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SUMMARY 
This monitoring study aims to generate field performance data from a highly energy efficient building in the 

west coast climate as part of FPInnovations’ efforts to assist the building sector in developing durable and 

energy efficient wood-based buildings. A six-storey mixed-use building, with five storeys of wood-frame 

residential construction on top of concrete commercial space was completed in early 2018 in the City of 

Vancouver. It was designed to meet the Passive House standard. The instrumentation aimed to gather field data 

related to the indoor environment, building envelope moisture performance, and vertical movement to address 

the most critical concerns among practitioners for such buildings. During construction, sensors were installed in 

seven selected suites (on three floors, in three orientations) to measure the following: the indoor environment 

including temperature, relative humidity, and CO2 concentration; the wood (plywood exterior sheathing, 

dimension lumber wall stud) moisture content; and the service environment (temperature, relative humidity) 

inside the exterior perimeter wall assembly. The exterior wall had double wall studs, with both wall cavities filled 

with fibreglass batt insulation; these two rows of studs were separated with 2-in. (50-mm) thick, polymer-faced 

rigid expanded polystyrene sheathing. Sensors were also installed in two rooftop suites to assess the service 

environment of the exterior sheathing (plywood) in both the exterior perimeter wall and the low-slope roof 

assembly. The roof had fibreglass batt insulation installed in its joist cavities and rigid insulation boards installed 

over its plywood sheathing. In addition, sensors were installed to measure the moisture content of the built-up 

sill plates sitting above the concrete slab in two suites, and the vertical movement of the exterior walls and the 

interior walls below a roof/roof deck. 

Over one year’s field performance data, starting around when the building was occupied in February 2018, are 

presented and discussed in this report. The field monitoring found that overheating occurred in the building 

from late spring throughout the summer of 2018. The indoor CO2 concentrations measured from the living 

rooms of the seven suites mostly remained below 1000 ppm, a commonly accepted level for indoor living space. 

Both the highly insulated exterior wall and the roof assemblies performed satisfactorily with respect to moisture 

performance. The data comparing the wall sheathing to the roof sheathing suggested that the presence of thick 

rigid insulation above the roof sheathing reduced the sheathing’s moisture content and ambient humidity by 

keeping it warmer over the winter. Construction moisture was observed mostly apparently from the built-up sill 

plates, which appeared to have remained damp after one year in service. The measured vertical movement 

amounts of the exterior and interior walls were reasonably consistent with the results from other buildings that 

used similar engineered wood floor joists. The interior walls appeared to have slightly greater vertical movement 

than the exterior walls. Overall, all this information may be useful to improve the design, construction, and 

operation of energy efficient wood-frame buildings. 
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1 OBJECTIVES 

This monitoring study was initiated to collect performance data from a highly energy efficient, six-storey building 

located in the coastal climate of British Columbia. This work focuses on the following objectives by installing 

sensors during the construction: 

 To provide information about the indoor environment of a highly energy efficient building 

 To provide field data about the durability performance of an innovative high energy efficiency exterior 

wall solution for mid-rise wood-frame construction 

 To provide information on the amounts of vertical movement in wood-frame exterior walls and interior 

walls below a roof/roof deck 

2 INTRODUCTION 

The building energy requirements have been rapidly raised in Canada as a measure to reduce energy 

consumption and greenhouse gas emissions. A model energy code, the National Energy Code of Canada for 

Buildings (NECB), was first published in 2011 (NRC 2011), and has been adopted by the provinces of British 

Columbia, Ontario, and Alberta. The NECB was recently updated in 2017 (NRC 2017). For large buildings, British 

Columbia and Ontario also allow the use of ASHRAE 90.1 standard (ASHRAE 2010) as an alternative to the NECB. 

In British Columbia, the Energy Step Code was enacted in April 2017 to incrementally raise the requirements for 

new construction of both Part 9 and Part 3 buildings to make them net-zero energy ready by 2032 (Government 

of British Columbia 2017). A number of jurisdictions across the country have been implementing above-code 

requirements to facilitate development of greener buildings and communities. For example, the City of 

Vancouver has set up goals to reduce by 2020 the amount of energy consumed in new homes by 33%, and to 

make buildings constructed from 2020 onward to be carbon neutral in operations and all new buildings to be 

carbon neutral by 2030. Vancouver also has more stringent green requirements for city-led and rezoning 

projects. A rezoning application submitted after May 1, 2018 is required to meet the requirements of either 

Near Zero Emissions Buildings (e.g., a certified Passive House, or to meet the requirements of the International 

Living Future Instituter’s Zero Energy Building Certification) or Low Emissions Green Buildings (e.g., to achieve 

LEED Gold1 certification for building design + construction), and to report energy performance for a minimum of 

three years with sub-metering installed during the construction (City of Vancouver 2018). 

The increased energy performance requirements can be particularly challenging for a large complex building to 

meet. For example, the building envelope must be adapted and/or combined with other measures to meet the 

stringent requirements for airtightness and thermal insulation. Related to this, there are many material options 

and technologies currently available to improve thermal insulation and air/vapour control. However, very few of 

them, particularly energy efficient building envelope systems that combine materials from different sources 

(e.g., insulation, membrane), have data to show a track record of good performance. It is known that a high level 

of thermal insulation tends to reduce drying and increase moisture accumulation potential, which may 

                                                           

1
 Leadership in Energy and Environment Design (LEED) is a green building rating system. The LEED Gold rating requires a minimum of 63 

points with 1 water efficiency point, 1 storm water point and a 22% reduction in energy costs as compared to ASHRAE 90.1-2010. 
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consequently impact the durability performance (Finch et al. 2013). Aside from the building envelope, other 

measures for high energy efficiency, such as the use of heat-recovery ventilators (HRVs, or energy-recovery 

ventilators in some cases), and windows including the glazing/wall ratios and the window properties (e.g., the 

solar heat gain coefficient) can have a large effect on the indoor environment and thermal comfort. Collecting 

performance data can provide information to help improve both building operations and future building designs. 

FPInnovations has therefore focused on gathering data from highly energy efficient buildings in recent years to 

assist in the design and construction of wood-based high performance buildings. This report presents and 

discusses the performance data related to indoor environment, building envelope, and vertical movement 

collected from a six-storey building built to meet the Passive House requirements in the west coast climate from 

its first year of operation. 

3 STAFF 

The following FPInnovations staff were involved in this monitoring study: 
Jieying Wang Senior Scientist, Building Systems 
Tony Thomas Principal Technologist, Building Systems (retired) 
Steven Kuan Manager, Building Systems (until December 2018) 
 

4 BUILDING AND INSTRUMENTATION 

4.1 Basic Building Information 

This building, located in the City of Vancouver, has five storeys of wood-frame residential construction on top of 

one storey of concrete commercial space. The design and construction targeted Passive House performance to 

meet the municipal requirements for a rezoning project. The construction was started in 2016 and completed in 

early 2018, followed by occupation with tenants in February. 

The building was built with a highly insulated and airtight building envelope to minimize space heating needs in 

the winter. It used a new type of assembly for its exterior perimeter walls. Designed to achieve an effective R-

352, the walls had double wall studs: nominal 2 by 6 in. (38 mm × 140 mm) dimension lumber for the external 

structural wall and nominal 2 by 4 in. (38 mm × 89 mm) for an interior service wall; both wall cavities were filled 

with fibreglass batt insulation (R-22 and R-14, respectively). In addition, these two rows of studs were separated 

with 2-in. (50-mm) thick, polymer-faced (both faces) rigid expanded polystyrene (EPS) sheathing (R-8). This foam 

sheathing provides a thermal break for the wall framing (Morrison Hershfield 2014a). In addition, the foam 

boards were carefully taped and sealed at joints to serve as the wall’s interior air and vapour barrier. The 

building used low-slope roof assemblies, which had R-32 fibreglass batt insulation installed in its roof joist 

cavities and rigid insulation boards (6-12 in. (150-300 mm) tapered EPS, plus polyisocyanurate) installed over its 

plywood roof sheathing. 

