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Abstract

:

Thermal properties of the building envelope (BE) prescribed by codes and standards do not provide a consistent and comprehensive measure of its performance. Qualitative comparative analysis employed by the codes to assess energy savings is deterrent to technology development as the potential energy savings are never realized. A new metric, referred to as the building envelope coefficient of performance (BECOP), is proposed, which compares the BE performance to an ideal system. BECOP, which is invariant to calculation methods and applicable to all building types and climate zones, is a comprehensive metric for assessing the thermal performance of building envelopes while accounting for the various building characteristics. The sensitivity and range of BECOP were assessed for Canadian climate and construction methods. Using case studies, BECOP results revealed that current practices and regulations pertaining to the building envelope are inconsistent and fail to provide any measure of efficiency. It was also found that current building envelope technologies are not energy efficient. A max BECOP value of 35% is obtained for the best building envelope technology, revealing inefficiencies and energy saving potentials.
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1. Introduction


The need to balance between growing global demands for energy and sustainability is paramount; however, its realization is stunted by today’s technologies, knowledge, and policies [1,2,3]. For reference, the built environment in Canada produces about 17% of greenhouse gas (GHG) emissions [4], with 14% attributed to existing residential buildings corresponding to 17% of all combined energy [5]. In contrast, CAD 12 billion in energy saving were realized in Canada in 2013 through residential energy conservation measures [4]. These statistics are supported by an econometric multivariate analysis, where inefficient thermal envelopes and heating systems have been identified as the dominant energy inefficiency problems in households [6].



Buildings’ energy consumption depends on the climate, orientation, size, occupants, building envelope specifications, HVAC system specifications, lighting specifications, available controls and equipment, etc. [7]. Regulating buildings’ energy efficiencies in codes and standards, which is increasingly being sought, [8,9], is starting to be recognized as one of the most cost-effective tools for achieving energy efficiency in buildings. In 2017, the Building Code of British Columbia (BCBC) prescribed the highest level of performance as annual net zero energy (NZE) consumption during occupancy [10]. Towards this objective, thermal energy demand intensity (TEDI) and mechanical energy use intensity (MEUI) are utilized to regulate the energy efficiency of buildings [10]. An examination of the premise of these two metrics reveals that TEDI and MEUI are not compatible and that only MEUI has been standardized. The MEUI includes absolute measures of efficiency, whereas the TEDI includes relative measures of thermal performance being climate condition and building archetype. Accordingly, building envelope energy efficiency as an absolute measure is missing.



Typical metrics employed to assess buildings energy efficiency are through qualitative comparative analysis (QCA), where the causal effects of the building characteristics on the energy consumption are measured. The representative metrics include (1) energy consumption per unit time, usually annual totals [11]; (2) energy use intensity (EUI) [12]; (3) relative energy consumption, as opposed to absolute energy consumption [13]; (4) hybrid or combinations of the first three; and (5) other metrics, mostly calculated or deduced from regression type models [14,15,16,17,18]. Moreover, economic justifications, which have been an inherent rationale for the incremental changes in codes and standards, have been substantiated by QCA results. The implications have been detrimental to sustainability, being ecological and economical, and most critically, the inability to quantify actual energy saving potentials has stunted the development of new and innovative energy efficient building envelope components and systems. This postulation is confirmed by findings of scientific studies reported in the literature:




	(1)

	
A multi-objective optimization study was carried out to assess the EU prescribed cost-optimal approach of a balance of energy and economic targets [19]. The study showed that a zero-energy target is possible with current technology, provided a lower indoor thermal comfort is allowed [19]. Accordingly, energy efficiencies of the current building envelope technologies are not adequate to meet zero-energy target.




	(2)

	
Results of life cycle cost implications of energy efficiency measures in new residential buildings reveal that higher levels of energy efficiency requirements via building regulations are justified based on both economic and environmental grounds [20]. Findings demonstrate that the current energy efficiency requirements, particularly for the building envelope, are too low for new residential buildings to meet sustainability requirements.




	(3)

	
Results from a net zero energy buildings (NZEB) study show that increasing the thermal energy efficiency of the building envelope is a step towards fulfilling all of the NZEB balances [15]. Others have reported that increasing the building envelopes insulative properties is more economically and ecologically effective in colder climates and less effective in warmer climates, depending on the internal heat loads [21]. Findings on NZEB, which agree with the previous studies’ findings, confirm that the energy efficiency of the building envelope needs significant improvement and that the design requirements are climate dependent.




	(4)

	
A review of building envelope components for passive buildings concluded that the additional cost of an energy efficient building envelope can be recouped by the reduced size of mechanical systems [22]. The results confirm that improving the thermal resistance of the building envelope is both economically and ecologically viable.




	(5)

	
Results from case studies conducted on a house located in Toronto Canada show that a 70% reduction in energy consumption of code minimum requirements by improving the building envelope’s thermal properties is achievable with a less than 7% increase in the construction budget [23].









In brief, the results from several scientific studies reveal with certainty that higher energy efficiencies for the building envelope are needed to meet the NZEB target and that the most cost-effective and ecologically sound house design is always more energy efficient than the current energy code requirements. Accordingly, this study was undertaken to review the progress of Canada’s National Codes pertaining to the thermal performance of building envelopes for residential buildings with specific focus on housing, to discuss the implications of the codes on the development of new technologies, and to postulate a new metric for assessing the thermal efficiency of building envelopes. Case studies are then presented to demonstrate the range, sensitivity and applications of the proposed thermal efficiency metric for the building envelope.




