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Abstract

:

As the incidence of extended hot summers in the Nordic climate increases due to climate change, non-mechanically cooled apartments face high risks of overheating. Hence, this study aimed to investigate the temporal effects of heatwaves on indoor temperatures and examine the correlation between outdoor weather conditions and indoor temperature levels. A comprehensive field study was conducted across over 6000 apartments in the Helsinki region during the hot summer of 2021 and its heatwaves. Results indicated that nearly half of the apartments experienced indoor temperatures above 27 °C for over 7 consecutive days. It was found that an outdoor daily average temperature of 19 °C could cause indoor daily average temperatures higher than 27 °C. Further, the study revealed a strong correlation between indoor temperatures and outdoor 5-day moving average temperature, allowing occupants time to take preventative measures. Additionally, a linear relationship was found between the indoor average temperature, the outdoor 5-day moving average temperature, and the 7-day moving average solar radiation. The strength of the correlation and the magnitude of the effects of outdoor temperature and solar radiation varied depending on the duration of heatwaves. This highlights the importance of considering heatwaves in the design and renovation of residential buildings in the Nordic climate.
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1. Introduction


Heatwaves are characterized by extended periods of extreme heat during summer. They can affect various aspects of society, such as human health [1], agriculture [2], workplace efficiency [3], wildfire occurrence and strength [4], and public infrastructure [5]. These effects are expected to escalate in the face of intensified global warming, given its associated more frequent, intense, and longer heatwaves [6]. In Finland, a Northern country, this trend has progressed at a rate twice as fast as the average [7,8].



Studies have shown that premature mortality increases during short and long heatwaves. The environmental impacts of global warming are well-documented, and there is a growing body of research on the effects of prolonged heatwaves on human health, particularly in the context of the increasing mortality rate among vulnerable persons.



High-risk populations in Europe and around the world face a significant threat from heat exposure, which significantly contributes to elevated rates of illness and death [9]. In a study encompassing 35 European countries, Ballester et al. [10] estimated that 61,672 heat-related deaths occurred in Europe between 30 May and 4 September 2022, the hottest season on record in Europe thus far. In another study by Masselot et al. [11], 20,173 excess deaths on an annual basis were estimated to be attributed to heat in 854 cities in Europe. In Finland, a field study on cause-specific cardiorespiratory hospital admissions during the summer months of 2001–2017 by Sohail et al. [12] showed that heatwaves, rather than single hot days, are a health risk that increase mortality rate, even in a Northern climate. Another study by Kollanus et al. [13] focusing on May to August 2000–2014 reported that heatwaves significantly increased mortality among the elderly in Finland, especially for women. These studies have revealed that as outdoor temperatures soar during heatwaves, mortality rates tend to rise, especially among vulnerable populations such as the elderly, children, and individuals with pre-existing health conditions. Astone et al. [14] revealed that for an additional day per month above 25 °C, monthly all-cause mortality increases by 1.5%, and acute hospital visits increase by 1.1% in Finland.



In practice, people spend most of their time indoors. Therefore, recent research has started to focus on the issue of high indoor overheating during these heatwaves. In one of the most recent studies in the UK, air temperatures were monitored in 750 homes during the hot summer of 2018 [15]. The results showed significant overheating in the apartments Another study in the UK in four apartments during one month in the summer of 2017 found high overheating risks in new houses and concluded a severe need for climate change mitigation measures to be focused not only on energy efficiency but also on reducing overheating [16]. In cold climates, Maivel et al. [17] monitored 100 old and new apartments in Estonia during the summers of 2008 and 2011. The results showed higher overheating risks in modern apartments than in old ones. In another study in Greenland, 19% of all bedroom temperatures were above 26 °C in 79 dwellings, while the average outside temperature during summer was 9.5 °C [18]. A recent study in more than 6000 apartments in Finland showed that the summertime maximum indoor temperature was higher than 27 °C in almost all of the apartments and higher than 30 °C in one-third of them during the hot summer of 2021 [19]. These studies conducted in different countries have highlighted the concerning issue of indoor overheating during heatwaves. In regions where air conditioning is not commonly available in residential buildings, indoor temperatures can surpass outdoor temperatures, escalating the health risks associated with extreme heat. Therefore, it is important to investigate the relationship between outdoor conditions and indoor temperatures.



