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Abstract 

This paper presents the results obtained from the impact 

analysis of a number of potential metrics for evaluating 
energy improvement in future building codes. The authors 
determined whether the new requirements set forward for 

the envelope metric can be achieved with technologies 
and approaches that builders have previously used in low-

energy homes. The energy savings and capital cost impact 
for achieving the envelope targets were evaluated in 
different housing types and climate zones. Results 

indicate that envelope metrics encourage builders to 
prioritize improvements to investments in insulation, air-
sealing, and energy-efficient windows. This philosophy 

presumes that cost savings can be found by reducing 
heating loads, thereby permitting the use of smaller and 

simpler heating equipment. 

Key Innovations 

 Building performance simulation was used to 
develop and analyse envelope performance 
improvement metrics for future residential 

building codes building codes. 

 The impacts of envelope performance 
improvement metrics in wide range of 

contemporary building archetypes, shape 
factors, design scenarios, and climate locations 

were examined. 

 The incremental costs of various energy-
efficiency upgrades for achieving various 

envelope performance improvement targets 
were estimated in a large number of archetypes 
and climate zones  

 The study identified a suitable metric that can be 
used in variety of building performance 
simulations and balance between accuracy and 

complexity of calculations. 

Practical Implications 

1. Use conductive, infiltration, and ventilation thermal 

losses as a proxy for envelope performance 

verification; 

2. Consider the lower cost of envelope performance 

improvement in attached buildings compared with 

the detached ones; 

3. Avoid relying solely on envelope performance 

improvements to achieve net zero energy design.  

Introduction 

A performance path, which is a common approach for 

compliance in building codes, requires the whole building 
to perform up to a minimum limit. The performance path 
provides an opportunity for builders to use innovative 

design and technologies. To assess the various 
combinations of energy conservation measures for 

performance path, designers use building performance 
simulation software tools for modelling and compliance 
(Perry, 2018). The current performance path in Canada's 

national building code compares regulated energy use 
between the reference and proposed homes. Regulated 
energy includes space heating and cooling, water heating, 

and ventilation energy. With the current arrangements, 
designers can reduce envelope performance if they make 

the difference up with more energy-efficient HVAC 
equipment. This study aims to create criteria to capture 
the contribution of the building fabric and airtightness to 

the energy-efficient operation of the building while 
excluding the effects of mechanical equipment (e.g., 
space heating system type and ventilation system) and 

associated gains (e.g., standby losses of hot water tank). 
The metric should find a balance between the complexity 

of calculation and accuracy of output. Energy codes 
should not be dependent on a specific software, and the 
building designers should be able to calculate the metric 

using a wide range of software options. The authors 
proposed multiple metrics to assess the performance of 
envelope design and evaluated the impact of those metrics 

on building design in several climate zones. 

Criteria for envelope improvement are considered 
desirable because these elements of a building are less 

frequently replaced and upgraded during the life of the 
building. Improved building envelope design can actively 
reduce the heat demand, whatever equipment is 

subsequently installed. Space heating is the biggest 
energy end use in Canadian homes. Heating loads 

correlate closely to outdoor temperature. Therefore, 
regulating properties of building envelope is a simple yet 
significantly effective approach to improve the building 

energy performance (Granadeiro et al., 2013; Bienvenido-
Huertas et al., 2019). Investments in building envelope 
efficiency together with advanced heating system can 

reduce heating system size, capital cost, and reduce grid 
impacts (Hewitt and Coakley, 2019). 

As shown in Figure 1, the energy balance in a typical 

building is comprised by: (i) conductive heat loss through 
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the building envelope, (ii) useful solar gains, (iii) internal 
gains, (iv) infiltration and ventilation loss (cold/dry air 
that is transported into the building and must be heated), 

and (v) HVAC energy delivery.  

 
Figure 1. Building space heating flow, from Wills et al. 