2. Historical Development of Building Envelope Energy Efficiency Measures for Canadian Housing


2.1. Chronological Review


The National Building Code of Canada (NBC) first issued in 1941, is the model building code of Canada. Since 1960, NBC was revised every 5 years except for the change from prescriptive to objective-based codes between the 1995 and 2005 editions. Review of the NBC 1985 to 2010 pertaining to Housing and Small Buildings reveals that energy efficiency was not part of the code requirements. The prescribed requirements were for thermal insulation, air leakage and vapor barriers to prevent moisture condensation and to ensure comfortable conditions for the occupants [Article 9.26.2.1, [24]; Article 9.25 [25]]. In 2012 and through a special amendment for Part 9 of NBC, energy efficiency requirements were added to Section 9.36 in a 2012 Amendment [25]. “The Environment” was added as an NBC objective in 2012 to mitigate the probability of harming the environment due to excessive use of energy [OE1.1] [25]. The corresponding minimum requirements aimed at energy efficiency were prescribed using three paths to compliance: prescriptive, tradeoff, and performance. For the prescriptive path, the effective thermal resistances were specified for the building envelope and are reproduced in Table 1 and Table 2 for reference.



The Model National Energy Code of Canada for Buildings, introduced in 1997 [27], was Canada’s first national standard for building energy performance that was updated in 2011 and renamed the National Energy Code of Canada for Buildings (NECB) [28] and further updated in 2015 and 2017 [29,30] to ensure a high level of energy efficiency in new Canadian buildings. An objective of NECB is sustainable and energy efficient buildings with a focus on five key building elements: building envelope, lighting, HVAC, water heating, and electrical power systems and motors. Building envelope, which is the objective of this study, includes floors, walls, windows, doors and roofing, and air infiltration rates. Like the NBC, the NECB offers three compliance paths: prescriptive, trade-off, and performance. The prescriptive requirements for the building envelope thermal properties are reproduced from 1970 to 2017 per climate zone for wall, roof, ground floor and window in Table 3, Table 4, Table 5 and Table 6, respectively [28,29,30,31,32]. Comparing NBC 2015 Part 9 and NECB 2017 building envelope’s thermal resistance requirements reveals that the latter prescribes higher energy efficiency requirements. Accordingly, NECB data are analyzed to critically assess the code’s approach vis-a-vie energy efficiency.




2.2. Analytical Review of the Building Envelope Minimum Requirements


Historically, the progression of the building envelope thermal resistance requirements is through a percentage increase in thermal resistance. Comparative analysis of the NECB wall properties shows that, on average, thermal resistance increased by 72% and 29% for the year 2007 and 2011, and 0% thereafter. For the NECB roof properties requirement, the thermal resistance increased by 260%, −7%, 11% and 17% for the year 2007, 2011, 2015 and 2017, respectively. For the ground floor, thermal resistance increased by 230% and 10% for the year 2007 and 2011, and 0% thereafter. As for the windows, thermal resistance decreased, on average, by 13% for the 2011 edition and remained the same, except for Zone 8 in the 2015 edition, and then increased, on average, by 15% for the 2017 edition. Although the motivation is energy efficiency, the logic supporting the changes is not consistent and appears to be arbitrary. The normalized heat transfer rate through the building envelope, calculated according to Equation (1), is employed to assess the impact of the thermal properties requirements on the building energy consumption.


   q ˙  = U ·   HDD   Avg    



(1)







In which U and HDDAvg are the conductance (W/m2 K) and average heating degree days corresponding to the climate zone, respectively. HDD for Canadian climate are given in Table 7. The results, plotted in Figure 1, Figure 2, Figure 3 and Figure 4, corresponding to wall, roof, ground floor and window, respectively, reveal that (a) the heating energy is designed to increase with HDD, (b) the heat transfer rate differs for the different building envelope systems, and (c) the requirements which are incremental hardly changed for the past 10 years. Accordingly, and focusing solely on the building envelope, NECB requirements are designed to accept higher heating energy with increased HDD, which is counter intuitive from an economic and ecological perspective. Moreover, NECB assesses improvements through comparison with the preceding thermal resistance requirements. This methodology, which is adopted by most, if not all, codes. However, although it is sound mathematically, it is misleading as it measures improvements with the worst case and not the best or perfect case and is deterrent to technology development, as the potential energy savings are never realized. As such, a consistent and comprehensive metric for measuring the energy performance of the building envelope is needed.





3. Building Envelope Energy Efficiency Measure


Building energy efficiency metrics are assessment measures prescribed to compare the buildings energy consumption. For metrics that include mechanical equipment energy consumption, they include datums in the form of equipment efficiencies and COP that are standardized and embedded in the assessment measures. These datums ensure that the assessment employs the same yardstick and consistency for all equipment and systems. Whereas for metrics specifically designed for capturing the building envelope performance, the datums resemble more of moving averages in the form of compliance targets, which render the metrics inconsistent and irregular. To overcome this deficiency, an efficiency measure analogous to the mechanical equipment is adapted by postulating a “perfect” building envelope system as a datum. A “perfect” thermal insulating medium with a zero-thermal transmittance would be ideal for this application, except that a zero value for thermal property is problematic in energy modelling and mathematically. Accordingly, an equivalent “ideal” system for the building envelope is proposed that comprises the following properties:




	
Thermal conductance: 7.0 × 10−2 W/m2 K;



	
Thermal diffusivity: 1.05 × 10−5 m2/h;



	
Absorptance: 0.2;



	
Air leakage: 0.1 ACH at atmospheric pressure.








The proposed “ideal” building envelope system provides a datum for assessing the thermal performance, similar or analogous to the COP of equipment, and to be used as the “ideal” building envelope (walls, roof, slabs, windows, and doors). As such, this metric is referred to as the Building Envelope Coefficient of Performance (BECOP), where


  BECOP =    q  Ideal      q  BE      



(2)







In which    q  Ideal     and    q  BE     are the heat losses through the building envelope, while employing the ideal system and the subject building, respectively. BECOP provides a consistent and relative measure of the building envelope thermal performance while keeping all other building variables the same. The metric is independent of the calculation method, being energy modelling tools, hand calculations or any other statistical or hybrid tools, and requires that the same analysis method be used throughout. The proposed BECOP is applicable to all building types and Climate Zones, and is designed to provide a measure that is compatible and comparable to existing systems within the building, such as HVAC, lighting, etc. Accordingly, the energy saving potential of the building envelope shifts from a passive to an active approach, where large energy savings can be realized [22]. In this study, the energy modelling tool EnergyPlus [33] is used to demonstrate the applicability, versatility and sensitivity of BECOP.