                                                           

2
 The thermal resistance of an assembly is often referred to as an R-value in imperial measurement (hft² ̊F/Btu), RSI in the metric 

measurement system ((m²K)/W) or its inverse, i.e., the overall thermal transmittance (or U-factor, in a unit of W/(m²K)). The calculation 
of effective R-values take into account thermal bridging of framing and other components. The required effective R-value for exterior 
walls is R-18 for new large buildings in the climate of Metro Vancouver (Climate Zone 4) based on the National Energy Code of Canada for 
Buildings (NRC 2011). 
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This building, like most Passive House buildings, was built with its longer side facing south and north. There are 

windows in all four orientations that varied depending on their location on the exterior wall. The south 

orientation has a higher glazing/wall ratio to receive more solar heat and natural light. Overhangs were installed 

over all south-facing windows, with a larger overhang at the roof level. Overhangs may not only affect local 

wind-driven rain distributions but also provide shade, particularly in the summer. A high-efficiency HRV was 

installed in the corridor of each top floor suite (on floor 6, 5, or 4, depending on location) and designed to 

provide fresh air for the entire stack of residential suites from the top floor down to the 2nd floor. Small electrical 

baseboard heaters were installed in each suite to satisfy space heating needs in cold weather. Cooling was not 

included in the building’s mechanical systems3. Information about building operation or occupancy was neither 

collected nor discussed in this study. 

4.2 Instrumentation 

About 80 sensors were installed in the residential wood-frame floors during the construction of this building to 

measure indoor environment, building envelope and sill plate moisture levels, and vertical movement. The 

instrumentation plan was developed with input from the developer and design practitioners familiar with such 

buildings. Table 1 summarizes the monitoring items/locations and the sensors installed (further details are 

available in Appendix II and a previous report (Wang and Thomas 2017)). Seven suites were selected and 

instrumented for assessing indoor environment and exterior wall performance. They included three south-facing 

suites on floors 2, 4, and 6 (on the same stack, labelled as suites S2, S4, and S6, respectively), three north-facing 

suites on floors 2, 4, and 6 (on the same stack, suites N2, N4, and N6), and one west-facing suite on the 4th floor 

(suite W4). A group of sensors were installed inside each exterior wall assembly to measure the wood (exterior 

plywood sheathing, wall stud) moisture content (MC), and the service environment (temperature, relative 

humidity (RH)) near both the plywood exterior sheathing (at the inside surface) and the foam sheathing (at the 

exterior surface). Sensors were installed on the drywall of the exterior wall of each living room to measure 

indoor temperature, RH, and CO2 concentrations (Figure 1). 

Aside from these seven suites, the building’s northeastern corner, which has setbacks and roof decks, was also 

selected to measure similar performance attributes. Two roof top suites (suites NE4 and NE6) on floors 4 and 6, 

respectively, were instrumented to assess and compare wood MC and service environments between the wall 

and the roof sheathing (Figure 2). Inside two suites (suites NE2a and NE2b) on the 2nd floor (i.e., above the 

concrete slab separating the residential floors from the commercials space below), moisture pin sensors were 

installed in the sill plate as well as in a wall stud above bearing on the plate (as a dimension lumber reference, at 

chest height) to measure their MC. The sill plates were deep built-up members consisting of a piece of 

dimension lumber (38 mm × 140 mm, preservative treated, in contact with the concrete slab), followed by a 

parallel strand lumber (PSL) beam (about 133 mm × 133 mm), and topped with a piece of dimension lumber (38 

mm × 140 mm). Three moisture pin sensors were inserted vertically from the top to measure these three 

components’ MC, at an approximate depth of 35 mm, 150 mm, and 190 mm, respectively. The MC readings 

were calibrated to known MC readings in solid sawn Douglas fir and corrected with the indoor temperature for a 

purpose of roughly assessing moisture status. In addition, displacement sensors were installed in the exterior 

walls and selected interior walls below the roof/roof deck to measure vertical movement (Figure 3; Figure 4). 

                                                           

3
 It was observed by the building owner that most occupants opened windows or used air cooling equipment over the summer.  
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Data were collected every 15 minutes and hourly averages were used and presented in most figures below. 

When the numbers of data points were too large to conveniently create charts using Excel, the data was 

extracted at a two- or four-hour interval from the hourly averages to create several of the figures below; this is 

noted in the figure titles. In all cases, the figures accurately reflected the daily variations and trends. No weather 

station was installed on this building due to budget constraints. For purposes of showing the background 

exterior environment when it was relevant to the discussions below, hourly weather data were downloaded 

from the Environment Canada website for the weather station located at the Vancouver International Airport. 

Such exterior environmental information cannot be expected to be precise given the distance between the 

building and the weather station. On the other hand, even if a small weather station was installed at the site to 

measure climatic parameters, the localized temperature and humidity outside an exterior wall or at a roof 

location, which had instruments installed inside for measuring building performance, may be heavily influenced 

by localized factors, such as orientation and shade. 

Table 1 Summary of instrumentation for measuring indoor environment, building envelope performance, and vertical 
movement 

Purpose of monitoring Location in building Sensors installed 

Indoor environment, 

and wall/roof/sill 

moisture performance 

 

South-facing wall and indoors, 

on floors 2, 4, and 6 (suites 

S2, S4, S6) 

RH/T sensors at plywood sheathing and foam sheathing, and 

indoors 

Moisture pin sensors in plywood sheathing and wall stud 

Indoor CO2 sensor 

North-facing wall and indoors, 

on floors 2, 4, and 6 (suites 

N2, N4, N6) 

RH/T sensors at plywood sheathing and foam sheathing 

Moisture pin sensors in plywood sheathing and wall stud 

Indoor CO2 sensor 

West-facing wall and indoors, 
on floor 4 (suite W4) 

RH/T sensors at plywood sheathing and foam sheathing 

Moisture pin sensors in plywood sheathing and wall stud 

Indoor CO2 sensor 

Roof deck, on floor 4 (suite 
NE4) 

RH/T sensors at roof/wall sheathing 

Moisture pin sensors in roof/wall sheathing 

Roof, on floor 6 (suite NE6) 
RH/T sensors at roof/wall sheathing 

Moisture pin sensor in roof/wall sheathing 

Sill plates, on floor 2 (suites 

NE2a and NE2b) 
Moisture pin sensors in sill plate/wall stud 

Vertical differential 
movement in walls 
below a roof/roof deck 

Interior wall, floors 2 to 5 
Displacement sensors, one sensor/floor 

RH/T sensors in walls 

Exterior wall, floors 2 to 6 
Displacement sensors, one sensor/floor 

RH/T sensors in walls 
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Figure 1. Sensors installed in seven selected suites for measuring indoor environment and exterior wall moisture 
performance. 

 

Figure 2. Sensors installed at two roof/roof deck locations to measure roof moisture performance. 
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Figure 3. Displacement sensors installed in exterior walls to measure vertical movement (sensors were installed in 
selected interior walls in a similar way). 

 

Figure 4. Displacement sensors installed in the exterior and interior walls below a roof/roof deck, with one displacement 
sensor per floor to measure vertical movement. 
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5 RESULTS AND DISCUSSION 

Most of the results and discussions below are based on data collected immediately following occupancy for a 

total duration of approximately one year from February 2018 to January 2019. The exceptions include the MC 

data presented in sections 5.2 and 5.3.2, and the vertical movement in section 5.4, which had been collected 

when the data logging system was activated in November 2017. 

