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Abstract: Straw and pure wool are the only bio-based insulation materials produced in New Zealand (NZ) 
and occupy the vast minority of the market. While in Europe and elsewhere biologically sourced and 
biodegradable insulation products are common, the market dominance of inorganic insulation materials 
in NZ is limiting the uptake of renewable, zero-waste materials. The controlled interior environment and 
quality assurance offered by prefabrication has the potential to reduce the perceived risk surrounding bio-
based insulation materials in NZ and would allow them acceptance into the mainstream market. 
Prefabricated panels using straw have had success overseas in the UK and Lithuania. This paper proposes 
concepts for three prefabricated wall panel designs that are insulated with straw and/or wool insulation 
to increase the market share of bio-based insulation materials in NZ. Panel designs 1 and 2 explore the 
use of both straw and wool in a prefabricated panel, and panel design 3 proposes an entirely pure wool 
insulated panel. The design proposals are assessed, compared, and discussed in terms of their weight and 
thermal and vapour resistance. 
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1. Problem statement and relevance

1.1. Bio-based insulation materials in NZ 

The term bio-based in this paper is used to refer to materials that operate within the bio-sphere or organic 
cycle as defined in “Cradle to cradle: Remaking the way we make things” (McDonough & Braungart, 2002). 
Other suitable terms for these materials include biodegradable, biological, and organic. These are natural 
plant-based materials that are both from renewable sources and biodegradable. 

Non-biodegradable insulation materials dominate the NZ market. Fibreglass wall insulation occupies 
90% of the market, and the other share is mainly polyester insulation (Brunsdon & Magan, 2017). 
However, overseas in countries like Germany, biologically sourced and/or biodegradable wall insulation 
materials such as wood fibre, cellulose, hemp, flax, straw, or wool are not uncommon, occupying up to 
4% of the market (Götze & Naderer, 2019). Straw bale and wool are the only bio-based insulation 
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materials produced in NZ and represent an insignificant share of the NZ market (BRANZ, 2015, 2020). 
However, as recently as 2008, blown-in cellulose (macerated paper) insulation was being produced in NZ 
(McChesney & Cox-Smith, 2008). Bio-based insulation materials continue to battle building regulations 
around the world as they are deemed to have inferior durability due to their lack of moisture resistance 
(Sigmund, 2017). This is especially the mindset of the NZ construction industry following on from what in 
NZ is known as the leaky building crisis. In a political climate of building code de-regulation, a significant 
number of dwellings built in the 1980s and 90s manifested moisture ingress or moisture accumulation in 
the building fabric, caused by uninformed use of materials and constructions, and leading to substantial 
damage. However, the substantial market share of insulation products made from renewable raw 
materials in the European Union suggests that these reservations against bio-based insulation materials 
are unfounded (Kaiser et al., 2020). When the construction and material relationships are considered 
holistically to uphold good moisture management (external and internal moisture), which can be assessed 
through hygrothermal testing, bio-based insulation materials can highly perform. 

1.2. Pure wool insulation 

The potential for pure wool insulation in NZ is excellent. NZ is one of the largest producers of wool in the 
world, producing 11% of the world’s wool and taking 4th place behind Australia, China, and the USA 
(Omondi, 2017). However, despite the abundance of wool produced in NZ, only 30% remains in the 
country, and of that wool, very little is used in insulation (Nicol & Saunders, 2008). Also, almost all of the 
wool used in insulation products in NZ is blended with polyester or combined with inorganic resins which 
compromises the biodegradability of the product. Manufacturers use inorganic resins or blend polyester 
with wool to help the product holds its shape (Isaacs, 2010). Pure wool insulation can be washed, carded 
and treated with borax or Quassia wood chips to protect it from moths (Kennedy et al., 2014). Pure wool 
insulation that is not blended with polyester or inorganic resins is only available in NZ as loose blown-in 
roof insulation from Envirowool. The irony is that NZ wool is being used overseas in places such as the 
USA to produce pure wool insulation products. Havelock wool in the USA has made a partnership with 
Pāmu Farms of NZ to supply wool to produce their batt insulation (Hutching, 2018). 

