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Executive Summary

The study presented in this report is a simulation analysis of the effects of heat and moisture exchange, between the indoor air and the building fabric, on the energy performance and humidity of New Zealand homes.  The objectives were:

1.
To determine R-values for solid wood construction with energy performance nearly equal to that of light timber frame construction insulated to the R-values proposed by the Department of Building and Housing, in its November 2006 consultation document [3]. Results from this analysis, which ignores moisture exchange between the indoor air and the building fabric, underpin a new set of proposed R-values for solid wood construction for use in the New Zealand Building Code.  
2.
To determine the effects of surface coatings and moisture exchange between the indoor air and the building fabric on the energy performance and indoor humidity of solid wood and light timber frame homes.  Results from this part of the analysis are used to determine the energy and humidity advantages of solid wood construction compared with light timber frame and plasterboard construction.
The analysis was based on simulations of a 165 m2, single storey home with the BSim (version 4,6,8,22 with moisture extension) dynamic building energy program, supplied by the Danish Building Research Institute.   The model home was simulated at Auckland (37o S) and Christchurch (43.5o S).
Improved energy performance and improved indoor humidity are both significant advantages of solid wood construction observed in this analysis.  The key findings of the analysis are as follows:

1.
Heating and cooling energy requirements are both reduced if a home’s thermal mass is increased by the use of solid wood construction. Compared with timber frame construction, the energy savings due to solid wood’s thermal mass ranged from 4-24%.  It appears that the energy performance of a solid wood wall greater than 40 mm thick outperforms that of a timber frame and plasterboard wall, and that the energy advantage of solid wood walls increases with increasing wall thickness.
2.
Minimum R-values for solid wood walls lower than those proposed in [3], for use in the New Zealand Building Code, can be justified when a home is constructed with solid wood internal walls. The solid wood construction R-values in [3] are based on timber frame and plasterboard internal walls, which have inferior energy performance compared with solid wood internal walls, especially if these are 60 mm, or greater, in thickness.  Table 3 shows proposed Code minimum R-values for solid wood construction, based on this analysis. The energy performance of solid wood construction with these R-values is nearly equal to that of timber frame construction with the R-values proposed in [3].

3.
Moisture exchange between the indoor air and the building fabric does not improve the energy performance of solid wood construction in the two locations considered in this analysis.  
4.
Indoor humidity is within the desirable range (30-60%) more often when solid wood is used in place of timber frame construction. The humidity advantage of solid wood is largely due to its ability to passively reduce humidity in bedrooms by 5% or more during the night.  By increasing the frequency that indoor humidity is within the desirable range, solid wood construction is expected to improve the health and comfort of occupants.  Wood coatings must offer little resistance to water vapour transport in order to realise the humidity advantage of solid wood construction.
It is recommended that further research be undertaken to confirm the validity of these results and to better understand how moisture storage and exchange affects the energy performance and comfort of solid wood homes. 
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1.
Introduction
The study presented in this report is a simulation analysis of the effects of heat and moisture exchange, between the indoor air and the building fabric, on the energy performance and humidity of New Zealand homes.  The report focuses on the performance of solid wood construction compared with light timber frame construction.
Research has shown that the energy performance of a solid wood wall is typically better than that of a timber frame wall with equal R-value, due to the greater thermal mass of solid wood [1].  However, it was not clear what the energy advantage of solid wood is in New Zealand.  And it was not clear whether latent heat flows, associated with moisture exchanges between the building fabric and the indoor air, play an important part in the energy advantage of solid wood. 
Research has also shown that the indoor environment is enhanced when solid wood is used in place of conventional timber frame construction, resulting in improved occupant heath and comfort [2].  The advantage of solid wood in this case is due to its greater moisture storage capacity, and therefore greater capacity to buffer variations in indoor humidity. It was not clear whether solid wood provides a significant humidity advantage in New Zealand homes.
The aim of this analysis was to determine the energy and humidity advantages of solid wood construction in New Zealand homes, compared with timber frame construction.  The objectives were:
1.
To determine R-values for solid wood construction with energy performance nearly equal to that of timber frame construction insulated to the R-values proposed by the Department of Building and Housing, in its November 2006 consultation document [3]. Results from this analysis, which ignores moisture exchange between the indoor air and the building fabric, underpin proposed minimum R-values for solid wood construction for use in the New Zealand Building Code.  

