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Abstract: The New Zealand Government has made a commitment to build 100,000 new dwellings over
the next 10 years under its Kiwibuild programme. It has also made a commitment, under the Paris
Accord, to reduce greenhouse gas (GHG) emissions to 30 percent below 2005 levels by 2030. The
embodied CO2 emissions of the materials used to build 100,000 houses are therefore a critical
consideration. Increased use of bio-based materials, like straw, could significantly reduce CO2 emissions
from the construction industry, but are New Zealand farmers able to produce enough straw? Floor plans
of two typical timber framed three-bedroom Kiwibuild houses were adjusted to incorporate an
experimental timber and straw bale wall panel system and the number of straw bales required was
established. The quantity of straw produced annually in Aotearoa New Zealand and the number of bales
available for construction was calculated using industry data. The results show that at current
production levels there is enough straw available to build more than ten percent of the total number of
detached houses consented in 2017, clearly demonstrating that the grain growing sector does have the
capacity to supply enough straw.
Keywords: Straw bale; prefabrication; GHG emissions.

1. Introduction
The construction sector is one of the largest contributors to world-wide greenhouse gas (GHG)
emissions (IEA,2018, p.9), and as populations continue to rise so too does the pressure to produce more
and more buildings. More buildings equals more GHG emissions, therefore the materials used in
procuring these buildings is of vital importance if we are to survive development.
Bio-based materials have very low CO2 emissions and increased use of these could make significant
reductions in the CO2 emissions from the construction industry. Timber is already the predominant
structural material Aotearoa New Zealand, but there are other bio-based materials, such as straw, which
are currently underutilized. The New Zealand Government has made a commitment to build 100,000
new dwellings over the next 10 years under its Kiwibuild programme. It has also made a commitment,
under the Paris Accord, to reduce GHG emissions to 30 percent below 2005 levels by 2030 (MFE, 2019a).
The embodied CO2 emissions of the materials used to build 100,000 houses are therefore a critical
consideration.
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The agricultural sector is the largest emitter of GHGs in Aotearoa, producing 48 percent of annual
emissions, mainly in the form of methane from dairy cattle digestive systems (MFE, 2019b), but it also
has the potential to provide the raw material for an expanded bio-based construction system. New
Zealand farmers are good at growing grain; their yields are consistently high. Crop residue (straw) yields
are also high, but their economic value is low, so much so that between 2008 and 2013 40 percent of
the residual straw was burned in the field after harvest (FAR, 2013). While the practice of burning is
favoured by many farmers, the associated fire risk and air pollution are problematic, and burning
effectively negates the carbon sequestration that occurs as the crop grows.
This paper seeks to establish whether the grain growing sector produces enough raw material for the
expanded use of straw bale walls in domestic dwellings. Data from published literature is used to
determine the size and shape of typical timber framed dwellings on offer from housing companies under
the Kiwibuild programme. A prototype straw and timber wall panel system, being developed by the
author as part of a wider research project, is then applied to those designs and the amount of straw
required is calculated. Updated data on crop residue from the Foundation for Arable Research (FAR) and
Statistics New Zealand (Stats NZ), and further information gleaned from FAR researchers is used to
estimate the number of bales currently available for construction.

2. Straw
2.1 What is it and why build with it?
Straw is the stem which supports the head of small grains like wheat, barley, oats and rice. While the
grains themselves have a high value the straw does not. When the seed heads are harvested a small
amount of straw is cut with them and the rest is cut off about 100mm above ground level and either
baled and removed, or left in the field. The cut straw length is 150-450mm but if it is to be left in the
field, it is cut into shorter lengths by the combine harvester. The remaining stubble with or without the
cut straw is either left as is with the following crop being sown directly through it (no-tillage system),
turned back into the soil, or burned before the next crop is sown.
When straw is removed from the field by a baling machine the bales are large round or rectangular
bales, or smaller rectangular bales 450mm wide by 350mm high and 900-1000mm long. Since the
invention of baling machines in the late nineteenth century, these smaller rectangular bales have been
used for construction, most notably in Nebraska, USA around the turn of the twentieth century (Steen,
1994). Although the larger bales have been used in Australia and Switzerland (Glassford, 2019; Schmidt,
2019), it is the smaller ones which are more commonly used.
The potential for bales to be used as giant building blocks continues to be a major reason why they
are attractive to people wishing to build their own houses. Straw bales also provide high levels of
insulation. A plastered 450mm thick straw bale wall is regarded as having an R value of 5.29 C°m²/W (R30 in imperial units) by the California Energy Commission (King, 2006). Higher levels have been recorded
but because of the innate variability of straw bales, the conservative value of R 5.29 is widely accepted.
The reduced heating requirements for buildings constructed with such highly insulative walls also mean
an overall reduction in CO₂ emissions.
The embodied CO₂ emissions of straw bales are extremely low. Andrew Alcorn calculated the
embodied CO₂ emissions of straw bales in Aotearoa as being -210Kg/mᶟ (2010, p.54). A negative result
was also arrived at in the United Kingdom (Sodagar, 2011,p.17). The potential that straw bale
construction offers as a means to reduce CO₂ emissions is significant in the context of Aotearoa’s
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commitment to the Paris Accord and the recently introduced Climate Change Response (Zero Carbon)
Amendment Bill (MFE, 2019b).