(2021) 

Shape factor, the ratio of the building’s total external 
surface area to its internal volume, was widely used to 

create metrics to reduce the heat loss through the building 
envelope (Depecker et al., 2001). Florides et al. (2002) 
analysis using the shape factor suggested that the longest 

wall of a rectangular house should face the south to 
enhance energy performance of the building. While shape 
factor is commonly used in the early design stage of an 

efficient building envelope, it is mostly based on the 
conductive losses. In warm climates where the impact of 

conductive losses can be compensated with the solar gains 
a direct relation between the shape factor and annual 
energy needs of a building is not granted (Pacheco et al., 

2012).  Some researchers conducted studies to define 
metrics that consider the impact of other forms of energy 
losses in the envelope design. For example, Granadeiro et 

al. (2013)  created the Envelope-Related Energy Demand 
metric to include the impact of solar gain in the building 

envelope design. Bienvenido-Huertas et al. (Bienvenido-
Huertas et al., 2019) investigated the regulations aimed to 
control the thermal parameters of the building envelopes 

in three European and three South-American countries. 
Their review showed the significance of these metrics in 
improving energy performance of buildings, and 

recommended the development of more demanding 
policies related to thermal properties of buildings. Wang 

et al. (2019) collected 1128 households survey data in 
Chongqing China, to study the effect of two Building 
energy efficiency standard levels. The study has shown 

that estimation of the quality of building envelopes were 
difficult due to lack of separate criteria for different 
construction classes of building envelope in China. The 

evidence from the literature has shown that with systems, 
technologies, and skills that already exist it is possible to 

cost-effectively achieve net/near-zero energy status in 
most building types and climate conditions across the 
world. Taking full advantage of energy efficiency 

measures is an essential component in any path to net-zero 
energy targets. Multiple municipalities and regions in 
different continents, including Brussels, New York, 

Vancouver, and Tyrol, have developed innovative 
programs to promote energy-efficient buildings. China 

constructed over 7 million square meters of near-zero 
energy buildings in the past few years.(Ürge-Vorsatz et 
al., 2020). 

The purpose of this study was to create a workable metric 
for the building energy code to focus on energy efficiency 
savings that must be achieved through envelope 

improvements alone (airtightness, insulation, glazing, 
solar design), and demonstrated through building 
performance modeling. The addition of a building 

envelope metric to the energy codes prevent compliance 
with the performance target by relying solely on an 

advanced HVAC equipment such as  heat pump 
technology.  

Envelope Metrics Considered 

The building code performance path in Canada has 
historically used a reference versus proposed approach to 

assess the acceptability of new construction designs. 
Detailed calculations/building simulation is used to 

demonstrate that the proposed building does not consume 
more total site annual energy than the reference. Both 
buildings are modelled with identical boundary 

conditions and shape factor, but the reference building 
uses minimum envelope thermal resistance and 
equipment performance as prescribed in the code, and the 

proposed model uses the specifications of the proposed 
building. 

The authors explored the suitability of several metrics to 

evaluate envelope performance improvement in future 
codes. The general calculation is provided in: 

𝐸𝑃𝐼 =
𝐸𝑒𝑛𝑣,𝑟𝑒𝑓−𝐸𝑒𝑛𝑣,𝑝𝑟𝑝

𝐸𝑒𝑛𝑣,𝑟𝑒𝑓
× 100%          (1) 

where 𝐸𝑒𝑛𝑣,𝑟𝑒𝑓 is the envelope performance of the 

reference building [GJ], and 𝐸𝑒𝑛𝑣,𝑝𝑟𝑜𝑝 is the envelope 

performance of the proposed building. The differences 
between the metrics considered were in how 𝐸𝑒𝑛𝑣,𝑟𝑒𝑓 and 

𝐸𝑒𝑛𝑣,𝑝𝑟𝑜𝑝 were calculated. These metrics and approaches 

are described below. 

Metric 1 – the annual space heating energy consumption 
of the reference and proposed buildings are used as a 
proxy for building envelope performance (𝐸𝑒𝑛𝑣,𝑟𝑒𝑓 and 

𝐸𝑒𝑛𝑣,𝑝𝑟𝑜𝑝). To remove the effects of mechanical 

equipment efficiencies, the proposed building energy 
calculation is performed with the reference space 
conditioning, hot water, and ventilation systems in the 

proposed building. A benefit of this approach is that it 
removes the influence of mechanical system performance, 

but an additional model is required of the proposed 
building with proposed mechanicals to demonstrate 
overall energy performance compliance. Using Figure 1, 

the 𝐸𝑃𝐼 calculation may be expressed using Metric 1 as: 