2.
To determine the effects of surface coatings and moisture exchange between the indoor air and the building fabric on the energy performance and indoor humidity of solid wood and timber frame homes.  Results from this part of the analysis are used to determine the energy and humidity advantages of solid wood construction compared with light timber frame and plasterboard construction.

Energy performance is defined here as the sum of a home’s heating and cooling energies, per m2 of floor area, where the heating energy is the energy added to the home by heating equipment and the cooling energy is the energy removed by air conditioning equipment.
This analysis is a ‘first look’ at the effect of combined heat and moisture exchange on the energy performance and humidity of New Zealand homes.  As such, a relatively simple approach is taken to modelling energy flows in homes, e.g. heat and moisture storage in furnishings is not considered.
2.
Method
The energy and humidity advantages of solid wood construction were determined using the BSim (version 4,6,8,22 with moisture extension) dynamic building energy program supplied by the Danish Building Research Institute [4].  BSim was used to simulate the energy flows and indoor environment in a model home over a typical meteorological year, at Auckland (37o S) and Christchurch (43.5o S).

2.1 Model home
The analysis was based on the model home shown in Figure 1.  
Thermal zones
The home was modelled with seven thermal zones in order to account for spatial variations in heat and moisture flows.  Five zones were conditioned – living rooms, passage and study, master bedroom and ensuite, bedroom 2, bedroom 3 and bathroom. Two zones were unconditioned – garage and attic.
Floor
The floor of the model house was a concrete slab-on-ground with sufficient insulation under the slab to achieve an R-value of 1.9 m2K/W without carpet.  Approximately 80% of the floor area was covered with carpet and the rest was exposed concrete.
Windows
Two types of windows were simulated:

1.
R0.26 standard double glazing with a solar transmittance of 0.76 at a 00 angle of incidence.

2.
R0.31 low-e double glazing with a solar transmittance of 0.71.

The R-values are mean values for the whole window.  The solar transmittances are for the glazed parts of the windows, which were set equal to 80% of the total window area.  All windows were shaded by a 0.6 m wide eave and were insulated with R0.11 curtains at night.

Two glazing area distributions and orientations were simulated:

1.
Northerly orientation (north-facing living areas).  In this case the total area of glazing on north-facing walls was approximately equal to 15% of the floor area and the area of glazing distributed over the other walls was approximately equal to 10% of floor area.
2.
Southerly orientation (south-facing living areas).  In this case the total area of glazing on south-facing walls was approximately equal to 15% of the floor area and the area of glazing distributed over the other walls was approximately equal to 10% of floor area.
Roof

Two types of roof, including ceiling, were simulated:  
1.
Corrugated steel roof on a timber truss with a plasterboard lined ceiling (plaster).

2.
Corrugated steel roof on a timber truss, with a 35 mm thick wood ceiling (35 wood).

The solar absorptance of both roofs was set equal to 0.8 (ie. dark colour). 

External opaque walls (including internal garage wall)

Four types of external wall construction were simulated:

1.
Plasterboard on insulated timber frame, cavity and brick veneer (frame+).

2.
40 mm thick solid wood (40 wood+) with exterior insulation.

3.
60 mm thick solid wood (60 wood+) with exterior insulation.

4.
90 mm thick solid wood (90 wood+) with exterior insulation.

The solar absorptance of all walls was set equal to 0.65 (ie. medium colour). 

Internal walls

Four types of internal wall construction were simulated:

1.
Plasterboard on timber frame (frame).

2.
40 mm thick solid wood (40 wood).

3.
45 mm thick solid wood (45 wood).

4.
60 mm thick solid wood (60 wood).

