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Abstract

:

Due to the energy and environmental impacts attributed to the operational phase of the building sector, efforts have been made to improve building energy performance through the implementation of restrictive energy requirements by regulatory bodies. In this context, the primary objective of this paper is to investigate and compare regulations that govern the building envelope energy performance of new residential buildings in cold-climate regions, primarily in Canada, Finland, Iceland, Norway, Sweden, China, and Russia. The aim is to identify similarities and dissimilarities among the energy regulations of these countries, as well as potentials for development of more effective building codes. This study verifies that the investigated energy requirements diverge considerably—for instance, the required thermal resistance per unit area of above-grade exterior walls in Sweden is almost two times that of a similar climate zone in Canada. Based on the comparisons and case analyses, recommendations for energy requirements pertinent to building envelope of new residential buildings in cold-climate regions are proposed.
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1. Introduction


The building sector accounts for 30–40% of world primary energy consumption and 20–30% of greenhouse gas (GHG) emissions [1,2,3], yet it has potential for energy performance enhancement through the deployment of cost-effective improvements [4,5,6,7]. In this context, aiming to reduce the environmental impacts of buildings and boost their energy performance, several approaches have been proposed by governments and third-party organizations, such as implementation of restrictive energy-codes and establishment of voluntary green building rating tools (GBRTs) [8,9]. Leadership in Energy and Environmental Design (LEED) [10], Building Research Establishment Environmental Assessment Method [11], Comprehensive Assessment System for Built Environment Efficiency [12], and the Hong Kong Building Environmental Assessment Method [13] are the most popular GBRTs. These GBRTs have been developed by third-party organizations with the objective of addressing (1) the effects of design choice on the quality of building design, construction and operation; (2) overall building environmental performance; and (3) the integration of buildings with their surroundings [9,14,15,16,17,18]. Since each GBRT has distinct approaches (e.g., evaluation criteria and rating structure), studies have been conducted to compare the approaches applied by GBRTs [17,19,20,21,22] and to assess the effectiveness of GBRTs in terms of reducing a building’s energy consumption during the occupancy phase [23,24,25,26,27].



However, because GBRT certifications are generally not mandatory unless specified by project mandates or in the design guidelines and policies for a particular jurisdiction (e.g., New York City [28], San Diego [29]), introducing restrictive energy-efficiency requirements in building regulations has been found to be a more effective approach to enhance building energy performance [8,30]. For instance, it is estimated that the energy consumed by residential buildings decreased by 10% to 30% worldwide in 2016 due to restrictive energy regulations—e.g., in China, improving energy efficiency in households dropped energy consumption by 25% in 2016 [31]. Indeed, in recent years, several countries have updated their building codes to impose more restrictive energy-efficiency requirements. The Directive on Energy Efficiency in Buildings 2010/31/EU [32] set energy targets for the twenty-eight member states of the European Union (EU-28). According to the 2010/31/EU, by 2020, the EU-28 is committed to reducing at least 20% of its energy consumption and GHG emissions compared to 1990 levels, and to increasing the proportion of renewable energy use to 20% of the overall energy consumed within the same timeframe; this energy package is called the “20-20-20” [33]. According to the European Environment Agency’s (EEA) most recent 2019 report, Europe’s greenhouse gas emissions and renewable energy development were on track for 2020, but its energy consumption was not, “in terms of both primary and final energy consumption” [34]. The data released between 2014 and 2017 indicates that the final energy consumption had increased every year, and with the current data available, EEA estimates the same trend would follow for 2018 [34].



In the United States, according to the Guiding Principles for Sustainable Federal Buildings [35,36], newly constructed federal buildings are required to have an annual energy use intensity (EUI) (i.e., kWh/m2 of floor area) at least 30% lower than that specified in the most recent version of the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 90.1 Standard, which to date is the ASHRAE 90.1-2019 [37,38]. In addition, the GHG emissions of federal buildings must be reduced by no less than 40% by 2025, using 2008 as the reference year [39]. For non-federal buildings, the ASHRAE Standard 90.1-2013 [40] is applied to the energy-efficiency of commercial buildings, as well as of residential buildings more than three storeys in height, while the 2012 International Energy Conservation Code (IECC) [41,42] covers residential buildings of three or fewer storeys [42]. In Canada, the Model National Energy Code of Buildings (MNECB) 1997 [43] has been replaced by the National Building Energy Code of Canada for Buildings (NECB) 2011 [44,45], the latter being 25% more restrictive than the former [30,45,46]. NECB 2011 was then updated again in 2015, to give rise to NECB 2015 [47,48]. Sequentially, NECB 2017 [49] was released and has since been adopted by Saskatchewan, Alberta, and Nova Scotia [44]. This is the latest version of the NECB. The NECB 2017 has an expected improved energy efficiency of approximately 10.3–14.4%, as compared to the NECB 2011 [50].



Several studies assessing approaches, metrics, and requirements implemented by various jurisdictions to regulate building energy performance have been previously conducted. Rodríguez-Soria et al. [51] concentrated their comparison on the thermal transmittance and air leakage of the building envelope and the indoor temperature of residential buildings in Germany, France, the United Kingdom, Spain, and the USA, while Wong and Krüger [52] compared the Brazilian Energy Efficiency Rating Technical Quality Regulations for Commercial, Service, and Public Buildings to the European Directive 2010/31/EU. Allard et al. [53] investigated methods frequently used to measure the energy performance of residential buildings in Sweden, Norway, and Finland. They found that the metrics and definitions of energy performance applied to residential buildings diverge considerably among these countries. A similar conclusion has been drawn by Annunziata et al. [54], who conducted a survey in 27 Member States of the European Union to verify the current state of national regulatory frameworks.