1.3. Straw bales 

Straw bales also have very good potential as an insulation material in NZ. Straw is an abundant waste 
product of the NZ agriculture industry. Straw bales are generally underutilised but are used for fertiliser, 
animal bedding, and bio-fuel as well as a building material (Pringle, 2016). NZ’s grain growing sector can 
supply straw bales to construct 2,200 dwellings each year (Hall, 2019). Therefore, there is certainly the 
capacity for straw bale construction to grow in NZ. Currently, an estimated 20% of straw is simply burned 
after harvest (Hall, 2019). If this polluting and unsustainable practice were to cease even more straw 
would be available in NZ (Pringle, 2016). Straw is the stem of the cereal plant from which the valuable 
head of wheat, barley, oats, rice, or rye is harvested (Magwood, 2016). Bale sizes vary globally depending 
on the bailing machines used (Pringle, 2016). In NZ straw bales are generally 900-1000mm in length, 
450mm wide, and 350mm deep (Hall, 2019). 

In 2015, it was estimated that there were 300 to 400 straw bale houses in NZ (Hall, 2015). Statistics 
NZ’s latest data from 2017 estimates that there are 1,729,300 dwellings in NZ (Statistics New Zealand, 
2017). Even with this approximate data, this shows that straw bale houses are a long way off even 
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representing one per cent of dwellings in NZ. However, although small, an industry for straw bale houses 
does exist in NZ with a handful of small companies specialising in the field. 

Specifically, the uptake of straw bale construction is limited in NZ due to the absence of a straw bale 
building standard. The absence of a design standard means that all building code clause B1 structural 
compliance design must be done by a chartered professional engineer (BRANZ, 2015). This adds time, 
cost, and effort making straw bale construction less desirable. However, an informative straw bale 
construction appendix is likely to be present on the next revision of the NZ Earth Building Standards which, 
if accepted, will make the consenting process easier for all parties (Hall, 2019). 

1.4. Straw or wool prefabricated wall panels 

No straw or pure wool insulated prefabricated wall panels exist in NZ. Straw-insulated prefabricated 
panels are produced in the UK and Lithuania by the companies ModCell® and Ecococon respectively. 
However, no prefabricated panels using pure wool insulation are produced anywhere globally. In NZ, 
experimental prototypes of straw bale insulated prefabricated wall panels have been developed. 
Additionally, prefabricated wall panels that use wool-blend insulation are produced in NZ by Ecopanel. 
Straw bale prototype prefabricated walls have been developed in NZ by Sol design in 2011 and 2014 (Hall, 
2014). In 2011, Sol Design constructed a 10m2 experimental prefabricated structure in Geraldine, 
Canterbury (Hall, 2014). They then began working on prefabricated straw bale panels and constructed a 
power shed for an off-grid property in Geraldine, Canterbury, in 2014 (Hall, 2014). More recently, in 2019, 
researcher academic Min Hall produced four prototype straw bale wall panels at one-third scale, using 
different timber framing options including laminated veneer lumber (LVL), timber I-beams, sawn timber 
vertical trusses, and a ‘C’ frame where sawn timber and plywood are incorporated to form a channel 
section (Hall, 2019). 

2. Research objectives
This paper proposes three prefabricated wall panel designs that are insulated with straw and/or pure wool 
insulation. This is for the purpose of increasing the uptake of straw and pure wool insulation which are 
NZ’s only bio-based insulation materials. We need bio-based materials because they reduce end-of-life 
waste, consumption of finite resources, energy consumption, and greenhouse gas emissions. These areas 
of sustainability have been worked on extensively in the area of energy efficiency of buildings, but a lot of 
work is still to be done in the area of the embodied energy of buildings. A prefabricated wall panel design 
is proposed that is insulated with pure wool insulation as an alternative to the wool-blend insulated panel 
from Ecopanel. In addition, two designs are proposed that explore the potential of combining both straw 
and wool insulation in a prefabricated panel. 