Figure 1
Model home floor plan (northerly orientation)
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Surface coatings

Three coatings, with varying permeability to water vapour, were simulated on indoor surfaces of walls and ceilings:

1.
Impermeable coating.
2.
Semi-permeable paint with a water vapour resistance equal to 2.5x109 m2sPa/kg.

3.
No coating. 
Wood properties

The density, thermal conductivity and specific heat of wood in all constructions was treated as constant and equal to 470 kg/m3, 0.12 W/mK and 1800 J/kgK respectively.  The sorption and desorption isotherms, which are used in BSim’s moisture transport model, are shown below. 
Figure 2
Equilibrium moisture content
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Internal sensible heat gains

Internal sensible heat gains from three sources were accounted for:
1.
Continuous heat of 100 W from the hot water cylinder was added to the passage zone.
2.
Electrical equipment with loads varying throughout the day as specified in Appendix A of New Zealand Standard NZS 4218:2004 Energy efficiency – small building envelope.
3.
Occupancy by 4 or 6 people in the living rooms from 8am-10pm and the bedrooms the rest of the day. The heat gain was assumed to be 80 W per person. In the case of the living rooms, this heat gain was multiplied by the occupancy factors in New Zealand Standard NZS 4218:2004.    
Air exchange
A constant infiltration rate of 0.25 ach
 or 0.5 ach was used for each conditioned zone of the house.  Airflow between the zones was modelled in a simple manner.  Passage doors to conditioned zones were assumed to be open and interzone airflows were treated as constant.  However, modelling was also done with the master bedroom door closed.
Internal moisture gains

The moisture released from occupants was assumed to be 60 g/h/person during the night.  This value was multiplied by the occupancy factors in NZS 4218:2004 in order to simulate the moisture released into the living rooms during the day. Moisture produced from cooking and other activities, and the related extraction ventilation, was not modelled.
Heating 

Heating was by convection heaters with sufficient capacity to maintain the heating temperature during the heating season, 1 April-31 October. 

Two heating regimes were simulated:

1. All day – 16/20oC minimum in living rooms from 11pm-7am/7am-11pm, and 16oC minimum in other rooms all day.
2. Part day – 16/20oC minimum in living rooms from 9am-5pm and 11pm-7am/7-9am and 5-11pm, and 16oC minimum in other rooms all day.
Convection heaters maintained minimum operative temperatures in each conditioned zone.  Operative temperature accounts for the effects of air temperature and radiation on thermal comfort, but does not account for humidity.
Cooling

Internal shades, with a solar transmittance equal to 50%, were drawn over a window when the zone operative temperature exceeded 24.5oC.

Venting at up to 4 ach during still conditions, rising to 6 ach when the wind speed exceeded 10 m/s, was used to try to limit the zone operative temperature to 25oC.