To date, little research has been focused on investigating and comparing regulations of countries in cold climates such as Canada—with the objective of identifying key practices and potentials for development of more effective building codes. Hence, to fill this gap, this paper, with focus on the envelope of residential buildings in cold-climate regions, aims to (1) assess and compare energy-efficiency requirements, (2) present guidelines relating to the development and implementation of energy-efficiency requirements and effective approaches to code compliance, and (3) recommend requirements and approaches to be incorporated in future editions of building codes, to enhance residential building energy performance. Emphasis is given to building envelope due to the fact that over 50% of buildings energy demand is attributed to heat losses through buildings enclosure [55,56]. This paper focuses on residential buildings, typically houses and low-rise buildings, as a representative. Different buildings offer different types of data, but the elements and approaches are more of less the same. Moreover, the residential building type is selected since two-thirds of the greenhouse gas emissions are accounted by them [57,58,59,60], and around 27%, 22%, and 17% of the total energy consumed in the EU-28, the United States, and Canada, respectively, is attributed to the residential building sector [61,62,63]. For the purpose of the present study, cold climate is defined as a climate between 5000 and 6000 annual Heating Degree-Days (HDDs). HDD is an indicator of how much heating is required in a year. It is the sum of the degree differences between daily average outdoor temperature and a reference temperature (e.g., 18 °C) over a year [63]. The climatic conditions of Nordic countries and some regions of Canada, China, and Russia are within this range (Table 1) [40,64,65,66,67,68]. Sweden has a slightly lower HDD 18 °C of approximately 4517 but is still presented in this paper due to its strict building envelope requirements.




2. Energy-Efficiency Requirements Review


2.1. Climate Zone 7A, Canada


The building codes currently in force in most of the provinces of Canada are the National Building Code (NBC) 2019 and the National Energy Code of Canada for Buildings (NECB) 2017 [69]. The latter focuses on commercial and institutional buildings, and the former covers residential buildings ≤ 600 m2 and ≤ 3 storeys in height. It is acceptable to use NECB 2017 in lieu of NBC 2019 for any residential building project (as specified by NBC) although it is stated that “it is unlikely that a typical house project will benefit from it” [70].



Both codes (NECB 2017 and NBC 2019) specify energy requirements according to six climate zones, the energy requirements pertinent to this climate zone 7A (5000 ≤ HDD ≤ 5999) are analyzed in this study [49,71]. As observed in Table 2, when comparing NECB 2017 with NBC 2019, a number of similarities are identified. These commonalities are expected, since the requirements of each are to complement each other or be somewhat comparable depending on the building type. The Province of Alberta also switched from NECB 2011 to NECB 2017 starting 1 December 2019. While a majority of the thermal resistance requirements, specifically the R-Value Système International (RSI) values (m2K/W), have remained the same between the 2011 and 2017 versions, the values for roofs and fenestrations have increased approximately 15% in both categories. NBC also provides looser restrictions on minimum RSI values if heat recovery ventilator systems (HRVs) are implemented.



In terms of compliance options, both NBC 2019 and NECB 2017 offer three distinct paths: prescriptive, trade-off, and performance. In the prescriptive path, minimum effective RSI values applied to the building envelope, energy efficiency factors (EF) of domestic hot water systems, overall building airtightness, and other construction details are defined. Compliance through this path is achieved if the energy-efficiency requirements are fully met one by one. The trade-off path offers some flexibility in design for above-grade building envelope components (i.e., maintaining the total thermal resistance of the opaque and fenestration parts of the same facade), while the performance path allows for total flexibility in design, provided that the simulated energy consumption of a proposed design is equal to or less than that of a design following the prescriptive requirements of the code, which should be proven with an energy simulation software such as CAN-QUEST or HOT2000 [44,64,72,73]. Some performance-path investigations were conducted by Dias Ferreira [74], Dias Barkokebas et al. [75], and Hesaraki et al. [76].




2.2. Nordic Countries


2.2.1. Finland


The Finnish building code is one of the most restrictive regulations in Europe in terms of envelope thermal resistance (RSI, m2·K/W) requirements [77,78]. To date, Section D3 of Finland’s National Building Code [79], published in 2013, regulates the energy performance of residential buildings in the country. This code defines the maximum total energy consumption allowed per residential building as a function of its heated area (Table 3) [79,80]. The total energy consumption is calculated using an equation given by the Finnish code: It is the sum of various components including heating, cooling, electricity, fuel-use, all normalized by the heated floor area. It also specifies minimum RSI values of building envelope components, building airtightness, and allowable total fenestration area [79]. For single family homes and apartments, if both requirements, building envelope components (See Table 4) and system performance, and heating systems (i.e., energy consumption; see Table 3) are within building code requirements, it is considered compliant with the building code [81]. Researchers have in recent studies verified that, as a result of the updates, the residential building energy consumption in Finland reduced by approximately 5.7% between 2012 and 2013 [82].




2.2.2. Iceland


The regulation that governs the energy performance of residential buildings in Iceland was published in 2012 [83]. As noted in Table 5, the requirements specified in the Icelandic building code are less ambitious than those in the Finland codes. This is due to the readily available renewable energy resources in Iceland—i.e., 85% of the primary energy used in the country is from renewable sources (e.g., hydro and geothermal) [84], as well as to the fact that the construction industry has strongly resisted restrictive energy-efficiency requirements in the past [85]. In terms of code compliance, the Icelandic building code determines minimum requirements for the building envelope (Table 5) for new residential buildings. The code specifies building envelope RSI requirements based on the building’s interior temperature. Temperatures greater than or equal 15 °C require higher RSI values as compared to interior temperatures between 5 °C and 15 °C. This appears to be a natural approach as a smaller temperature difference between the indoors and outdoors will reduce the amount of heat flow through the building envelope. The study focus is on the interior temperatures greater than or equal 15 °C.



To achieve code compliance, requirements must be fully met. On the other hand, there is no restriction of a maximum energy consumption allowed per heated area in Iceland [83].




