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Abstract

:

Given the prediction of global warming, there is a growing concern about overheating in the severe cold and cold regions of China. In the past decades, indoor thermal comfort has been neglected in building practice, while efficiency-oriented improvements have been developed, such as increased insulation of building envelope. An extensive literature review shows contradictory conclusions about whether increased insulation can alleviate overheating. The aim of this research is to conduct simulations based on measured data to reveal the influence of insulation on overheating in dwellings in these regions of China. An unoccupied residential flat was monitored to determine the extent of overheating while eliminating the effects of other contributors, such as natural ventilation. Validated building performance simulations were carried out with altered insulation layer thickness in Integrated Environmental Solutions-Virtual Environment IESVE software to examine its influence on overheating during summertime in five representative cities. The results showed clear evidence of summer overheating in these regions. In Yichun, Harbin, Shenyang, Dalian and Beijing, walls with increased insulation were found to exacerbate overheating in the bedrooms without natural ventilation by 22.5%, 16.6%, 20.3%, 11.8% and 6.9%, respectively, compared to the uninsulated walls. This study provides useful information for building regulations on energy efficiency and thermal comfort.
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1. Introduction


The warming climate has highlighted the issue of energy demand [1]. It is expected that the energy demand for cooling in buildings will increase, while that for heating will decrease, due to rising ambient temperatures [2]. These changes highlight the importance of building adaption and energy systems. The International Energy Agency reported that energy use in the building and construction industry accounted for 36% of the total energy demand and 39% of energy-related CO2 emissions in 2018 [3]. It has also been predicted that, without additional measures, energy use in the industry will rise by around 50% by 2050, compared to 2013 [4]. The increased energy consumption and CO2 emissions from the industry should be the main focus in every national strategy to cope with global climate change.



With growing concern about energy consumption in the building sector, many countries have developed building standards to achieve energy-saving targets. Increased insulation and air tightness are important measures to enhance building performance, especially in the heating-dominated areas. However, several studies have pointed out that improved insulation can result in excessive indoor temperatures during the warmer seasons, whereas others have reached contradictory conclusions [5]. In severe cold and cold regions of China, the main principle of building design focuses on thermal retention in winter; protection from heat in the summer is neglected. As one of the major adaptions in newly built housing stock, increased thermal insulation and its relation to indoor overheating requires investigation.



1.1. Overheating


1.1.1. Impacts of Overheating


Overheating in residential buildings has attracted growing attention in recent years. Higher indoor temperatures can affect the occupant’s health and even lead to increased mortality, particularly in the elderly or vulnerable [6]. It has been pointed out that high temperatures have a negative effect on the quality of sleep [7] and can also result in diseases, such as respiratory diseases and cardiovascular diseases [8]. It has been shown, however, that these risks can be overlooked due to elderly people’s tendency to prefer warmer dwellings [9]. Additionally, exposure to an overheated environment affects occupants’ productivity [10] and learning ability [11]. As well as health issues, overheating leads to increased energy expenditure and carbon emission levels. In recent decades, energy consumption for cooling has increased due to rises in urban temperature, with a 0.094% increase of the per capita electricity demand in China [12]. By the end of the 21st century, energy consumption for cooling is predicted to increase by 20–35% in the United States and 37–41% in China [13]. Moreover, global carbon emissions may be increased due to the potential increase in energy for cooling. Thus, the potential impacts of overheating should be given serious attention.




1.1.2. Overheating in Residential Buildings


In Europe, overheating in dwellings has been established in a number of empirical and simulation-based studies. Of 122 monitored residential buildings in London, it was found that 37% and 49% of the occupied hours of the living room and bedroom, respectively, exceeded the standard comfort range by 1% during the summer of 2010 [14]. In 2018, it was estimated that 4.6 million English bedrooms (19% of the stock) and 3.6 million living rooms (15%) overheated based on datasets of 750 assessed English homes [15]. Gupta et al. [16] used both measurements and simulations to extend the period range, revealing the risk of overheating and predicting air conditioning as the most effective solution in the 2080s. Furthermore, overheating has drawn increasing attention in the temperate regions in recent years.



In the past, the dwellings in severe cold and cold regions of China were not considered to be overheated during the summer or warmer seasons. The efforts in these regions have mainly been to preserve heat during winter; no definite measures have been proposed to deal with heat prevention during summer. Since the middle of the 20th century, the rate of the rise in the surface temperature in China has been higher than the global average [17]. There is growing evidence of the increasing indoor temperature in these regions. Recent studies have begun to reveal the growing overheating risk in dwellings in these regions [18]. Moreover, a trade-off between energy efficiency and indoor overheating performance in cold regions of China has been pointed out [19].





1.2. Insulation and Overheating


As one of the major measures for improved building performance, increased thermal insulation for building envelopes has led to intense discussions about the influence on overheating, with contradictory conclusions or findings, as shown in Table 1. Several studies have revealed the adverse effects of insulation on the indoor thermal environment during summer. Monitoring campaigns in the UK have shown that newly constructed buildings are warmer than older ones and tend to be overheated [20,21]. Moreover, a number of studies involving building performance simulations have also revealed that more insulated buildings show a higher tendency to overheat [22,23]. Some scholars, however, have reached the opposite conclusion. During the European heat wave of 2003, it was found that high-temperature risks were more widespread in older houses that were poorly insulated [24]. Fosas et al. [25] found that the influence of increased insulation on indoor thermal environment is twofold: it can alleviate overheating in well-designed dwellings while exacerbating overheating in poorly designed ones.