The model house was cooled by air conditioners if the living rooms overheated by more than 100 hours. Overheating was deemed to occur when venting was unable to maintain the living room below 26oC. The simulated air conditioners cooled the indoors to 25.5oC without dehumidifying the air.    
2.2 Solid wood construction R-values
R-values for solid wood construction, with energy performance nearly equal to that of timber frame construction, were found as follows. The model house was simulated firstly with timber frame construction with the R-values proposed by the Department of Building and Housing in [3]. The external and/or selected internal walls of this reference construction were then replaced with solid wood walls, and the roof R-value was increased, and a wood-lined ceiling was used in some cases.  BSim was then run repeatedly with varying external wall R-values until the energy performance of the solid wood construction was nearly equal to that of the reference timber frame construction. 
2.3
Humidity advantage of solid wood construction
Based on the information in [5] concerning the effect of humidity on comfort, health and perceived air quality, it appears that relative humidity is favourable when within the range of 30-60%. The percentage of time that relative humidity is outside this range, while the room is occupied, was the primary measure used to determine the humidity advantage of solid wood construction. 
3.
Results and discussion
3.1
Solid wood construction R-values 
R-values for solid wood construction, with simulated energy performance nearly equal to that of timber frame construction, are shown in Table 1.  
The results in Table 1 show that the energy performance with 40 mm thick solid wood internal walls is similar to that with timber frame internal walls. Timber frame internal walls are outperformed by 60 mm and 90 mm thick solid wood internal walls. A smaller external wall R-value is required when these solid wood walls are used in place of timber frame walls. The energy advantage of relatively thick solid wood internal walls is due to their greater thermal mass compared with timber frame construction.
The results indicate that the energy advantage of solid wood internal walls is slightly greater than that of solid wood external walls with equal wood thickness.  This may be explained by the fact that nearly all of the heat stored in internal walls is returned to the indoor space, while some heat stored in external walls is lost to the outdoors, so these walls are not as efficient at storing heat.
Table 1 also shows that the use of 35 mm thick wood ceilings instead of plasterboard ceilings has a small effect, if any, on external wall R-value.  And the same is true when 40 mm thick solid wood external walls are used in place of timber frame external walls.  While there appears to be little energy advantage in using 40 mm thick solid wood rather than timber frame in external walls, there is a significant advantage in using 60 mm or 90 mm thick solid wood.
Significantly smaller external wall R-values are required if solid wood is used in external walls, internal walls and ceilings. Take, for example, a construction comprising 90 mm thick solid wood external walls, 60 mm thick solid wood internal walls and 35 mm thick wood ceilings.  In this case the external wall R-value for solid wood construction is R0.7 at Auckland compared with R1.3 for timber frame. The external wall R-value for solid wood construction is R1.3 at Christchurch compared with R1.9 for timber frame.
Solid wood construction minimum R-values, for use in the Building Code, can be drawn from Table 1 by treating Auckland and Christchurch as representative locations for climate zones 1 and 3 respectively. Proposed R-values are shown in Table 3. The energy performance of solid wood construction with these R-values will be nearly equal to that of the reference timber frame construction in Table 1. 
Very thick solid wood walls may not need insulation in order to achieve the R-values in Table 3.  A 142 mm thick log wall, for example, has an R-value of 1.3 m2K/W, if the thermal conductivity of wood equals 0.12 W/mK and the internal and external surface resistances equal 0.09 m2K/W and 0.03 m2K/W respectively. This log wall meets the R1.3 minimum proposed in Table 3 for climate 3, and because it has greater thermal mass, its energy performance will be better than the other walls in Table 3. 
3.2
Energy performance of solid wood construction
Table 2 shows the effect of construction type on the energy requirement of the model home with R2.1 walls, R1.9 floor, R0.26 glazing and R2.6 roof. The energy requirement of 60-90 mm thick solid wood external and internal walls is 4-24% less than that of timber frame walls. The greatest percentage energy savings occur with north-orientated Auckland homes, while the greatest absolute energy savings occur with north-orientated Christchurch homes. These results highlight the fact that solid wood’s thermal mass is best utilised in homes with relatively high levels of solar gain.  
The results in Table 2 show that the energy advantage of solid wood is:

· Sensitive to the amount of solar gain, especially at Christchurch, which can be observed by comparing the results for north orientation (Table 2a) with south orientation (Table 2c).

· Relatively insensitive to the number of occupants (Table 2a vs. Table 2b), heating regime (Table 2a vs. Table 2d) and the infiltration rate (Table 2a vs. Table 2e), for the ranges considered for these three variables.   
It appears that moisture exchange through the use of permeable coatings does not enhance the energy performance of solid wood construction in New Zealand homes.  The results in Table 2 indicate that energy performance and the energy advantage of uncoated solid wood reduces slightly when moisture exchange in the building fabric is accounted for.   
Table 2 also shows the energy performance of solid wood homes with relatively low external wall R-values.  These results reinforce the findings in Section 3.1 that the energy performance of solid wood homes with relatively small wall R-values can match that of timber frame homes with larger external wall R-values.

Table 1
R-values for varying types of solid wood construction with energy performance nearly equal to that of timber frame construction.
Model home simulated with four occupants, an all day heating regime, an infiltration rate of 0.5 ach and a northerly orientation.
	Design No.
	External wall
	Internal

wall
	Roof
	Auckland R-values (m2K/W)1
	Christchurch R-values (m2K/W)1

	
	
	
	