Consequently, some field studies have focused on the relationship between indoor climate conditions and outdoor weather conditions. In recent studies performed in China, Li et al. [20] found that outdoor air temperature was more related to indoor climate than solar radiation in summertime. Hou et al. [21] investigated the correlation between outdoor and indoor temperatures. They found the breakpoint to be at about 11.5 °C in the segmented regression of indoor and outdoor temperatures. When the outdoor temperature was above the breakpoint, the slope of the curve was greater. In the Netherlands, Zuurbier et al. [22] investigated indoor temperatures, behavior, and home characteristics in 113 houses, and they found indoor and outdoor temperatures moderately correlated (R = 0.6). During the warm season, indoor temperatures on average exceeded outdoor temperatures. Nguyen and Dockery [23] investigated the association between indoor and outdoor temperature and humidity in a range of climates in the USA. The results showed that the relationship between outdoor and indoor temperature and humidity varied across seasons and locations. In another study in the USA, the relationship between indoor conditions and outdoor ambient weather was examined in 16 homes. It was found that when outdoor temperatures are ≥12.7 °C, there is a strong linear correlation with the average indoor temperature [24]. These findings imply that there is a relationship between indoor and outdoor conditions that should be investigated in different seasons and locations.



In this context, this study investigates the effects of outdoor weather conditions on indoor temperature levels during hot summers and associated heatwaves. The novelty of this study comes from three points. Firstly, the study utilizes a large dataset of indoor temperatures in over 6000 apartments, representing a comprehensive sample of Finland’s residential buildings. Secondly, it specifically examines the influence of hot summers and the duration of heatwaves on indoor temperature levels, which have not previously been studied. Finally, the study is distinctive given its focus on the Nordic climate of Finland, where heatwave phenomena are not typical, but are increasingly occurring due to climate change. The main objectives of this study are as follows:




	
To estimate the duration and intensity of indoor overheating during hot summers.



	
To explore indoor temperature variations under different outdoor conditions.



	
To determine the correlation between the outdoor temperature and solar radiation and indoor temperature levels during the during heatwaves of varying length in the hot summer of 2021.



	
To quantify the magnitude of the effect of solar radiation and outdoor temperature on indoor temperature.









2. Materials and Methods


In this study, data preprocessing and statistical analyses were performed using Python programming in Jupiter Notebook.



2.1. Indoor Temperature Data Collection and Preprocessing


The data for room air temperatures was obtained from field measurements conducted in apartments in the Helsinki region, Finland. We employed the same data and preprocessing steps as described in our previous work [19]. The measurements were performed at one-hour intervals from mid-May to the end of August 2021 to capture the hot summers characteristic of the Helsinki region’s climate. The raw data consisted of 10,597 apartments. Data was collected using IoT temperature sensors installed by professionals in each apartment’s corridor, capable of measuring temperatures within the range of −40 to +60 °C with an accuracy of ±0.2 °C. These sensors were strategically positioned away from direct sunlight to ensure accurate records. The apartments featured mechanical ventilation systems, with airflow from bedrooms and living rooms directed to kitchen and toilet exhaust valves through the corridor, facilitating reliable temperature measurements indicative of average apartment temperatures.



The data cleaning process considered three principles aimed at enhancing the overall data quality: (1) Apartments with over 15% missing data for the entire measurement period (mid-May to the end of August) in each year were excluded from the analysis. (2) Apartments with more than three hours of consecutive missing data were eliminated for both years. (3) Apartments with temperatures above 40 °C or below 18 °C were investigated and filtered out. The cleaned dataset included the hourly temperatures in 6057 apartments from mid-May to the end of August 2021. The apartments were constructed between 1902 and 2016, ranging in size from 20 to 232 m2.



The buildings were built according to the Finnish building code requirements in place at the time of their construction. All apartments were equipped with either mechanical exhaust or balanced ventilation systems, but there were no permanently installed cooling devices within the apartments under study. It is worth mentioning that portable cooling devices may have been present, and occupants might have occasionally opened the windows for cooling. More detailed information about the buildings, e.g., their envelope and orientation, window area, solar shading of neighborhood buildings, green view index, occupants’ behavior, etc. is unknown.