2.2 Straw production in Aotearoa New Zealand
Grains have been grown in Aotearoa for two hundred years. Wheat seed introduced by European
missionaries was grown by Māori communities who then ‘sold to settlers, exported to Sydney, or used
[it]themselves’ (Zydenbos, 2009). By 1855 ‘4,000 hectares of wheat [were] grown nationwide’ (BIRT,
2017). Cereal grain production continues to be significant with 97,000Ha of wheat and barley grown in
the year ended June 2018, this being slightly higher than the previous year (Stats NZ, 2019). Two South
Island farmers also hold the world records for wheat and barley production (Hutching, 2017). Yields of
straw in relation to grain are also high, nearly twice that for the same crops in Australia and similar to
those in the UK (FAR, 2013, p.16).
In 2013 Environment Canterbury commissioned the Foundation of Arable Research (FAR) to report
on the practice of stubble burning, including straw, amid mounting concern about the associated fire
risk and air pollution. The report explains the rationale behind current grain farming practices and
investigates other options for dealing with the residue (FAR, 2013).
Using the figures for area under production and quantity of straw produced from Table 1 of the
report (2013, p.12), figures for tonnage of straw per hectare are arrived at below(Table 1). 7.6 tonnes of
straw per hectare of grain production are produced annually. For the 97,000Ha under production in
2018 this equates to 737,200 tonnes of straw.
Table 1: Straw production in Aotearoa New Zealand for the year ended June 2018
Area grown (Ha)
Wheat
Barley
Total

Quantity straw (tonnes)

54,900
66,300
121,200

Straw/Ha (tonnes)
362,500
563,500
926,000

6.6
8.5
7.6

In the five-year period 2008-2013, 41 percent of the straw produced was burnt in the field. The rest
was either removed as bales or retained in the field. Unfortunately, records have not been kept of how
much is baled, nor the final destination of the bales. The quantity of straw that is available for baling,
however, is discussed in section 5.

2.3 Straw bale construction in Aotearoa New Zealand
No evidence has been found of straw bales being used for construction in Aotearoa New Zealand prior
to 1995 when a small house in Marlborough was completed (Hall, 2012). At this point, awareness of the
straw building revival that had begun in the US in the late 1970s spread to Australasia. Since then, small
numbers of straw bale houses have been built each year and a network of practitioners has developed.
National figures are not available but in the Nelson/Tasman area there were 32 houses in existence by
the end of 2010 (Hall, 2012).
“It is reasonable to speculate that there may be 300 straw bale houses nationwide.
Assuming the Nelson/Tasman sample is indicative of the national position, 69 percent of
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the houses were built with a high degree of owner participation, and 85 percent are in
rural locations. These findings support the general perception of straw bale as a material
suited specifically to owner-builders on lifestyle blocks” (Hall 2017).
There is currently no building code in Aotearoa for straw bale construction, meaning that building
consent applications must be made as alternative solutions. Documentation based on overseas codes
and guidelines has been used to support applications, most notably King’s Design of Straw Bale Buildings
(2006) and Appendix S of the [United States] International Residential Code (ICC, 2015). However, a
recent review of the New Zealand Earth Building Standards, currently out for public comment, contains
an informative appendix on straw bale construction which, if accepted in the final standard, will make
the consenting process easier for all parties (NZS, 2019).
Construction methods invariably involve timber supporting structures with straw bale infill walls, and
timber framed roofs. Walls have traditionally been plastered inside and out using cement, lime or
earthen plasters, but more in some cases cavities have been installed on exterior walls allowing a variety
of cladding materials to be used. For some houses, the straw bales have been designed to take some
load, but it is not common to use fully load bearing straw bale walls in Aotearoa. Such systems require
the straw bale walls to be completed before the roof can go on, a situation that has some risk in many
parts of Aotearoa where weather conditions can change very quickly. It is eminently preferable to have
the roof on before the moisture sensitive bales are installed, and this has become common practice.
Applying the plaster finishes is the slowest part of a straw bale build process and adverse weather
conditions can cause further delays. To speed up the process, some practitioners have been
experimenting with prefabricating straw bale panels off-site in controlled conditions but to date this has
not got beyond the one-off experimental stage (Hall et al, 2014).