	Wall
	Roof
	Floor
	Glazing
	Wall
	Roof
	Floor
	Glazing

	1 (Reference)
	Frame+
	Frame
	Plaster
	2.1
	2.6
	1.9
	0.26
	2.1
	3.1
	1.9
	0.26

	2
	Frame+
	Frame
	Plaster
	1.3
	3.5
	1.9
	0.26
	1.9
	3.5
	1.9
	0.26

	3
	Frame+
	40 wood
	Plaster
	1.2
	3.5
	1.9
	0.26
	1.9
	3.5
	1.9
	0.26

	4
	Frame+
	60 wood
	Plaster
	0.9
	3.5
	1.9
	0.26
	1.5
	3.5
	1.9
	0.26

	5
	Frame+
	90 wood
	Plaster
	0.7
	3.5
	1.9
	0.26
	1.3
	3.5
	1.9
	0.26

	6
	Frame+
	Frame
	Plaster - 20% area

35 wood - 80% area
	1.2
	3.5
	1.9
	0.26
	1.8
	3.5
	1.9
	0.26

	7
	Frame+
	40 wood
	Plaster - 20%

35 wood - 80%
	1.1
	3.5
	1.9
	0.26
	1.9
	3.5
	1.9
	0.26

	
	
	
	
	
	
	
	
	
	
	
	

	8
	40 wood+
	Frame - 20%

40 wood - 80%
	Plaster
	1.2
	3.5
	1.9
	0.26
	1.8
	3.5
	1.9
	0.26

	9
	40 wood+
	Frame - 20%

40 wood - 80%
	Plaster
	1.0
	3.5
	1.9
	0.31
	1.4
	3.5
	1.9
	0.31

	10
	40 wood+
	Frame - 20%

40 wood - 80%
	Plaster - 20%

35 wood - 80%
	1.2
	3.5
	1.9
	0.26
	1.8
	3.5
	1.9
	0.26

	11
	40 wood+
	Frame - 20%

40 wood - 80%
	Plaster - 20%

35 wood - 80%
	0.9
	3.5
	1.9
	0.31
	1.3
	3.5
	1.9
	0.31

	
	
	
	
	
	
	
	
	
	
	
	

	12
	60 wood+
	Frame - 20% area

45 wood - 80% area
	Plaster
	1.0
	3.5
	1.9
	0.26
	1.6
	3.5
	1.9
	0.26

	13
	60 wood+
	Frame - 20%

45 wood - 80%
	Plaster
	0.8
	3.5
	1.9
	0.31
	1.2
	3.5
	1.9
	0.31

	14
	60 wood+
	Frame - 20%

45 wood - 80%
	Plaster - 20%

35 wood - 80%
	1.0
	3.5
	1.9
	0.26
	1.6
	3.5
	1.9
	0.26

	15
	60 wood+
	Frame - 20%

45 wood - 80%
	Plaster - 20%

35 wood - 80%
	0.8
	3.5
	1.9
	0.31
	1.2
	3.5
	1.9
	0.31

	16
	60 wood+
	Frame - 20%

60 wood - 80%
	Plaster
	0.9
	3.5
	1.9
	0.26
	1.4
	3.5
	1.9
	0.26

	17
	60 wood+
	Frame - 20%

60 wood - 80%
	Plaster
	0.7
	3.5
	1.9
	0.31
	1.1
	3.5
	1.9
	0.31

	18
	60 wood+
	Frame - 20%

60 wood - 80%
	Plaster - 20%

35 wood - 80%
	0.9
	3.5
	1.9
	0.26
	1.4
	3.5
	1.9
	0.26

	19
	60 wood+
	Frame - 20%

60 wood - 80%
	Plaster - 20%

35 wood - 80%
	0.7
	3.5
	1.9
	0.31
	1.1
	3.5
	1.9
	0.31


Table 1 continued


	Design No.
	External wall
	Internal

wall
	Roof
	Auckland R-values (m2K/W)1
	Christchurch R-values (m2K/W)1

	
	
	
	