3.1. Range of BECOP


The range of BECOP for Canada is gauged by employing extreme Climate Zones 4 and 8 along with three levels of design specifications of the building envelope thermal performance, referred to as “low”, “typical” and “high” thermally efficient, relative to North American construction practices. The corresponding building characteristics and envelope properties are given in Table 8 and Table 9. The building is a single dwelling house, two-storeys high, with a basement, rectangular in shape, and long face oriented in the E-W direction (90° to North), and has the same window areas on all four sides. The plug loads, lighting loads, occupancy loads, domestic hot water load, etc., and their respective schedules are taken from the National Building Code of Canada Section 9.36 [24] and/or the National Energy Code for Buildings [30] and are given in Table 10.



The thermal properties are derived from current codes, past codes, and expected future codes. The past codes represent older and low energy efficient construction practices, and the expected future codes represent anticipated future technologies and construction practices with higher energy efficiency, as compiled in Table 8 and Table 9. The results, presented in Table 11 and Table 12 show the energy consumption due to heat loss through the building envelope for the three archetypes and two climate zones. Abbotsford, BC and Iqaluit, NU represent Climate Zones 4 and 8, respectively. The first review of the BECOP reveals the extreme inefficiency of the building envelope from an energy perspective, where the best BECOP is below 35% compared to above 90% for furnaces and other electrical equipment. For low performance building envelopes, the calculated BECOP for Zone 4 is 0.1% and 4.0% for Zone 8. For the typical construction, the BECOP for Zone 4 is 0.2% and 9.2% for Zone 8. For the high-performance envelope, the BECOP for Zone 4 is 0.7% and 32.2% for Zone 8. These values indicate that the current BECOP ranges between 0.1% and 35%. A BECOP of 100% implies that the building envelope thermal performance is equivalent to that of the idealized building envelope.



Closer examination of the BECOP values reveals that the metric captures the coupled effect of the thermal resistance, Climate Zone, and internal heat gains. With the latter being constant, as the HDD increases, the impact of an efficient building envelope is captured and reflected with an increase in BECOP value. Moreover, the significance is most visible for the high-performance construction, where the BECOP value goes from less than 1% to 33%. If the values are compared across the levels of construction, a clear upward trend is observed from Figure 5. For Zone 8, the impact of the building envelope properties on the BECOP is significant, with the value increasing exponentially to 33%.



For further context, the target heating energy consumption of 15 kWh/m2.year is the current limit prescribed by Passive House [34]. Accordingly, the house annual heating energy consumption would be 4872 kWh for all climate zones. The corresponding BECOP values for Climate Zones 4 and 8 are 0.8% and 120%, respectively. The results clearly show the deficiency and inconsistency in the approach currently followed by codes and standards pertaining to building envelope. The target needs to be a measure of efficiency or performance relative to a datum if energy efficiency is in fact the intended measure.




3.2. Sensitivity of BECOP


The results given in Table 11 and Table 12 are further studied to determine the sensitivity of the metric to the Climate Zone, design specification level, and both. For Zone 4, one observes that the BECOP values go from 0.1% to 0.7% and for Zone 8 from 4.0% to 33.2%. A ratio of approximately 9 is observed between the low and high construction, regardless of the Climate Zone. By examining the BECOP values across the Climate Zones, one observes a ratio of approximately 60 between Zone 8 and Zone 4, regardless of the design specification level. The fact that the same building envelope has a higher BECOP in Zone 8 relative to Zone 4 may be counterintuitive if the traditional logic that the envelope in Zone 8 would lose more energy than in Zone 4, simply due to the temperature difference. Instead, BECOP yields the improvement/opportunity potential by quantifying the relative performance of the design to the ideal design while accounting for all the building properties, including internal heat gains. The values indicate that BECOP is sensitive to the climate and that the measure is uniform when the properties of the building envelope are the same. When both the climate and the properties change, the ratio of BECOP is no longer the same, as the impact is amplified by the changes in both the climate and building envelope properties. The ratio of BECOP of a highly efficient building envelope in Zone 8 to a poorly efficient building envelope in Zone 4 is about 475, whereas the ratio of BECOP of a highly efficient building envelope in Zone 4 to a highly efficient building envelope in Zone 8 is about 6. This response is reflected in Figure 5, where the increase in BECOP as a result of an improved building envelope performance is significantly higher in Climate Zone 8, where the improvement is more impactful. On the other hand, in Climate Zone 4, where the improved envelope has a more modest and linear impact, the BECOP displays that effect. These results clearly show the sensitivity of BECOP to the coupled effect of building envelope performance parameters in combination with the Climate Zone, along with the building’s properties and characteristics.





4. Application of BECOP


Three case studies are presented to demonstrate the applicability of the proposed metric. The case studies were selected to demonstrate the strength of the metric and the associated benefits/potentials, as well as identify potential weaknesses.



4.1. Case Study 1–Design of a New House


The first case study illustrates how a design professional could employ the BECOP to take inventory of the design decisions. For reference, the house is to be constructed in Toronto, ON, with a total living space specified by the owner to be approximately 240 m2 without the basement and a ceiling height of 2.74 m. A 20% window to wall ratio (WWR) is selected contingent on the energy consumption. The city of Toronto, ON is in Zone 5 with a corresponding HDD18 and CDD18 of 3892 and 292, respectively [35]. Accordingly, the variables to evaluate are the building orientation and the building envelope specifications. Firstly, the effect of WWR is investigated by considering three possibilities: 20%, 40% and 60%. The properties and characteristics of the house’s pre-design are given in Table 13. The corresponding energy consumption and BECOP are given in Table 14. Given the relative thermal properties of the building envelope, the energy consumption due to heating is expected to increase as WWR goes from 20% to 40%. This impact of doubling WWR is captured by BECOP as it drops from 5.4% to 4.4% reflecting a 19% relative loss in efficiency, which can be misleading as the actual loss in efficiency is only 1%. By further increasing the WWR to 60%, BECOP decreases to 3.7%, representing a 30% and 1.7% drop in relative and absolute loss of efficiency, respectively. These results show the significant difference between absolute and relative measure. The actual loss in efficiency is 1% and 1.7% as the WWR increases from 20% to 40% and from 20% to 60%, respectively. Therefore, reporting a relative loss in efficiency of 19% and 30%, which has been the norm for building envelope, can mislead the designer and lead to an erroneous design.