5.1 Indoor Environment 

5.1.1 Temperature and Relative Humidity in General 

Indoor temperature and humidity depend on many factors, such as exterior environmental conditions, building 

envelope performance (i.e., airtightness, thermal insulation), orientation (exterior walls, windows), air exchange 

rates between indoor and outdoor, thermostat setting, occupant behaviour, and so on. The measurements 

inside the seven selected suites aimed to provide a general picture of indoor environment in highly energy 

efficient, multi-unit residential buildings in the west coast climate. While such information is commonly required 

for designing both building envelopes and mechanical systems, few field data are publicly available (Roppel et al. 

2007; Tariku and Simpson 2014). The target indoor temperature ranges from 18°C to 22°C for designing heating 

systems, and is 24°C for space cooling, based on the default building operation values that can be used for 

energy simulation (Table A-8.4.3.2.(1) in the NECB) (NRC 2011). Indoor temperature is the most important factor 

affecting thermal comfort (ANSI/ASHRAE 2017). 

The large amounts of environmental data collected from the living rooms of these seven suites were found to be 

reasonably consistent. The three suites on the 4th floor but in different orientations were used to represent the 

effect of orientation on the temperature and humidity ranges and trends (Figure 5; Figure 6). During the winter, 

the measured temperatures across the three suites ranged from 20°C to 25°C; higher readings were also 

recorded. For example, the temperature readings reached as high as 28°C in some suites (e.g., S4) in February 

and March, 2018. During the summer, the indoor temperature sometimes exceeded 30°C, as discussed in 

section 5.1.2. The measured indoor RH mostly remained in the 25-45% range in the winter and about 35-55% in 

the summer. The north-facing suite N4 in general showed slightly lower indoor temperature and higher RH 

readings. Elevated temperature tends to reduce the RH in a given space when there is no moisture exchange 

with the outside. 

Compared to temperature, indoor humidity variations have a relatively small effect on thermal sensation for 

most occupants. However, prolonged high humidity (e.g., above 80%) will accelerate metal corrosion and 

microbial growth, which may adversely affect indoor environment and even structural durability (ASHRAE 2016). 

On the other hand, persistently dry air, e.g., with the RH below 20% tends to cause occupant discomfort and 

exacerbate respiratory problems and allergies. Health Canada recommended an indoor RH between 35% and 

50% for healthy conditions (Health Canada 2016). The updated ASHRAE standard on indoor thermal comfort 

allows a wide range of RH related to indoor thermal comfort, depending on temperature, air speed, and 

personal factors, such as clothing insulation and activity level (ANSI/ASHRAE 2017). The indoor humidity is most 

influenced by factors, such as the presence of indoor moisture sources (e.g., cooking, showering, and plants), 

and indoor/outdoor air exchange rates (mechanical ventilation rates, and air flow through opened windows and 

other holes in the building envelope). A previous monitoring study on a rehabilitated multi-unit residential 
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building in the same climate reported that the indoor RH was in a range 36-47% in the suites with bathroom fans 

running continuously and in a range 42-56% when the fans ran only intermittently (Roppel et al. 2007). In the 

context of energy efficient buildings, the indoor humidity can be specifically influenced by the design measures 

to achieve high energy efficiency. For example, with HRVs in operation, the airtight building envelope reduces 

unintended air exchanges through the building envelope (not including intentional window opening) and may 

increase the humidity level when there is a large indoor moisture load. FPInnovations’ field monitoring of two 

energy efficient houses in the same climate found indoor RH ranging from 25% to 65%, with generally lower RH 

in the winter than in the summer (Wang and Mistretta 2014) 4. This monitoring study overall found warm indoor 

environment and moderate levels of humidity in the selected seven suites. 

 

Figure 5. Measured temperature (T) from suites S4, N4, and W4, together with exterior temperature (data at a 2-hr 
interval). 

                                                           

4
 This includes some unpublished monitoring data 
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Figure 6 Measured relative humidity (RH) from suites S4, N4, and W4, together with exterior humidity (data at a 2-hr 
interval). 

5.1.2 Overheating 

In warm weather the indoor temperature is more specifically affected by factors, such as space cooling, air 

ventilation, heat-generating equipment/devices, windows (e.g., orientations, sizes, properties such as solar heat 

gain coefficients), overhangs and shading, and occupant behaviour (e.g., whether windows are frequently 

opened). Overheating is generally understood to be the accumulation of warmth within a building to an extent 

that it causes discomfort to occupants (NHBC Foundation 2012). Overall most people begin to feel “warm” at 

25°C and “hot” at 28°C. Overheating is particularly a concern in shoulder seasons (e.g., early summer, early fall), 

in addition to the summer. In a space without cooling equipment, one of the most efficient measures to quickly 

removing heat from an indoor space is to increase ventilation, particularly cross ventilation by opening windows 

in different orientations, when the outdoor air is cooler. In the mild Vancouver climate, overheating is overall 

not a large concern and space cooling is not integrated in the mechanical systems of most residential buildings. 

With respect to highly energy efficient buildings, which have conventionally been focused on minimizing the 

amount of energy needed for space heating over the winter and thereby tend to trap heat with airtight and 

thermally efficient building envelopes, overheating has been reported in various climates (NHBC Foundation 

2012). Such buildings tend to receive more attention when overheating occurs during non-heating seasons, 

probably due to the typically higher expectations about their thermal comfort. The Passive House standard has 

specific requirements for preventing overheating by requiring that not more than 10% of the total hours in a 

given year can exceed 25°C (Passive House Institute 2018). This requirement was used as a simple method for 

assessing the potential for overheating. The limited measurements in this study aimed only to show general 

trends about indoor thermal comfort; there was no intention to investigating in detail about how many suites 

had actually experienced overheating, and why overheating had occurred. 
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Average hourly data collected from the selected seven suites in June and July, 2018, in comparison with the 

exterior weather were used here for discussion. Overall the measured indoor temperature fluctuated much less 

and was higher than the outdoor temperature. The indoor temperature noticeably increased with increases in 

the outdoor temperature. It was found that when the exterior daily mean temperature reached 20°C, the 

average indoor temperature generally exceeded 25°C. With anticipated higher solar heat gains, the south-facing 

suites appeared to be warmer than the north-facing suites. For example, for the two suites located on the 2nd 

floor, suite S2 showed indoor temperature readings higher than N2 by approximately 3°C (Figure 7). 

The three south-facing suites S2, S4, and S6 on different floors showed similar patterns in indoor temperature 

(Figure 8). It appeared that S6 was the coolest and S2 was the warmest. Factors, such as occupant behaviour 

(e.g., possible use of cooling equipment, window opening), mechanical ventilation, overhang size (S6 has the 

largest overhang), and potential impact of the concrete slab (with a larger thermal mass impact) below S2 may 

all have effects. 

The only west-facing suite monitored in this study, W4, showed quite high indoor temperature, with hourly 

averages often higher than S4 in warm weather (Figure 9). This may be attributable to west-facing windows that 

tend to receive solar gains when the exterior temperature peaks during later summer afternoons.  

Judging simply from the charts and without detailed calculations, suites S2, S4, and W4 appeared not to meet 

the Passive House criteria for overheating, since their measured hourly indoor temperature were observed to 

remain above 25°C in June and July 2018. 

 

Figure 7. Measured indoor temperature (T) from a south-facing suite (S2) and a north-facing suite (N2) on floor 2 in June 
and July 2018, together with exterior temperature. 
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Figure 8. Measured indoor temperature (T) from three south-facing suites S2, S4, and S6 on three floors in June and July 
2018, together with exterior temperature. 

 

Figure 9. Measured indoor temperature (T) from a south-facing suite (S4), a north-facing suite (N4), and a west-facing 
suite (W4) on floor 4 in June and July, 2018, together with exterior temperature. 



 

Project number 301013072 12 of 38 

project proposal 
12 

5.1.3 Indoor CO2 

Indoor pollutants can be site-specific, complex, and difficult to measure. For simplicity, CO2 concentration (in 

ppm) is often used as an indicator for both indoor air quality and ventilation rates (Roppel et al. 2007; Merabtine 

et al. 2018; RDH 2018). This is because the CO2 level is correlated to bioeffluents that cause odors that are 

unacceptable to people. While CO2 is not toxic, high concentrations may cause reduced productivity, fatigue, 

and headaches. A commonly acceptable indoor CO2 level is around 1000 ppm5 (ANSI/ASHRAE 2016a; b).  