	Wall
	Roof
	Floor
	Glazing
	Wall
	Roof
	Floor
	Glazing

	20
	90 wood+
	Frame - 20%

45 wood - 80%
	Plaster
	0.9
	3.5
	1.9
	0.26
	1.5
	3.5
	1.9
	0.26

	21
	90 wood+
	Frame - 20%

45 wood - 80%
	Plaster
	0.7
	3.5
	1.9
	0.31
	1.1
	3.5
	1.9
	0.31

	22
	90 wood+
	Frame - 20%

45 wood - 80%
	Plaster - 20%

35 wood - 80%
	0.9
	3.5
	1.9
	0.26
	1.5
	3.5
	1.9
	0.26

	23
	90 wood+
	Frame - 20%

45 wood - 80%
	Plaster - 20%

35 wood - 80%
	0.7
	3.5
	1.9
	0.31
	1.1
	3.5
	1.9
	0.31

	24
	90 wood+
	Frame - 20%

60 wood - 80%
	Plaster
	0.8
	3.5
	1.9
	0.26
	1.3
	3.5
	1.9
	0.26

	25
	90 wood+
	Frame - 20%

60 wood - 80%
	Plaster
	-
	-
	-
	-
	1.0
	3.5
	1.9
	0.31

	26
	90 wood+
	Frame - 20%

60 wood - 80%
	Plaster - 20%

35 wood - 80%
	0.7
	3.5
	1.9
	0.26
	1.3
	3.5
	1.9
	0.26

	27
	90 wood+
	Frame - 20%

60 wood - 80%
	Plaster - 20%

35 wood - 80%
	-
	-
	-
	-
	1.0
	3.5
	1.9
	0.31



Note:

1.
Air cooling by air conditioners was required for all designs at Auckland and Christchurch.
Table 2
Effect of moisture exchange between the indoor air and the building fabric on the simulated energy performance of the model house
(a)
Infiltration rate = 0.25 ach; all day heating regime; four occupants; northerly orientation.
	Location
	External wall
	Internal

Wall
	Floor
	Glazing
	Roof
	Heating+cooling=total auxiliary energy requirement

(kWh/m2(floor))

	
	
	
	
	
	
	Impermeable coating on all walls & ceilings
(No moisture exchange)
	Painted plasterboard ceilings & walls;

Uncoated wood-lined ceilings & solid wood walls

(Moisture exchange)

	Auckland
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R2.6 plaster
	7.84+6.63=14.47
	7.71+6.69=14.40

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	6.26+5.70=11.96
	7.04+6.12=13.16

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	5.60+5.53=11.13
	6.35+5.80=12.15

	
	R1.0 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	6.96+4.75=11.71
	7.92+5.03=12.95

	Christchurch
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R3.1 plaster
	30.73+3.32=34.05
	30.58+3.21=33.79

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	29.25+2.61=31.86
	30.20+2.57=32.77

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	27.61+2.49=30.10
	28.45+2.37=30.82

	
	R1.3 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	30.98+2.24=33.22
	31.84+2.10=33.94


(b)
Infiltration rate = 0.25 ach; all day heating regime; six occupants; northerly orientation.

	Location
	External wall
	Internal

wall
	Floor
	Glazing
	Roof
	Heating+cooling=total auxiliary energy requirement

(kWh/m2(floor))

	
	
	
	
	
	
	Impermeable coating on all walls & ceilings
(No moisture exchange)
	Painted plasterboard ceilings & walls;

Uncoated wood-lined ceilings & solid wood walls

(Moisture exchange)

	Auckland
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R2.6 plaster
	6.78+7.19=13.97
	6.68+7.21=13.89

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	5.42+6.22=11.64
	6.06+6.60=12.66

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	4.82+6.03=10.85
	5.46+6.22=11.68

	
	R1.0 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	6.09+5.19=11.28
	6.93+5.41=12.34

	Christchurch
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R3.1 plaster
	28.36+3.63=31.99
	28.27+3.39=31.66

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	26.92+2.88=29.80
	27.77+2.80=30.57

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	25.39+2.75=28.14
	26.15+2.57=28.72

	
	R1.3 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	28.65+2.48=31.13
	29.43+2.28=31.71


Table 2 continued
(c)
Infiltration rate = 0.25 ach; all day heating regime; four occupants; southerly orientation.