𝐸𝑃𝐼 ≈
(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑−𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠)

𝑅
−(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑−𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠)

𝑃

(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑−𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡−𝐸𝑆𝐻𝑊,𝑆𝐿−𝐸𝑖𝑛𝑡,𝑔𝑎𝑖𝑛𝑠)𝑅
     

 (2) 

Where the subscripts 𝑅 and 𝑃 reference to reference and 
proposed, respectively, 𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓 is annual heat loss due to 

infiltration [GJ], 𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑 is annual heat loss due to 

conduction/convection [GJ], 𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠 is annual useful 

heat useful heat gains from passive solar sources [GJ], 

𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡 is annual heat loss due to ventilation [GJ], 
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𝐸𝑆𝐻𝑊,𝑆𝐿 is annual useful heat gain from hot water system 

standby losses [GJ], and 𝐸𝑖𝑛𝑡,𝑔𝑎𝑖𝑛𝑠 is annual useful 

internal gains [GJ]. The term useful means only gains 

which contribute to maintain, and not exceed the setpoint 
(overheating) are accounted in the sum. Although the 

absolute internal gains are the same between reference 
and proposed models, the amount useful may vary 
slightly. Equation (2) was cast assuming useful internal 

gains are identical, hence the approximately equal to. 

Metric 2 – the annual space heating energy consumption 
of the reference and proposed buildings are used as a 
proxy for envelope performance. The proposed building 

is modelled with the proposed mechanical systems, and 
therefore does not require an additional calculation as 

Metric 1. However, the envelope performance will be 
affected by proposed mechanical systems. Using Figure 
1, 𝐸𝑃𝐼 using Metric 2 may be expressed as: 

𝐸𝑃𝐼 ≈
(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑−𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡−𝐸𝑆𝐻𝑊,𝑆𝐿)

𝑅

(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑−𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡−𝐸𝑆𝐻𝑊,𝑆𝐿−𝐸𝑖𝑛𝑡,𝑔𝑎𝑖𝑛𝑠)𝑅
 

−
(�̅�𝑆𝐻,𝑅 �̅�𝑆𝐻,𝑃⁄ )∙(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑−𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡−𝐸𝑆𝐻𝑊,𝑆𝐿)

𝑃

(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑−𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡−𝐸𝑆𝐻𝑊,𝑆𝐿−𝐸𝑖𝑛𝑡,𝑔𝑎𝑖𝑛𝑠)𝑅
  

(3) 

where �̅�𝑆𝐻 nominal  seasonal fuel efficiency / COP of the 
space heating system. Here it can be seen that both 

numerator and denominator of the performance ratio are 
influenced by space heating and hot water system 
performance. 

Metric 3 - 𝐸𝑒𝑛𝑣,𝑟𝑒𝑓 and 𝐸𝑒𝑛𝑣,𝑝𝑟𝑜𝑝 are calculated as the sum 

of the conductive, infiltration, and ventilation thermal 
losses, illustrated in Figure 1. Since Canada has heating-
dominated climates, only thermal energy flow from 

interior to exterior is accounted for in the energy totals. 
Conductive/convective losses can easily be extracted 
from most building simulation software. Thermal energy 

loss due to ventilation is arguably outside of scope of 
envelope performance, however, this heat loss is often 

coupled with infiltration loss (i.e. an exhaust fan inducing 
more infiltration) and the two losses are reported as 
aggregate. Given the relatively small contribution of 

ventilation heat loss to overall building loss its inclusion 

is assumed to have negligible impact. Using Figure 1, 𝐸𝑃𝐼 
may be expressed as: 

𝐸𝑃𝐼 ≈
(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡)

𝑅
−(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡)

𝑃

(𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓+𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑+𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡)
𝑅

  

(4) 

Here it can be seen that there is no influence of space 

heating and hot water systems. It can also be seen in 
Equation (4) that the 𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠 term has been dropped. 

The implication of this is that performance credit is 

awarded for higher U-values for fenestration, but not for 
using higher solar heat gain coefficient (SHGC) 
fenestration. 