2.2. Outdoor Weather during the Hot Summer of 2021


Finland is a northern country in Europe, and its climate belongs to the Df category in the Köppen Geiger climate classification [25], indicating subarctic (or boreal) climate conditions. The southern coast of Finland, where the studied buildings are located, is classified as having a Dfb climate, which is cold, has no dry season, and has warm summers [25]. The summer of 2021 was one of Finland’s hottest summers in the last 30 years [19]. Figure 1 shows the outdoor daily average, maximum, and minimum temperatures, and Figure 2 shows the daily sum of GHI during the summer of 2021. The outdoor weather data was collected from the Helsinki Vantaa weather station and measured by the Finnish Meteorological Institute.



A hot day in Finland is defined as a day with a daily maximum temperature higher than 25 °C [26]. In this study, a heatwave was defined when there were more than 4 consecutive hot days. As Figure 1 shows, there were two heatwaves in the summer of 2021: a short one from 18–23 June, and a long one from 3–18 July. During the short heatwave, the outdoor temperature rose for a few days and then fell while the outdoor GHI was falling. During the long heatwave, there were fluctuations in the outdoor temperature and the outdoor GHI. However, the general trend in the outdoor temperature was sloping up during the long heatwave.




2.3. Statistical Analysis Methods


In this study, to explore the correlation between daily average indoor temperature and daily average outdoor temperature, as well as the daily sum of outdoor global horizontal irradiance (GHI), the Spearman’s rank-order correlation method was used [27]. This is a nonparametric measure of statistical dependence between two variables. It assesses how well the relationship between two variables can be described using a monotonic function. This type of correlation is appropriate when the assumptions for Pearson’s correlation are not met, particularly when the data is not normally distributed. In this study, it was used because the distribution of daily average outdoor temperature and GHI was not normal. Spearman’s correlation coefficient “ρ” was calculated for each apartment. This can have a value from −1 to 1, where −1 indicates a perfect negative monotonic correlation, 1 indicates a perfect positive monotonic correlation, and 0 indicates no monotonic correlation [27]. The Python module Statistical Functions (scipy.stats) was used for carrying out the correlation analyses.



The moving averages for the daily average outdoor temperature, as well as the daily sum of GHI, were calculated. For each day, the outdoor average temperature and the daily sum of GHI were calculated. This was achieved by summing all the temperature readings for the day and dividing by the number of readings, and summing all the GHI readings for the day. To calculate the moving average, a window size (e.g., 3 days, 5 days, etc.) was chosen. For each day in the time series, the average temperature for that day and the previous days, up to the window size, was calculated. For example, with a 3-day window, the moving average on the fourth day would be the average of the daily averages from the second, third, and fourth days.



To calculate the magnitude of the effect of each outdoor weather parameter (outdoor daily average temperature and the daily sum of GHI) on the daily average indoor temperature, multiple linear regression was used. Multiple linear regression (Equation (1)) is a statistical technique used to analyze the relationship between a dependent variable (indoor daily average temperature) and two or more independent variables (outdoor daily average temperature and the daily sum of GHI) [28]. It extends simple linear regression, which deals with one predictor variable, to account for multiple independent variables. The model estimates coefficients for each independent variable, allowing the prediction of the value of the dependent variable. The general form of the multiple linear regression model can be expressed as:


Y = β0 + β1X1 + β2X2 + … + βnXn + ϵ



(1)




where:



Y represents the dependent variable.



X1, X2, …, Xn are the independent variables.



β0 is the y-intercept (constant term).



β1, β2, …, βn are the coefficients of the independent variables which represent the change in the dependent variable for one unit of change in the respective independent variable, holding other variables constant.



ϵ is the error term, representing the difference between observed and predicted values.



This model is commonly used in various fields to understand how multiple factors affect an outcome [28]. In this study, the Python module Statsmodels was used for the linear model. The coefficients corresponding to the outdoor daily average temperature and the daily sum of GHI were investigated to show the magnitude of their effects on indoor daily average temperature.



To understand how well the regression model fits, the R-squared value (Equation (2)), the coefficient of multiple determination, was used. This statistic measures the proportion of variance in the dependent variable that is predictable from the independent variables. It ranges from 0 to 1, with higher values indicating a better fit of the model to the data [29].


    R   2   = 1 −   T o t a l   S u m   o f   S q u a r e s   S S T     S u m   o f   S q u a r e s   o f   R e s i d u a l s   S S R      



(2)







The sum of Squares of Residuals (SSR), also known as the sum of squared errors of prediction, is the sum of the squares of the differences between the observed values and the predicted values.



The total Sum of Squares (SST) represents the total variance in the dependent variable. It is the sum of the squares of the differences between the observed values and their means.