	Location
	External wall
	Internal

wall
	Floor
	Glazing
	Roof
	Heating+cooling=total auxiliary energy requirement

(kWh/m2(floor))

	
	
	
	
	
	
	Impermeable coating on all walls & ceilings
(No moisture exchange)
	Painted plasterboard ceilings & walls;

Uncoated wood-lined ceilings & solid wood walls

(Moisture exchange)

	Auckland
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R2.6 plaster
	10.22+4.83=15.05
	10.34+4.93=15.27

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	9.42+4.22=13.64
	10.39+4.64=15.03

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	8.77+3.92=12.69
	9.72+4.16=13.88

	
	R1.0 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	10.80+3.39=14.19
	12.01+3.66=15.67

	Christchurch
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R3.1 plaster
	37.49+1.88=39.37
	37.85+1.76=39.61

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	37.21+1.48=38.69
	38.24+1.47=39.71

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	35.71+1.32=37.03
	36.68+1.24=37.92

	
	R1.3 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	39.56+1.17=40.73
	40.60+1.10=41.70


(d)
Infiltration rate = 0.25 ach; part day heating regime; four occupants; northerly orientation.

	Location
	External wall
	Internal

wall
	Floor
	Glazing
	Roof
	Heating+cooling=total auxiliary energy requirement

(kWh/m2(floor))

	
	
	
	
	
	
	Impermeable coating on all walls & ceilings
(No moisture exchange)
	Painted plasterboard ceilings & walls;

Uncoated wood-lined ceilings & solid wood walls

(Moisture exchange)

	Auckland
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R2.6 plaster
	7.30+6.63=13.93
	7.16+6.69=13.85

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	5.65+5.70=11.35
	6.42+6.12=12.54

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	5.06+5.53=10.59
	5.80+5.80=11.60

	
	R1.0 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	6.21+4.75=10.96
	7.16+5.03=12.19

	Christchurch
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R3.1 plaster
	28.02+3.31=31.33
	28.01+3.12=31.13

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	26.01+2.61=28.62
	27.10+2.56=29.66

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	24.54+2.49=27.03
	25.51+2.36=27.87

	
	R1.3 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	27.56+2.24=29.80
	28.52+2.09=30.61


Table 2 continued

(e) Infiltration rate = 0.5 ach; all day heating regime; four occupants; northerly orientation.

	Location
	External wall
	Internal

wall
	Floor
	Glazing
	Roof
	Heating+cooling=total auxiliary energy requirement

(kWh/m2(floor))

	
	
	
	
	
	
	Impermeable coating on all walls & ceilings
(No moisture exchange)
	Painted plasterboard ceilings & walls;

Uncoated wood-lined ceilings & solid wood walls

(Moisture exchange)

	Auckland
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R2.6 plaster
	10.16+6.32=16.48
	10.08+6.38=16.46

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	8.47+5.39=13.86
	9.47+5.80=15.27

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R2.6 plaster
	7.74+5.23=12.97
	8.72+5.49=14.21

	
	R1.0 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	9.23+4.50=13.73
	10.46+4.78=15.24

	Christchurch
	R2.1 frame+
	Frame
	R1.9
	R0.26
	R3.1 plaster
	37.40+3.16=40.56
	37.35+3.05=40.40

	
	R2.1 frame+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	36.15+2.45=38.60
	37.21+2.41=39.62

	
	R2.1 90 wood+
	60 wood
	R1.9
	R0.26
	R3.1 plaster
	34.51+2.34=36.85
	35.46+2.22=37.68

	
	R1.3 90 wood+
	60 wood
	R1.9
	R0.26
	R3.5 35 wood
	38.02+2.12=40.14
	38.98+1.96=40.94


Table 3
Proposed Replacement Table 2(a) for externally-insulated solid wood construction

for use in the New Zealand Building Code
	Building thermal envelope component
	Minimum R-values (m2K/W)

	
	Climate zone 1
	Climate zone 3

	Roof
	3.5
	3.5
	3.5
	3.5

	(i) Solid timber external and internal walls at least 40 mm thick; or
	1.2
	1.0
	1.8
	1.4

	(ii) Solid timber external walls at least 60 mm thick and
solid timber internal walls at least 45 mm thick; or
	1.0
	0.8
	1.6
	1.2

	(iii) Solid timber external walls at least 60 mm thick and
solid timber internal walls at least 60 mm thick; or
	0.9
	0.7
	1.4
	1.1

	(iv) Solid timber external walls at least 90 mm thick and solid timber internal walls at least 45 mm thick; or
	0.9
	0.7
	1.5
	1.1