The heating energy consumption increases by 23% and 47% as WWR goes from 20% to 40% and from 20% to 60%, respectively. These results show that a percent increase in energy consumption is linearly proportional to WWR. Comparing the heating energy consumptions with those of BECOP, one observes that the former yields a linear trend, whereas the latter a non-linear one. Moreover, the information in the form of percent change in energy consumption can be misleading, as the results imply that the energy efficiency of the building decreased by 23% when WWR is increased by 20%. A non-apparent and critical implication is the sensitivity of the relative change in energy consumption to the building envelope properties, i.e., as the building envelope properties change the increase in heating energy consumption will be significantly different for the same WWR increases. In contrast, the change in the BECOP reflects the impact of WWR as it is a measure of the overall building envelope efficiency relative to a fixed ideal system.



In brief, BECOP provides an efficiency pattern that can be used to optimize the design. The loss in BECOP is indicative and intuitive for a designer to understand a loss in efficiency as opposed to increased energy consumption.



Secondly, the orientation of the building using a 40% WWR is investigated by varying the east–west orientation (0° to north) to the north–south orientation (90° to north). The results in the form of energy consumption and BECOP are summarized in Table 15. They reveal that a change in orientation has no effect on the BECOP value as it goes from 4.38% to 4.36%. Although the change in BECOP value is considered negligible, it nonetheless shows the sensitivity of the metric to small changes in energy consumption. The heating energy consumptions give the same results. In brief, the minor change in BECOP and heating energy implies that the orientation has no impact on the house energy consumption for this configuration.



Further examination of the results provides an important insight into how the BECOP can provide additional information. With the slight drop in the heating energy from 24,917 kWh to 24,899 kWh, it implies a small benefit can be realized with the house oriented in the N-S direction. In contrast, the BECOP value drops from 4.38% to 4.36% indicating a decrease in the efficiency. This implies that the ideal building experienced a more significant drop in heating energy than did the investigated house, indicating that there are more potentials to improve the building envelope in the orientation facing N-S than in the E-W direction. This information, which is not intuitive from the heating energy consumption alone, is valuable and can lead the designer down the path of seeking further improvements.




4.2. Case Study 2–Retrofit Design for an Existing House


Upgrading the thermal resistance of an existing two-storey single family detached dwelling with a basement located in Toronto, ON is sought. The house is rectangular in shape with an aspect ratio of 1.5, floor area of 118.5 m2, wall height of 2.74 m, 40% WWR, and long side facing south. The energy renovation measures (ERMs) include thermal upgrading of windows, walls, walls and windows, roof, or walls, windows, and roof. Assuming some budgetary constraint, the designer could estimate what improvements for each option could be achieved within the constraints. If BECOP is calculated for each of the options, the designer would have sufficient information to select the most impactful and cost-effective option. Table 16 and Table 17 show the effect of several energy retrofit measures (ERMs), improving the overall wall U-value from 0.159 W/m2 K (R36) to 0.142 W/m2 K (R40), improve window U-value from 1.704 W/m2 K (R3.3) to 0.921 W/m2 K (R6), both improvements, improving the overall U-value of the attic from 0.086 W/m2 K (R66) to 0.071 W/m2 K (R80), and all three improvements combined.



From Table 17, it is evident that improving the windows provides the most savings in terms of energy consumption and improving the wall and attic U-values provides minimal benefit. Considering that the wall and attic insulation levels of the base-house are quite high relative to current codes and construction practices, this indicates that they have reached the point of diminishing returns with today’s technology. This knowledge is useful to the designer to make an informed decision. Moreover, the BECOP provides insight that is not evident from the energy consumption data, i.e., increasing the wall and attic thermal resistance using today’s technology would not improve the efficiency of the building envelope without improving other aspects of the building such as orientation, geometry, air tightness, WWR, etc. This insight allows the designer to investigate other options such as the ones presented in Case Study 1, as well as air tightness improvement, window shading, etc. As such, the path and design decisions will be guided by the information embedded in the relative changes in the BECOP. The absolute value of the BECOP also provides insight into the fact that there is still an opportunity to improve the performance with novel and advanced materials and systems, that may guide the designer to further explore. Moreover, the BECOP value accounts for the whole building envelope and rewards for having a compatible thermal resistance envelope, something which cannot be discerned directly from energy consumption data.



The changes in the BECOP value for each ERM relative to the base case are compared to the corresponding changes in energy consumptions, Table 18. The BECOP values indicate that Option 3 provides a 1.93% increase in the building envelope efficiency, which is significantly less than the 31% reduction in the heating energy consumption. Moreover, changes in BECOP values of 0.05% and 0.03% are obtained for upgrading the wall and attic with a corresponding 1% and 0.6% reduction in heating energy. BECOP provides a measure of the building envelope efficiency which is different from energy savings. Although it is more appealing to report a saving of 31% in heating energy consumption, albeit it is a real measure, it dissuades from realizing that the heating energy saving potential for the house is significantly greater than the one obtained.




4.3. Case Study 3–Regulatory Compliance


Efficiency and COP are measures used to assess the absolute performance of equipment or systems. For buildings, these absolute measures are only prescribed for the electrical and mechanical equipment and systems such as the lighting, HVAC, pumps, fans, etc. For the building envelope thermal performance, there are no absolute measures for efficiency or COP. Present practice is to either specify a minimum thermal resistance for each sub-system (wall, window, roof, and floor) based on the climate zone, or an annual energy use and/or intensity. The regulators supporting rationale stems from comparative energy consumption, statistical analysis, or both. Case study 2 is a prime example where a 31% reduction in the heating energy consumption would resonate well with regulators not knowing that the savings correspond to 1.93% increase in the building envelope efficiency. In brief, the current approach does not provide an absolute measure of the thermal efficiency of the building envelope or account for the thermal compatibility of the various sub-systems that form the building envelope system.



