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Abstract: Applying thermal insulation in building envelope is a promising approach for
energy efficient building. The mainstream thermal insulation products are however produced
from petrochemicals causing high energy consumption and adverse effect on environment
during their production as well as arising reuse and recycle issues. Insulation materials
derived from local agricultural straws have attracted increasing attention due to their superior
hygrothermal performance, low life cycle cost and low carbon footprint. This paper aims to
provide a comprehensive review on the two categories of straw insulation products, i.e., straw
bales and straw composites. In particular, available researches on the properties including
thermal insulation, moisture, mechanical, durability and fire resistance are thoroughly
reviewed and discussed with the consideration of different factors. In addition, the existing
literature on the life cycle assessment of straw wall by comparison with tradition wall is

presented.

Keywords: Thermal insulation, straw bale, straw composite, moisture properties, mechanical

properties, life cycle assessment

1. Introduction
In recent years, promoting energy efficiency attracts increasing attention with growing

concerns on the energy crisis and global warming. Buildings, accounting for approximately
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20-60% of total energy consumption in different regions of the world [1, 2], play a major role
in improving energy efficiency. In the major urban buildings, heating and cooling consume
over 40% of total energy consumption [3, 4]. Applying appropriate insulation materials and
technologies to building envelop is regarded as a promising approach to guarantee indoor
comfort with less dependence on heating and cooling systems.

Thermal insulation materials aim to retard the heat flow by conduction, convection and
radiation. The most significant factor that characterizes the effectiveness of a thermal
insulation material is its thermal conductivity. The lower thermal conductivity of a material,
the increased effectiveness it is as a thermal insulation, and consequently a thinner layer is
required to provide an equal interior temperature. Nowadays, the mainstream thermal
insulation products are manufactured from synthetic materials, such as glass fiber, mineral
wool and plastics due to their predominate thermal properties [5]. However, their production
consumes a large amount of non-renewable resource and causes greenhouse gas emission,
which ultimately lead to climate change and environment pollution. Also, they are generally
not subjected to biological degradation. Therefore, a topic of major interest in building
construction sector is to replace conventional insulation materials with natural insulation
materials, which exert low environment impact during their entire life cycle. It has been
estimated that utilizing cellulose fiber insulation to substitute the common insulation materials
(i.e., rock wool and glass wool) in buildings allows to reduce 39% of fossil fuels and 6-8% of
CO; emissions [6].

Straw is a residue from harvesting crops, such as wheat, rice, barley, oat, corn, rye and
rape. A large quantity of billion tons is produced every year around the world [7]. The
treatment of straw is a largely disputed problem as a large fraction of straw is deposed by
incineration and landfill except for the on-farm end uses such as animal bedding and feeding.
Incineration of straw has negative effects, such as the toxicity, greenhouse gases emission and
air pollution, and thus is banned in European Union countries. Mixing straw with soil
generates methane during the straw’s anaerobic decomposition, resulting in a higher global
potential compared to the incineration [8]. Conversion straw waste to biobased products for

buildings provide a cost-effective and eco-friendly approach to solve these issues. For a long



time, straw has been used for insulation purposes with low density and low thermal
conductivity due to its hollow internal structure. Zhao et al [9] reported that the insulation
material derived from agricultural straw has a life cycle cost of 150 RMB/m? for 25 years
span, which is lower than the insulation materials from municipal solid waste, industrial solid
waste and traditional insulation materials including extruded polystyrene (XPS), expanded
polystyrene (EPS), polyurethane (PU), phenol-foam (PF), perlite, rock wool and glass wool.
This paper aims to provide a review of the available information on straw insulation for
buildings. First, the characterization methods and standards of properties including thermal
insulation, moisture, mechanical, durability and fire resistance are summarized. Second, the
general context on straw including microstructure and chemical composition is presented,
which are followed as the introduction of two categories of straw insulation products, i.e.,
straw bale and straw composite. Third, the available researches on the properties including
thermal insulation, moisture, mechanical, durability and fire resistance are thoroughly
reviewed and discussed with the consideration of different factors, such as density and fiber
size. In addition, the existing literature on the life cycle assessment of straw wall by
comparison with tradition wall are presented. Finally, this paper is concluded with a summary

of the findings and contributions and is outlined the open issues to be addressed.