With the coldest monthly average temperature below 0 °C and the hottest above 22 °C, the severe cold and cold regions of China are focused on heat retention during winter. The thermal insulation in walls can reach a thickness of over 100 mm. Thermal insulation is considered one of the most effective ways of building energy conservation in these regions [17]. With a warming climate, however, the enhancement of the thermal indoor environment and energy saving can come into conflict in regions of seasonally varied climate. This conflict requires resolving in these regions of China.




1.3. Other Parameters Influencing Overheating


As well as the thermal insulation of the envelope, a number of other parameters can influence indoor overheating, such as glazing [29] and thermal mass [30]. Solar gains are also one of the most important contributors to overheating. A modeling study in the Netherlands revealed that increased internal and solar heat led to an interior temperature 6 °C higher than the exterior temperature during summer [31]. It was also pointed out that the uppermost floors suffer a higher overheating risk than ground floors, especially when built with low insulation and weak solar protection. Chvatal and Corvacho [26] found that control of solar gains can be effective to reduce overheating during summer when the envelope is constructed with added insulation. The appropriate application of shading devices can reduce the influence of solar gains on the indoor thermal environment. Ventilation is another key factor to help mitigate overheating. It was found that residential buildings were less overheated when windows and doors were fully open during the early morning or evening hours [32]. Furthermore, ventilation factors, including window type, opening time and duration, play an important role in overheating in residential buildings [32]. Heracleous and Michael predicted that natural ventilation is an effective method to reduce overheating hours by 28–35% by the 2050s [33]. Night ventilation has been recommended as an effective strategy to mitigate overheating [33,34]. Moreover, several studies have noted that the coupled influence of parameters, such as solar shading and ventilation, can alleviate overheating [26,34].




1.4. Literature Gap


First, there are limited studies providing direct and explicit evidence of the occurrence of overheating in the severe cold and cold regions of China. Classified as Dwa or Dwb according to the Köppen climate classification, these regions are distinguished from the other extensively researched regions by their climatic characteristics. Predominantly, naturally ventilated dwellings are prevalent, and cooling methods such as air conditioning are not common. The warming climate raises concerns about indoor thermal comfort, especially in the absence of appropriate measures for heat protection. At present, the energy-saving target has been the major aim of the Chinese building design standards, with the U-value of walls reduced from 0.55 to 0.35 [35] and a possible 0.10 for nearly zero-energy buildings [36]. It is uncertain whether the increased insulation exacerbates or alleviates the risk of overheating in the severe cold and cold regions, with an extensive literature review revealing contradictory conclusions. It was pointed out that increasing insulation can be twofold on overheating performance when other parameters (including ventilation performance, climatic condition and shading) are involved. To determine the influence of insulation on overheating, it is important to eliminate the impact of such parameters.



The aim of this paper is to determine the influence of increased insulation on overheating in the residential buildings of severe cold and cold regions of China. The paper also seeks to clarify the following issues. First, it was determined whether overheating exists in the severe cold and cold regions, particularly in predominantly naturally ventilated dwellings. Second, it was ascertained whether increased insulation alleviates or exacerbates overheating in these regions and the extent of its impact on overheating. Finally, measures were proposed to alleviate overheating in these regions.





2. Method


Simulations based on a real monitored flat were used to determine whether increased insulation exacerbates or alleviates overheating in these regions of China. Hourly indoor temperatures of an unoccupied flat in Harbin city were measured from 1 May to 30 September 2021. The study was designed to examine overheating while eliminating the effects of other contributors, including natural ventilation and internal thermal gains. Validated building performance simulation was carried out with altered thermal thickness of the insulation layer in the Integrated Environmental Solutions Virtual Environment (IESVE), a commercial software developed by Integrated Environmental Solutions Ltd, to determine its contribution to overheating in five representative cities of the regions. The results were intended to provide useful information for policy making related to building efficiency design and thermal comfort improvement.



The study examined the indoor operative temperature and duration of overheating during summer (from May to September) in flats constructed with different thicknesses of thermal insulation. Based on measurement data of a newly built flat, groups of validated simulations were carried out to examine the influence of increased insulation on overheating in the regions. The framework of the study is shown in Figure 1.



2.1. Case Study Building and Measurement


A newly built 15-storey residential building located in Harbin (IIB sub-region city) was selected to study the influence of increased insulation on overheating. Following the building energy efficiency standards in the severe cold and cold regions, the building was constructed with double-glazed windows and well insulated with an extruded polystyrene layer of a thickness of 100 mm. As a typical newly built residential building in the regions, there are three units, namely, six flats on each floor. One unit consists of two flats on each floor with a similar plan, including a living room (facing south) and two bedrooms (one facing north, the other south). According to the field investigation, there was an unoccupied flat on the 7th floor; the other flats of the building were in normal use (either occupied or used for the building operation). There was no ventilation or internal thermal gains in the unoccupied flat during the summer (May to September) of 2021. The other flats were all predominantly naturally ventilated during this time, and air conditioning was not used. Layout and section of the case study building are shown in Figure 2. The detailed architectural design information of the building is presented in Table 2.



In the field study, the unoccupied flat on the 7th floor of the residential building was monitored during the summer (from 1 May to 30 September) of 2021. The indoor dry bulb temperature of the flat was measured every hour in the living room and south-facing bedroom by Ubibot-DS18B20 sensors, with measuring capacity ranging from 10 °C to 55 °C and an accuracy of ±0.3 °C. The sensors were situated on the wall at a height of 1.1 m above the floor out of direct sunlight, as shown in Figure 3. In total, 3672 data points were collected of the hourly indoor operative temperature in each room of the flat.