2.1. Research proposition 

A prefabricated wall panel has the potential to lower the risk associated with using bio-based insulation 
materials and increase their uptake. The controlled and dry interior environment within the factory 
drastically lowers the chance of the bio-based insulation material being compromised through moisture. 
For straw bale construction specifically, prefabrication offers the benefits of the possibility of plastering 
all year round, improved quality of plaster, and accelerated application (Hall, 2014). It is also more suitable 
for small urban sites, and builders on rural sites can spend less time away from home (Hall, 2014). 
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The consistency and improved quality assurance of the product due to the interior factory setting will 
allow the straw or pure wool insulated panel to receive BRANZ CodeMark or Appraisal. This will allow the 
panel to gain acceptance in the mainstream market. Also, prefabrication in general offers reduced site 
labour which can reduce costs. 

The Ecococon and ModCell® panels demonstrate the feasibility of a prefabricated panel with bio-based 
insulation. Ecococon has built over 100 projects in the last ten years (Ecococon, 2020b). ModCell® has 
built 33 projects since 2001 (ModCell®, 2020). 

3. Methodology
The Ecococon panel is used as a base for prefabricated explorations using wool in combination with straw 
insulation. This is because of their benefits over the ModCell® Panel. Compressed straw is used in the 
Ecococon panels instead of bales which allows the panels, dimensional flexibility. This makes the panels 
adaptable to almost any design which keeps site labour cost low (Ecococon, 2020). Ecococon also 
produces a range of panels for different applications. The design proposals are based on the standard 
(non-braced) wall panels from Ecococon with the intent that the lessons learned can be applied to the full 
range of panels. The panel designs are all of the consistent dimensions of 0.35m x 1.8m x 2.4m to allow 
direct comparison. Douglas-fir timber is selected for the panel’s structural timber frame as the timber is 
readily available in NZ and fit for structural application. 

Data is sourced on the materials used in the proposed panel designs to compare the weight, thermal 
resistances and vapour resistances of using only straw or wool insulation and the effect of combing them. 
Specific densities, vapour resistivities and thermal conductivities of materials are sought from actual 
building products or physical studies, and a single source is used where possible to ensure the highest 
quality of data. However, multiple sources had to be used to obtain the data for most materials which is 
a limitation. 

The calculations have been manually conducted. The weight for each panel is calculated by multiplying 
the density of each material by its respective volume. The thermal resistance for each panel is calculated, 
summing the depth of each material after being divided by its respective thermal conductivity. The vapour 
resistance of each panel is calculated by summing the vapour resistivity of each material after being 
multiplied by its respective depth. Thermal and vapour resistance are calculated, excluding the timber 
frame. 

4. Literature review
Literature on prefabricated straw wall panels is reviewed to inform how wool insulation could be best be 
used within a straw a prefabricated wall panel. This literature also supplies suitable construction 
approaches for pure wool insulation as it is a material with similar moisture management requirements 
to straw. This informs three prefabricated wall panel designs. 

Wool is more insulative and less dense than straw, making it the superior insulation material. 
Therefore, whatever proportion of wool that is present instead of straw produces a lighter, more 
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insulative panel. However, the increased density and bearing capacity of straw means that it has the 
benefit of being able to support heavy plaster renders. The Ecococon panel can use a vapour-permeable 
plaster render on its exterior (Ecococon, 2020c). Clay plaster is highly vapour-permeable, which is ideal 
for bio-based insulation materials as it allows them the ability to dry out (Kennedy et al., 2014). A lime 
wash finish is applied to the plaster to achieve weathertightness (Racusin, 2012). Clay plaster is also a bio- 
based material compromised of clay, sand, and straw fibres (Racusin, 2012). The only other alternatives 
to plaster are a magnesium oxide or gypsum sheathing, both of which are inorganic materials (Magwood, 
2016). Accordingly, there is an opportunity to maintain the presence of straw in prefabricated panels, 
despite the thermal advantages of wool insulation, as a substrate for the vapour-permeable bio-based 
material of clay plaster. 

A hollow timber box beam for the top and bottom plates minimises thermal bridging and provides 
separate cavities that require insulation (Magwood, 2016). This provides an opportunity for wool 
insulation within a prefabricated straw panel. 