2.2.3. Norway


The first version of the Norwegian energy regulation went into force in 1986. Since then, a sequence of amendments have updated the original requirements to a stricter level [85,86]. To date, the Building Technology Regulations 17 (TEK17, representative of the year 2017) [87,88] regulates the energy performance of residential buildings in Norway. The primary objective of the TEK17 is to loosen (e.g., less restrictive energy requirements) some of the energy requirements set by the TEK10, thereby rendering the energy regulation more achievable and affordable, particularly for residential buildings [88]. In terms of building envelope, the significant changes between these two regulations are related to airtightness, allowed window and door area, and minimum RSI value required for windows and exposed floors, as observed in Table 6 and Table 7.



As noted in Table 7, there are two approaches for code compliance in Norway. The Net Energy Demand approach considers simultaneously the total annual energy consumption, which requires the utilization of an energy simulation software and some selected components listed in Table 7 [87]. The other approach, Energy-Savings Measures, does not require an estimation of total annual energy consumption, but aims to ensure a high level of energy performance. Thus its requirements for the building envelope are stricter than those specified in the net energy demand approach.




2.2.4. Sweden


In terms of energy-efficiency, Sweden is divided into three zones corresponding to distinct climatic conditions [90]. Zone I refers to the northern area of the country, which has a severe cold-climate condition and, hence, has the most restrictive requirements; zone II covers the central area of the country, and zone III covers the southern region, which has a milder weather and thus the least restrictive requirements [91,92]. According to the Boverket Building Rules (BBR) 19 [93], new residential buildings in Sweden must be designed to ensure it will satisfy the maximum allowed energy use, which is determined according to the given climate zone (Table 8), while its building envelope must have an average thermal resistance equal to or superior to that specified in Table 8. Additionally, the actual residential building energy consumption must be monitored for an entire year, within the first two years following completion of construction; this actual data should be verified against the estimated consumption provided prior to construction [94]. Similar to Norway’s regulatory framework, the BBR 19 also offers an alternative approach for compliance [95], which is applicable to residential buildings without cooling systems, with floor area not more than 100 m2 and with a combined area of windows and doors less than 20% of the heated floor area [93]. For such cases, compliance can be achieved by meeting the energy-efficiency requirements summarized in Table 9.





2.3. China’s Severe Cold Zone


China’s climate is divided up into 5 zones: Severe Cold, Cold, Hot Summer Cold Winter (HSCW), Hot Summer Warm Winter (HSWW), and Temperate [96]. The zone that falls within the HDD criteria is the Severe/Very Cold, with HDD values ranging between about 4000–7000 [97]. The heating energy for northern cities account for 40% of the total building energy consumption [98]. China’s building code for residential buildings in the Severe Cold zone is the JGJ26-2018 “Design Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones” and was last updated in 2018 [99]. JGJ26-2018 further divides the Severe Cold zone into smaller zones named 1A, 1B, and 1C based on HDD 18 °C values. Zone 1B has an HDD 18 °C value of 5000 to 6000. China offers both prescriptive and performance-based options for code compliance of the building envelope. The prescriptive path requires that building envelope components RSI must not be less than the values presented in Table 10. There is a general reduction of RSI value requirements for floors ≥ 4. The performance path requires that the energy consumption (values for both cumulative annual heat load and heating energy consumption are given) of the designed building will not be greater than the reference building listed in the code. The requirements for allowable maximum values (kWh/m2) for cumulative heating load, heating energy consumption, and total energy consumption are defined for each of the 14 cities/districts.




2.4. Russia


According to International Energy Agency (IEA) statistics, Russia’s building sector was responsible for approximately 33% of its total secondary energy consumption in 2010, with 80% of that contributing to space and water heating [101]. The building sector is also Russia’s fastest growing energy consumer as its consumption increased from 19% in 1990 to 33% in 2010 [101]. Compared to the world average and the US, Russia’s energy intensity in the building sector is 1.5 times higher than both, and even double of leading European countries [102].



Russia’s building code for energy efficiency was last revised in 2012, namely SP 50.13330.2012 “Thermal Performance of Buildings” and was enforced on 1 July 2013. This was based on the previous 2003 Building Code, SNiP 23-02-2003 “Thermal Protection of Buildings”. This building code is applicable to residential, public, industrial, agricultural, and warehouse buildings with a total area more than 50 m2 [103]. SP 50.13330.2012 provides requirements on peak power demand for the heating and ventilation of buildings. Table 11 outlines the peak power demand for low-rise single-family homes, based on predicted values. The required values depend on both building (total floor) area and the number of floors. Table 11 and Table 12 reports the values required for apartment buildings, hotels, and hostels which is only dependent on the number of floors. It should be noted that Table 11 and Table 12 are not strict requirements as there is a maximum allowable +15% deviation from these values. Depending on the amount of deviation, the building is given a Class designation ranging from A++ to E (10 classes). Only certain classes with good energy performance are allowed for newly erected and reconstructed buildings and eligible for economic incentives. Russia’s building code also specifies envelope RSI requirements, with stricter values for areas with higher HDD (colder climates). Values are provided for Russia’s various climate zones, ranging in HDD from 2000 to 12,000, by multiples of 2000. Table 13 depicts the 6000 HDD values provided, which is within the intended HDD range of this paper.



New and reconstructed buildings in Russia also require mandatory “energy passports”, which shows that the building complies with the code and it allows building officials to monitor energy consumption post-construction. The energy passport should be developed starting at the design phase of the project and should be verified by expert bodies. If there is significant deviation of energy consumption from the original design or a lack of technical documentation, the building may be subject to calculative and experimental testing (e.g., testing of structures and facility systems) to confirm compliance again. The energy passport covers both prescriptive and performance measures (simultaneously) for code compliance.