2.2. Building Performance Simulation


The IESVE software was used to simulate the indoor temperature of the case study building under different scenarios. For the simulation environment, one representative city of each sub-region of severe cold and cold regions was selected to assess the impact of increased insulation on overheating: Yichun (IA sub-region), Harbin (IB sub-region), Shenyang (IC sub-region), Dalian (IIA sub-region) and Beijing (IIB sub-region) [37]. Weather files over a full year, which were recorded from local weather stations in 2021, were required in the software. The study concentrated on the overheating performance during the summertime period, namely from 1 May to 30 September (153 days). However, the heating dominated period of these regions including winter time was not considered. The climatic characteristics and locations of weather stations of these cities are presented in Table 3. It is important to note that there are two types of weather files applied in the IESVE, namely, locally recorded meteorological files of 2021 and typical meteorological year (TMY) weather files over recent 15 years (from 2004 to 2018). The locally recorded weather file of 2021 was used for validation work and examine the overheating circumstances during summertime of the single year. TMY weather files of each sub-regions constructed over long-term meteorological data can represent typical weather conditions of the regions [38], which were used to examine typical overheating performance over the 15 years.



2.2.1. Insulation


To examine the influence of increased insulation on overheating, the U-value of the wall was used as the main variable. The thermal transmittance of the wall was altered by adjusting the thickness of the insulation layer (extruded polystyrene). Thinsulation was used to represent the thickness of the thermal insulation, and Thcp was used to represent the thickness of the insulation applied in the current standards [37]. In each city, the range of thicknesses was different in the simulation settings, as shown in Figure 4. The highest value of Thinsulation (i.e., Thcp) in each city was used for consistency with the current standard value of the city, which has been widely applied in the newly built housing stock. The lowest Thinsulation (i.e., Thinsulation = 0) of each city was used to examine overheating when the model building was uninsulated. In the simulation of each city, the thickness of the insulation was increased in 10 mm steps until it reached Thcp. Each model building constructed with a different Thinsulation was created in a simulation file in IESVE for further comparisons of overheating with different levels of insulation. Table 4 shows the range of Thinsulation and the corresponding U-value of the walls in each city.



In addition, the selected flats for further comparisons are all located in the middle levels of the dwellings to eliminate the influence of solar radiation on the roof portion and the effects of ground heat transfer at the bottom levels. The Thinsulation of external wall was the variable in the simulations, while the other construction layers, including roofs and ground floors were held constant in each city. The U-values of the windows were also not altered in the simulations. The values above are in accordance with local standards and actual circumstances. The detailed envelope configuration and U-values of these components are as shown in Figure 5 and Table 5.




2.2.2. Ventilation


There were no natural ventilation or internal gains in the actual flat located. The other flats of the residential building were all assumed to be predominantly naturally ventilated. This means that no air conditioning was considered in the simulations. Related parameters therefore mainly include the air exchange rate (ACH) of infiltration, ACH of natural ventilation, window opening time (natural ventilation period) and door opening time. The ACH of infiltration was set as 0.5 h in all the flats, according to the design value from Design Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones (JGJ 26-2018). The ACH of natural ventilation was also adjusted to meet the requirements of JGJ 26-2018. The window and door openings were set according to the expected occupant behavior, as shown in Table 6 and Table 7. The window opening time in the living room or bedrooms (i.e., the natural ventilation period) is when the residents are assumed to be at home. The entrance door is assumed to be closed at all times, while the bedroom door is assumed to be open at all times. The kitchen door is closed for three periods during the day, in accordance with typical Chinese kitchen use.




2.2.3. Internal Gains


Internal heat gains from indoor occupancy, lighting and equipment were considered, as shown in Table 8. However, internal heat gains from hot water, elevators or small equipment, which have little impact, were not considered. The values were set according to the household composition and occupant behavior. It is important to note that, given a 30% reduction in internal gains during the sleep period, the internal gain values of the bedrooms were thus adjusted differently from those of the living room.





2.3. Validation


The Pearson correlation coefficient (Pearson’s r) was used to assess the accuracy of the modeling studies. Time series comparisons between hourly monitored data (Meas) and simulated indoor temperatures (Sim) over the 2021 summer period (May to September) were carried out. Pearson’s r is used to determine the dependence between Meas and Sim. As one of the most notable indicators to test the quality of goodness-of-fit metrics, Pearson correlation coefficient provides an opportunity to test the accuracy of modeling studies. When the value is closer to 1, the simulation accuracy is higher. RMeas, Sim can be calculated according to Equation (1). Furthermore, the regression equation can be given as Equation (2) according to the goodness-of-fit process.


    Pearson ′  s   R  =    ∑  i = 1  n   (  Meas i   −   Meas  ¯  ) ( Sim −  Sim ¯  )   (   ∑  i = 1  n     (  Meas i   −   Meas  ¯  )  2   ) (    ∑  i = 1  n  (    Sim i  −   Sim  ¯  )  2    )    



(1)






  Sim = k · Meas + int  



(2)







In Equation (1), n represents the total number of hours in the summer (3672 h from May to September), and i represents each hour over the study period. In Equation (2), k represents the slope of the assumed linear equation, and int represents the intercept of the equation.