Methods 

The purpose of this study was to assess the impact of 

envelope metrics on the building design. The regional 

differences caused by the variations in contemporary 
building design, construction materials, and climatic 
conditions should be considered in this analysis. Natural 

Resources Canada (NRCan) developed a series of low-
rise residential building archetypes (Asaee et al., 2019) 
representing the new housing construction in different 

regions across Canada. These archetypes were created 
using statistical methods and reflect the best available 

data on the energy characteristics of contemporary 
Canadian housing. To evaluate the impact of the proposed 
envelope metrics on home design these archetypes were 

adopted in this study. To facilitate the simulation and 
analysis of various possible design scenarios for each 
archetype in multiple locations, a cloud computing tool 

(i.e., Housing Technology Assessment Platform − HTAP) 
was used for batch simulations. 

HTAP is an open-source and publically available tool 

which consists a collection of computer scripts and 
databases. HTAP uses a statistical-engineering approach 
to automatically examine different ways a house can be 

altered to achieve a specific energy performance target. 
HTAP uses HOT2000 (NRCan, 2018a; Parekh et al., 

2018)  to perform building performance simulation and 
includes databases of housing archetypes, energy 
conservation measures (ECM), and associated 

construction (materials and labour) costs. The main 
components of HTAP are described below: 

Engineering model: HTAP incorporates a house-as-a-

system approach where each design scenario is a unique 
and separate house model in HOT2000. The models are 
used to perform annual energy analysis of building 

design.  

HOT2000 was adopted as the HTAP’s building 
performance simulation engine because of its  wide 

familiarity among designers, builders, and energy 
advisors in Canada. HOT2000 is commonly used by the 
industry for ENERGY STAR and Net-Zero programs, as 

well as demonstrating compliance with the requirements 
of the National Building Code (NBC) of Canada (NRCan, 
2018a) 

Since 1980’s HOT2000 has been developed, distributed, 
and maintained for residential building performance 
simulation in Canada. It uses the monthly energy balance 

technique to estimate the energy requirements (i.e., space 
heating, water heating, appliances, and lighting) of a low-
rise residential building. The monthly energy balance 

includes monthly and hourly bin analyses of specific 
building components and mechanical systems (NRCan, 

2018a).  

HOT2000 has been extensively used for energy rating, 
code compliance, and incentive programs in the Canadian 
housing sector. The Canadian National Building Code 

provides a performance pathway that requires a builder to 
demonstrate the house energy consumption is less than or 

equal to the NBC's requirement (Canadian Commission 
on Building and Fire Codes, 2015). Currently, HOT2000 
is the most common software used by the residential 

building industry for this purpose.  
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Construction cost calculator: NRCan has developed a 
residential construction costing database that provides 
estimates for the capital cost impact of improving air-

sealing, adding insulation, upgrading windows, and 
mechanical equipment. These estimates depend on the 
type and size of a house. This data was collected through 

contracts with Canadian cost consultants and industry 
specialists, as well as through feedback from home 

builders participating in NRCan's Local Energy 
Efficiency Partnership (LEEP) workshops (NRCan, 
2018b). The resulting database has been adopted and 

adapted for used in HTAP and been presented to the 
Canadian Commission on Building and Fires Codes 
(CCBFC)’s Standing Committee of Energy Efficiency   

(Canadian Commission on Building and Fire Codes, 
2018) for discussion and verification.  

Local Climate data: HOT2000 uses monthly and annual 

climate data for over 400 locations across Canada. The 
heating degree days (HDD) of the specified locations vary 
between 2650 and 12360. HTAP can be used for the 

analysis of various design scenarios in those climatic 
conditions across Canada. The NBC (Canadian 

Commission on Building and Fire Codes, 2015) grouped 
Canadian locations into six climate regions based on the 
HDD (base 18°C) described in Table 1. The requirements 

for building envelope characteristics and mechanical 
systems performance in Canada's NBC are designed to 
consider regional differences between climate zones.  

Table 1. Climate zones in Canada 

Climate zone Description 

4 HDD < 3000 

5 3000 ≤ HDD ≤ 3999 

6 4000 ≤ HDD ≤ 4999 

7A 5000 ≤ HDD ≤ 5999 

7B 6000 ≤ HDD ≤ 6999 

8 7000 ≤ HDD 

Archetypes for single-detached and attached Canadian 
Housing: NRCan has developed a statistically-
representative database for contemporary single-detached 

and single attached homes. These 240 archetypes were 
sampled from NRCan's EnerGuide for Housing (EGH) 
database (NRCan, 2018c), using statistical distributions 

derived from Statistics Canada's Survey of Household 
Energy Use, and housing starts data published by Canada 

Mortgage And Housing Corporation (Asaee et al., 2019).  