3. Prefabrication of straw bale
3.1 Why prefabrication?
Prefabrication of building components or whole buildings can have significant advantages over in-situ
builds. Greater control of environmental conditions, quality of product, material waste, costs and safety
mean that on site time can be significantly reduced and the quality of the finished product significantly
increased.
PrefabNZ, established in 2010, is a “non-profit membership organisation that informs, educates and
advocates for innovation and excellence in offsite design and construction in New Zealand” (PrefabNZ,
2019). Membership includes manufacturers, housing companies, professionals and academics all of
whom look to prefabrication as a means to counter the inability of the construction sector to supply
houses at an acceptable rate. Whole houses or components of houses are prefabricated using a variety
of materials but to date this does not include straw bale in Aotearoa.
If straw bale construction is to gain a stronger presence in the housing market, the process of
building in straw needs to speed up. Prefabrication of wall panels has the potential to do this and is
worthy of further investigation.

3.2 International examples
Over the past eighteen years, off-site prefabrication has been developing in other parts of the world.
The most well-known of these are Ecococon, based in Lithuania, and Modcell® Straw Technology, based
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in the UK. Both companies integrate timber and straw bales into load bearing wall panels which are then
transported to site.
Modcell®, in collaboration with the University of Bath, has been developing its wall systems since
2002. The Balehaus at Bath, constructed on campus in 2009, has provided the opportunity for
continuous monitoring of the system in use. Large wall panels, consisting of full-width engineered
timber frames with straw bale infill, are constructed in controlled conditions off-site. Recent changes to
the panel design include intermediate vertical I-joists with the bales being laid on end between them.
Finishes vary according to panel type and range from traditional lime plasters inside and out, to
breathable sheet linings both sides, and cavity battens to the exterior supporting a variety of rain screen
options. The Modcell® Core+ panel meets Passivhaus standards. Built projects to date include schools,
business centres and housing projects (Modcell, 2019).
Ecococon, operating since 2008, also constructs wall panels off-site, but its panels are smaller and do
not appear to have interior and exterior finishes applied before delivery to site. Sawn timber is used to
construct double frames spaced 400mm apart to contain the full bale thickness. As with Modcell®, a
variety of interior and exterior finishes can be applied. Walls have been successfully tested for fire,
structural integrity, air-tightness and thermal and moisture performance, and meet Passivhaus
standards. The built examples shown on the Ecococon website indicate that the system has been used
predominantly for stand-alone houses throughout Europe (Ecococon, 2019).
Closer to home, Australians John and Susan Glassford have developed the SITUPS panel system. Like
Modcell, engineered timber is used to construct a smaller frame with infill straw bales. As with Ecococon
the panels are finished on site (Glassford, 2019). The Glassford operation is much smaller than its
European counterparts and is geared more as an extension of the traditional rurally based ownerbuilder market rather than trying to find a foothold in the mainstream, although that possibility cannot
be ruled out.
Any of these systems could be replicated or adapted for New Zealand conditions. The size of the
panels and the decision to use engineered or sawn timber would depend on the target market and the
resources of those embarking on the enterprise. For instance, the larger heavier Modcell panels may be
best suited to commercial builds and larger projects such as schools or medium density housing, while
the smaller, lighter Ecococon and SITUPS panels may work better for individual or community housing
projects.