BECOP is a simple, practical, and performance-based metric for regulating the energy efficiency of building envelopes. For illustration purpose, a BECOP of 4.50% as a minimum requirement for the City of Toronto is prescribed. This approach specifies an absolute efficiency measure as well as allows flexibility in the design to achieve the desired BECOP. From the results of the previous case studies, one can establish that a 20% WWR would meet the requirement, Table 14. From Table 15, the thermal resistance of the base house needs to be upgraded enough to improve its BECOP from 4.4% to 4.5%. Alternatively, upgrading the windows would provide more than sufficient improvement to comply with the regulation. Different approaches, designs or combinations are possible to achieve the same BECOP target, which is directly related to actual energy performance. Moreover, BECOP can be used early in the design process to account for the orientation and geometry, among other properties at no cost.



Replacing a target heating energy consumption with a BECOP value would revolutionize the regulatory compliance requirements. It would transform a deficient and inconsistent approach currently followed by codes and standards pertaining to building envelope to a measure of its performance relative to a well-defined datum. Moreover, BECOP measures the efficiency of the building envelope while accounting for the entire building properties, characteristics, climate-zone, occupancy, and operation.





5. Discussion


BECOP was developed to measure the thermal performance of the building envelope in a useful, consistent, and systematic manner. The benefits and strengths of BECOP were noted while analyzing the results of the case studies. A noted weakness is the range of the BECOP given the low efficiency of the building envelope compared to the ideal system. Nonetheless, this weakness can become a catalyst for designing a more efficient building envelope. Furthermore, BECOP values showcase the energy saving potentials that can be realized with newer and innovative building envelope systems.



The ideal system was inspired by a perfect opaque vacuum (zero conductivity, convection, and radiation properties), which was then translated into practical values for BECOP. BECOP can accommodate future advances in the building envelope technologies as it is a measure of performance and not a direct measure of efficiency.



For this study, the focus was on BECOP due to heating given Canada’s climate and was measured while accounting for all internal gains. An alternative approach is to exclude the internal gains as they depend on the occupancy and use of the building and not on the thermal performance of the building envelope. Accordingly, BECOP will provide an impartial measure of the building envelope thermal efficiency for both heating and cooling.



As demonstrated through the case studies, a significant capability of the metric is its ability to capture the performance and compatibility of the system as a whole, which traditional metrics currently used (total energy, TEUI, TEDI, etc.) are not able to capture, since there is no built-in datum. The BECOP achieves this target by ensuring that a compatible design is rewarded relative to an incompatible design. This results in a manual optimization of certain parameters, which is not possible to achieve without having an optimal design (or “idealized” design). Another advantage of the BECOP is its ability to penalize missed opportunities in the system design and reward the captured opportunities. For example, the BECOP will capture and inform the designer if, for a particular orientation, improving the thermal resistance of particular components does not offer a benefit. On the other hand, the same properties for a different orientation would further penalize the savings not achieved by that configuration. This is further demonstrated when comparing a fixed and absolute space heating EUI target (e.g., 15 kWh/m2.year). This target does not address the increased difficulty in achieving a set level of performance in colder climates, with the argument that colder climate requires a thermally efficient building envelope among other energy systems. The corresponding BECOP values identify which building envelope still has room for improvement (BECOP 0.8% in Climate Zone 4), and which one requires to be 20% more efficient than the idealized system (BECOP 120% or 1.2 in Climate Zone 8). These BECOP values show that it is not possible to build to PassivHaus in climate Zone 8 and demonstrate the impracticality of imposing a space heating EUI target for all climate zones.




6. Conclusions & Recommendations


The results from this study have revealed the following conclusions:




	
Current practices and regulations pertaining to the building envelope appears arbitrary and do not provide a defined measure of efficiency.



	
BECOP, which provides a performance measure, captures any deviations from an idealized system, and yields a measure of efficiency and thermal compatibility of the building envelope.



	
BECOP, which is invariant to the calculation methods and applicable to all building types and climate zones, exposes the difference between energy savings and building envelope efficiency.



	
QCA for the purpose of energy efficiency design can be misleading in establishing the optimal design and is deterrent to technology development as the potential energy savings are never realized.



	
Maximum BECOP values of 35% reveal the inefficiencies in the current building envelope technologies and the building envelope energy saving potentials.



	
BECOP provides a measure of the distance away from an optimized/idealized design.



	
The BECOP, or similar metric that utilizes a fixed ideal datum is a step in the right direction to revolutionize the regulatory methodology and philosophy and, subsequently, demand innovation from the construction industry, ensuring a positive economic and ecological impact.








This study is a first step in highlighting the differences between heating energy savings and efficiency of the building envelope. Accordingly, it is recommended that further studies be carried out to refine the properties of the ideal datum, as well as carry out extensive sensitivity analyses to guide in the interpretation of the BECOP values.
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Figure 1. Normalized heat transfer through the walls per code specified properties. 
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Figure 2. Normalized heat transfer through the roof per code specified properties. 






Figure 2. Normalized heat transfer through the roof per code specified properties.



[image: Buildings 12 00553 g002]







[image: Buildings 12 00553 g003 550] 





Figure 3. Normalized heat transfer through the ground floor per code specified properties. 
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Figure 4. Normalized heat transfer through the windows per code specified properties. 
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Figure 5. BECOP Values versus Level of Construction. 
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Table 1. (a) Effective thermal resistance of above ground opaque assemblies in building without heat recovery ventilator [26]. (b) Effective thermal resistance of above ground opaque assemblies in building with heat recovery ventilator [26].






Table 1. (a) Effective thermal resistance of above ground opaque assemblies in building without heat recovery ventilator [26]. (b) Effective thermal resistance of above ground opaque assemblies in building with heat recovery ventilator [26].





