vary significantly across different climate models, with HV yielding energy reductions of 19%–31%, depending on the scenario.
Rising outdoor temperatures amplify cooling demands. For MV, this results in higher fan power and increased cooling energy requirements. In contrast, HV can often rely on natural ventilation through window openings, reducing the need for mechanical cooling. This explains why energy savings with HV become more substantial as outdoor temperatures rise.
Figure 22 presents the energy consumption patterns for fan operation, cooling, and heating in the climate house with HV across various climate scenarios. The results indicate a clear decline in heating demand over time, accompanied by an increase in cooling requirements. In the historic climate scenario, heating constituted 96% of the building’s total energy use; however, under the RCP 8.5 scenario in 2100, this share is projected to drop to 66%. Despite variations in climate conditions, energy savings across different scenarios remain relatively stable. By 2100, under the RCP 8.5 scenario, energy savings for fan operation and heating improve by 5% and 1.6%, respectively, relative to the current climate, while cooling energy use increases by 5.1%. These findings highlight the HV system’s resilience and efficiency in future climate scenarios. Furthermore, Figure 23 reinforces these results by drawing comparisons with the MV system.
[image: Stacked bar chart showing energy use in kilowatt-hours per square meter. Categories include fan (green), cooling (purple), and heating (peach). Bars are labeled Historic, RCP 2.6, RCP 4.5, RCP 8.5 for years 2500 and 2100, with heating being the largest contributor.]FIGURE 22 | Energy use of the Climate House with HV, divided into energy posts under future climate conditions.[image: Bar chart comparing energy use and reduction percentages across climate scenarios. Bars represent heating, cooling, and fan operation. Black circles indicate total reduction relative to MV for historical data and future projections in 2050 and 2100 under scenarios RCP 2.6, RCP 4.5, and RCP 8.5.]FIGURE 23 | Percentage reduction in energy consumption across various building systems in the Climate House with HV relative to MV.Figure 23 demonstrates that HV continues to outperform MV in warmer future climates, with increasing energy savings in heating, cooling, and fan operation.
6 DISCUSSION AND CONCLUSION
This research evaluates the application of a hybrid ventilation (HV) control system for the Climate House, a nearly zero-energy building (nZEB) located in Oslo, Norway. The current hybrid ventilation strategy relies primarily on natural ventilation, with mechanical ventilation functioning as a supplementary system. However, this approach has shown shortcomings in maintaining thermal comfort and indoor air quality. Simulation results indicate poor thermal comfort, including significant temperature drops during winter and high heating demand.
The proposed hybrid ventilation strategy demonstrates the potential for approximately 13% energy savings compared to a fully mechanical ventilation (MV) system. The most substantial savings are observed in fan operation (70%) and cooling energy use (51%). Heating demand is also reduced by 7.6%, primarily because the hybrid system enables lower indoor temperatures while still maintaining comfort levels.
In contrast to the current system, the proposed HV control prioritizes mechanical ventilation to ensure thermal comfort and indoor air quality, while automated window openings are used as supplementary ventilation, mainly for cooling. The inclusion of heat recovery in the mechanical system minimizes ventilation heat losses, and night ventilation further supports passive cooling. Allowing slightly elevated CO2 levels—within acceptable regulatory thresholds—also contributes to energy savings.
Heating energy reductions are further enhanced by replacing continuous mechanical ventilation heating with pulse ventilation via automated window openings, especially during winter periods when ventilation demand is high due to increased CO2 levels.
The strategy also performs well under future climate scenarios. By 2100, under RCP 8.6, total energy savings may reach 31%. While the system remains effective up to 2050, under RCP 8.5 in 2100 some overheating occurs, with adaptive thermal comfort thresholds exceeded for only 23 occupied hours annually. To maintain performance under extreme climate conditions, adjustments such as extended night ventilation, increased airflow on the hottest days, and refined control settings will be essential.
It is important to acknowledge a key limitation of this study related to model validation. Due to the shared energy metering system between the Climate House and the adjacent Natural History Museum, it was not possible to isolate the Climate House’s specific energy use. This restricted the ability to directly validate simulated energy consumption against measured values. Consequently, the validation approach focused instead on indoor environmental parameters, particularly air temperature and CO2 concentration. While this provides confidence in the model’s ability to replicate indoor conditions, the lack of direct energy use validation introduces some uncertainty regarding the absolute energy savings.
Despite this limitation, the results strongly suggest that the proposed hybrid ventilation control strategy offers a robust pathway to improved energy performance, indoor comfort, and climate resilience in low-energy buildings.
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