Ecopanel uses plywood, cementitious fibre board, or oriented strand board over wool-blend insulation 
(Ecopanel, 2018). However, pure wool insulation without the added moisture resistance of the polyester 
is more susceptible to moisture damage, to a similar extent as straw, and therefore requires different 
treatment. Straw is hygroscopic, which means it will absorb and store water (Kennedy et al., 2014). This 
means straw bales require a vapour-permeable construction to ensure there is reasonable drying 
potential (Racusin, 2012). Wool is also hygroscopic (Tuzcu, 2007). A prefabricated wool wall panel should 
therefore be constructed similarly to a straw wall panel and use a vapour-permeable sheathing as an 
alternative to a plaster render. Gypsum sheathing is the most suitable sheathing material for this purpose 
as it is more vapour-permeable than a magnesium oxide sheathing (Magwood, 2016). Gypsum sheathing 
comes in two forms, one for exterior use featuring a fibreglass and/or waxed paper coating and one for 
interior use (Magwood, 2016). 

Table 1: Properties of materials 

Density Thermal conductivities Vapour resistivities 
Compressed Straw 
(Ecococon) 

110 Kg/m3 (Ecococon, 
2017) 

0.0494 W/mk (calculated 
from (Ecococon, 2017) 

Straw bale: 9.71 MNs/gm 
(calculated from 
(Magwood, 2016)) 

Pure wool insulation 25 Kg/m3 (Tuzcu, 2007) 0.033 W/mk (Tuzcu, 2007) 10.0 MNs/gm (Black 
Mountain Insulation, 
2020) 

Douglas-Fir 462 Kg/m3 (Kimberley et 
al., 2017) 

Clay Plaster 1500 Kg/m3 (Morton et 
al., 2005) 

0.12 W/mk (TenWolde et 
al., 1988) 

0.66 W/mk (Morton et al., 
2005) 

393.3 MNs/gm 
(calculated from (Nash, 
2017) 
26.3 MNs/gm (Vares et 
al., 2017) 

12.7mm Exterior Gypsum 
Sheathing (DensGlass®) 
13mm Interior Gypsum 
Sheathing (SHEETROCK® 
HD) 

708.7 Kg/m3 (DensGlass®, 
2017) 
654 Kg/m3 (USG Boral, 
2019) 

0.128 W/mk (DensGlass®, 
2017) 
0.178 W/mk (USG Boral, 
2019) 

60.6 MNs/g (DensGlass®, 
2017) 
38.5 MNs/gm (Overton, 
2015) 
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5. Design proposals
A standard prefabricated timber frame is used for each design (figure 1). The timber frame weighs 
169.5Kg. For each design, a pure wool batt insulation product that can hold its shape is proposed along 
with compressed straw. Panel 1 is comprised of the timber frame filled with compressed straw insulation 
and with pure wool insulation present in the hollow timber box beams used for the bottom and top plates 
(figure 2). The vapour and thermal resistance for this panel are calculated through the straw and clay 
plaster on the exterior and interior. Panel 2 (figure 3) is identical to panel 1 apart from 150mm of pure 
wool insulation instead of straw in the centre. Straw is present on either side of the wool insulation as a 
substrate to support clay plaster. Rigid self-supporting compressed straw panels will be glued into the 
prefabricated timber frame on one face before the pure wool batt insulation is laid in the frame and 
sandwiched between identical straw panels on the other face. The vapour and thermal resistance for this 
panel are calculated through the straw, wool, and clay plaster. Panel 3 (figure 4) is entirely insulated with 
pure wool batt insulation with gypsum sheathing on the exterior and interior. The vapour and thermal 
resistance for this panel are calculated through the wool insulation and gypsum sheathings. 

Figure 1: Timber frame used in each design. 
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Figure 2: Panel 1 section. Figure 3: Panel 2 section. Figure 4: Panel 3 section. 