2.4. Overheating Evaluation


Chartered Institution of Building Services Engineers (CIBSE) has published overheating evaluation guidance including CIBSE Guide A [40], which is used to assess the overheating duration during the summertime in this paper. Hours of exceedance (HE) is used to indicate the number of hours during which the indoor temperature exceeded the static limit. Moreover, HE% is used to present HE as a percentage of the total number of hours. According to CIBSE Guide A, the static limit for bedrooms and living rooms are 26 °C and 28 °C, respectively [40]. In the criteria, HE% of 1% is the threshold to meet thermal comfort needs for both bedrooms and living rooms. HE% is calculated as in Equations (3) and (4):


  H E % =     ∑  i = 1    whole   period     w  f i    ,  h i        ∑  i = 1    whole   period    h   i    × 100 %  



(3)






  w  f i  = {     1 ;  T  op   >  T  static   limit         0 ;  T  op   ≤  T  static   limit        



(4)









3. Results


3.1. Simulation


According to the simulation results applied with TMY files over the 15 years (2004–2018), the buildings were overheated to varying degrees in the five cities. All the rooms were overheated significantly, with HE% significantly exceeding the threshold of 1%. Table 9 shows the overheating duration in the flats during summer (from May to September) when the thickness of the insulation was altered. For both living rooms and bedrooms, all the insulated flats were more overheated than the uninsulated ones (where Thinsulation = 0). The rooms of each flat tended to be more overheated when the insulation was thicker. Compared to flats constructed with the current standard value of insulation thickness, there were reductions in overheating hours of 245 h in Yichun (22.5%), 335 h in Harbin (13.0%), 399 h in Shenyang (20.3%), 269 h in Dalian (11.8%) and 214 h in Beijing (6.9%). For living rooms, overheating hours in the uninsulated flats decreased by 12 in Yichun (35.3%), 275 in Harbin (16.6%), 517 in Shenyang (60.0%), 289 in Dalian (22.3%), and 208 in Beijing (8.3%). The indoor operative temperatures of the flats constructed with Thcp and without insulation differed significantly according to the period (Figure 6). For a large portion of the period, the indoor temperatures in the flats constructed with the current standard value of insulation thickness were higher than those in the uninsulated ones, although they were lower in specific periods.




3.2. Validation Results


The simulation applied with the local meteorological weather file of 2021 was carried out. The simulated overheating performance of the unoccupied flat in Harbin is shown in the Table 10, which was in accordance with the actual circumstance of the monitored flat of the city. The level and situation of the flat was selected on the basis of the actual circumstance to achieve corresponding simulation results, which was also used for validation against measured data. It can be found that increased insulation can exacerbate overheating performance in 2021 as well, which shows a similar trend as the simulated results applied with TMY files over the past 15 years (2004 to 2018).



To enhance the reliability of the simulations, the simulated indoor temperatures from May to September of 2021 were validated against the measured data from the unoccupied flat in Harbin. Time series comparisons between the hourly monitored data and simulated indoor temperatures during summertime of 2021 were conducted. According to the regression results from the 3672 pairs of datasets, there was a moderate correlation between the measured data and the simulated results (Figure 7). In Figure 7, the grey line represents equation y = x, an ideal state, which indicates that the simulated and measured data are equal; the regression lines in the south-facing bedroom and living room show a moderate consistency. According to the calculated results from Equation (1), the values of Pearson’s r were uii0.8621 and 0.9355 in the living room and bedroom (facing south), respectively. The regression equations are given as Equations (5) and (6). According to the regression results, the simulated data were in great consistency with the real data. The simulations can therefore provide reliable prediction on the overheating performance when the thickness of thermal insulation is altered as an independent variable.


y = 0.9755 x + 0.4453



(5)






y = 1.0112 x + 0.5237



(6)









4. Discussion


4.1. Overheating in Dwellings in Severe Cold and Cold Regions


The simulation results over 15 years (2004 to 2018) reveal that overheating occurred in the five cities of the severe cold and cold regions to varying degrees. In all the cities, it was difficult for the rooms of both the occupied and the unoccupied flats to satisfy the overheating thresholds of CIBSE Guide A (namely 1%). Taking the occupied flats on the 9th floor as an example (Table 11), the period when the simulated indoor temperature exceeded 28 °C in the living rooms or 26 °C in the bedrooms lasted from 21 May to 19 August in Yichun, 28 May to 22 September in Harbin, 14 May to 29 September in Shenyang, 5 May to 30 September in Dalian and 1 May to 30 September in Beijing. The dwellings in Beijing saw the most pronounced overheating of all the cities, with HE% over 50% in the living rooms and 70% in the bedrooms from May to September, which significantly exceeded the overheating threshold of 1%. Overheating duration in the south-facing bedrooms and living rooms of Harbin, Shenyang and Dalian were also significant. In Yichun, overheating was observed; however, CIBSE Guide A were satisfied in the living room but not in the bedroom. In addition, the bedrooms tended to be more overheated in all the cities than the living rooms. The higher HE% in the bedrooms should be taken into consideration for the sake of the occupants’ quality of sleep and health issues [41].



Moreover, compared to the unoccupied flats, the HE% in flats under normal use was much lower. This can be explained by the fact that, though internal heat gains, including lighting and cooking, were produced, the natural ventilation helped dissipate the heat, making the room less overheated. Occupants can therefore take appropriate measures including ventilation and other cooling methods to reduce indoor temperatures [42]. Such measures could have a significant impact on indoor overheating [43]. Further policies and recommendations should be made to alleviate potential overheated indoor environments in these regions.




4.2. Influence of Increased Insulation on Overheating


The unoccupied flats in the simulation tended to be more overheated when constructed with thicker insulation (Figure 8). The current standard values of Thinsulation in the local standards can lead to more overheated indoor environments in the severe cold and cold regions. As the insulation increased, the overheating duration increased significantly in all the cities. However, its rate of increase tended to gradually decline. This can be explained by the relationship between the U-value of the envelope and Thinsulation, as shown in Figure 4: the decrease rate of the U-value declines as Thinsulation increases, before the U-value reaches a convergence. Additionally, an upward trend in overheating hours was observed as the latitude decreases from Yichun (IA sub-region) to Beijing (IIB sub-region).