It is worth mentioning that the outdoor daily average temperatures and the daily sum of GHI were correlated (r = 0.63). Therefore, the multicollinearity was checked by calculating the Variance Inflation Factor (VIF) for each of them. VIF calculation (Equation (3)) is based on each design variable as a response variable and measuring its coefficient of determination R2. When the VIF value is over five, it is an indication that the associated regression coefficients are poorly estimated because of multicollinearity [30]. The VIF for the outdoor daily average temperature and the daily sum of GHI was 1.64, indicating a low level of multicollinearity. Thus, the correlation between the outdoor daily average temperature and the daily sum of GHI appeared not to be a concern for the regression analysis.


  V I F =   1   1 −   R   2      



(3)







Further, we used a normalization technique to scale the parameters. Normalization is essential because it standardizes the scale of variables, enabling fair comparisons, preventing algorithm sensitivity to variable scales, aiding optimization convergence, improving interpretability, handling outliers, enhancing data visualization, and ultimately leading to better model performance in data analysis. Z-score normalization is a technique used to transform data into a standard scale with a mean of 0 and a standard deviation of 1 [31]. It is particularly useful when dealing with variables that have different units or scales. To standardize a variable using this method, the mean of the variable is subtracted from each data point and then divided by the standard deviation [31].




2.4. Overheating Assessment Criteria


In Finland, two sets of criteria address the issue of overheating. These include requirements from the Ministry of the Environment for new buildings, and requirements from the Ministry of Social Affairs and Health of Finland for existing buildings. According to the Ministry of the Environment of Finland [32], 27 °C is the design temperature for the summertime. Moreover, new apartment buildings in the design phase must prove that there are no more than 150 Kh degree hours above 27 °C in living spaces during the summer months (June–August) based on the simulation results using Test Reference Year (TRY) 2012 [33]. The same requirement applies to all apartments, whether they have mechanical cooling or various ventilation systems (natural or mechanical). Complying with this threshold is possible through various passive and active solutions, except for openable windows [32]. This means that the openable windows cannot be used in the simulations for getting the construction permit.



In existing residential buildings, the maximum indoor temperature in the living spaces should not exceed 32 °C. This value in the spaces for elderly people is 30 °C. This is mandated by the Ministry of Social Affairs and Health [34]. With these three established thresholds, we were prompted to extend our calculations beyond the initial range and consider temperature levels ranging from 27 °C to 35 °C. Therefore, to see the temporal effects of heatwaves, we calculated the consecutive days in which the temperatures were always (24 h) higher than 27, 28, 29, …, 35 °C.





3. Results


3.1. Temporal Analysis of Overheating Risks


Table 1 shows the percentage of apartments with hourly temperatures consistently higher than the thresholds (27–35 °C) for 1 to 7 days during the summer of 2021 (mid-May to the end of August). It shows that almost half of the apartments experienced 7 days higher than 27 °C, indicating prolonged exposure to high indoor temperatures in a significant portion of the apartments. Considering 27 °C as the upper range of thermal comfort based on EN standards [35], this indicates an extended period of thermal discomfort.



While in our previous study, it was shown that around one-third of the apartments experienced summertime maximum temperatures higher than 30 °C for at least one hour [19], results revealed that the indoor temperature in more than 8% of the apartments (around 500 units) exceeded 30 °C (the health limit for elderly people) for 1 day, in almost 3% of apartments for 4 days, and in 1% of apartments for 7 days. Although these percentages are relatively low, they show high health risks for elderly people because of prolonged overheating time in apartments. The percentage of apartments with temperatures above 32 °C for 1 to 7 days was below 1%.




3.2. Indoor Temperature Dynamics Based on Outdoor Weather Conditions


In this section, we analyzed the indoor daily average temperatures in the apartments based on the outdoor daily average temperature and the outdoor daily sum of GHI as the two main parameters of outdoor weather conditions. Further, the effects of the number of hot days in the week on indoor temperatures were investigated in this study.