3. Analyses and Comparison of Building Codes


The literature reviewed in Section 2 indicates that, aside from the similarities in terms of climatic conditions, significant dissimilarities, regarding the requirements and approaches used to govern the energy performance of building envelope of new residential buildings, exist in the investigated countries. For the purpose of comparing the influences of those dissimilarities in the context of a whole building case (instead of per unit wall or floor area) between the previously outlined jurisdictions, two hypothetical buildings, named X1 and X2, representing large and medium size residential buildings, are used as a basis for analysis. The analysis is focused on the total thermal transmittance of the solid envelope components    U  e n v e l o p e     and the thermal transmittance related to air leakage,    U  a i r . l e a k a g e    .    U  e n v e l o p e     accounts for the walls above grade, roof, and windows. Equation (1), below, was applied to these areas and RSI requirements by their respective building code. Tabular results are located in Table 14 and Table 15. The Appendix A provides supplementary information (Table A1 for building configurations and Table A2 and Table A3 for the thermal transmittance values of each building component of all countries of interest). Equations (2) and (3) were used to calculate the air leakage thermal transmittance, tabular results found in Table A4. Equation (4) shows how the total thermal transmittance calculated in Equation (1) was normalized by the HDD of each country or region in order to show a more representative comparison that considers the range of climatic conditions between the different countries and regions.


   U  e n v e l o p e   =   ∑  i    A r e  a i    R S  I i     



(1)




where   R S  I i    is the minimum required value specified in the building code.


   q  a i r . l e a k a g e   =   A C H · A r e  a  f l o o r s   · r o o m   h e i g h t · 1000   L   3600   s    



(2)




where    q  a i r . l e a k a g e     is the volumetric flow rate in    (   L s   )   .   A r e  a  f l o o r s     is the floor area.


   U  a i r . l e a k a g e   =  q  a i r . l e a k a g e   · s p e c f i c   h e a t   o f   a i r    (    kJ   kg · K    )  · a i r   d e n s i t y  (    kg    m 3     )   



(3)




where    U  a i r . l e a k a g e     is the thermal transmittance due to the leakage of the building envelope in    (   W K   )   .


   U  e n v e l o p e . n o r m a l i z e d   =    U  t o t a l     H D D   × 1000  



(4)




where    U  e n v e l o p e . n o r m a l i z e d     is the normalized value of    U  e n v e l o p e     using the HDD of each country or region, scaled by a factor of 1000 for better visualization in plots.



Building X1 has a total floor area of 600 m2 and 3 storeys in height. As defined by the residential Canadian building code NBC 2019, 600 m2 was chosen as the total floor area as this is the upper limit. The building’s floor plan is 10 m × 20 m with 2.5 m high walls. To account for fenestrations, four windows were assigned per floor, each with 1 m × 2 m dimensions. Figure 1 and Figure 2 below show the calculated total thermal transmittance of the envelope, its normalized value, and the thermal transmittance related to air leakage.



As observed in Figure 1, Canada and Finland have the highest and lowest thermal transmittance values through the building envelope, respectively, through Building X1. Both climates are found to have similar HDD values, with Canada (climate zone 7A) ranging between 5000 and 5999 and Finland averaging 5619. Finland’s thermal transmittance limits for building envelope components are significantly lower than Canada’s, especially with respect to roofs and fenestrations. Canada’s results of a high thermal transmittance through the building envelope are due to the fact that Canada specifies the lowest RSI value for exterior walls as noted below in Figure 2. The RSI required by the NBC 2019 is just about 50% of that specified for residential buildings in Norway (i.e., alternative approach—Norway-ESM) and Finland. In terms of airtightness, which is used as inputs for energy simulations when the performance path chosen as method of compliance, China is found to be the country with the strictest requirements, while Canada is the least strict. It should be noted that these are the only two countries in this paper for which values of air leakage are given to use in energy simulations, but not actually enforced.



To account for the different climatic conditions in the analysis of thermal transmittance of building envelope systems, the calculated thermal transmittance is normalized using the HDD of each country or region (e.g., different HDD values for China’s 1A and 1B regions). Because of the vast size of Canada, Sweden, China, and Russia, their respective building codes further defined building envelope requirements based on region (i.e., HDD ranges). The upper and lower HDD ranges are shown in Figure 1, and the error bars in the normalized thermal transmittance cover the values from the upper to lower HDD. Although Russia does have a range of HDD across its country, it is not shown with error bars because its RSI was defined by a single HDD value, not a range. Values that are between specified values are calculated using an equation, which is an interpolation between the given requirements. Since Sweden’s building code does not categorize building envelope requirements based on HDD (i.e., only one set of requirements for all three zones as mentioned in Section 2.2.4), the average HDD of 5543 is used in the normalization [104]. The remaining Nordic countries also did not further specify an HDD range (nor separate zones) within its building code requirements, similar to Sweden, most likely due to a similar climate experienced throughout the respective countries. As observed in Figure 1, after this normalization, Finland has the lowest thermal transmittance, followed closely by Norway (ESM). Thus, relative to its climatic conditions, Sweden has a restrictive regulation to govern its residential building energy performance; contrasting with Canada, which has a less stringent energy regulation when compared to the other investigated countries (e.g., Finland and Sweden).



As an additional comparison, a building with half the floor area of Building X1 (300 m2 instead of 600 m2), further referred to as Building X2, was used to calculate the building envelope thermal transmittance using the same approach shown in Equation (1) (see Table A1 for configuration details and Table A3 for thermal transmittance calculations for envelope components). The comparison of these two buildings was used to evaluate the impact of building size on thermal transmittance, such as the impact on the air leakage related transmittance. Results are shown below in Figure 3 and Table 15, with calculations in the Appendix A. The reduction in thermal transmittance in both the building envelope and air leakage is due to the overall geometric reduction of the building. The most significant finding of this comparison is that the difference between the air leakage thermal transmittance and building envelope thermal transmittance becomes smaller in Building X2 (e.g., Sweden’s building envelope thermal transmittance is 31% of the air leakage thermal transmittance in Building X1, as compared to 45% when looking at Building X2). This implies that thermal transmittance with respect to air leakage has a larger influence the larger a building becomes; the weight of the air leakage thermal transmittance becomes much larger in comparison to the building envelope thermal transmittance.