Indoor CO2 concentrations can vary greatly, depending on factors, such as occupancy (e.g., the number of 

occupants and their activities) and whether nearby window(s) are frequently opened, in addition to mechanical 

ventilation rates (i.e., ventilator setting, vents locations). Aiming to provide a general picture and trend, the CO2 

concentrations were measured at one location in the living room of each selected suite in this study. It was 

found that majority of the hourly CO2 readings at these seven measurement locations were below 1000 ppm. A 

few suites showed concentrations consistently below 1000 ppm, with only a few spikes exceeding this level 

(Figure 10). Those spikes typically occurred in the evenings, presumably when the occupants spent more time in 

the living rooms. In general the CO2 levels appeared to be higher over the winter than in the summer, probably 

due to the windows being opened more frequently in warm weather. In suite W4, the concentrations appeared 

to be higher in the first few months of occupancy and afterwards remained at lower levels (Figure 11). Contrast 

this with suite S6, where the CO2 concentrations were lower in the first few months but appeared to be elevated 

in the past months (Figure 12). If this becomes a concern, the ventilation rates can be increased to dilute 

pollutants more quickly. 

Constant operation of HRVs in modern energy efficient buildings results in a better overall solution by providing 

fresh air and removing pollutants from an indoor environment. By comparison, many residential buildings 

(particularly old buildings) use a less dedicated or reliable approach by providing an exhaust fan in each 

bathroom, together with fans to pressurize the corridors for providing makeup air. This design is based on an 

assumption that once an exhaust fan runs and removes existing indoor air from a suite, makeup air will get into 

a suite through door undercuts due to the pressurized corridor. However, the makeup air may come from 

unintended sources under pressure differences and may even be pre-contaminated, for example, when it comes 

from adjacent suites, instead of the exterior. Moreover, without good control, bathroom fans provide no 

guarantee that the indoor air is consistently replaced. A monitoring study on such a building after building 

envelope rehabilitation reported indoor CO2 concentrations as high as 4000 ppm in one of the suites when its 

bathroom fan remained off (Roppel et al. 2007). 

                                                           

5
 This is calculated based on the assumption that the CO2 level in the outdoor air is 350 ppm and the indoor CO2 generation rate through 

breathing of occupants is 0.31 L/min per person (ANSI/ASHRAE 2016a; b). The CO2 concentration in the exterior is typically below 400 

ppm (e.g., it may depend on whether there are local emissions). 
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Figure 10. CO2 concentrations measured from the living room of suite N2. 

 

 

Figure 11. CO2 concentrations measured from the living room of suite N4. 



 

Project number 301013072 14 of 38 

project proposal 
14 

 

Figure 12. CO2 concentrations measured from the living room of suite S6. 

 

5.2 Construction Wetting of Sill Plates 

Sill plates are often subjected to prolonged wetting during construction in the west coast climate due to 

standing water on concrete slabs. The built-up sill plates at both monitoring locations in the two selected suites 

(NE2a and NE2b) appeared to have remained damp since the measurement system was activated due to initial 

construction moisture (Figure 13). The two reference interior wall studs above the sill plates showed MC 

readings of about 10-11% (with the two curves overlapped in Figure 13), which was consistent with their 

ambient environment. Among the six measurement locations inside these two built-up sill plates, the two top 

locations showed the lowest MC readings and had dried to a MC of 11% and 13%, respectively, after one year in 

service. The other four deeper locations, however, showed MC readings from 20% up to 45% (the MC readings 

from the mid-depth of the sill in NE2b shown in Figure 13 had large fluctuations, probably due to poor contact 

between the pins and the wood). Note that 45% is the upper reading limit that these MC measurement sensors 

can report; it is likely the actual MC was much higher. When properly calibrated, such resistance-based MC 

measurement systems are known to have better accuracy from 7% to 25% MC, with errors of approximately ± 

2% within this range (James 1988; FPL 2010; Onysko et al. 2010) and greater errors outside this range.  On the 

other hand, it is possible that the MC readings could have been overestimated due to the following two reasons. 

First, the PSL has phenol formaldehyde-based adhesive, which is known to increase electrical resistance and 

consequently MC readings due to the presence of sodium hydroxide used to accelerate the curing of the 

adhesive. It was found that a similar adhesive system used in making plywood increased resistance-based MC 

readings from damp wood by as much as 10% (Wang and Thomas 2018). Second, the preservative used for 
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treating the bottom element of the built-up sill plates is believed to be a copper-based system and may also 

slightly increase the electrical resistance and cause errors in MC measurements (Onysko et al. 2010; Boardman 

et al. 2011). Nevertheless, the measured MC readings from deep inside the sill plates are sufficiently high to 

suggest that the sill plates had not dried out after one year in service. The reasons for the slow drying could 

include: 

 The sill plates had a high initial MC resulting from construction wetting when they were enclosed. It is 

known that PSL and other structural composite lumber products are in general more water absorptive, 

when exposed to water, than solid wood and therefore deserve more attention to on-site moisture 

protection (Wang 2016b; Wang 2018a). 

 The enclosure did not allow/facilitate drying. It was noticed that thick impermeable rigid foam 

insulation boards were installed above the concrete slab to reduce heat loss, with the top surfaces of 

the foam and of the sill plates being flush before the floor was finished. 

Preventing wetting and allowing drying are both important for achieving long-term durability (Wang 2016b). 

Regarding moisture-related risks, wood in general needs a minimal MC of 26% for decay to initiate and progress 

(Wang et al. 2010) and an ambient RH of over 80% for mould to grow (Nielsen et al. 2004). 

 

 

Figure 13. Moisture content of two built-up sill plates above a concrete slab, measured at three depths (top, mid-depth, 
and bottom), and of two reference wall studs (data at a 2-hr interval). 
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5.3 Building Envelope Performance 

Highly insulated assemblies are typically more prone to moisture-related problems both during construction 

(e.g. from trapped moisture) and in building service (e.g. from indoor/outdoor humidity, water leakage etc.) 

(Finch et al. 2013). Compared to conventional wood-frame construction, the typically thicker and highly 

insulated building envelope assemblies used in many high energy efficiency buildings reduces the heat loss from 

the interior, which consequently reduces the drying capacity and increases the wetting potential. The exterior 

sheathing, typically the coldest moisture-sensitive structural member in the building envelope in the winter, is 

particularly susceptible to interstitial moisture accumulation and vapour condensation when air exfiltration 

and/or outbound vapour diffusion occurs. In conventional buildings, moisture-related problems are more likely 

to arise from air leakage than from vapour diffusion; however, air leakage and its moisture-related impact is 

expected to be reduced in newer buildings (Parekh et al. 2007), particularly highly energy efficient buildings such 

as the building monitored in this study. Overall, it is recognized that exterior insulation that keeps the sheathing 

warmer in cold weather may consequently reduce the moisture risk. However, low vapour permeance exterior 

insulations and membranes may counteract this by limiting the drying capacity towards the exterior (Armstrong 

et al. 2009; Finch et al. 2013; Wang 2017; Wang 2018b). 

5.3.1 Interstitial Relative Humidity and Temperature in Exterior Walls 

Measuring the interstitial RH and temperature inside the building envelope (exterior wall, roof) assemblies of 

this building aimed to assess the service environment of the wood structural members, particularly of the 

plywood exterior sheathing and thereby to provide insight about their long-term durability performance. 