	
Above-Ground Opaque

Building Assembly

	
Heating Degree Days of Building Location, in Celsius Degree Days




	
Zone 4

	
Zone 5

	
Zone 6

	
Zone 7A

	
Zone 7B

	
Zone 8




	
<3000

	
3000 to 3999

	
4000 to 4999

	
5000 to 5999

	
6000 to 6999

	
≥7000




	
Minimum Effective Thermal Resistance (RSI), (m2 K)/W






	
(a)




	
Ceiling below attics

	
6.91

	
8.67

	
8.67

	
10.43

	
10.43

	
10.43




	
Cathedral ceilings and flat roofs

	
4.67

	
4.67

	
4.67

	
5.02

	
5.02

	
5.02




	
Walls

	
2.78

	
3.08

	
3.08

	
3.08

	
3.85

	
3.85




	
Floors over unheated spaces

	
4.67

	
4.67

	
4.67

	
5.02

	
5.02

	
5.02




	
(b)




	
Ceiling below attics

	
6.91

	
6.91

	
8.67

	
8.67

	
10.43

	
10.43




	
Cathedral ceilings and flat roofs

	
4.67

	
4.67

	
4.67

	
5.02

	
5.02

	
5.02




	
Walls

	
2.78

	
2.97

	
2.97

	
2.97

	
3.08

	
3.08




	
Floors over unheated spaces

	
4.67

	
4.67

	
4.67

	
5.02

	
5.02

	
5.02
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Table 2. Thermal conductance of fenestration and doors [26].






Table 2. Thermal conductance of fenestration and doors [26].





	
Components

	
Heating Degree Days of Building Location, in Celsius Degree Days




	
Zone 4

	
Zone 5

	
Zone 6

	
Zone 7A

	
Zone 7B

	
Zone 8




	
<3000

	
3000 to 3999

	
4000 to 4999

	
5000 to 5999

	
6000 to 6999

	
≥7000




	
Maximum U-Value, W/(m2 K), Minimum Energy Rating in Brackets (if Available)






	
Fenestration and doors

	
1.80 (21)

	
1.80 (21)

	
1.60 (25)

	
1.60 (25)

	
1.40 (29)

	
1.40 (29)




	
Skylights

	
2.90

	
2.90

	
2.70

	
2.70

	
2.40

	
2.40
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Table 3. Thermal conductance of wall (W/m2 K) [28,29,30,31,32].






Table 3. Thermal conductance of wall (W/m2 K) [28,29,30,31,32].





	
Climate Zone

	
1970

	
2007

	
2011

	
2015

	
2017




	
Electric Heating

	
Non-Electric Heating

	
Steel Frame

	
Wood Frame

	

	

	




	
Continuous

Insulation

	
Cavity

Insulation

	
Continuous

Insulation

	
Cavity

Insulation

	

	

	






	
Zone 4

	
0.40

	
0.62

	
0.75

	
0.38

	
1.14

	
0.38

	
0.315

	
0.315

	
0.315




	
Zone 5

	
0.34

	
0.51

	
0.57

	
0.27

	
-

	
0.27

	
0.278

	
0.278

	
0.278




	
Zone 6

	
0.34

	
0.51

	
0.57

	
0.27

	
0.57

	
0.38

	
0.247

	
0.247

	
0.247




	
Zone 7A

	
0.34

	
0.51

	
0.57

	
0.27

	
0.57

	
0.27

	
0.210

	
0.210

	
0.210




	
Zone 7B

	
0.34

	
0.51

	
0.57

	
0.27

	
0.57

	
0.27

	
0.210

	
0.210

	
0.210




	
Zone 8

	
0.28

	
0.45

	
0.57

	
0.27

	
0.57

	
0.27

	
0.183

	
0.183

	
0.183
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Table 4. Thermal conductance of roof (W/m2 K) [28,29,30,31,32].






Table 4. Thermal conductance of roof (W/m2 K) [28,29,30,31,32].





	
Climate Zone

	
1970

	
2007

	
2011

	
2015

	
2017




	
Electric Heating

	
Non-Electric Heating

	
Attic Space

	
Without Attic Space

	

	

	




	
Wood Frame

	
Steel Frame

	
Wood Frame

	
Steel Frame

	

	

	






	
Zone 4

	
0.51

	
0.68

	
0.19

	
0.19

	
0.26

	
0.26

	
0.227

	
0.227

	
0.193




	
Zone 5

	
0.45

	
0.62

	
0.13

	
0.13

	
0.22

	
0.19

	
0.183

	
0.183

	
0.156




	
Zone 6

	
0.45

	
0.62

	
0.12

	
0.12

	
0.15

	
0.15

	
0.183

	
0.183

	
0.156




	
Zone 7A

	
0.45

	
0.62

	
0.12

	
0.12

	
0.15

	
0.15

	
0.162

	
0.162

	
0.138




	
Zone 7B

	
0.45

	
0.62

	
0.12

	
0.12

	
0.15

	
0.15

	
0.227

	
0.162

	
0.138




	
Zone 8

	
0.45

	
0.57

	
0.11

	
0.11

	
0.15

	
0.15

	
0.183

	
0.142

	
0.121
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Table 5. Thermal conductance of ground floor (W/m2 K) [28,29,30,31,32].






Table 5. Thermal conductance of ground floor (W/m2 K) [28,29,30,31,32].





	
Climate Zone

	
1970

	
2007

	
2011

	
2015

	
2017




	
Heating Source

	
Wood Frame

	
Steel Frame

	

	

	




	
Electric Heating

	
Non-Electric Heating

	
Cavity Insulation

	

	

	






	
Zone 4

	
0.51

	
0.68

	
0.27

	
0.15

	
0.227

	
0.227

	
0.227




	
Zone 5

	
0.45

	
0.62

	
0.23

	
0.15

	
0.183

	
0.183

	
0.183




	
Zone 6

	
0.45

	
0.62

	
0.23

	
0.15

	
0.183

	
0.183

	
0.183




	
Zone 7A

	
0.45

	
0.62

	
0.15

	
0.15

	
0.162

	
0.162

	
0.162




	
Zone 7B

	
0.45

	
0.62

	
0.15

	
0.15

	
0.162

	
0.162

	
0.162




	
Zone 8

	
0.45

	
0.57

	
0.15

	
0.15

	
0.142

	
0.142

	
0.142
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Table 6. Thermal conductance of window (W/m2 K) [28,29,30,31,32].