With respect to options for achieving code compliance, as summarized in Table 16, Finland and Russia follow a similar approach that specifies requirements for both thermal resistance and air leakage, alongside a third requirement; Russia defines peak power demand (W/m3 °C) for heating and ventilation based on floor area for residential single-family buildings and based on number of storeys for other residential buildings (apartments, hotels, hostels) whereas Finland specifies requirements for whole building energy consumption as kWh/m2/year (as does Norway and Sweden). Although the Norwegian building energy code offers a similar option for compliance—the net energy demand approach—this option diverges from the one used in Finland and Russia as it specifies different values for thermal resistance and air leakage according to the chosen approach for code compliance. Canada, Iceland, Sweden, and China are similar in that they all establish a prescriptive path in which compliance is considered to have been achieved if the specified parameters for thermal resistance and airtightness are met; however, in Canada, another two paths (i.e., trade-off and performance) for code compliance are offered as well; China and Sweden offer a secondary performance path based on energy consumption. It should be noted that Sweden’s primary approach is the performance method and the prescriptive method is listed as the alternative option. As mentioned in Section 2, neither Canada or Iceland specifies a maximum annual residential building energy consumption per heated floor area as a requirement and/or option for code compliance. Moreover, only Sweden and Russia require that energy consumption is measured post-construction.



Although Russia’s energy intensity is significantly higher than the world average, Russia’s normalized thermal transmittance is reasonable in comparison to the other countries in both cases of Building X and Building X2. From this, it is most probable that the jump in energy intensity in Russia is not due to heat loss from the building envelopes, but from other systems.



In terms of recommendations to be incorporated in future residential building energy codes, selecting from the approaches investigated in this study, the introduction of a limited energy use intensity—EUI (i.e., annual energy consumption per heated floor area) as a primary requirement is suggested. The EUI as a requirement or option for code compliance permits design flexibility as long as an energy target, in kWh/m2 per year, is not exceeded. Although the EUI is not directly related to building envelope specifications, it accounts for actual energy consumed rather than energy demanded (i.e., rate of energy consumed—usually measured in kW) thus encouraging investments in highly energy-efficient materials and domestic hot water systems as well as innovative design solutions. The performance path options from Canada and China bring these countries closer to this achieving this. Moreover, when combined with other energy requirements as in the case of Norway (i.e., net energy demand approach), it ensures that both power demand and consumption are reduced, thereby improving overall residential building energy performance. EUI has already been adopted by several countries (i.e., column [A] and [C] in Table 16.) Stringent requirements for airtightness and thermal resistance of building envelope components are also suggested to be implemented in future energy building codes, especially in Canada as its requirements are still much less ambitious than many other energy standards under investigation. This discrepancy between the energy-efficiency requirements applied in Canada and the other investigated countries is reflected in the actual energy consumption of residential buildings in these respective jurisdictions.



In addition, the present study recommends that governments and other regulatory institutions release a progression plan/step code for their energy buildings codes. This practice is already present to some extent in Canada, like the BC Energy Step Code, where the energy-efficiency requirements that will eventually become mandatory is first released as a voluntary code compliance paradigm [105]. The definition of a progression plan is an essential step in efforts to streamline communication among stakeholders of the building sector and prepare the market for future changes to the code, given that it anticipates mandatory requirements in forthcoming versions of building codes. With this in place, the development of new construction materials and design solutions, technologies, and systems will be encouraged. Moreover, such a practice stimulates exercises to investigate cost-effective means to achieve code compliance, thereby reducing potential negative impacts on construction practice and attenuating the transition period for newly introduced building energy codes.



Implementing a post-construction energy consumption monitoring system (similar to that of Sweden and Russia), as well as air leakage test, would help to improve energy design practice so that the estimated consumption provided during the design phase can be verified against the actual data. It also holds the manufacturers, construction teams, and engineers accountable to their products and designs.



The final recommendation is to implement a definitive air leakage requirement, for countries like Canada and China, where values are only given for the building energy simulation when the performance path is chosen as the form of compliance. Seeing that thermal leakage due to air leakage has greater influence the larger a building becomes, having values that are project specific, similar to Russia’s building code, would be beneficial in reducing the amount of heat flow lost in larger buildings.




4. Conclusions


In this paper, the energy-efficiency requirements that govern the energy performance of building envelope systems in new residential buildings in cold-climate regions, specifically Canada (i.e., Zone 7A), Finland, Iceland, Norway, Sweden, China, and Russia are reviewed, analyzed, and compared. Although the investigated countries feature similar climatic conditions, based on the conducted comparison, it is concluded that there are significant disparities in terms of requirements and options for code compliance among these countries. For instance, the thermal resistance value required for above-grade exterior walls in Canada (with HRV) is just 51% of that specified in Finland. In terms of similarities, options for code compliance are comparable in Finland, Norway, Sweden, China, and Russia, where the building energy codes establish requirements for maximum annual energy consumption and thermal resistance values (with Finland and Russia requiring both simultaneously and the remaining countries as either/or options).



In light of the findings of this study, guidelines for energy performance requirements are identified, and recommendations for upcoming building regulations, especially in Canada, are proposed as follows: (a) introduction of limited EUI, (b) introduction of stricter RSI values for building envelope, (c) definition of a building code progression plan, (d) introduction of a post-construction energy monitoring system, and (e) introduction of air leakage requirements with HRVs. This study only focuses on the energy performance of building envelope systems, a future direction of research is to extend the comparison to encompass the requirements for domestic systems (e.g., energy efficiency factors of water heating systems and annual fuel utilization efficiency of gas-fired heating systems) as well as energy sources (i.e., promotion of renewable energy use through building codes).
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Table A1. Building dimensions.