Potential wetting caused by rain penetration in building service is anticipated to be minimized due to the 

rainscreen exterior walls used. However, without exterior insulation, the plywood sheathing of the exterior walls 

remains the coldest moisture sensitive component in the winter.  It is colder than the wall sheathing in 

conventional buildings, due to the very high thermal insulation levels used in this building. Although the 

impermeable, airtight foam sheathing integrated between the two rows of wall studs reduces thermal bridging 

and minimizes air exfiltration and outward vapour diffusion, the foam sheathing also stops potential drying 

towards the interior. 

As expected, orientation showed a large effect on the temperature and RH measured close to the plywood and 

the foam sheathing. Using the three measurement locations at S2, N2, and W4 as examples (Figure 14; Figure 

15; Figure 16), the south wall and the west wall showed larger fluctuations in their interstitial environment than 

the north wall resulting from higher solar influence. Compared to the measurement locations in S2 and W4, the 

north wall at N2 showed lower temperature and higher RH on the interior side of the plywood sheathing.  In the 

winter, the RH at N2 remained below 70% and the temperature within the range of 0-10°C (Figure 15). Similar 

trends were found comparing the three orientations on the 4th floor (Figure 17). The south wall at S4 and the 

west wall at W4 showed similar levels of interstitial temperature and RH; the interior side of the plywood 

sheathing at N4 had lower temperature and higher ambient humidity levels, which remained below 80% 

throughout the year. The exterior surface of the plywood may have slightly higher humidity than the interior 

surface, but the measured environmental parameters in general suggests that the plywood sheathing of the 

exterior walls should have reasonably durable performance in service. 
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Figure 14. Ambient temperature (T) and relative humidity (RH) measured from the plywood exterior sheathing (interior 
surface) and the foam sheathing (exterior surface) of S2 (data at a 2-hr interval). 

 

Figure 15. Ambient temperature (T) and relative humidity (RH) measured from the plywood exterior sheathing (interior 
surface) and the foam sheathing (exterior surface) of N2 (data at a 2-hr interval). 
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Figure 16. Ambient temperature (T) and relative humidity (RH) measured from the plywood exterior sheathing (interior 
surface) and the foam sheathing (exterior surface) of W4 (data at a 2-hr interval). 

 

Figure 17.Ambient temperature (T) and relative humidity (RH) measured from the interior surface of the plywood 
exterior sheathing of S4, N4, and W4 (data at a 2-hr interval). 
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5.3.2 Wood Moisture Content in Exterior Walls 

The wood MC measurements inside the exterior walls of the selected seven suites found that the wall studs 

mostly remained below 16% MC, when measured at mid-depth of the external structural wall (Figure 18). The 

slightly higher MC in the first few months is likely attributable to construction moisture because all MC readings 

dropped to below 14% in the summer season afterwards. The studs in the north-facing walls at N2, N4, and N6 

showed higher MC than the south-facing and the west-facing walls; in particular, the stud at N6 had MC 

exceeding 21% in the first winter before building occupation and often exceeding 17% in the second winter. 

There could be localized wetting, such as vapour condensation or water leaks involved at this spot. The MC 

readings measured from the exterior plywood sheathing showed similar trends, ranging from 11% to 18% 

(Figure 19). The north-facing sheathing showed higher MC than the south-facing sheathing by approximately 2%. 

The sheathing’s MC was slightly higher and fluctuated more in the winter than in the summer. The higher MC 

readings measured from the studs and the sheathing in the north-facing walls were in general consistent with 

the measured higher humidity levels (section 5.3.1). It was reported (Finch 2007) that the MC of exterior 

sheathing, without protection of exterior insulation ranged from 15% to 25% in ventilated rainscreen walls in the 

winter based on monitoring of four wood-frame buildings in the same climate. It should be noted that in this 

study the plywood exterior sheathing did not appear to have much higher MC than the nearby solid wood wall 

studs and showed little indication of overestimation for MC measurement (Boardman et al. 2011; Wang and 

Thomas 2018). 

 

Figure 18. Moisture content of wall studs measured at mid-depth of the external wall at seven measurement locations 
(S2, N2, S4, N4, W4, S6, N6) (data at a 4-hr interval). 
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Figure 19. Moisture content of plywood sheathing of the external wall measured at seven measurement locations (S2, 
N2, S4, N4, W4, S6, N6) (data at a 4-hr interval).  

5.3.3 Sheathing in Wall vs. Roof 

The simultaneous measurements at the roof sheathing and the wall sheathing, being both plywood in two top 

suites (suite NE4 and NE6) revealed some difference in their service environments. The roof sheathing in 

conventional attic roof assemblies in this climate has been reported to incur moisture accumulation, resulting 

from air exfiltration from the indoor space, entry of exterior humid air through vents, and night sky radiation 

(Morrison Hershfield 2014b). The flat roof assembly of this building is better protected against moisture 

accumulation, compared to an attic assembly. But compared to the north-facing exterior wall in the same 

building, the roof is subjected to more dynamic environmental conditions due to the much heavier influence of 

solar radiation as well as night sky long-wave radiation. But the roof sheathing showed more stable ambient 

temperature and was much warmer over the winter, compared to the wall sheathing in the same suite (Figure 

20; Figure 21). This must be partially attributable to the roof having thick rigid exterior insulation, which 

provided a separation between the roof sheathing and the exterior environment. The ambient RH measured 

from the interior side of the roof sheathing remained below 65%, while that measured from the interior side of 

the wall sheathing was higher, but remained below 80% over the winter. Consistent with the higher observed 

ambient humidity levels, the wall sheathing had higher MC readings than the roof sheathing, by approximately 

3% in the second winter (Figure 22). This monitoring study confirms with previous studies (Armstrong et al. 

2009; Fox 2014) to a certain degree that exterior insulation provides sheathing with a more stable, warmer, and 

lower-humidity environment in cold weather. 
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Figure 20. Ambient temperature (T) and relative humidity (RH) measured from indoors, and at the interior surface of the 
plywood exterior sheathing of both the exterior wall and the roof of NE4 (data at a 2-hr interval).  

 

Figure 21. Ambient temperature (T) and relative humidity (RH) measured from indoors, and at the interior surface of the 
plywood exterior sheathing of both the exterior wall and the roof of NE6 (data at a 2-hr interval). 
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Figure 22. Moisture content (MC) of the plywood sheathing of exterior wall and roof measured from two rooftop suites 
(NE4 and NE6) (data at a 2-hr interval). 

5.3.4 Vapour Pressure Gradients across Exterior Walls  

5.3.4.1 Vapour Pressure Calculation 

Vapour pressures at different locations of the exterior walls, from the indoor space, the foam sheathing (at the 

exterior surface), to the plywood exterior sheathing (at the interior surface) were calculated based on measured 

temperature and RH to examine vapour pressure gradients and potential directions of vapour diffusion. The 

hourly temperature and RH data of the exterior environment, downloaded from Environment Canada, were 

used to estimate the exterior vapour pressures. 

The saturated vapour pressure at each layer was first calculated for a given temperature T(°C) using Equation 1. 

The local partial vapour pressure was then calculated for a given RH (%, Equation 2). 

Saturated Vapour Pressure (Pa) = 100 × 6.112 × exp((17.67 ×T)/(T+243.5))           (1) 

(Partial) Vapour Pressure (Pa) = RH × Saturated Vapour Pressure/100                   (2) 

Two time periods were chosen from the one year monitoring duration in order to better discuss seasonal vapour 

pressure differences and gradients across the exterior walls. The first was the first two weeks of July, 2018, 

which was intended to represent warm weather in the summer with occasional rainfalls. The second was the 

first two weeks of January, 2019, which was used to represent a wintertime weather condition with frequent 

rainfalls and when the indoor living space was heated. The hourly data collected from the three suites (S4, N4, 

and W4) on the 4th floor were used for the analysis and comparison below. 