3.2.1. Indoor Temperature Variations Based on the Outdoor Average Temperature


Figure 3 illustrates how indoor daily average temperatures changed in response to varying outdoor daily average temperatures (for 5 to 95% of the apartments). These results were calculated for the period of the 4th of June to the 17th of August 2021, when the outdoor daily average temperature was higher than 17 °C. The reason we chose this period was that the focus of this study was on high indoor temperatures. The graph highlights two distinct outdoor daily average temperature changes, namely 18 °C to 19 °C and 22 °C to 23 °C, which corresponded to noticeable shifts in the indoor daily average temperatures, with the average of indoor daily average temperatures increasing to above 27 °C. Despite these clear shifts in indoor daily temperatures, it is challenging to label any specific outdoor average temperature as critical, due to the considerable variations in indoor daily temperatures. It is worth mentioning that the outdoor daily average temperature of 24 °C happened on just one day at the end of July, after some relatively cool days (See Figure 1). This could explain why indoor temperatures were low on that day.




3.2.2. Indoor Temperature Variations Based on the Sum of GHI


Figure 4 depicts how indoor daily average temperatures correlated in response to varying daily sums of GHI for the whole summer of 2021. The graph highlights three distinct outdoor daily sums of GHI points, namely 500 to 1000 W/m2, 3000 to 4000 W/m2, and 6000 to 7000 W/m2, which corresponded to notable shifts in the indoor daily average temperatures.



Although there were considerable variations in indoor temperatures, these three numbers can be labeled as defining limits for the sum of GHI. It is worth mentioning that the outdoor daily sum of GHI of 8000 W/m2 happened during the cool days of early summer (see Figure 2). This could explain why indoor temperatures were low despite a GHI of 8000 W/m2. Moreover, this shows that even with high outdoor solar radiation, there can be low outdoor temperature levels and therefore, low indoor temperature levels. Thus, the association between solar radiation and indoor temperature seems to be not straightforward.




3.2.3. Indoor Temperature Variations Based on Weekly Number of Hot Days


Figure 5 shows how indoor weekly average temperatures change in response to the number of hot days in the week (consecutive or not). The graph highlights three distinct numbers of hot days, namely no hot day to 1, 4 to 5, and 6 to 7 days, which correspond to notable shifts in the indoor weekly average temperatures. It indicates that with more than 5 hot days in a week, the average indoor weekly temperature tended to be higher than 27 °C, while 7 hot days would cause the average indoor weekly temperature to be higher than 28 °C. In the hottest apartments (exhibiting the maximum weekly average temperature), the average indoor weekly temperature reached 30 °C. Further, if there were no hot days in the week, the indoor weekly temperature was relatively low, with even the hottest apartments exhibiting temperatures lower than 26 °C.





3.3. Correlation between Indoor Temperature and Outdoor Weather Conditions


3.3.1. Outdoor Temperature


To examine how outdoor temperature influences indoor temperature levels, we conducted a correlation analysis between outdoor daily temperatures and the daily average indoor temperature. This analysis was performed using different outdoor moving averages, specifically 2, 3, 5, and 7-day averages, to investigate the effects of the building’s thermal mass and weather history. Furthermore, these calculations were carried out for the entire summer period (mid-May to the end of August 2021), as well as for the short and long heatwaves, allowing us to explore how the duration of heatwaves impacts the relationship between indoor and outdoor temperature.



Figure 6 and Figure 7 show Spearman’s correlation coefficient “ρ” value results for the whole summer period, and the short and long heatwaves, respectively. As can be seen, there was a strong correlation between indoor daily average temperature and different outdoor average temperatures during the whole summertime, with the correlation coefficient “ρ” value remaining higher than 0.75. The correlation coefficient “ρ” values for daily, 2-day, and 3-day averages were lower than the whole summer for both heatwaves. Further, the correlation coefficient “ρ” values for the long heatwave were lower than the short heatwave. As the duration of outdoor temperature averaging increased, so did the correlation coefficient during the whole summer and both heatwaves. The highest correlation was observed with the 5-day moving average of outdoor temperatures, and then it decreased.



The highest correlation with the 5-day moving average of outdoor temperatures during the whole summer, as well as the short and long heatwaves, suggests that outdoor temperature patterns over 5 days have a more significant influence on indoor temperature levels, potentially reflecting the lag or delayed effects of outdoor temperature changes and the building’s thermal mass on indoor conditions.




3.3.2. GHI


To examine how outdoor solar radiation affects indoor temperature levels, we conducted a correlation analysis. This analysis focused on examining the relationship between the daily sum of GHI and the daily average indoor temperatures. Additionally, we expanded our analysis to include various outdoor moving averages of the daily GHI, including 2, 3, 5, and 7-day averages. Furthermore, these calculations were carried out for the entire summer period, as well as for the short and long heatwaves, allowing us to explore how the duration of heatwaves impacts the relationship between indoor temperature and solar radiation.