Table A1. Building dimensions.





	
Building Component

	
Building X1

	
Building X2




	
Total Area (m2)

	
Total Area (m2)






	
Walls above ground

	
450

	
300




	
Roof

	
200

	
100




	
Fenestrations

	
24

	
24
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Table A2. Building envelope thermal transmittance calculations of Building X1 (W/K).






Table A2. Building envelope thermal transmittance calculations of Building X1 (W/K).

















	
	Canada
	Finland
	Iceland
	Norway (NED)
	Norway (ESM)
	Sweden (W/TEH)
	China (1A)
	China (1B)
	Russia





	Walls above ground
	152
	77
	150
	132
	108
	108
	188
	188
	171



	Roof
	40
	18
	30
	36
	26
	26
	30
	40
	43



	Fenestrations
	38
	24
	41
	29
	19
	31
	34
	34
	33



	Total
	229
	119
	183
	164
	126
	138
	176
	186
	205
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Table A3. Building envelope thermal transmittance calculations of Building X2 (W/K).






Table A3. Building envelope thermal transmittance calculations of Building X2 (W/K).

















	
	Canada
	Finland
	Iceland
	Norway (NED)
	Norway (ESM)
	Sweden (W/TEH)
	China (1A)
	China (1B)
	Russia





	Walls above ground
	101
	51
	100
	88
	72
	72
	125
	125
	114



	Roof
	20
	9
	15
	18
	13
	13
	15
	20
	22



	Fenestrations
	38
	24
	41
	29
	19
	31
	34
	34
	33



	Total
	292
	143
	236
	207
	114
	176
	299
	309
	248
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Table A4. Converting air leakage requirements to RSI value.






Table A4. Converting air leakage requirements to RSI value.

















	
	Canada
	Finland
	Iceland
	Norway (NED)
	Norway (ESM)
	Sweden (W/TEH)
	China (1A)
	China (1B)
	Russia





	Air Leakage (ACH)
	2.50 a
	N/A
	N/A
	1.50
	N/A
	N/A
	0.50 a
	0.50 a
	N/A



	Air Leakage (l/sm2)
	1.74
	1.11
	1.50
	1.04
	0.60
	0.60
	0.35
	0.35
	N/A



	RSI Air Leakage (m2·K/W)
	0.48
	0.75
	0.55
	0.80
	1.38
	1.38
	2.39
	2.39
	N/A







a Parameter requirement when calculating heating energy consumption of the proposed building; performance path, unlisted otherwise.
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Figure 1. Results of thermal transmittance through Building X1 of each analyzed jurisdiction. 1 Requirements specified in Canada’s NBC 2019 with heat recovery ventilator (HRV) are applied. 2 Requirements specified for residential buildings without electric heating (Sweden-W/TEH) are applied. 






Figure 1. Results of thermal transmittance through Building X1 of each analyzed jurisdiction. 1 Requirements specified in Canada’s NBC 2019 with heat recovery ventilator (HRV) are applied. 2 Requirements specified for residential buildings without electric heating (Sweden-W/TEH) are applied.



[image: Atmosphere 12 00405 g001]







[image: Atmosphere 12 00405 g002 550] 





Figure 2. RSI of building envelope components and air leakage specified by analyzed jurisdictions. 
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Figure 3. Results of thermal transmittance through Building X2 of each analyzed jurisdiction. 1 Requirements specified in Canada’s NBC 2019 with HRV are applied. 2 Requirements specified for residential buildings without electric heating (Sweden-W/TEH) are applied. 
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Table 1. Climatic conditions in the jurisdictions under study.
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	Thermal Criteria (SI Units)
	Jurisdiction





	5000 < HDD 18 °C ≤ 6000
	Canada (i.e., Zone 7A)

Iceland (i.e., Reykjavik)

Finland

Norway

Sweden

China (i.e., Harbin)

Russia (i.e., Mezen)
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Table 2. Comparison of building envelope requirements set by the National Building Energy Code of Canada for Buildings (NECB) 2011, NECB 2017, and National Building Code (NBC) 2019 for climate zone 7A [44,49,71].
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Building Envelope

	
NECB 2011

	
NECB 2017

	
NBC 2019 without HRV

	
NBC 2019 with HRV






	
RSI (m2·K/W) of above-ground

elements

	
Walls

	
4.76

	
4.76

	
3.08

	
2.97




	
Roofs

	
6.17

	
7.25

	
5.02/10.43 a

	
5.02/8.67 a




	
Exposed floors

	
6.17

	
6.17

	
5.02

	
5.02




	
Fenestrations

	
0.45

	
0.53

	
0.63/0.37 b

	
0.63/0.37 b




	
RSI (m2·K/W) of

in-contact with the ground elements

	
Walls

	
3.52

	
3.52

	
3.46

	
2.98




	
Floors c

	
NA/1.32

	
NA/1.32

	
NA/2.84

	
NA/2.84




	
Airtightness at 50 Pascal (Pa) pressure difference d (ACH)

	
NA

	
NA

	
2.50

	
2.50








a Values for cathedral ceiling and flat roof, and ceiling below attic, respectively. b Values for fenestrations and skylights, respectively. c Values for unheated floor below frost line and heated floor, respectively. d The airtightness of the building envelope is not defined for the prescriptive path; prescriptive details are given instead. The value in the table is required for simulating the residential building energy consumption for the performance path. NA: not applicable. ACH: air change per hour; air volume added to or removed from a space in one hour, divided by the volume of the space.
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Table 3. Maximum annual energy consumption per area for residential buildings in Finland [79].






Table 3. Maximum annual energy consumption per area for residential buildings in Finland [79].