5.3.4.2 Vapour Pressure Analysis 

Under vapour pressure differentials, vapour typically flows outward in the winter in cold climates due to warm 

and often humid indoor air but may flow inward in warm weather, particularly after rain when the exterior 

humidity is high. An interior air and vapour barrier, such as a polyethylene membrane installed in most Canadian 
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buildings is intended to prevent outward air/vapour movement in a heating season. Related to vapour pressure 

analysis, a high vapour pressure difference could lead to fast drying if vapour can move freely.  But it often 

indicates high resistance to vapour flow, for example, when a vapour barrier is present. The latter could lead to 

vapour condensation when the temperature drops below the dew point. 

In this building, each exterior wall assembly included an external structural wall cavity and an internal service 

wall cavity. The vapour pressure inside the interior service wall cavity will be similar to that in the indoor space 

since the drywall is highly vapour permeable. The existence of the impermeable foam sheathing between the 

external wall and the internal service wall dictates that the external wall can exchange vapour (i.e., wetting or 

drying) only with the exterior (including the rainscreen cavity), given the exterior sheathing membrane installed 

is permeable. The discussions here about potential vapour movement are centralized around the external 

structural wall to assess its wetting and drying potentials resulting from vapour movement. Overall the 

calculated vapour pressure at the plywood sheathing (on the interior side) at any given time appeared to be very 

close to that at the foam sheathing (on the exterior side), regardless of the season or orientation due to the 

highly vapour permeable fibreglass batt insulation installed inside the external wall cavity (Figure 23 - Figure 28). 

In the summer (July), the outdoor vapour pressures were overall higher than those in the indoor space, with 

peak differences over 300 Pa in the south orientation (Figure 23) and smaller differences in the west orientation 

(Figure 25). However, in the north orientation, the vapour pressure gradients between the interior and the 

exterior appeared to be much more mixed (Figure 24). Inside the external wall cavity, the vapour pressures 

showed high daily fluctuations in each of the three orientations.  The peak pressures mostly occurred in late 

afternoons due to elevated temperature, as influenced by the exterior. For the south and west orientations, 

there appeared to have similar potentials for vapour to move in from the exterior and dry out towards the 

exterior. However, in the north orientation, the potential vapour movement from the exterior environment 

remained dominant. This is consistent with the observed higher wood MC in the north orientation even in the 

summer (section 5.3.2). 

 

Figure 23. Partial vapour pressure (VP) from indoor space, exterior to the foam sheathing, interior to the plywood 
exterior sheathing, and the exterior environment in the first two weeks of July in a south-facing wall at S4. 
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Figure 24. Partial vapour pressure (VP) from indoor space, exterior to the foam sheathing, interior to the plywood 
exterior sheathing, and the exterior environment in the first two weeks of July in a north-facing wall at N4. 

 

 

Figure 25. Partial vapour pressure (VP) from indoor space, exterior to the foam sheathing, interior to the plywood 
exterior sheathing, and the exterior environment in the first two weeks of July in a west-facing wall at W4. 

 
In a cold season (January), the vapour pressures in the indoor space were overall higher than the exterior, with 

peak vapour pressure differences around 400 Pa (Figure 26; Figure 27; Figure 28). This confirms the overall 

outward vapour diffusion trend in the winter in this climate. However, outward vapour movement is not a 

concern for this building given the foam sheathing vapour barrier installed. Regarding the external wall cavities, 

there appeared to be vapour pressure peaks in both the south and the west orientations, when the local 

temperature increased arising from solar radiation (Figure 26; Figure 28). This could push some moisture 

towards the exterior. In the north orientation, the exterior vapour pressures in general remained higher or 

similar to those in the external wall (Figure 27), indicating overall low drying potential towards the exterior. 

Examining the overall exterior wall performance, the high fluctuating vapour pressures in the external structural 
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wall cavities and the high influence from the exterior environment could have been reduced by installing a 

vapour permeable exterior insulation outside the plywood sheathing (Wang 2017). 

 

 

Figure 26. Partial vapour pressure (VP) from indoor space, exterior to the foam sheathing, interior to the plywood 
exterior sheathing, and the exterior environment in the first two weeks of January in a south-facing wall at S4. 

 

 

Figure 27. Partial vapour pressure (VP) from indoor space, exterior to the foam sheathing, interior to the plywood 
exterior sheathing, and the exterior environment in the first two weeks of January in a north-facing wall at N4. 
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Figure 28. Partial vapour pressure (VP) from indoor space, exterior to the foam sheathing, interior to the plywood 
exterior sheathing, and the exterior environment in the first two weeks of January in a west-facing wall at W4. 

5.4 Vertical Movement 

The vertical movement measurements in this study focused on assessing the movement of selected exterior 

walls and interior walls below a flat roof/roof deck based on a limited number of displacement sensors. Data 

from this study complements a large body of information collected from conventionally insulated wood-frame 

residential buildings from previous monitoring studies of three buildings in the same climate, and a laboratory 

test (Wang et al. 2013; Wang and Ni 2014; Wang and King 2015; Wang 2016a). Figure 29 was created based on 

the readings of the displacement sensors installed on each floor at selected locations. A displacement sensor 

measures all movement in the target direction as the data is recorded. Its readings, therefore, includes vertical 

movement of a floor covered due to different reasons, as well as “noise”. The true movement of a floor in such a 

wood-frame building means the vertical movement resulting from MC changes and loading, such as wood 

shrinkage/swelling due to MC changes and load-induced deformation (Wang and Ni 2012). For the exterior and 

interior walls monitored, instant (or elastic) deformation as well as closing of the gaps between members under 

gravity loads, should occur not long after their installation, i.e., before the instruments were installed. Other 

extraneous signals, for example, could be caused by localized vibration resulting from construction and occupant 

activities. Localized vibration should appear for only a short period and is unlikely to be in all records given the 

fact that the monitoring system collected data only hourly. It is therefore reasonable to assume that the 

measurements over the duration of this study will show only wood shrinkage resulting from drying and time-

dependent deformation, i.e., creep, of the structural members. Both shrinkage and creep in normal building 

service are slow movements and do not cause sudden changes or large fluctuations in vertical movement 

measurements. As observed in previous monitoring studies (Wang and Ni 2014; Wang 2016a), extraneous noises 

could also be caused by unsatisfactory sensor installation quality or malfunction of sensors. It was noticed in this 

study that the displacement sensor installed to measure the interior wall on floor 3 started drifting and showed 

highly fluctuated readings not long after the sensor was installed. Such fluctuations were considered to be 

electrical noise, probably resulting from loosening of the wire in the displacement sensor, based on previous 

experiences. The readings from the sensor installed to measure the interior wall on floor 5 also showed 
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fluctuations that were too large to be physically possible.  Such movement probably resulted from unsatisfactory 

installation quality or localized vibration. The readings of these two sensors were subsequently ignored in the 

discussion below. 

As expected, the measured vertical movement showed a downward movement, i.e., a shortening amount of 1-8 

mm/floor after one year in service (Figure 29;  

Table 2). Overall the downward movement gradually increased over time, with faster increases in the building’s 

first half of the year in service. The movement amounts had levelled off, or even showed a slight bounce back in 

the summer. This could be attributable to the higher indoor humidity and the higher wood MC, as indicated in 

previous figures (Figure 6; Figure 18; Figure 19). The limited number of valid curves (due to limited displacement 

sensors) indicated that the lower floors tended to have higher vertical movement amounts than the top floors, 

and the exterior wall appeared to have a smaller movement amount than the interior wall on each floor. Such 

differences could be caused by differences in the magnitude of wood MC changes and the loads being carried by 

the walls. These results are overall in line with those previously reported also based on measurements in 5- and 

6-storey wood-frame buildings built with similar engineered wood floor joints (Wang and Ni 2014; Wang 2016a). 

 

Figure 29.Measured vertical movement from interior walls (InWall) and exterior walls (ExWall) on floor 2 (F2) to floor 6 
(F6) below a roof/roof deck (data at a 4-hr interval). 