2. Characterization of thermal insulation

2.1. Thermal insulation properties

The main intrinsic properties of insulation materials regrading thermal insulation
performance are thermal conductivity for steady state conditions, heat capacity, thermal
diffusivity, thermal effusivity involved in transient conditions. The thermal conductivity of a
material describes its ability of conduct heat, while the specific heat capacity measures the
ability of store heat. A high specific heat capacity allows to delay the indoor temperature
increase or decrease. Both the thermal diffusivity and thermal effusivity consider the ability to
exchange and store heat. The thermal diffusivity measures the rate of heat transfer through a
material, while the thermal effusivity measures the rate of heat absorption within a material

under dynamic environment conditions. The thermal diffusivity can be expressed as the ratio



of thermal conductivity to the product of density and specific heat capacity, and the thermal
effusivity can be expressed as the square root of the product of density, thermal conductivity

and heat capacity.
2.2. Moisture properties

Moisture inside a building material can affect heat flux, heat capacity, condensation,
mold growth and structural integrity. Hygric properties are also indispensable parameters for
modelling and analysis of the hygrothermal performance of the materials in building envelops.
The key hygric properties includes sorption isotherms, water vapor permeability, moisture
buffering value and water absorption coefficient. The sorption isotherms of a material
measure its moisture storage ability, which can be defined as the moisture content at
equilibrium states when subjected to a series of relative humidity. The water vapor
permeability of a material measures its ability of moisture transport for steady state conditions,
which can be defined as the rate in which water vapor is transported. Water vapor resistance
factor is a dimensionless parameter to represent the water vapor permeability of a material in
comparison to an air layer with the same thickness. Moisture buffering value (MBV) of a
material measures its ability to moderate variations in relative humidity when it is exposed to
dynamic humidity conditions, which can be defined as the amount of water vapor uptake or
release through unit exposed surface area when subjected to cyclic variations of relative

humidity.
2.3. Mechanical properties

Mechanical properties are essential to evaluate the behavior and the performance of a
building material when it undergo various types of stresses. The strength of a building
material mainly includes compressive strength, tensile strength and flexural strength. The
compressive strength of a material can be defined as the capacity to withstand loads before
failure. The tensile strength and the internal bonding strength of a material measure its
resistance to lengthwise stress by performing tensile test in parallel and perpendicular
direction to faces, respectively. The flexural strength (also called as bend strength and

modulus of rupture) of a material measures its ability to resist loading applied perpendicular



to its longitudinal axis, which is typically determined from a three-point loading test. Table 1
summarizes the established international or national standards for measuring the thermal

insulation, moisture and mechanical properties.

Table 1 Standard evaluation method for thermal insulation, moisture and mechanical properties

Parameter Symbol  Unit Standard Ref
Thermal conductivity A W/(m-K) EN 12664 [10]
EN 12667 [11]

EN 12939 [12]

ASTM C518 [13]

Specific heat capacity Co JI(kg-K) ISO 11357 [14]
Thermal diffusivity a m?/s 1SO 22007 [15]
Thermal effusivity e W-s"4m?K ASTM D7984-16  [16]
Sorption isotherms w kg/m® EN 12571 [17]
Water vapor diffusion resistance factor U - EN 12086 [18]
EN 12572 [19]

Moisture buffering value MBV o/ ARH/m?  JIS A1470-1 [20]
NDRDTST protocol [21]

ISO 24353 [22]

Water absorption W, kg/m? EN 1609 [23]
EN 29767 [24]

WA % EN 12087 [25]

Compression strength MPa EN 826 [26]
Tensile strength MPa EN 1608 [27]
Internal bonding strength IB MPa EN 1607 [28]
Flexural/bending strength/modulus of rapture MPa EN 12089 [29]

2.4. Durability

The durability of an insulation material is crucial to guarantee potential energy saving in
long term and service life of buildings. Accelerated ageing test, i.e., exposing materials to
extreme environment conditions, is commonly conducted to evaluate the durability of a
material as it can save much time. Due to the organic structure of straw insulation, the mold
growth is one of the important parameters to characterize its durability as the mold plays a
key role in straw degradation, making a compromise in materials’ integrity and performance

[30]. Different methods and standards are proposed to evaluate the resistance to mold growth,



such as Johansson method [31], AWPA standard E24-06 [32], ASTM 2012 [33] and EN ISO
846 [34].

2.5. Fire resistance

The fire resistance of a building material is related to safety issues. According to the
standard EN 13501-1, insulation materials can be classified to six grades from A representing
incombustible to F representing highly combustible [35]. Different parameters are used to
evaluate the fire resistance of materials including ignition, flame spread, mass loss rate, heat
release and smoke production. The most typical flammability tests employed for insulation
materials are cone calorimetry, pyrolysis combustion flow calorimetry (PCFC) and limiting
oxygen index (LOI), as shown in Table 2. Another commonly used method is thermal analysis
in small scale, including differential scanning calorimetry (DSC) and thermalgravimetric

(TGA), in order to understand the response of different materials under fire circumstances.