6. Results

Table 2: Thermal and vapour resistance calculations 

Thermal resistance Vapour resistance 
Panel 1 ((0.35m/0.0494)+(0.025m/0.66)+(0.025m/ ((0.025mx26.3)+(0.025mx26.3)+(0.35mx9.71)) 

0.66)) 
=7.2 m2K/W 

=4.714 MNs/g 

Panel 2 ((0.025m/0.66)+(0.025m/0.66)+(0.1m/0.04 ((0.025mx26.3)+(0.025mx26.3)+(0.1mx9.71)+(0.1mx9. 
94) +(0.1m/0.0494)+(0.15m/0.033)) 71)+(0.15mx10)) 
=8.7 m2K/W =4.757 MNs/g 

Panel 3 ((0.35m/0.33)+(0.0127m/0.128)+(0.013m/ ((0.35mx10)+(0.0127mx60.6)+(0.013mx38.5)) 
0.178)) 
=10.8 m2K/W 

=4.770 MNs/g 
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Table 3: Properties of prefabricated panel designs. 

Weight Thermal resistance Vapour resistance 
Panel 1 582.3 Kg 7.2 m2K/W 4.714 MNs/g 
Panel 2 528.1 Kg 8.7 m2K/W 4.757 MNs/g 
Panel 3 273.8 Kg 10.8 m2K/W 4.770 MNs/g 

7. Discussion
Panel 1 only makes a minor alteration on existing prefabricated straw panels such as Ecococon and 
ModCell® with the addition of pure wool insulated top and bottom plates. Panel 1 is, therefore, the least 
speculative of the three designs. Panel 2 combines wool’s low density and superior insulative properties 
with straw’s ability to support the bio-based vapour-permeable material of clay plaster. It is, therefore, 
more insulative than panel 1 and more vapour-permeable than panel 3. Panel 2 occupies a useful middle 
ground in terms of vapour and thermal resistance. The presence of the clay plaster on panels 1 and 2 does 
make the panels significantly heavier than panel 3; however, a crane can easily be used on site. Panel 3 is 
a pure wool insulated substitute for the Ecopanel. As expected, panel 3 is the lightest and most insulative 
(table 3) of the three designs due to the exclusive use of pure wool insulation. However, panel 3 forgoes 
the ability to support clay plaster and as a result, suffers a mild reduction in vapour-permeability 
compared to panels 1 and 2, which can support clay plaster (table 3). The panels can support a timber rain 
screen over a vented cavity to improve weather resistance. These designs will be competing with many 
existing prefabricated panels already available in NZ that do not use bio-based insulation materials such 
as panels produced by NZSIP, Metrapanel, and SIPForm. Although prefabrication will reduce the 
construction cost associated with the panels, the weight of panels 1 and 2 will require more substantial 
foundations which will increase the cost. 

8. Conclusion
There is continuing research in NZ investigating prefabricated straw bale wall panels. However, this 
research investigates the potential of using pure wool insulation in a prefabricated wall panel and the 
potential of combining it with compressed straw insulation like that used in the Ecococon panel. This paper 
proposes three prefabricated wall panel designs that are insulated with straw and/or wool insulation as a 
means to increase the market share of bio-based insulation materials in NZ. Panels 1 and 2 seek to improve 
upon existing prefabricated straw panels from ModCell® and Ecococon by increasing the thermal 
resistance and decreasing the weight of the panel by incorporating pure wool insulation. Panel 3 seeks to 
improve upon the wool-blend insulated Ecopanel, which is produced in NZ, by proposing a truly bio-based 
pure wool insulated alternative. 

8.1. Limitations 

The design proposals presented in this study are purely conceptual. Aspects of their design, such as 
window and door openings, location of services, and connections to adjacent panels, walls, floors, and 
roofs have not been developed as yet. Additionally, numerical simulations or physical prototypes of the 
designs have not been undertaken. Therefore, testing of the designs’ construction, durability, and 
structural and hygrothermal performance have not been physically or digitally tested. 
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8.2. Further Research 

Hygrothermal simulation would provide verification of the designs’ hygrothermal performance in NZ’s 
climate. In addition, physical prototypes will be essential to carry out physical testing and provide 
assurance of the designs’ performance in the areas mentioned above. A feasibility study would also be 
valuable to determine the viability of the panels and their cost compared to existing prefabricated panels 
available in NZ. A life-cycle assessment, as well as calculations of the embodied energy and emitted CO2 
of the panels, would also further this research and provide an understanding of the environmental impacts 
of the panels. 
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