Table 6. Thermal conductance of window (W/m2 K) [28,29,30,31,32].





	Climate Zone
	2007
	2011
	2015
	2017





	Zone 4
	2
	2.4
	2.4
	2.1



	Zone 5
	2
	2.2
	2.2
	1.9



	Zone 6
	2
	2.2
	2.2
	1.9



	Zone 7A
	2
	2.2
	2.2
	1.9



	Zone 7B
	2
	2.2
	2.2
	1.9



	Zone 8
	2
	2.6
	1.6
	1.4
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Table 7. Heating degree days for Canadian climate zones.
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	Zone
	HDD Below 1 °C
	HDDAvg





	4
	<3000
	3000



	5
	3000–3999
	3500



	6
	4000–4999
	4500



	7A
	5000–5999
	5500



	7B
	6000–6999
	6500



	8
	≥7000
	8000
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Table 8. Properties and Characteristics of a House Located in Abbotsford, BC (Zone 4).
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Building Envelope Properties

	
Building Envelope Thermal Efficiency




	
Low

	
Typical

	
High






	
HDD18

	
2920

	
2920

	
2920




	
CDD18

	
74

	
74

	
74




	
Floor Footprint Area (m2)

	
118.45

	
118.45

	
118.45




	
Aspect Ratio

	
1.5

	
1.5

	
1.5




	
Window-to-wall Ratio

	
60%

	
40%

	
20%




	
Wall Height (m)

	
2.74

	
2.74

	
2.74




	
Overall Wall U-value (W/m2 K) [R-value]

	
0.32 [R18]

	
0.159 [R36]

	
0.103 [R55]




	
Attic U-value (W/m2 K) [R-value]

	
0.189 [R30]

	
0.095 [R60]

	
0.072 [R79]




	
Foundation Wall Overall U-value (W/m2 K) [R-value]

	
0.322 [R18]

	
0.169 [R34]

	
0.172 [R33]




	
Area Weighted Average Window U-value (W/m2 K)

	
3.166 [R1.8]

	
1.704 [R3.3]

	
0.836 [R6.8]




	
Area Weighted Average Window SHGC

	
0.493

	
0.267

	
0.25




	
Air Tightness (ACH at atm.)

	
0.75

	
0.35

	
0.1
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Table 9. Properties and Characteristics of a House Located in Iqaluit, NU (Zone 8).






Table 9. Properties and Characteristics of a House Located in Iqaluit, NU (Zone 8).





	
Building Envelope Properties

	
Building Envelope Thermal Efficiency




	
Low

	
Typical

	
High






	
HDD18

	
9924

	
9924

	
9924




	
CDD18

	
0

	
0

	
0




	
Floor Footprint Area (m2)

	
118.45

	
118.45

	
118.45




	
Number of Stories

	
2

	
2

	
2




	
Aspect Ratio

	
1.5

	
1.5

	
1.5




	
Window-to-wall Ratio

	
60%

	
40%

	
20%




	
Orientation (degrees)—90° is south facing

	
90

	
90

	
90




	
Number of Basements

	
1

	
1

	
1




	
Wall Height (m)

	
2.74

	
2.74

	
2.74




	
Overall Wall U-value (W/m2 K) [R-value]

	
0.32 [R18]

	
0.159 [R36]

	
0.103 [R55]




	
Attic U-value (W/m2 K) [R-value]

	
0.189 [R30]

	
0.095 [R60]

	
0.072 [R79]




	
Foundation Wall Overall U-value (W/m2 K) [R-value]

	
0.322 [R18]

	
0.169 [R34]

	
0.172 [R33]




	
Area Weighted Average Window U-value (W/m2 K)

	
3.166 [R1.8]

	
1.704 [R3.3]

	
0.836 [R6.8]




	
Area Weighted Average Window SHGC

	
0.493

	
0.267

	
0.25




	
Air Tightness (ACH at atm.)

	
0.75

	
0.35

	
0.1
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Table 10. Operational and electrical specifications of a single dwelling house.
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Occupants




	
Number of occupants

	
4




	
Occupancy Schedule

	
NECB 2017 Schedule G Table A-8.4.3.2.(1)-G




	
Setpoints




	
Heating

	
20 °C




	
Cooling

	
25 °C




	
Setbacks

	
None




	
Lighting




	
Target Illuminance

	
150 lux




	
Normalized Power Density

	
6.25 W/m2




	
Lighting Schedule

	
Simplified:

12 am to 4 pm—0

4 pm to 11 pm—1

11 pm to 12 am—0




	
Equipment




	
Power Density

	
4.25 W/m2




	
Equipment Schedule

	
NBC 2015 Table 9.36.5.4




	
Domestic Hot Water




	
Peak Flow Rate

	
0.0000167 m3/s




	
Usage Schedule

	
NBC 2015 Table 9.36.5.8




	
Daily usage

	
225 L / house




	
Natural Ventilation




	
Ventilation Rate

	
0.24 ACH




	
Schedule

	
Simplified:

12 am to 4 pm: 0

4 pm to 6 pm: 0.5

6 pm to 10 pm: 1

10 pm to 11 pm: 0.6667

11 pm to 12 am: 0
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Table 11. BECOP Values for a House Located in Abbotsford, BC (Climate Zone 4).
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Energy Consumption

	
Building Envelope Thermal Efficiency




	
Low

	
Typical

	
High






	
Total Energy [kWh]

	
70,658

	
39,494

	
22,779




	
Energy Per Total Building Area [kWh/m2]

	
199

	
116

	
70




	
Heating Energy [kWh]

	
51,650

	
21,934

	
5816




	
Cooling Energy [kWh]

	
1019

	
128

	
7780




	
BECOP-Heating Energy

	
0.1%

	
0.2%

	
0.7%
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Table 12. BECOP Values for a House Located in Iqaluit, NU (Climate Zone 8).