The overheating duration was longer in flats constructed with increased insulation (as shown in Figure 9). For instance, in the south-facing bedroom in Shenyang city (IC sub-region), overheating lasted from 18 May to 14 September in the uninsulated flat, whereas it lasted from 18 May to 29 September in the Thcp-constructed flat; the living room was overheated from 11 June to 29 August in the uninsulated flat and 12 June to 4 September in the flat constructed with Thcp. This can be explained by the fact that indoor temperatures in the flats constructed with Thcp were mostly higher than those in the uninsulated ones, which resulted in longer overheating durations. Moreover, the percentage of hours when the indoor temperature exceeded the static limit (26 °C) in flats constructed with Thcp were higher than that in uninsulated flats; the percentage of hours when the indoor temperature was below 20 °C was much lower in the flats constructed with Thcp than that in uninsulated flats. Thus, the overall overheating performance in the Thcp-constructed flat was more significant than in the uninsulated ones.



The period when the temperatures of the insulated flats were higher than those of the uninsulated ones and the period in the opposite state were staggered. In most of the summer period, the indoor temperature in the insulated flats was higher than in the uninsulated ones. Some of the time, however, the situation was reversed. The effect of increased insulation on indoor temperature depended on the exterior meteorological conditions (as shown in Figure 10). Taking the bedroom of the unoccupied flat in Shenyang as an example, the indoor temperature in September tended to be higher with increased insulation, and the temperature difference between the Thcp-constructed flat and the uninsulated flat reached 2.20 °C. In July, however, the situation was different: the indoor temperature decreased when the insulation layer decreased, but there was a relatively small difference in temperatures (0.76 °C was the largest difference). This can be explained by the larger fluctuations of the indoor temperature in the uninsulated dwelling; those of the insulated one tended to be smaller. This resulted in the indoor temperature of the uninsulated dwelling in the warmest period (July) being higher, while in the coldest period (September), it was lower. However, the difference in temperature between the two flats was smaller in the warmer month and larger in the colder period. Thus, although the overall overheating duration in the uninsulated flats was relatively low, the larger fluctuations in indoor temperature and lower heat resilience can be detrimental to the indoor environment. Insulation can help preserve the heat resilience and result in the indoor temperature fluctuating within a relatively narrow range, which can be instructive in the building envelope design in the severe cold and cold regions. In insulated dwellings, in the warmer months (such as June), the indoor temperature fluctuated less and was lower than that in the uninsulated ones when exposed to the highest exterior temperature; in the colder months (such as September), the warmer indoor environment of the insulated dwelling can be beneficial for heat retention.



The validated result is thus consistent with the previous finding that increased insulation can exacerbate overheating. This can result from the specific geographic environment of the severe cold and cold regions of China. Classified as Dwa or Dwb by the Köppen climate classification [44], the regions have a coldest monthly average temperature below 0 °C and hottest above 22 °C, which is different from the climatic situation in Europe (mostly classified as Cfa in the Köppen climate classification). The regions also feature a large diurnal temperature cycle and cold night-time temperature [45]. The monitored unoccupied flat was used to determine the impacts of increased insulation while eliminating the effects of ventilation and occupancy behavior. The results relating to the unoccupied flats suggested a severely overheated environment and revealed the adverse influence of insulation on overheating. This is consistent with the findings of previous studies that increased insulation can be a notable contributor to overheating in dwellings with poor ventilation [28]. In these regions, heat retention during winter is given priority in building design, while consideration of summer heat protection is lacking. It is therefore suggested that measures, such as natural ventilation and modified occupancy behavior, should be advised in the building regulations of these regions.




4.3. Suggestions for Measures to Alleviate Overheating


Except for IIB regions, no definite standards or building regulations have been established for heat protection in the severe cold and cold regions [35]. Nevertheless, measures are needed to alleviate overheating. In these regions of China, heat preservation is the main principle of building design, while the summer indoor environment has been neglected. At present, various newly updated standards have been issued to meet the carbon-neutral goal and the targets of the 14th Five-Year Plan schedules, including two versions of residential building design standards, namely JGJ26-2010 and JGJ26-2018, for the severe cold and cold regions. The U-value limits for both walls and windows have been improved to achieve the target of low energy consumption. Taking Harbin (IB sub-region) as an example, the U-value has been reduced from 0.55 in 2010 to 0.35 in 2018. However, there is a tendency to higher overheating performance (as shown in the Figure 11). The energy efficiency goals thus could come into conflict with the enhancement of the indoor thermal environment. Based on the simulation results, although enhanced insulation can exacerbate overheating during summer, insulated dwellings are necessary for heat retention during winter. Given this situation, building regulations are of paramount importance for energy saving and for comfortable indoor environments. A trade-off must be considered in the building design between summer heat protection and winter heating.



Some measures should be taken into account by policy makers to retrofit buildings or adapt newly built housing stock. According to the simulation results, natural ventilation can help mitigate overheating. There was a significant reduction between the unoccupied flats on the 7th floor and the occupied flats with natural ventilation on the 9th floor (as shown in the Figure 11). This echoes with the conclusion that ventilation can be an effective measure to mitigate overheating during the day or night [32]. Shading devices could be another measure to alleviate overheating and have been recommended by some previous studies. Moreover, shading devices coupled with night ventilation can reduce overheating by over 50% [34]. However, the use of shading devices and natural ventilation to alleviate overheating is not recommended in the current standards of the regions [35]. These measures can be summarized as follows: (a) adaption of envelope configurations (e.g., application of phase change material in the envelope design); (b) appropriate ventilation operation during summer (e.g., the appropriate application of night ventilation and advice for residents); and (c) application of shading devices in the building design period.