3.3 Project Pātūtū
The author is engaged in a research project investigating the design of timber and straw prefabricated
wall panels. Project Pātūtū seeks ways of integrating straw and timber panels into main stream house
construction and also at their potential for use by communities wishing to be actively involved in the
construction of their own dwellings. For Stage 1 the project involves students, technical staff, architects
and academics.
During Stage 1 four prototype wall panels are being investigated at one third scale, using a variety of
timber frame options: 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 (Figure 2). The
latter prototype has been used to estimate the quantity of straw required to construct a typical New
Zealand house.
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Figure 1: Project Pātūtū – ‘C’ Frame timber and straw bale panels. (Min Hall, 2019)

4. Housing in Aotearoa New Zealand
4.1 Current situation
There is a serious housing shortage in Aotearoa, particularly of affordable houses. The problem is
exacerbated by the size of houses being built which has grown dramatically over the past 50 years to a
point where it is no longer sustainable in terms of land use, associated infrastructure, affordability,
material use and energy efficiency. As Guy Marriage pointed out in 2010, “We are now housing less
people, in larger houses, on less land, and yet costing more money” (Marriage, 2010). Recent changes in
dwelling type have slowed this growth in size down with a move away from mainly stand-alone
dwellings to more townhouses and apartments being built particularly in the urban areas. The average
house is 210m2 and invariably includes a garage (Ninness, 2018).
When the current government came to office in 2017 it made a commitment to build 100,000 new
houses over the ensuing ten years and initiated an ambitious programme, Kiwibuild, to facilitate this.
The programme aims to increase “the supply of affordable homes by incentivising property developers
to build more affordable, high-quality, starter homes” mainly for first home buyers or others in a similar
financial position (Kiwibuild, 2019). Housing companies joining the programme commit to providing
“affordable, modest starter homes” that cannot exceed maximum price limits set by the government.
The houses vary in size, typically from one-bedroom apartments to three-bedroom stand-alone houses.
They are not subsidized and purchasers need to supply their own finance. A three-bedroomed Kiwibuild
house is invariably smaller than the 210m2 average New Zealand house.

4.2 What is a typical Kiwibuild house?
Plans for Kiwibuild houses are freely available for download from developers who have joined the
scheme. Typologies range from single-bedroom apartments to four-bedroom stand-alone houses, with
the stand-alone houses invariably including a built-in garage. Three bedroomed houses are the most
common size in Aotearoa (Khajehzadeh, 2016, p.3) and for this reason a three-bedroom Kiwibuild house
is taken as being typical.
Mike Greer Homes(MGH) have a variety of Kiwibuild options on their website (MGH, 2019), many of
which have three bedrooms and which range in size from 116m² to 162m². All of them include a garage.
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Two designs for houses in Woodend and Rangiora in Canterbury, measuring 156m² and 148m²
respectively, have been taken as examples. These particular designs have been chosen because in terms
of size they are at the larger end of the three-bedroom range, and a conservative approach to
estimating is considered prudent. The plans are also relatively easy to adapt to a panelized wall system
as illustrated for the Rangiora house in Figure 2.

Figure 2: MGH Rangiora house plan on left and adapted for ‘C’ panel construction on right

4.3 What if the walls were straw?
For the purposes of estimating the amount of straw required to build a typical Kiwibuild house, the ‘C’
Frame prefabricated timber and straw bale panels from Project Pātūtū have been applied. Floor plans of
both the Woodend and Rangiora houses (Figure 3) have been adapted and redrawn using the ‘C’ panels
which are 2.7m high, 1.0 - 2.0m wide, and .45m thick for the exterior walls. Table 2 shows the number of
panels and therefore straw bales required for each house. Windows and doors to main living areas are
assumed to extend to floor level and elsewhere short panels of three bale courses have been allowed
beneath the openings. A five percent contingency added.
Table 2: Straw bales required for Kiwibuild houses
Panel Type
1.0 (7 bales)
1.5 (10.5 bales)
2.0 (14 bales)
Sub-sill (3 courses)
Sub-Total
5%
Total

Rangiora (156m²)
Quantity
Length(m)
19
1
7
7.0

Bales
133
11
98
21
263
13
276

Woodend (148m²)
Quantity
Length(m)
12
2
10
10

Bales
84
21
140
30
275
14
289
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The Rangiora house requires 276 bales and the Woodend house 289. The difference of 21 bales
required is best explained by the shape of the two plans. The Woodend house has a more linear plan
and consequently has a greater wall to floor ratio than the Rangiora house.