Figure 8 shows Spearman’s correlation coefficient “ρ” value results of this correlation analysis for the whole summer period. As can be seen, there was a relatively weak correlation between indoor daily average temperature and the daily sum of GHI for 2 to 3-day moving averages, with the median of Spearman’s correlation coefficient “ρ” values being lower than 0.7. As the duration of outdoor GHI averaging increased, so did the correlation coefficient. The highest correlation was observed with the 7-day moving average of outdoor GHI (the median around 0.75). This suggests that outdoor GHI patterns over 7 days have a more significant influence on indoor temperature levels, potentially reflecting the cumulative effect of the outdoor GHI changes on indoor conditions. It is worth mentioning that the Spearman’s correlation coefficient “ρ” values of this correlation were, in general, lower than the correlation between indoor and outdoor temperature levels.



Figure 9 shows Spearman’s correlation coefficient “ρ” values for the short and long heatwave periods, respectively. The relationship between indoor temperature and solar radiation during heatwaves was more complex compared to the relationship between indoor and outdoor temperatures.



During the short heatwave, an inverse correlation was observed between the average indoor temperature and the daily sum of GHI, as well as its 2 and 3-day moving averages. Upon considering Figure 2, it becomes apparent that during this short heatwave period, while outdoor temperatures were on the rise, the daily sum of GHI was decreasing. However, as the duration of averaging increased, the correlation coefficient became positive and larger. The highest median value was around 0.3, between the indoor daily average temperature and the 7-day moving average of the daily sum of GHI. During the long heatwave, the correlation was weak because the thermal mass was already warmed up. The highest median of the coefficients was around 0.25, between the indoor daily average temperature and the 5-day moving average of the daily sum of GHI.





3.4. Multiple Linear Regression between the Indoor Temperature and Outdoor Weather Conditions


To investigate the extent of the influence of outdoor temperature and solar radiation on indoor temperature levels, we performed multiple linear regression analyses involving the most strongly correlated parameters. As the results of the previous section showed, there were strong correlations between the indoor daily average temperature and the outdoor 5-day moving average temperature, and the 7-day moving average of the daily sum of GHI. It is worth mentioning that the 7-day moving average of the daily sum of GHI was used for the whole summer and both heatwaves since the correlation was strong during the whole summer. Therefore, these parameters were normalized with the Z-score method (see Section 2.2), and then the multiple linear regression was conducted between these parameters for each of the studied apartments.



Figure 10 shows the variation of coefficients of each parameter, as well as r-squared values for all the apartments, during the whole summer. The r-squared range was between 0.77 to 0.97, with an average of 0.92. This indicates a strong linear relationship between the variables. The coefficient of outdoor temperature varied across different apartments with values between 0.5 and 1.1 and a median of 0.8, and the coefficient of GHI varied between −0.2 and 0.6 with a median of 0.2, showing that the effect of the outdoor 5-day moving average temperature on the indoor average temperature was more notable than the effect of the 7-day moving average GHI (0.8 > 0.2).



Figure 11 shows the results of the multiple linear regression during the long and short heatwaves. The high r-squared range with averages of 0.99 and 0.85 for the short and long heatwaves, respectively, shows a strong linear relationship between the variables during heatwaves. This suggests that the outdoor 5-day moving average temperature and outdoor 7-day moving average GHI used in the regression model were highly effective at explaining the variation in the indoor daily average temperature under heatwave conditions. The coefficient of outdoor temperature was higher (average ≅ 1) for the short heatwave in comparison with the whole summer and the long heatwave. This observation implies that changes in outdoor temperature have a more significant impact on indoor temperature levels during short heatwave periods, possibly due to the rapid and extreme temperature fluctuations characteristic of such events.



Further, the coefficient of outdoor GHI was lower (average ≅ 0.1) for both the short and long heatwaves compared to the whole summertime. This finding suggests that the influence of GHI on indoor temperature levels is diminished during heatwave conditions, possibly due to factors such as reduced solar radiation caused by increased cloud cover.



These significant variations in coefficients between the short and long heatwaves, as well as between heatwaves and the entire summer season, highlight the complex and dynamic nature of these relationships under different environmental conditions.