Table 2 Summary of measured downward vertical movement of exterior and interior walls by early February, 2019 

Wall location Floor 2 (mm) Floor 3 (mm) Floor 4 (mm) Floor 5 (mm) Floor 6 (mm) 

Exterior wall 5.7 6.5 1.8 0.56 1.97 

Interior wall 6.6 - 7.6 -  
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6 CONCLUSIONS  

The following conclusions were drawn based on the field data that had been collected from this highly energy 

efficient building. 

 The measurements in seven selected suites (in three orientations) showed that in the winter, the indoor 

temperature mostly ranged from 20°C to 25°C.  However, higher temperature readings were recorded in 

some suites. In the summer, the measured temperature sometimes exceeded 30°C. Using the Passive 

House criteria, overheating was confirmed for at least three of the seven suites based on observing the 

hourly temperature recorded in June and July 2018. The indoor RH mostly remained in a range 25-45% 

in the winter and about 35-55% in the summer.  

 The majority of the measured hourly CO2 concentrations remained below 1000 ppm, a commonly 

acceptable level related to indoor air quality based on the measurements in the living rooms of the 

seven selected suites. 

 With respect to durability performance of the exterior double-stud walls (with all insulation installed 

interior to the plywood sheathing) used in this building, the wall studs of the external structural wall 

mostly remained below 16% and the exterior plywood sheathing showed a range 11-18%, with higher 

MC in the north-oriented walls based on MC measurements at seven locations (in three orientations). 

The measured RH at the plywood sheathing consistently remained below 80%, even in the north-facing 

walls. These data suggested that the exterior walls should have reasonably durable performance in 

service. 

 The analysis of vapour pressures and potential vapour movement for the exterior double-stud walls 

confirmed the highly fluctuating service environment inside the external structural wall cavity, due to 

heavy influence of the exterior environment.  

 Comparing the exterior wall to the roof, which had both batt insulation installed in the roof joist cavity 

and thick rigid insulation boards installed above the plywood sheathing, the roof sheathing appeared to 

have a more stable, warmer, and lower-humidity environment in the winter than the wall sheathing.  

This difference is partially due to environmental separation against the exterior environment provided 

by the rigid insulation. 

 Construction wetting was most apparent from the large built-up sill plates, which appeared to remain 

damp after one year in service. 

 The vertical movement measurements of exterior walls and interior walls below a roof/roof deck 

showed a shortening amount of 1-8 mm/floor after one year in service. The data collected from limited 

displacement sensors indicated that the lower floors had higher vertical movement amounts than top 

floors, and the exterior walls had smaller amounts of vertical movement than the interior walls.  These 

results are consistent with previous monitoring results from conventionally insulated wood-frame 

buildings built with similar engineered wood floor joists. 
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7 RECOMMENDATIONS 

The following recommendations can be provided based on this field monitoring study to further improve the 

design and construction of wood-frame buildings in the west coast climate. 

 Pay attention to controlling construction moisture, particularly for large built-up or composite-based 

members. 

 Install rigid or semi-rigid exterior insulation boards exterior to wood-based wall/roof sheathing to 

provide the sheathing with a more stable, warmer, and lower-humidity service environment and thereby 

improve its long-term durability. 

 The design and construction of highly energy efficient buildings should include measures to preventing 

overheating, which has become one of the major causes for thermal comfort-related complaints. 

 The design of wood-frame buildings should take into account differential vertical movement. 
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APPENDIX I BACKGROUND: INDOOR ENVIRONMENT 
Indoor environment is important since people spend nearly 90% on average of their time indoors, with the 

majority of the time in homes (EPA 2018; Health Canada 2018). The indoor environment can therefore have a 

significant effect on the wellbeing and productivity of occupants. A common standard index for indoor 

environment does not exist since it can include a few aspects, such as air pollution and indoor air quality, and 

thermal comfort. Indoor pollution can be caused by fuel-burning combustion appliances, smoking, off-gassing of 

interior building materials and furniture, microbiological growth resulting from excess moisture (e.g., high 

humidity), and entering of outdoor air pollutants. Major strategies used to improve indoor air quality include 

source control, improved ventilation, and air filtering. Source control (e.g., no smoking, furniture with low off-

gassing) is the most effective solution in most scenarios. 

Related to building design introducing outdoor air remains one of the most important measures to achieving 

good air quality by diluting indoor pollutants. The outdoor air can enter and leave a building by unintentional 

infiltration and exfiltration (i.e., through small holes in the building envelope), natural ventilation (i.e., opening 

windows and doors), and mechanical ventilation. Mechanical ventilation is commonly used to remove indoor 

pollutants and to provide fresh air for occupants in a contemporary building, as regulated by building codes and 

standards (ASHRAE 2016a; b). This becomes more important for buildings with airtight building envelopes, 

including energy retrofitted buildings. In a highly energy efficient building, the infiltration and exfiltration 

through the building envelope is much eliminated by improved airtightness; and opening windows/doors is not 

encouraged when the indoor environment is conditioned (heated, or cooled) to save energy. Consequently, 

heat-recovery ventilators (HRVs) are essential for an energy efficient building (e.g., passive building) to minimize 

the energy loss associated with mechanical ventilation. An energy efficient building does not necessarily lead to 

good indoor air quality. 

Indoor pollutants can be site-specific, complex, and difficult to measure. For simplicity the concentration of CO2 

(in ppm) is often used as an indicator for both indoor air quality and ventilation rates since it is relatively easy to 

measure (Roppel et al. 2007; Merabtine et al. 2018; RDH 2018). The CO2 level is one of the main factors for 

indoor air quality mostly because it is correlated to bioeffluents that cause odors that are unacceptable to 

people. Research found that high CO2 concentration has an effect on a person’s physiology and can lead to 

abnormal blood pressure changes (Kim et al. 2018). A commonly acceptable indoor CO2 level is around 1000 

ppm6 (ANSI/ASHRAE 2016a; b). In Europe (CEN 2007), indoor air quality is categorized (e.g., very low polluting 

building, low polluting building, and non-low polluting building) based on a prediction that a certain percentage 

of visitors will find the air quality unacceptable. The highest upper CO2 limit, with 30% people feeling dissatisfied 

about the air quality in a non-residential building, is slightly over 1100 ppm (800 ppm above outdoor level) 

based on the recommendations provided. Higher CO2 concentration indicates poor ventilation and then poor air 

quality; low concentration indicates sufficient ventilation and then good air quality.  

 

                                                           

6
 This is calculated based on the assumption that the CO2 level in the outdoor air is 350 ppm and the indoor CO2 generation rate through 

breathing of occupants is 0.31 L/min per person (ANSI/ASHRAE 2016a; b). 
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Thermal comfort is another important parameter for evaluating indoor environment. It is subjective and can 

vary greatly from person to person; most occupants like to have control over the indoor thermal conditions to 

make their environment more comfortable (Melton 2019). The most accurate way to assess the thermal comfort 

level of an indoor environment is probably through surveying occupants. Based on the acceptable levels of most 

people (i.e., 80% of the occupants), the standard ANSI/ASHRAE 55 (2017) provides a guidance to quantify the 

effects of environmental factors including temperature, thermal radiation, humidity, and air speed; and personal 

factors such as activity (metabolic rate) and clothing insulation. This standard has become widely applied and 

accepted in the construction industry. 

As a widely used energy program, the Passive House standard aims to minimize building operational energy use 

and to improve thermal comfort through the use of extremely airtight and thermally efficient building envelope, 

superior windows/doors, and HRVs. The standard also has specific requirements for avoiding overheating by 

requiring that not more than 10% of the total hours in a given year can exceed 25°C (Passive House Institute 

2018). 