These archetypes have unique features that recommend 
their use in building code design:  

 They represent contemporary housing: Each 

archetype was selected from a database of actual 

houses built between 2016 and 2018 across Canada.  

 They exhibit regional variation: NRCan developed 

separate archetypes are provided for eight Canadian 

regions: Atlantic, Quebec, Greater Toronto, North and 

East Ontario, Prairie Provinces, BC– Lower 

Mainland, BC–Interior, and Northern Territories. 

 They include emerging and alternative housing forms: 

The greater number of archetypes used in the set 

allows them to represent different forms of housing, 

including very large and very small homes, homes 

with very large glazing ratios, and homes designed to 

achieve very low energy use.  

 They include a variety of common construction types 

(such as the attic, cathedral, and scissor ceilings; 

basement, slab, and walk-out configurations) from 

each region is represented by the archetypes.  

 They include weighting factors for scaling results to 

stock-level: These factors enable researchers to 

estimate nation-wide impacts for building codes, 

based on construction activity in each region. 

 They are designed for use with HTAP: The archetypes 

are designed for compatibility with Housing 

Technology Assessment Platform, which expedites 

code design and impact analysis. 
The 240 archetypes represent contemporary housing in 
eight major housing markets across Canada. 

Simulation Plan: The 240 archetypes were modelled in 29 
locations shown in  

Table 2. Built-in HTAP functionality was used to 
automatically generate a code-reference model for each 
archetype based on HDD. Different energy retrofits were 

then applied to the reference models and simulated in 
HTAP. For each retrofit model, envelope performance 
was calculated relative to the reference models using the 

Metrics 1 and 2 described in the previous section. 

A parallel analysis was conducted for Metric 3 using the 
240 archetypes. Each archetype was considered ‘as -is’ 

from the EGH and used as the proposed building. HTAP 
was then used to generate the reference model 
corresponding to the stated climate of the archetype. 

Envelope performance was then evaluated and compared 
using Metrics 1 and 3. 

Table 2. Locations used for the impact analysis 

Zone 
 

HDD Design Temp 
(°C) 

4 Victoria, BC 2650 -4 
 

Vancouver, BC 2825 -7 

5 Kamloops, BC 3450 -23 
 

Chatham, NB 3470 -16 
 

Toronto, ON 3650 -20 
 

London, ON 3900 -18 
 

Yarmouth, NS 3990 -14 

6 Halifax NS 4000 -16 
 

Montréal, QC 4200 -23 
 

Charlottetown, PE 4460 -20 
 

Lethbridge, AB 4500 -30 
 

Ottawa, ON 4500 -25 
 

Fredericton, NB 4670 -24 
 

Saint John’s, NL 4800 -15 

7a Calgary, AB 5000 -30 
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Québec, QC 5080 -25 

 
Edmonton, AB 5120 -30 

 
Regina, SK 5600 -34 

 
Winnipeg, MB 5670 -33 

 
Brandon, MB 5760 -33 

7b Prince Albert, SK 6100 -37 
 

Sept Iles, QC 6200 -29 
 

Whitehorse, YT 6580 -41 
 

Goose Bay, NL 6670 -31 

8 Dawson City, YT 8120 -50 
 

Yellowknife, NT 8170 -41 
 

Inuvik, NT 9600 -43 
 

Iqaluit, NU 9980 -40 
 

Resolute, NU 12360 -42 

Results 

The results of analysis examine how the proposed 

envelope metrics compare in housing archetypes. The 
distribution of archetypes’ shape factors are shown in 
Figure 2. Results indicate that the archetypes represent a 

wide range of building shapes. 