5. Conclusions


Based on monitored data from an unoccupied flat in the severe cold and cold regions of China, several sets of simulations were designed to eliminate the influence of other factors such as ventilation and internal thermal gains, thus allowing the building performance to be examined based on current design standards in each of the five cities. The validated simulation results indicated that increased insulation significantly exacerbates overheating in these regions; however, insulation is of paramount importance in building design, especially given the country’s energy-saving ambitions. It is therefore suggested that the design standards and regulations of the regions strike a balance between retention of heat in winter and prevention of overheating in summer. The main findings can be summarized as follows:




	(1)

	
The validated simulation results over recent 15 years (2004 to 2018) revealed significant overheating during summertime in both the unoccupied and occupied flats. The bedrooms insulated with Thcp in the unoccupied flats (no natural ventilation and internal gains), HE% was 38.0% in Yichun (IA sub-region), 52.7% in Harbin (IB sub-region), 53.6% in Shenyang (IC sub-region), 62.2% in Dalian (IIA sub-region) and 84.6% in Beijing (IIB sub-region). In the bedrooms insulated with Thcp of the flats under the condition of night ventilation, HE% was 9.9%, 28.6%, 39.3%, 55.4% and 78.5% in Yichun, Harbin, Shenyang, Dalian and Beijing, respectively. Although ventilation during the night can significantly reduce overheating hours in the occupied flats, it was difficult to satisfy CIBSE Guide A in all the cities, except Yichun (IA sub-region).




	(2)

	
Based on the simulation results over recent 15 years, increased insulation significantly exacerbates overheating in these regions during summer. Under the condition of no natural ventilation, the overheating durations of the bedrooms constructed with current standard values of insulation (namely Thcp) were increased by 22.5% in Yichun, 16.6% in Harbin, 20.3% in Shenyang, 11.8% in Dalian and 6.9% in Beijing compared to the uninsulated ones; in the living rooms, overheating hours increased by 35.3%, 52.0%, 60.0%, 22.4% and 8.3%, respectively.




	(3)

	
Although the overall overheating duration in the insulated flats was prolonged, thermal insulation can provide heat resilience and result in the indoor operative temperature fluctuating within a narrower range, compared to the uninsulated flats. In the insulated dwellings, the indoor temperature was lower than that in uninsulated ones when exposed to the highest exterior temperature (as in June), and an overall warmer indoor environment was achieved during the colder months (such as September). Furthermore, some building regulations or measures have been recommended for summer heat protection, such as ventilation and shading. It is suggested that a balance be struck in building design between summer heat protection and winter heating.
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Figure 1. Framework of the study. 
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Figure 2. Layout and section of the case study building (the unoccupied flat selected for measurement is denoted by the orange box whilst the other flats are in normal use; the orientation of the building is shown in the top right corner). 
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Figure 3. Locations of sensors for indoor temperature measurement; photograph of the applied sensor shown in the circled portion. 
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Figure 4. Thinsulation and corresponding U-value of external wall (the values denoted by dark-green circles were applied in the simulation, while those denoted by light-green circles represent values in the current practice standards). 
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Figure 5. Configuration of external wall in the five cities. 
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Figure 6. Indoor temperature of the flats constructed with Thcp and uninsulated flats in each city during the summertime over 15 years (2004 to 2018) (Tmax: the static temperature threshold from CIBSE Guide A; the periods when the indoor temperatures of uninsulated flats were lower than those of flats constructed with Thcp are denoted in yellow). 
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Figure 7. Correlation between measured data and simulation results of south-facing bedroom and living room during summertime of 2021. 
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Figure 8. Overheating duration of unoccupied south-facing bedrooms constructed with increased Thinsulation in the five cities during the summertime over 15 years (2004 to 2018) (the red dotted lines show the overheating hours of the flats constructed with Thcp, i.e., the current standard values of thermal insulation thickness). 
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Figure 9. Left-hand side shows indoor operative temperatures of the south-facing bedrooms in Harbin (a) and Shenyang (b) (divided into various temperature degree bands); right-hand side shows numbers of hours of each temperature band. 
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Figure 10. Relationship between increased insulation and indoor operative temperature (divided into various temperature bands) in the south-facing bedroom in Shenyang (IC sub-region). 
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Figure 11. Comparisons of overheating performance over recent 15 years of the flats constructed with different Thinsulation and under different types of scenarios in Harbin(IB sub-region) (the left-handed line graph indicates the overheating duration in flats whose external walls’ U-values are the limit values in two versions of residential building design standards and current practice value; the right-handed line shows the overheating duration in the unoccupied flat without natural ventilation, unoccupied flat with night ventilation and occupied flat with night ventilation). 
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Table 1. Findings of selected studies on relationship between increased insulation and overheating performance.
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	Authors
	Year
	Location
	Related Findings





	Chvatal and Corvacho [26]
	2009
	Europe

(Portugal, Italy and etc.)
	Increased insulation is twofold on overheating performance, namely mitigate or exacerbate overheating, depending on the values of solar gains.



	Mavrogianni et al. [23]
	2012
	UK (London)
	Increased insulation of walls and floors tended to increase daytime living room temperatures.



	van Hooff et al. [22]
	2014
	Netherlands

(de Bilt)
	Increased insulation exacerbated overheating duration with the decreasing U-value of wall from 0.20 to 0.15.



	Makantasi and Mavrogianni [27]
	2016
	UK (London)
	Thermal insulation affected overheating performance together with other building parameters (such as ventilation, shading, etc.).



	Fosas et al. [25]
	2018
	Worldwide
	Increased insulation is twofold on overheating performance, namely mitigate or exacerbate overheating, depending on the values of solar gains.