	Heated Floor Area (Ahf)
	Ahf < 120 m2
	120 m2 ≤ Ahf ≤ 150 m2
	150 m2 ≤ Ahf ≤ 600 m2
	Ahf > 600 m2





	Total energy consumption (kWh/m2/year)
	204
	372—1.4 Ahf
	173—0.07 Ahf
	130
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Table 4. Comparison of building envelope requirements for new residential buildings in Finland [79,80].






Table 4. Comparison of building envelope requirements for new residential buildings in Finland [79,80].





	
Building Envelope

	
1976

	
1978

	
1985

	
2003

	
2007

	
2010

	
2013






	
RSI-value (m2·K/W)

	
Walls

	
2.50

	
3.45

	
3.57

	
4.00

	
4.17

	
5.88

	
5.88




	

	
Roofs

	
2.86

	
4.35

	
4.55

	
6.25

	
6.67

	
11.11

	
11.11




	
Floors

	
2.50

	
2.50

	
2.78

	
4.00

	
4.17

	
6.25

	
11.11




	
Windows

	
0.48

	
0.48

	
0.48

	
0.71

	
0.71

	
1.00

	
1.00




	
Doors

	
1.43

	
1.43

	
1.43

	
0.71

	
0.71

	
1.00

	
1.00




	

	
Building element against ground

	
-

	
-

	
-

	
-

	
-

	
-

	
6.25




	
Total area of glass/doors

(% of heated floor area)

	
-

	
-

	
-

	
-

	
-

	
-

	
50




	
Airtightness at 50 Pa pressure difference (L/s·m2)

	
-

	
-

	
-

	
-

	
-

	
-

	
1.11
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Table 5. Building envelope requirements for new residential buildings in Iceland [83].






Table 5. Building envelope requirements for new residential buildings in Iceland [83].





	
Building Envelope

	
Interior Temperature (Ti) ≥ 15 °C

	
15 °C > Ti ≥ 5 °C






	
RSI-values (m2·K/W)

	
Walls

	
4.00

	
3.33




	
Roofs

	
6.67

	
4.00




	
Floors

	
5.00

	
4.00




	
Windows

	
0.59

	
0.50




	
Doors

	
0.59

	
0.50




	
Airtightness at 50 Pa pressure difference (L/(s m2))

	
1.5

	
1.5
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Table 6. Comparison of maximum total annual energy consumption per area for residential buildings in Norway [87,88,89].
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	TEK 97
	TEK07
	TEK10
	TEK17





	Energy consumption (kWh/year)
	-
	125 + 1600/m2 of heated floor space|120
	100 + 1600/m2 of heated floor space|115
	100 + 1600/m2 of heated floor space|95







Note: First value accounts for residential buildings with electric space heating and second value is for residential buildings with non-electric space heating.
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Table 7. Comparison of building envelope requirements for new residential buildings in Norway [87,88,89].






Table 7. Comparison of building envelope requirements for new residential buildings in Norway [87,88,89].





	
Building Envelope

	
TEK 97

	
TEK07

	
TEK10

	
TEK17




	

	

	

	
Net

Energy Demand

	
Energy

Saving Measures

	
Net

Energy Demand

	
Energy

Saving Measures






	
RSI-value (m2·K/W)

	
Walls a

	
4.55

	
5.56

	
4.55

	
5.56

	
4.55

	
5.56




	
Roofs

	
6.67

	
7.69

	
6.67

	
7.69

	
5.56

	
7.69




	
Floors b

	
6.67

	
6.67

	
5.56

	
6.67

	
5.56

	
10.00




	
Fenestrations

	
0.63

	
0.83

	
0.63

	
0.83

	
0.83

	
1.25




	
Heat flux through thermal bridge normalized by wall area (W/m2·K) c

	
-

	
≤0.03|0.06

	
NA

	
≤0.03|0.06

	
NA

	
≤0.05|0.07




	
Airtightness at 50 Pa pressure difference (ACH) c

	
-

	
≤2.5|1.5

	
≤3.0

	
≤2.5

	
≤1.5

	
≤0.6




	
Total area of glass/doors (% of heated floor area)

	
20

	
20

	
20

	
20

	
25

	
25








a Value for all outer walls, assume including walls touching ground. b Value for floors on ground and facing open air. c First value accounts for residential buildings with electric space heating and second value is for residential buildings with non-electric space heating. ACH: air change per hour.
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Table 8. Primary approach to measure the energy performance of new residential buildings in Sweden [93].






Table 8. Primary approach to measure the energy performance of new residential buildings in Sweden [93].











	
	Zone I
	Zone II
	Zone III





	Total energy consumption (kWh/m2/year) a
	95.00|130.00
	75.00|110.00
	55.00|90.00



	Average thermal transmittance (W/m2·K)
	0.40
	0.40
	0.40







a First value accounts for residential buildings with electric space heating, and second value is for residential buildings with non-electric space heating.
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Table 9. Alternative option for code compliance in Sweden [93].






Table 9. Alternative option for code compliance in Sweden [93].





	
Building Envelope

	
Residential Building with Electric Heating

	
Residential Building without Electric Heating






	
RSI value (m2·K/W)

	
Walls

	
10.00

	
5.56




	
Roofs

	
12.50

	
7.69




	
Floors

	
10.00

	
6.67




	
Fenestrations

	
0.91

	
0.77




	
Airtightness at 50 Pa pressure difference

	
0.61 L/s · m2

	
0.61 L/s · m2











[image: Table] 





Table 10. Building envelope requirements for residential buildings in China for the Severe Cold climate [100].






Table 10. Building envelope requirements for residential buildings in China for the Severe Cold climate [100].