 

Figure 2. Distribution of archetypes' shape factors 

Figure 3 depicts the correlation between performance 
calculation using Metric 1 and using Metric 2. Metric 1 
performance is plotted on the horizontal axis, and Metric 

2 on the vertical axis. Each red dot represents a different 
combination of envelope upgrades for a specific 

archetype. Since different builders may choose different 
paths to achieve the same outcome, over 50 packages of 
energy conservation measures were developed. HTAP 

was used to analyse the proposed envelope performance 
improvement metrics when each of these design scenarios 
were applied to the archetypes. Together, the 

approximately 350,000 dots represent variety of design 
scenarios in all of the archetypes and locations (Ferguson 

et al., 2019). 

 
Figure 3. Correlation between building envelope metrics 

The grey line represents the line of perfect agreement. If 

the two metrics provided identical results, all of the red 
dots would appear on the grey line. Red dots appearing 
above the line indicate that home designs achieve higher 

scores under the Metric 2 than the Metric 1; dots below 
the line indicate home designs that achieve lower scores.  

The data mostly confirm two observations: 

 The Metric 1 and Metric 2 are strongly correlated 

(R2=0.85) and exhibit similar trends  - home designs 

with significant envelope upgrades generally have 

higher scores under either metric, but 

 The Metric 2 generally attributes lower scores (% 

envelope perfromance improvement) to highly 

insulated homes. 
The next step was to assess whether the second metric 

would produce notably different results for detached and 
attached homes. Figure 4 colours the same results 

according attached (blue) and detached (yellow) data 
points. The linear trend-lines for both blue and yellow 
clouds are also shown.  

The results indicate no significant bias between the two 

hosing types. The two clouds occupy the same regions in 
the graph. While there is a slight difference in slope 

between the blue and yellow trend lines, the trend line 
slopes are partly affected by solutions achieving negative 
improvement (below 0%). The variance is not sufficient 

to warrant specific credits to attached housing. 
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Figure 4. Correlation between building envelope metrics 

for attached and detached housing 

Finally, Figure 5 plots the results of the analysis 
comparing Metric 1 envelope performance to Metric 3. It 
can be seen that both approaches are strongly correlated, 

evidenced by R2=0.77. However, the mapping of 
performance is not one-to-one, illustrated by the linear 

regression equation. Using the regression equation it can 
be shown that both metrics arrive at the same 
improvement level at ~22%. Above that level Metric 1 is 

shown to yield higher improvement values than if Metric 
3 is used. 

 

Figure 5. Correlation between Metric 1 and 2 

The reason for these differences are explained in the 
differences between Equations 2 and 4. The significant 

difference is that Metric 3 does not consider the SHGC 
performance of fenestration, whereas Metric 1 does. Per 
code requirements, the reference building model must use 

a SHGC of 0.26 for all fenestration. The proposed 240 
archetypes have an area-weighted average SHGC of 0.45. 
This has the effect of increasing the 𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠 term for 

the proposed relative to the reference model, and when 

using Metric 1 has the impact of increasing 𝐸𝑃𝐼 relative 
to id Metric 3 is used in the computation. 

Discussion 

The analysis presented here considered three different 
approaches to calculate the envelope performance 

improvement under a performance path code compliance 
reference versus proposed building approach. From a 
technical view the envelope performance should reflect 

the ability of the proposed building envelope to limit heat 
loss from interior (for heating dominated climates) 
independent of the mechanical systems installed. All 

metrics considered here captured these energy flow paths 
to varying degrees, each with their own computational 
and complexity benefits and challenges. 

All approaches considered were shown in the results to be 
strongly correlated, and Metric 3 is shown to provide a 

calculation approach to 𝐸𝑃𝐼 which captured the intended 
pathways of envelope heat loss. It does, however, 
exclude, the Passive solar performance of proposed 

building fenestration.  

The impact of envelope performance improvement 
requirements on construction costs is a key question for 

the construction industry. Lessons learned from various 
net-zero energy demonstration projects in Canada has 
shown that improved air sealing is one of the most cost 

effective ways to save energy (NRCan, 2019). Therefore, 
the impact of reducing air leakage from 2.5 to 1.5 

ACH@50Pa in the representative archetypes is provided 
in Figure 6. The median cost for the described air-
tightness improvement is approximately $970 in attached 

homes and $1,200 in detached homes. Costs varied across 
the archetypes according to size and exposed envelope 
area. The maximum estimated cost was approximately 

$2,000, the minimum was approximately $200.  