	Elsharkawy and Zahiri [28]
	2020
	UK (London)
	Increased insulation is of paramount importance in contribution to overheating when ventilation is poor.
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Table 2. Details of the case study building.
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	Item
	Values





	Number of stories
	15



	Story height
	3 m



	Windowsill height
	0.9 m



	Window size
	1.8 × 1.5 m (living room)

2.5 × 1.9 m (balcony)

2.4 × 1.5 m (south bedroom)

2.0 × 1.5 m (north bedroom)



	Window to wall ratio
	0.31 (south)
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Table 3. Representative cities of the severe cold and cold regions.
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Climate

Region

	
Sub-Region

	
Main Indicators

	
Representative City

	
Geographic

Location




	
Temperature/°C

	
HDD and CDD






	
Severe cold region

	
IA

	
tmin·m ≤ −10 °C

145 ≤ d ≤ 5

	
6000 ≤ HDD18

	
Yichun

	
128.90 E, 47.72 N




	
IB

	
5000 ≤ HDD18 < 6000

	
Harbin

	
126.77 E, 45.75 N




	
IC

	
3800 ≤ HDD18 < 5000

	
Shenyang

	
123.43 E, 41.77 N




	
Cold region

	
IIA

	
−10 °C < tmin·m ≤ 0 °C,

90 ≤ d ≤ 5 < 145

	
2000 ≤ HDD18 < 3800,

CDD26 ≤ 90

	
Dalian

	
121.63 E, 38.90 N




	
IIB

	
2000 ≤ HDD18 < 3800,

CDD26 > 90

	
Beijing

	
116.28 E, 39.93 N








Data source: Code for thermal design of civil buildings (GB 50176-2016). CDD26: cooling degree days based on 26 °C; HDD18: heating degree days based on 18 °C; d ≤ 5: number of days when daily average temperature ≤ 5 °C; tmin·m: average temperature of the coldest month.
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Table 4. Range of Thinsulation in each city in the simulation settings.
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City

	
Sub-Region

	
Range of Thinsulation (mm)

	
External Wall




	
Thickness Range (mm)

	
U-Value Range (W/m2·K)






	
Yichun

	
IA

	
[0, 125]

	
[260, 385]

	
[0.22, 2.86]




	
Harbin

	
IB

	
[0, 100]

	
[260, 360]

	
[0.27, 2.86]




	
Shenyang

	
IC

	
[0, 85]

	
[260, 345]

	
[0.31, 2.86]




	
Dalian

	
IIA

	
[0, 75]

	
[260, 335]

	
[0.35, 2.86]




	
Beijing

	
IIB

	
[0, 60]

	
[260, 320]

	
[0.42, 2.86]








Data source: Design Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones (JGJ 26-2018).













[image: Table] 





Table 5. U-values of building envelope in the simulation settings.
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City

	
Sub-Region

	
U-Values for Different Components (W/m2·K)




	
Roof

	
Ground

	
Windows






	
Yichun

	
IA

	
0.14

	
0.38

	
1.57




	
Harbin

	
IB

	
0.17

	
0.43

	
1.57




	
Shenyang

	
IC

	
0.17

	
0.43

	
1.75




	
Dalian

	
IIA

	
0.21

	
0.51

	
1.83




	
Beijing

	
IIB

	
0.27

	
0.55

	
1.83








Data source: Design Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones (JGJ 26-2018).
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Table 6. Simulation parameters for ventilation.
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	Ventilation Type
	Room
	Ventilation Period
	Air Exchange

Rate (h−1)





	Natural Ventilation
	Bedrooms

Living Room
	7:00–9:00

19:00–21:00
	6



	Infiltration
	All Rooms
	0:00–24:00
	0.5
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Table 7. Door open and closed times in the simulation.






Table 7. Door open and closed times in the simulation.





	Room
	Open or Closed Period





	Entrance
	Closed continuously



	Bedrooms
	Open continuously



	WC
	Open continuously



	Kitchen
	Closed at 7:00–7:30, 17:00–19:00







Data source: Design Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones (JGJ 26-2018), Design Code for Heating, Ventilation and Air-conditioning of Civil Buildings (GB 50736-2012) [39].
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Table 8. Internal gain settings in the simulation.
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Type

	
Room

	
Values

	
Running Period






	
Occupancy

	
Bedroom

(Facing South)

	
2 × 0.55 W

	
8:00–9:00




	
22:00–23:00




	
1.4 × 0.55 W

	
23:00–8:00 (next day)




	
Bedroom

(Facing North)

	
1 × 0.55 W

	
8:00–9:00




	
22:00–23:00




	
0.7 × 0.55 W

	
23:00–8:00 (next day)




	
Living Room

	
1.5 × 0.55 W

	
9:00–22:00




	
Lighting

	
Bedrooms

and Living Room

	
2 W/m2

	
17:00–23:00




	
Equipment

	
Bedrooms

	
80 W

	
8:00–23:00




	
10.4 W

	
23:00–8:00 (next day)




	
Living Room

	
34.5 W

	
0:00–9:00




	
60 W

	
9:00–18:00




	
22:00–24:00




	
150 W

	
18:00–22:00








Data source: Design Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones (JGJ 26-2018).
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Table 9. Overheating duration with Thinsulation as variable in the simulated flats (on the 7th floor) of each representative city during summertime over 15 years (2004 to 2018).
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Thinsulation (mm)

	
0

	
10

	
20

	
30

	
40

	
50

	
60

	
70

	
75

	
80

	
85

	
90

	
100

	
110

	
120

	
125






	
Yichun

	
BR

	
HE(h)