5. Capacity to supply straw
5.1 How many straw bales are available for construction?
For the year ending June 2018, 97,000Ha of wheat and barley were grown in Aotearoa (Stats NZ, 2019).
Ivan Lawrie, General Manager of Research and Development at FAR, estimates that 20 percent of
farmers retain the residue for soil management, 20 percent burn it and 60 percent will consider market
options which include selling as bales for: winter feed to dairy cows, horticulture, animal bedding,
temporary surface water management, and straw bale house construction. He estimates there are
50,000Ha producing straw for sale annually (Lawrie, 2019). The figures in Table 1 demonstrate that an
average of 7.6 tonnes of straw is produced for every hectare in grain production. For 50,000 Ha this
equates to 380,000 tonnes of straw.
Information varies regarding the weight of a standard two string straw bale. Jones gives a range of
16-25Kg, (2015) and King 23-30Kg (2006). The bales purchased for Project Pātūtū average 20Kg. Taking a
conservative approach, assuming each bale weighs 30Kg or .03 tonnes, 380,000t of straw would produce
12.7 million bales. Lawrie estimates that at least 5 percent of the straw market would be interested in
supplying bales for construction, this equates to 635,000 bales.

5.2 How many houses could be built?
If a conservative approach is taken and the number of straw bales required to build the exterior walls of
the Woodend house is used, 289 bales, 2,197 such houses could be built annually using the Project
Pātūtū panels. For the Rangiora house, at 276 bales, the number of houses rises to 2,300.
The National Construction Pipeline Report 2018 tabled the total number of dwelling consents issued
in 2017 as being 31,081 and predicted a steady rise over the next five years as the Kiwibuild programme
gets underway. The total includes consents for detached (stand-alone) houses, terrace houses,
apartments and individual units in retirement villages but if only detached houses are considered the
total was 21,016. Currently enough straw is grown annually to provide bales for ten percent of these to
be built using timber and straw bale panels.

6. Discussion
This paper is by its nature speculative but the question at its heart, “Does the grain growing sector have
the capacity to supply straw for house construction?” is an important one to address. Estimates for the
quantity of straw produced, the number of bales that may be available for construction, and those
required for a typical Kiwibuild house are purposely conservative. The research results conclude that
there is enough straw to build ten percent of the total number of detached dwellings each year but
there are other factors that need to be considered.
Arable farming is particularly susceptible to the vagaries of weather and a changing climate. The
National Institute of Water and Atmospheric Research (NIWA) predicts that the major grain growing
regions in Aotearoa will become both hotter and drier over the next eighty years (NIWA, 2008). This may
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have a negative effect on the sector but it may simply mean a gradual locational shift into regions
formerly unsuited and/or changes in farming practices.
Public concerns about the environmental impact of burning crop residue are unlikely to diminish as
awareness of climate change and the need to reduce the national carbon footprint grows. Farmers too
are concerned about these issues and they are also pragmatic. If there is an increased demand for baled
straw, more farmers may look to change their practices regarding preparing for the next crop rather
than rely on burning. An added advantage of supplying straw for construction is that the carbon
sequestered in the straw remains in the completed buildings.
The agricultural sector, despite being responsible for 48 percent of annual GHG emissions, is
currently not required to enter the New Zealand Emissions Trading Scheme (NZETS), but the recently
formed Interim Climate Change Committee has been asked to investigate how “obligations could be
best arranged if agricultural methane and nitrous oxide emissions enter the NZETS” (ICCC, 2019). A
common option for mitigating the effects of GHG emissions is to invest in forestry: to plant trees which
sequester carbon. Growing straw for construction could be another option.
Before building with straw bale can become a viable option for mainstream construction, the lack of
building expertise and regulations needs to be addressed. If adopted, the proposed appendix on straw
bale to the New Zealand Earth Building Standards, is a good starting point. Prefabrication of timber and
straw wall panels also has the potential to make construction on site easier and is in line with the
Kiwibuild programme which “aims to drive innovation particularly in the area of prefabrication”
(Kiwibuild, 2019). But perhaps the biggest challenge will be to convince a conservative construction
industry that building with straw is a serious proposition.

7. Conclusion
This paper set out to determine if the grain growing sector has the capacity to supply straw for house
construction at scale in Aotearoa. Using two typical timber framed three-bedroom Kiwibuild houses as
models, the plans were adjusted to incorporate an experimental timber and straw bale wall panel
system. The number of straw bales required to build each house was then calculated. The quantity of
straw produced annually and the number of bales likely to be available for construction was calculated
using data from Statistics New Zealand and information from FAR. The results show that at current
production levels there is enough straw available to build over 2,200 three-bedroom Kiwibuild houses a
year. This represents more than ten percent of the total number of detached houses consented in 2017
and clearly demonstrates that the grain growing sector does have the capacity to supply enough straw.
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