	(iv) Solid timber external walls at least 90 mm thick and solid timber internal walls at least 60 mm thick.
	0.8
	-
	1.3
	1.0

	Floor
	1.9
	1.9
	1.9
	1.9

	Glazing (vertical)
	0.26
	0.31
	0.26
	0.31

	Glazing (skylights)
	0.26
	0.31
	0.26
	0.31


Notes
(1)  At least 80% of internal walls must be solid timber when using the wall R-values for solid internal and external walls.  
3.3
Humidity performance of solid wood
Figures 3 and 4 show that indoor humidity with uncoated solid wood construction is similar to, or slightly higher than, the humidity with timber frame construction during the daytime and is significantly lower during the night.
Comparing the curves for uncoated and coated wood in Figure 4 it can be seen that the moisture buffering effect of solid wood is highly dependant on the permeability of the coating to water vapour.   
The moisture buffering effect of solid wood can be expected to increase with decreasing flow of outside air through the building.  There is less ventilation during the night, which helps to explain why solid wood has a greater effect on humidity during the night than during the day.

Figure 4 shows that the monthly mean humidity in the master bedroom of the model house is up to 4% lower with solid wood construction compared with timber frame construction.  A greater reduction is observed if the bedroom door is closed during the night, thus restricting air circulation with the rest of the house. Simulations indicate that the use of solid wood rather than timber frame construction reduces monthly mean humidity in the bedroom by more than 5% when the bedroom door is closed. 
Figure 5 shows the percentage of time, over a typical year, that the relative humidity in the master bedroom is below a given value.  It can be seen that humidity is in the desirable range (30-60%):

· 14% and 40% of the time at Auckland for timber frame and solid wood construction respectively.

· 85% and 99% of the time at Christchurch for timber frame and solid wood construction respectively.

These results show that excessive humidity is an important issue at Auckland, but less so at Christchurch.  They also show that solid wood provides a significant humidity advantage by reducing the frequency of undesirably high indoor humidity.

Figure 3
Monthly mean relative humidity from 8am-10pm in the living room of the model home.  Infiltration rate equals 0.5 ach, four occupants in the home, all day heating regime and a northerly orientation.
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Figure 4
Monthly mean relative humidity from 10pm-8am in the master bedroom of the model home. Infiltration rate equals 0.25 ach, four occupants in the home, all day heating regime and a northerly orientation.
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Figure 5
Annual cumulative frequency of relative humidity from 10pm-8am in the master bedroom. Infiltration rate equals 0.25 ach, four occupants in the home, all day heating regime and a northerly orientation.

4.
Conclusion
The analysis confirms that the energy performance of solid wood construction is superior to that of timber frame construction.  The superior energy performance is almost entirely due to solid wood’s greater thermal mass, ie. its capacity to store and exchange heat.

The type of construction used in internal walls has a significant effect on home energy performance.  The results show that solid wood external wall R-values lower than proposed in [3] can be justified if a home is constructed with solid wood internal walls rather than timber frame internal walls.  
Unlike some other types of high mass construction, thermal mass is distributed throughout solid wood homes rather than just around their perimeter, because they are typically constructed with solid wood external and solid wood internal walls.  This is an important advantage because thermal mass within internal walls is more effective at improving a home’s energy performance than thermal mass within external walls.  
Surprisingly, it appears that solid wood’s greater capacity to store and exchange moisture does not improve its energy performance.  It is recommended that further study be undertaken to confirm the validity of these results and to understand how moisture storage and exchange affects the energy performance and comfort of solid wood homes. 

An important advantage of solid wood construction observed in this study is the improvement in indoor humidity, especially during periods when there is little air exchange with the outdoors. Solid wood acts as a passive dehumidifier during the night, and a humidifier during the day.  This produces more favourable humidity indoors, especially in bedrooms during the nights, which translates into improved comfort and health.  The humidity advantage of solid wood construction depends on the permeability of the coating to water vapour.  The advantage is greatest when the wood is uncoated.
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Not to scale


Floor area ≈ 165 m2 not including garage


Note: Floor area is the area of the floor within the external walls of the conditioned space as defined in NZS 4218:2004 
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