Table 12. BECOP Values for a House Located in Iqaluit, NU (Climate Zone 8).





	
Energy Consumption

	
Building Envelope Thermal Efficiency




	
Low

	
Typical

	
High






	
Total Energy [kWh]

	
165,024

	
80,958

	
34,586




	
Energy Per Total Building Area [kWh/m2]

	
464

	
238

	
106




	
Heating Energy [kWh]

	
146,738

	
63,426

	
17,604




	
Cooling Energy [kWh]

	
144

	
9

	
0




	
BECOP-Heating Energy

	
4.0%

	
9.2%

	
33.2%
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Table 13. Effect of Window-to-Wall Ratio.
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Building Characteristics and

Building Envelope Properties

	
Window-to-Wall Ratio (%)




	
20

	
40

	
60






	
Floor Footprint Area (m2)

	
118.45

	
118.45

	
118.45




	
Number of Stories

	
2

	
2

	
2




	
Aspect Ratio

	
1.5

	
1.5

	
1.5




	
Orientation (degrees)—90° is south facing

	
90

	
90

	
90




	
Number of Basements

	
1

	
1

	
1




	
Overall Wall U-value (W/m2 K) [R-value]

	
0.159 [R36]

	
0.159 [R36]

	
0.159 [R36]




	
Attic U-value (W/m2 K) [R-value]

	
0.086 [R66]

	
0.086 [R66]

	
0.086 [R66]




	
Foundation Wall Overall U-value (W/m2 K) [R-value]

	
0.322 [R18]

	
0.322 [R18]

	
0.322 [R18]




	
Area Weighted Average Window U-value (W/m2 K)

	
1.704 [R3.3]

	
1.704 [R3.3]

	
1.704 [R3.3]




	
Area Weighted Average Window SHGC

	
0.267

	
0.267

	
0.267




	
Air Tightness (ACH at atm.)

	
0.25

	
0.25

	
0.25
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Table 14. Effect of Window-to-Wall Ratio on BECOP.
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Energy Consumption

	
Window-to-Wall-Ratio (%)




	
20

	
40

	
60






	
Total Energy [kWh]

	
37,756

	
42,619

	
47,735




	
Energy Per Total Building Area [kWh/m2]

	
109

	
123

	
138




	
Heating Energy [kWh]

	
20,197

	
24,899

	
29,752




	
Cooling Energy [kWh]

	
29

	
172

	
400




	
BECOP-Heating Energy

	
5.38%

	
4.36%

	
3.65%
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Table 15. Effect of Building Orientation on BECOP.






Table 15. Effect of Building Orientation on BECOP.





	
Energy Consumption

	
Orientation




	
0° to North

(Facing E-W)

	
90° to North

(Facing N-S)






	
Total Energy [kWh]

	
42,717

	
42,619




	
Energy Per Total Building Area [kWh/m2]

	
124

	
123




	
Heating Energy [kWh]

	
24,918

	
24,899




	
Cooling Energy [kWh]

	
234

	
172




	
BECOP-Heating Energy

	
4.38%

	
4.36%
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Table 16. ERM Designs.






Table 16. ERM Designs.





	
Building Envelope Properties

	
ERMs




	
Base

	
1 (Walls)

	
2 (Windows)

	
3 (1 & 2)

	
4 (Attic)

	
5 (1, 2 & 4)






	
Overall Wall U-value (W/m2 K) [R-value]

	
0.159 [R36]

	
0.142 [R40]

	
0.159 [R36]

	
0.142 [R40]

	
0.159 [R36]

	
0.142 [R40]




	
Attic U-value (W/m2 K) [R-value]

	
0.086 [R66]

	
0.086 [R66]

	
0.086 [R66]

	
0.086 [R66]

	
0.071 [R80]

	
0.071 [R80]




	
Foundation Wall Overall U-value (W/m2 K) [R-value]

	
0.322 [R18]

	
0.322 [R18]

	
0.322 [R18]

	
0.322 [R18]

	
0.322 [R18]

	
0.322 [R18]




	
Area Weighted Average Window U-value (W/m2 K)

	
1.704 [R3.3]

	
1.704 [R3.3]

	
0.921 [R6]

	
0.921 [R6]

	
1.704 [R3.3]

	
0.921 [R6]




	
Area Weighted Average Window SHGC

	
0.267

	
0.267

	
0.240

	
0.240

	
0.267

	
0.240




	
Air Tightness (ACH at atm.)

	
0.25

	
0.25

	
0.25

	
0.25

	
0.25

	
0.25
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Table 17. Effect of ERMs on BECOP Values.
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Energy Consumption

	
ERMs




	
Base

	
1

	
2

	
3

	
4

	
5






	
Total Energy [kWh]

	
42,619

	
42,316

	
35,199

	
34,897

	
42,477

	
34,756




	
Energy/Total Building Area [kWh/m2]

	
123

	
123

	
102

	
102

	
123

	
101




	
Heating Energy [kWh]

	
24,899

	
24,650

	
17,497

	
17,250

	
24,758

	
17,111




	
Cooling Energy [kWh]

	
172

	
171

	
168

	
167

	
171

	
165




	
BECOP-Heating Energy

	
4.36%

	
4.41%

	
6.21%

	
6.29%

	
4.39%

	
6.35%
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Table 18. Percent Reduction in Energy Consumption due to ERMs.






Table 18. Percent Reduction in Energy Consumption due to ERMs.





	Energy Consumption
	ERM–1
	ERM–2
	ERM–3
	ERM–4
	ERM–5





	Total Energy
	0.7
	17.4
	18.1
	0.3
	18.5



	Energy/Total Building Area
	0.1
	17.4
	17.6
	0.3
	18.0



	Heating Energy
	1.0
	29.7
	30.7
	0.6
	31.3



	Cooling Energy
	0.9
	2.5
	3.4
	0.7
	4.1



	BECOP-Heating Energy
	0.05
	1.85
	1.93
	0.03
	1.99
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