	
Building Envelope

	
Area 1B (5000 ≤ HDD18 < 6000)




	
Floors ≤ 3

	
Floors ≥ 4






	
RSI values (m2·K/W) of above-ground

elements

	
Walls

	
4

	
2.86




	
Roofs

	
5

	
5




	
Floors

	
4

	
2.65




	
Windows

	
0.71

	
0.56




	

	
Sky Light

	
0.71

	
0.63




	
RSI values (m2·K/W) of in-contact with the ground elements

	
Floors

	
1.8

	
1.8




	
Walls

	
2

	
2




	
ACH a

	

	
0.5








a Parameter requirement when calculating heating energy consumption of the proposed building; performance path.
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Table 11. Peak power demand (W/m3 °C) requirements for the heating and ventilation of low-rise single-family buildings in Russia [103].






Table 11. Peak power demand (W/m3 °C) requirements for the heating and ventilation of low-rise single-family buildings in Russia [103].





	
Total Floor Area (m2)

	
Number of Floors




	
1

	
2

	
3

	
4






	
50

	
0.579

	
NA

	
NA

	
NA




	
100

	
0.517

	
0.558

	
NA

	
NA




	
150

	
0.455

	
0.496

	
0.538

	
NA




	
250

	
0.414

	
0.434

	
0.455

	
0.476




	
400

	
0.372

	
0.372

	
0.393

	
0.414




	
600

	
0.359

	
0.359

	
0.359

	
0.372




	
1000 or more

	
0.336

	
0.336

	
0.336

	
0.336








Note: Linear interpolation is required between given values.













[image: Table] 





Table 12. Peak power demand (W/m3 °C) requirements for the heating and ventilation of apartment buildings, hotels, and hostels in Russia [103].






Table 12. Peak power demand (W/m3 °C) requirements for the heating and ventilation of apartment buildings, hotels, and hostels in Russia [103].





	

	
Number of Floors




	

	
1

	
2

	
3

	
4, 5

	
6, 7

	
8, 9

	
10, 11

	
12 +






	
Peak Power Demand (W/(m3 °C))

	
0.455

	
0.414

	
0.372

	
0.359

	
0.336

	
0.319

	
0.301

	
0.290
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Table 13. Building envelope requirements for residential buildings in Russia with annual Heating Degree-Days (HDD) 6000 [103].






Table 13. Building envelope requirements for residential buildings in Russia with annual Heating Degree-Days (HDD) 6000 [103].





	
Building Envelope

	
SNiP 23-02-2003

	
SP 50.13330.2012






	
RSI values (m2·K/W)

	
Walls a

	
3.5

	
3.5




	
Roofs

	
4.6

	
4.6




	
Floors b

	
5.2/4.6

	
5.2/4.6




	
Fenestrations

	
0.6

	
0.73




	
Skylight

	
0.4

	
0.4








a Not specified for whether above ground or in-contact with ground, so assumption is that this value is for both. b Value for above ground/in-contact with ground.













[image: Table] 





Table 14. Tabular results of Figure 1. Results of thermal transmittance through Building X1 of each analyzed jurisdiction.
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	Canada
	Finland
	Iceland
	Norway (NED)
	Norway (ESM)
	Sweden (W/TEH)
	China (1A)
	China (1B)
	Russia





	Thermal Transmittance (W/K)
	229
	119
	183
	164
	126
	138
	186
	205
	229



	Normalized Thermal Transmittance (W/K)
	38
	21
	36
	28
	22
	25
	31
	34
	38



	Air Leakage Thermal Transmittance (W/K)
	1250
	800
	1091
	750
	435
	435
	251
	251
	NA



	Normalized Upper Error Bar Value (W/K)
	8
	NA
	NA
	NA
	NA
	NA
	6
	NA
	8



	Upper HDD
	5999
	NA
	NA
	NA
	NA
	NA
	6000
	NA
	5999



	Lower HDD
	5000
	NA
	NA
	NA
	NA
	NA
	5000
	NA
	5000



	Average HDD
	NA
	5619
	5031
	5855
	5855
	5543
	NA
	6000
	NA
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Table 15. Tabular results of Figure 3. Results of thermal transmittance through Building X2 of each analyzed jurisdiction.
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	Canada
	Finland
	Iceland
	Norway (NED)
	Norway (ESM)
	Sweden (W/TEH)
	China (1B)
	Russia





	Thermal Transmittance (W/K)
	159
	84
	131
	113
	86
	98
	129
	140



	Normalized Thermal Transmittance (W/K)
	27
	15
	26
	19
	15
	18
	21
	23



	Air Leakage Thermal Transmittance (W/K)
	625
	400
	545
	378
	217
	217
	126
	NA



	Normalized Upper Error Bar Value (W/K)
	5
	NA
	NA
	NA
	NA
	4
	62
	NA



	Upper HDD
	5999
	NA
	NA
	NA
	NA
	7076
	6000
	NA



	Lower HDD
	5000
	NA
	NA
	NA
	NA
	4010
	5000
	NA



	Average HDD
	NA
	5619
	5031
	5855
	5855
	NA
	NA
	6000
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Table 16. Comparison of code compliance options set by investigated countries.






Table 16. Comparison of code compliance options set by investigated countries.














	
	Estimated Energy Use Intensity (EUI, kWh/m2)

[A]
	Prescriptive Requirements (e.g., RSI)

[B]
	[A] Combined with [B]

[C]
	Trade-Off

Energy

Performance

[D]
	Actual

Energy

Consumption

[E]
	Peak Power Demand (W/m3 °C)

[F]





	Canada
	
	X
	
	X
	
	



	Finland
	
	
	X
	
	
	



	Iceland
	
	X
	
	
	
	



	Norway
	
	X
	X
	
	
	



	Sweden
	X
	X a
	
	
	X
	



	China
	X
	X
	
	
	
	



	Russia b
	
	X
	
	
	X
	X







a Applicable to residential buildings that are not equipped with cooling systems, whose floor area do not exceed 100 m2, and combined areas of windows and doors account for less than 20% of the heated floor area [92]. b Russia requires both prescriptive and performance measures to be met for code compliance.
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