Table 2 Standard evaluation methods for fire resistance

Flammability test Objective Standard Ref
Cone calorimetry Mimic the penetrative burning into 1SO 5660-1 [36]
medium sized materials ASTM E 1354 [37]
Pyrolysis  combustion  flow Pyrolysis and combustion of ASTM D7309 [38]
calorimetry materials in small scale (several
milligrams of samples)
Limiting oxygen index Ignition resistance by measuring the 1SO 4589 [39]
minimal ~ oxygen  concentration ASTM D2863 [33]
supporting combustion NF T 51-071 [23]

3. Straw context and thermal insulation products from straw

3.1. Composition and microstructure of straw

Straw is an agricultural by-product consisting of the dry stems or stalks of cereal plants,
which is remained in the field after grain and chaff have been removed. The major structural

components are cellulose, hemicelluloses and lignin [40]. Cellulose is a linear homopolymer



with a partially crystalline structure that ensures strength and resistance to hydrolysis, while
hemicellulose is an amorphous linear heteropolymer with little strength. Lignin has a complex
three-dimensional structure that connects cellulose and hemicellulose, providing an
impermeable cover in plant cell walls, enabling water resistance and strength to the cell wall.
Other natural substances also exist in straw, such as water-soluble extractives, wax and ash.
Thermal degradation behaviors of a material are strongly correlated to its components.
Titiloye et al. [41] studied the thermal degradation characteristics of agricultural wastes
including corn straw, corn cob, rice straw, rice husk etc. In their study, the TGA results
showed that most of the weight lost occurred at the temperature between 250 °C and 450 °C.
Moreover, the corn straw had the highest weight loss of 70% and the rice straw had the lowest
weight loss of 45%. This is due to the low ash content within corn straw and unusual high ash
content within rice straw (see Table 3).

Straw is a porous material with multi-layer structure, which is generally referred as a
hygroscopic material [42]. The porous nature enables the material to exchange water vapor
with surrounding humid air, regulate fluctuations in relative humidity and thus improve
indoor comfort [43]. The scanning electron microscopic (SEM) image of the cross section of
wheat straw ( see Fig. 1) [44] shows a concentric ring with a lumen portion in the center
surrounded by porous structures. The epidermis in the outermost ring of stem is a dense layer
with wax, ash and other inorganic substances that guarantees the mechanical strength and
evaporation inhabitation, and beneath epidermis is a loose layer, which is composed of
parenchyma and vascular bundles. The microstructure of straw can vary due to different
species and plant growth environment. Fig. 2 shows a comparison of the cross section
between wheat straw and rice straw by using a scanning electronic microscopy [45], where
the wheat straw has larger cells with larger variability in size and smother surface than that of

rice straw.

Table 3 Composition of different types of straw (% dry matter) [46, 47]

Straw type Cellulose Hemicellulose Lignin Water-soluble Wax Ash
Wheat 38.6 32.6 141 4.7 1.7 59
Rice 36.5 27.7 12.3 6.1 3.8 133




Barley 34.8 27.9 14.6 6.8 19 57

Oat 38.5 31.7 16.8 4.6 22 6.1
Corn 38.5 28.7 15 5.6 36 4.2
Rye 37.9 32.8 17.6 4.1 20 30
Rape 37.6 31.4 21.3 - 38 6.0

)
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Fig. 1. Cross section of wheat straw (a) epidermis, (b) parenchyma, (c) lumen, (d) vascular bundles [44]
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Fig. 2. Cross section (above) and external surface (below) of wheat straw (left) and rice straw (right) [45]

3.2. Straw bale and straw composite

For the application in building construction, straw bale has been functionalized as load
bearing or infilled insulation materials. It is produced directly from the deposited straw wastes
in the field after harvesting crops. Baling machines are used to collect, compress and tie the
straw wastes into compacted bales with steel or polypropylene twines. Through the baling
process, a large range of density values can be produced and the orientation of the straw fibers
within the bales can also be affected. For the application in construction and buildings, the
straw bales are commonly laid flat with dimensions of 900 mm to 1000 mm length, 450 mm
width and 350 mm to 375 mm high [48].