4. Discussion


This study provides insights into the temporal analysis of overheating risks in apartments and the influence of outdoor weather conditions on indoor temperatures during hot summers and associated heatwaves. Nevertheless, it is important to acknowledge several limitations in this study that should be considered when interpreting the findings. The extensive dataset of hourly indoor temperatures in over 6000 apartments has constrained access to numerous intervening factors, including aspects such as building envelope characteristics, occupant behavior, apartment layout and orientation, window-to-wall ratios, and more. Many of these can affect the indoor temperature levels more or less than the analysed parameters of outdoor temperature and solar radiation.



However, it is essential to clarify that the primary objective of this study was not to identify all potentially effective parameters influencing indoor temperature levels or to pinpoint the most effective ones. Instead, our focus was on assessing the impact of hot summer conditions and their corresponding outdoor factors on indoor temperatures within residential buildings. We aimed to estimate the extent of health and comfort challenges arising from climate change and its associated hot summers. Future research should focus on examining this relationship considering building design and characteristics, providing more precise guidance for designers to select suitable heat mitigation strategies.



Moreover, while the focus of this study was primarily on indoor temperature dynamics, it is worth mentioning that relative humidity plays a significant role in shaping occupants’ perception of thermal comfort. The exclusion of relative humidity from our analysis may limit the comprehensiveness of our findings, as it represents an essential aspect of the indoor thermal environment. Relative humidity influences the body’s ability to regulate heat through evaporation, impacting thermal comfort even at a constant temperature. Thus, despite the high indoor overheating shown in the results, thermal comfort conditions in residential buildings during heatwaves should be analysed further.



The study’s findings regarding prolonged exposure to high indoor temperatures, especially for elderly residents, highlight the potential health risks associated with hot summers and heatwaves in residential buildings, where nearly half of the apartments experienced temperatures exceeding 27 °C for seven consecutive days. Notably, a recent study on elderly people’s thermal comfort in warm conditions indicated that the elderly’s neutral and preferred temperatures are 26 °C and 26.5 °C, respectively [36]. This discrepancy highlights the significance of these findings, showing high risks of thermal discomfort.



A study on mortality rate and heatwaves showed that during heatwave days, when the outdoor daily average temperature in Southern Finland was 22.9 °C, the overall mortality rate increased by 9.9% [13]. Another recent study in Finland showed that daily high temperature increases mortality by an average of 2.7% with a one degree increase from the reference point of 18.8 °C [37]. Therefore, the outdoor temperature rise to 22–23 °C would cause around a 10% increase in premature mortality of elderly persons above 65 years old. This aligns with our results, which show that a slight shift in outdoor daily average temperature, from 22 °C to 23 °C, can cause indoor daily average temperatures to exceed 27 °C. These insights highlight the importance of taking action toward preventing indoor summertime overheating in cold climates with the rise of climate change in order to protect the well-being of occupants, and especially vulnerable populations.



Moreover, understanding the correlation between outdoor weather conditions and indoor temperatures provides occupants with valuable insights, enabling them to anticipate indoor temperature trends based on weather forecasts and early warnings of heat waves. Consequently, occupants can proactively prepare for potential indoor overheating by taking suitable action, such as using night cooling strategies or personal cooling devices.



Further, the results of this study align with other studies focusing on the correlation between outdoor and indoor temperatures in residential buildings. They showed that the correlation varied in different seasons [20,23]. Different correlation results during the short and long heatwaves as well as whole summers show the complexity of the relationship between outdoor weather conditions and indoor temperature levels. This emphasizes the importance of considering extreme heat events in building design and operation. It can help designers develop more suitable strategies to reduce energy consumption for cooling and heating, potentially leading to cost savings and reduced carbon emissions. Additionally, the study’s insights into revising policies and guidelines consider the increasing frequency of heat events in cold climates.



The findings of this study indicate that during heatwaves, indoor temperatures are more influenced by outdoor temperatures than by solar radiation. This was shown in another study as well [20]. This can be attributed to the mechanical ventilation systems, which supply warm air from the outside into apartments, and the highly insulated and airtight envelope that traps heat inside. Although windows contribute to indoor overheating with solar heat gains, the impact of the ventilation system is more pronounced, particularly on cloudy days when solar radiation is less intense. This emphasizes the significant role that building design and ventilation play in regulating indoor temperatures during extreme weather conditions.




5. Conclusions


In this study, we investigated the impact of outdoor conditions on indoor temperatures during hot summers and associated heatwaves, using a large dataset of over 6000 apartments in the cold climate of Finland.