Overheating is generally understood to be the accumulation of warmth within a building to an extent that it 

causes discomfort to occupants (NHBC Foundation 2012). Overall most people begin to feel “warm” at 25°C and 

“hot” at 28°C. Overheating has been reported to occur in highly energy efficient buildings, which have 

traditionally been focused on reducing the amount of energy needed for heating over the winter and tend to 

trap heat with airtight and thermally insulated building envelopes. External heat sources, i.e., mostly solar gains 

through windows, and internal sources, such as lighting, appliances, occupants, and building services (e.g., 

mechanical ventilation, hot water pipes), along with inappropriate or ineffective ventilation can all contribute to 

overheating. Factors, such as window orientation, size, and properties (e.g., solar gain coefficient); use of 

overhang and exterior shading; thermal mass effect; ventilation and cooling systems all need to be considered in 

design to prevent overheating. When overheating occurs in a building without cooling equipment, the most 

effective way is to introduce high levels of ventilation over a short period of time to replace existing warm air 

with fresh cool air from outside, for example, through opening windows when it is effective. However, such 

“flushing” effect may be limited, particularly in a modern energy efficient building in an urban environment due 

to factors, such as limits of the HRVs used, sizes and orientations of windows, and proximity of windows to noisy 

roads and exterior pollution. Overheating has become an increasingly important issue even in the mild climate in 

Metro Vancouver and needs to be taken into account in building design. Climate change is expected to bring 

more extreme weather conditions with potentially hotter and drier summers. Design for indoor thermal comfort 

is becoming more important.  
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APPENDIX II FURTHER INFORMATION ABOUT 

INSTRUMENTATION 
Table 3. Locations of suites and sensors installed for monitoring exterior wall (RH/T, wood MC) and indoor environment 
(CO2 and RH/T) 

Suite Location and Label Sensor Type Sensor Location 

Floor 2, south-facing, S2 

RH/T sensor exterior wall, adjacent to plywood sheathing 

RH/T sensor exterior wall, adjacent to foam sheathing 

Insulated moisture pin sensor exterior plywood sheathing 

Uninsulated moisture pin sensor exterior wall stud 

CO2 sensor living room 

Data logger with RH/T sensor living room 

Floor 2, north-facing, N2 

RH/T sensor exterior wall, adjacent to plywood sheathing 

RH/T sensor exterior wall, adjacent to foam sheathing 

Insulated moisture pin sensor exterior plywood sheathing 

Uninsulated moisture pin sensor exterior wall stud 

CO2 sensor living room 

Data logger with RH/T sensor living room 

Floor 4, south-facing, S4 

RH/T sensor exterior wall, adjacent to plywood sheathing 

RH/T sensor exterior wall, adjacent to foam sheathing 

Insulated moisture pin sensor exterior plywood sheathing 

Uninsulated moisture pin sensor exterior wall stud 

CO2 sensor living room 

Data logger with RH/T sensor living room 

Floor 4, north-facing, N4 

RH/T sensor exterior wall, adjacent to plywood sheathing 

RH/T sensor exterior wall, adjacent to foam sheathing 

Insulated moisture pin sensor exterior plywood sheathing 

Uninsulated moisture pin sensor exterior wall stud 

CO2 sensor living room 

Data logger with RH/T sensor living room 
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Suite Location and Label Sensor Type Sensor Location 

Floor 4, west-facing, W4 

RH/T sensor exterior wall, adjacent to plywood sheathing 

RH/T sensor exterior wall, adjacent to foam sheathing 

Insulated moisture pin sensor exterior plywood sheathing 

Uninsulated moisture pin sensor exterior wall stud 

CO2 sensor living room 

Data logger with RH/T sensor living room 

Floor 6, south-facing, S6 

RH/T sensor exterior wall, adjacent to plywood sheathing 

RH/T sensor exterior wall, adjacent to foam sheathing 

Insulated moisture pin sensor exterior plywood sheathing 

Uninsulated moisture pin sensor exterior wall stud 

CO2 sensor living room 

Data logger with RH/T sensor living room 

Floor 6, north-facing, N6 

RH/T sensor exterior wall, adjacent to plywood sheathing 

RH/T sensor exterior wall, adjacent to foam sheathing 

Insulated moisture pin sensor exterior plywood sheathing 

Uninsulated moisture pin sensor exterior wall stud 

CO2 sensor living room 

Data logger with RH/T sensor living room 

Floor 4, northeast roof 

top, NE4 (roof and wall) 

Displacement sensor exterior wall 

RH/T sensor adjacent to exterior wall sheathing 

Insulated moisture pin sensor exterior wall sheathing 

RH/T sensor roof deck sheathing 

Insulated moisture pin sensor roof deck sheathing 

Data logger with RH/T sensor 

Floor 6, northeast roof 

top, NE6 (roof and wall) 

Displacement sensor exterior wall 

RH/T sensor adjacent to wall sheathing 
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Suite Location and Label Sensor Type Sensor Location 

Insulated moisture pin sensor exterior wall sheathing 

RH/T sensor adjacent to roof sheathing 

Insulated moisture pin sensor roof sheathing 

Data logger with RH/T sensor 

Floor 2, northeast corner, 

NE2a (interior sill plate) 

Displacement sensor exterior wall 

RH sensor adjacent to exterior sheathing 

Insulated moisture pin sensor interior wall, stud, middle height 

Insulated long pin sensor 
interior wall, sill plate, 1 1/2 in. deep into top 

lumber sill 

Insulated long pin sensor interior wall, sill plate, 6 in. deep into PSL sill 

Insulated long pin sensor interior wall, sill plate, 9 in. deep onto PSL sill 

Data logger with RH/T sensor 

Floor 2, northeast corner, 

NE2b (interior sill plate) 

Displacement sensor interior wall 

RH sensor on stud, interior condition 

Uninsulated moisture pin sensor interior wall, stud, middle height 

Long pin moisture pin sensor 
interior wall, sill plate, 1 1/2 in. deep into top 

lumber sill 

Long pin moisture pin sensor interior wall, sill plate, 6 in. deep into PSL sill 

Long pin moisture pin sensor interior wall, sill plate, 9 in. deep onto PSL sill 

Data logger with RH/T sensor 

Floor 3, northeast corner, 

NE3a (exterior wall) 

Displacement sensor exterior wall 

RH sensor adjacent to exterior sheathing 

Data logger with RH/T sensor 

Floor 3, northeast corner, 

NE3b (interior wall) 
Displacement sensor interior wall 

Floor 4, northeast corner, 

NE4b (interior wall) 

Displacement sensor interior wall 

RH sensor on stud, interior condition 

I3, transmitter on stud 

Floor 5, northeast corner, Displacement sensor exterior wall 
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Suite Location and Label Sensor Type Sensor Location 

NE5a (exterior wall) RH sensor adjacent to exterior sheathing 

Floor 5, northeast corner, 

NE5b (interior wall) 

Displacement sensor interior wall 

RH sensor on stud, interior condition 

Data logger with RH/T sensor 

 

Table 4.  Major sensors installed for measurements 

Purposes Instrument Shape and Size Note 

Measuring 

environmental relative 

humidity (RH) and 

temperature (T) 

Combined RH and T 

sensors, called “RH/T” 

sensors 

Small probes RH resolution: 0.5%; Accuracy: ±3% to 

±5% (in the range of 10-95%) 

Temperature tolerance: 1%; Resolution: 

0.1°C; Accuracy ±1°C 

Measuring wood MC Resistance-based 

moisture pin sensors 

Small screws or nails Each sensor is compensated for 

temperature and wood species 

Measuring vertical 

displacement 

Displacement sensor, a 

draw wire type 

Box: 90 mm × 125 

mm × 64 mm  

Measurement range: 50 mm; 

Linearity max.: 0.1 mm 

 

Metal conduit, ½ in. in diameter, was used 

to protect the wire. 

Measuring indoor CO2 COZIR CO2 sensor, non-

dispersive infrared 

optical sensor 

Integrated in a data 

logger box 

Range: 0-2000 ppm, accuracy: +/- 50 ppm 

+/- 3% of reading; non-linearity < 1% of 

full scale 
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