The proposed air-sealing reduces the median energy use 
in detached homes by: 7% in climate zone 4, 8% in 

climate zone 5, 9% in climate zone 6, 11% in climate 
zones 7a and 8 and 10% in zone 7b. Improving air-sealing 
in attached homes is slightly more effective – ranging 

from 9 to 16% median savings.  

 

Figure 6. Incremental cost to reduce air change rate 
from 2.5 to 1.5 ACH@50Pa 

The average incremental construction cost per floor area 

of envelope improvement scenarios for attached (blue) 
and detached (yellow) houses are illustrated in Figure 7. 

The trend lines for detached and attached homes are 
described in Equations (5) and (6), respectively. 

𝐼𝐶𝐶 =  exp (5.73 ∙ 𝐸𝑃𝐼 + 1.34)  (5) 

𝐼𝐶𝐶 =  exp (5.21 ∙ 𝐸𝑃𝐼 + 0.99)  (6) 

Where ICC is the incremental capital cost per floor area 
[$/m2] and EPI is the envelope performance indicator 

[decimal]. 

Results suggest that achieving the same envelope 
performance improvement is  likely more expensive in a 

detached dwelling compared with an attached one. The 
exponential increase of cost with the envelope 
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performance improvement indicates that achieving a net-
zero energy status should be pursued through by 
combining the envelope improvements, advanced 

mechanical systems, and renewable energy generation.  It 
should be noted that the lower heat loss allows builders to 
install smaller and likely less expensive heating 

equipment which can partially offset the cost of improved 
envelope construction. 

 

 

 

Figure 7. Average incremental construction cost per 

floor area for envelope imporvment scenarios - attached 
(blue) and detached (yellow) archetypes 

Conclusion 

In this study the building performance simulation was 
used to develop and analyse an envelope performance 

improvement metric for residential building codes. To 
comply with this requirement, the energy savings must be 

achieved through envelope improvements alone (air-
tightness, insulation, glazing, and solar design) and 
demonstrated through building performance simulations. 

These metrics were developed based on the comparative 
(i.e., reference versus proposed) compliance approach.  

For adoption in the building code the metric should  

maintain the balance between the complexity of 
calculation and accuracy of output. In addition, the 
building designers should be able to calculate the metric 

and illustrate compliance using a wide range of software 
options. 

The authors developed three envelope performance 

improvement metrics to assess the performance of 
envelope design on the energy requirements of the 
building. The envelope performance improvement 

metrics has been applied to variety of low-rise residential 
archetypes, design scenarios, and climate zones in 
Canada. The results showed that all three metrics are 

strongly correlated, however, the complexity of 
calculation would differ. 

If adopted as code, such a measure would ensure that new 

homes invest in both improved envelope and air-sealing 
alongside more efficient mechanical systems . The 

performance path provides an opportunity for builders to 
use innovative design and construction techniques. 
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Nomenclature 

abbreviations 

ECM Energy conservation measure 

EPI Envelope performance indicator 

ICC 
incremental capital cost per floor area 

[$/m2] 

NBC National building code 

variables 

𝐸𝑒𝑛𝑣,𝑟𝑒𝑓  
Envelope performance of the reference 
building [GJ] 

𝐸𝑒𝑛𝑣,𝑝𝑟𝑜𝑝  
Envelope performance of the proposed 
building [GJ] 

𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓  
Annual heat loss due to infiltration 
[GJ] 

𝐸𝑙𝑜𝑠𝑠,𝑐𝑛𝑑  
Annual heat loss due to 
conduction/convection [GJ] 

𝐸𝑠𝑜𝑙𝑎𝑟,𝑔𝑎𝑖𝑛𝑠  
Annual useful heat useful heat gains 
from passive solar sources [GJ] 

𝐸𝑙𝑜𝑠𝑠,𝑣𝑛𝑡  
Annual heat loss due to ventilation 
[GJ] 

𝐸𝑆𝐻𝑊,𝑆𝐿  
Annual useful heat gain from hot water 
system standby losses [GJ] 

𝐸𝑖𝑛𝑡,𝑔𝑎𝑖𝑛𝑠  Annual useful internal gains [GJ] 

�̅�𝑆𝐻  
Nominal  seasonal fuel efficiency / 

COP of the space heating system 
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