Based on the results, high summertime overheating levels and long overheating periods are expected under climate change in the apartments of cold climates. Nearly half of the studied apartments experienced indoor temperatures surpassing 27 °C (upper limit of thermal comfort, and 1 °C higher than the neutral temperature for elderly people) for more than 7 continuous days in the summer of 2021 in Finland. With the current design of the apartments in Finland, even an outdoor average daily temperature of 19 °C led to an indoor average daily temperature of over 27 °C, and 5 hot days in a week could lead to high indoor temperature levels.



Further, the results revealed a strong positive correlation between indoor average temperature and outdoor daily average temperatures during the summer; the correlation weakened during prolonged heatwaves. The highest correlation, between the indoor daily temperature and the 5-day moving average, signals a time lag between indoor and outdoor temperatures to reach their maximum values. This can provide occupants with an opportunity to take proactive measures to alleviate overheating.



Additionally, a strong positive correlation was observed between indoor average temperature and the 7-day moving average of the sum of GHI. However, during heatwaves, the correlation is not always positive. A high level of inverse correlations is revealed during the short and long heatwaves. This shows that if there is cloudiness, the indoor temperature is mainly affected by outdoor temperature.



The high r-squared values show the multiple linear regression between indoor daily average temperature, outdoor 5-day moving average temperature, and 7-day moving GHI fits well. There were notable variations in the magnitude of the effects of the outdoor temperature and outdoor solar radiation between short and long heatwaves, as well as between heatwaves and the entire summer season. This highlights the complex and dynamic nature of these relationships under different environmental conditions and emphasizes the importance of considering extreme heat events in the design and operation of buildings in cold climates.
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Figure 1. Outdoor daily temperatures during the summer of 2021. 
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Figure 2. Outdoor daily average GHI during the summer of 2021. 
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Figure 3. Indoor daily average temperatures based on outdoor daily average temperatures. The number of days with certain outdoor daily average temperatures is written atop each box plot. 
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Figure 4. Indoor daily average temperatures based on outdoor daily sum of GHI. 
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Figure 5. Indoor weekly average temperatures based on the number of hot days in the week. 
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Figure 6. Spearman’s Correlation coefficients between indoor daily average temperatures and different outdoor average temperatures in all the apartments during the whole summer period. 
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Figure 7. Spearman’s Correlation coefficients between indoor daily average temperatures and different outdoor average temperatures in all the apartments during the short and long heatwaves. 
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Figure 8. Spearman’s Correlation coefficients between indoor daily average temperatures and different average GHI in all of the apartments during the whole summer period. 
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Figure 9. Spearman’s Correlation coefficients between indoor daily average temperatures and different average GHI in all the apartments during the short and long heatwaves. 
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Figure 10. The multiple linear regression between the indoor daily average temperature, the 7-day moving average GHI, and the outdoor 5-day sliding average temperature in all the apartments during the whole summer. 
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Figure 11. The multiple linear regression between the indoor daily average temperature, the outdoor 7-day moving average GHI, and the outdoor 5-day moving average temperature in all the apartments during the short and long heatwaves. 
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Table 1. Temporal analysis of overheating in the studied apartments.
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Percentage (%) of Apartments with




	

	
1 Day

	
2 Days

	
3 Days

	
4 Days

	
5 Days

	
6 Days

	
7 Days






	
Hourly temperature higher than

	
27 °C

	
84.8

	
77.9

	
69.8

	
61.0

	
55.1

	
50.0

	
46.8




	
28 °C

	
59.6

	
48.8

	
40.2

	
32.7

	
26.2

	
21.5

	
19.2




	
29 °C

	
28.1

	
20.9

	
15.8

	
11.8

	
8.8

	
6.2

	
5.3




	
30 °C

	
8.3

	
5.5

	
3.9

	
2.8

	
1.9

	
1.5

	
1.2




	
31 °C

	
1.8

	
1.3

	
0.9

	
0.6

	
0.3

	
0.2

	
0.2




	
32 °C

	
0.4

	
0.3

	
0.2

	
0.2

	
0.1

	
0.1

	
0.1




	
33 °C

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.0

	
0.0




	
34 °C

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.0

	
0.0




	
35 °C

	
0.05

	
0.03

	
0.03

	
0.03

	
0.03

	
0.0

	
0.0
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