	
1397

	
1502

	
1549

	
1579

	
1620

	
1641

	
1656

	
1668

	
/

	
1679

	
/

	
1687

	
1698

	
1705

	
1710

	
1712




	
HE% (%)

	
38

	
40.9

	
42.2

	
43

	
44.1

	
44.7

	
45.1

	
45.4

	
/

	
45.7

	
/

	
45.9

	
46.2

	
46.4

	
46.6

	
46.6




	
LR

	
HE(h)

	
34

	
33

	
39

	
41

	
41

	
44

	
45

	
45

	
/

	
45

	
/

	
45

	
45

	
45

	
45

	
46




	
HE% (%)

	
0.9

	
0.9

	
1.1

	
1.1

	
1.1

	
1.2

	
1.2

	
1.2

	
/

	
1.2

	
/

	
1.2

	
1.2

	
1.2

	
1.2

	
1.3




	
Harbin

	
BR

	
HE(h)

	
1660

	
1763

	
1853

	
1883

	
1891

	
1902

	
1913

	
1918

	
/

	
1923

	
/

	
1930

	
1935

	
/

	
/

	
/




	
HE% (%)

	
45.2

	
48.0

	
50.5

	
51.3

	
51.5

	
51.8

	
52.1

	
52.2

	
/

	
52.4

	
/

	
52.6

	
52.7

	
/

	
/

	
/




	
LR

	
HE(h)

	
625

	
720

	
778

	
835

	
867

	
885

	
911

	
924

	
/

	
930

	
/

	
942

	
950

	
/

	
/

	
/




	
HE% (%)

	
17.0

	
19.6

	
21.2

	
22.7

	
23.6

	
24.1

	
24.8

	
25.2

	
/

	
25.3

	
/

	
25.7

	
25.9

	
/

	
/

	
/




	
Shenyang

	
BR

	
HE(h)

	
1967

	
2184

	
2273

	
2302

	
2323

	
2338

	
2346

	
2355

	
/

	
2362

	
2366

	
/

	
/

	
/

	
/

	
/




	
HE% (%)

	
53.6

	
59.5

	
61.9

	
62.7

	
63.3

	
63.7

	
63.9

	
64.1

	
/

	
64.3

	
64.4

	
/

	
/

	
/

	
/

	
/




	
LR

	
HE(h)

	
861

	
1025

	
1154

	
1224

	
1269

	
1307

	
1332

	
1354

	
/

	
1371

	
1378

	
/

	
/

	
/

	
/

	
/




	
HE% (%)

	
23.4

	
27.9

	
31.4

	
33.3

	
34.6

	
35.6

	
36.3

	
36.9

	
/

	
37.3

	
37.5

	
/

	
/

	
/

	
/

	
/




	
Dalian

	
BR

	
HE(h)

	
2284

	
2415

	
2472

	
2493

	
2514

	
2529

	
2542

	
2549

	
2553

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
HE% (%)

	
62.2

	
65.8

	
67.3

	
67.9

	
68.5

	
68.9

	
69.2

	
69.4

	
69.5

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
LR

	
HE(h)

	
1293

	
1384

	
1448

	
1494

	
1523

	
1546

	
1564

	
1577

	
1582

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
HE% (%)

	
35.2

	
37.7

	
39.4

	
40.7

	
41.5

	
42.1

	
42.6

	
42.9

	
43.1

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
Beijing

	
BR

	
HE(h)

	
3106

	
3242

	
3275

	
3294

	
3303

	
3315

	
3320

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
HE% (%)

	
84.6

	
88.3

	
89.2

	
89.7

	
90

	
90.3

	
90.4

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
LR

	
HE(h)

	
2494

	
2595

	
2644

	
2666

	
2684

	
2696

	
2702

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
HE% (%)

	
67.9

	
70.7

	
72

	
72.6

	
73.1

	
73.4

	
73.6

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/








BR: bedroom facing south; LR: living room.
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Table 10. Overheating duration with Thinsulation as variable in the simulated flats (on the 7th floor) of Harbin from May to September of 2021.
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Thinsulation (mm)

	
0

	
10

	
20

	
30

	
40

	
50

	
60

	
70

	
75

	
80

	
85

	
90

	
100






	
Harbin

(2021)

	
BR

	
HE(h)

	
1882

	
2024

	
2055

	
2068

	
2087

	
2093

	
2101

	
2107

	
/

	
2113

	
/

	
2119

	
2127




	
HE% (%)

	
51.3

	
55.1

	
56

	
56.3

	
56.8

	
57

	
57.2

	
57.4

	
/

	
57.5

	
/

	
57.7

	
57.9




	
LR

	
HE(h)

	
1086

	
1248

	
1337

	
1371

	
1395

	
1410

	
1427

	
1437

	
/

	
1452

	
/

	
1458

	
1462




	
HE% (%)

	
29.6

	
34

	
36.4

	
37.3

	
38

	
38.4

	
38.9

	
39.1

	
/

	
39.5

	
/

	
39.7

	
39.8
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Table 11. Overheating duration of the simulated occupied flat (on the 9th floor) during summertime over 15 years (2004 to 2018).
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Cities

	
Living Room

	
Bedroom (Facing South)




	
HE (h)

	
HE% (%)

	
HE (h)

	
HE% (%)






	
Yichun

	
0

	
0

	
364

	
9.9




	
Harbin

	
319

	
8.7

	
1050

	
28.6




	
Shenyang

	
370

	
10.1

	
1442

	
39.3




	
Dalian

	
840

	
22.9

	
2035

	
55.4




	
Beijing

	
1841

	
50.1

	
2883

	
78.5
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