Another type of straw insulation attracting attention is straw composite, in which the
straw fibers are usually molded with alternative binders, including biocomponent fibers,
inorganic materials, synthetic resins and natural adhesives. A typical technology of production
of straw composite is as follows: (1) process the straw by methods such as cutting, smashing,
crushing or milling to obtain short straw fibers in order to avoid the mixing difficulties in
using their initial size [49]; (2) pneumatic, mechanically or manually mix straw fibers with
binders and alternative functional materials; (3) formation of insulation panel/board, which is
followed by a compressing step, such as pressing [50, 51], thermal pressing [52, 53] and
high-frequency hot pressing [54, 55]) to achieve desired shape, stability and density; (4) dry

or cure the panel/board in room condition or oven to accelerate the process.
4. Properties of straw bales
4.1. Thermal insulation properties

Various studies have reported a range of thermal conductivity values from 0.03 W/(m-K)
to 0.1 W/(m-K) for straw bales, as shown in Table 4. The variability can be caused by, for
example, the types of straw, the bale density, the orientation to heat flow, the ambient

temperature and relative humidity. According to work of [56], a negligible variation was



observed between wheat straw bales and barley straw bales. Fig. 3 presents the thermal
conductivity versus the density of straw bales as found in various studies. In the work of
[57-60], a linear correlation was observed, where thermal conductivity generally increased
with density, while in the work of [61-63], the thermal conductivity was relatively
independent of density. Additionally, according to the work of [64], the lowest thermal
conductivity values were obtained in bale densities ranging from 60 kg/m*to 80 kg/m®, and

densities not in that range exhibited higher thermal conductivity.
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Fig. 3. Thermal conductivity versus density based on the studies from Costes [57] , Shea [58], Conti [59],

Andersen [60], Marques [61], Reif [62], Cascone [63], Véjeliené [64]

The thermal conductivity of straw bales was highly influenced by their
orientation to heat flow, with the lowest thermal conductivity value of parallel
and perpendicular oriented straw differing about 1. 8 times reported by Véjeliené
et. al [65]. Fig. 4 gives the box plot of thermal conductivity values for the parallel,

perpendicular and not specified orientations from various studies. It can be seen that the



perpendicular orientation always showed the lowest thermal conductivity values from
minimum, maximum, median, first quartile and third quartiles, indicating the perpendicular
orientation is preferable to improve thermal performance in buildings. Platt et. al [48]
developed a laboratory scale baler and baling process to orientate the straw preferentially, and
found that changing the parallel orientation to perpendicular orientation decreased the thermal

conductivity by 28% (from 0.078 to 0.056 W/(m-K)).

0.10 T T T

0.09

0.08 - .

0.07 - .

0.06 l

0.05
0.04 J .

0.03 L L L
perpendicular n.s parallel

Thermal conductivity A [W/(m-K)]
|
|

Fig. 4. Box plot of thermal conductivity for different bale orientation based on studies from Table 4

Generally, the thermal conductivity of straw bales lineally increased with the increase of
ambient temperature and internal moisture content. Douzane et.al [66] investigated the effect
of temperature on the thermal conductivity of both the parallel and perpendicular orientated
straw bales by applying guarded hot plate. In their study, a linear correlation between the
thermal conductivity and mean temperature ranging from 10 °C to 40 °C was obtained as:
A=k (1+aT)

Where T represents the mean temperature, Ao represents the thermal conductivity of straw
bales at 0 °C, and a represents the experiment coefficient, for parallel oriented straw bales: Ao

equals to 0.067 with a equaling to 0.0078, and for perpendicular orientated straw bales: Ao



equals to 0.046 with a equaling 0.009.

Cascone et.al [63] determined an exponential function to describe the correlation
between the thermal conductivity and temperature of straw bales by using a heat flow
apparatus. The mean temperature ranged from 25 °C to 35 °C, and the function after curve
fitting was expressed as:

A = 0.0534¢(00027)

According to the work of [67], the thermal conductivity of straw bales at dry state was
increased by 20% when they were conditioned at 80% RH and 23 °C and reached moisture
content equilibrium. The only research that simultaneously consider the influence of multiple
variables on the thermal conductivity and thermal diffusivity of straw bales was done by
Sabapath et.al [68]. In their study, the effect of bale density, bale orientation, ambient
temperature and relative humidity were taken into account. Specifically, samples were
prepared in different densities ranging from 50 to 95 kg/m® and three orientations, i.e.,
perpendicular, random and parallel. The thermal conductivity and thermal diffusivity values
of these samples were measured by a transient plane method at temperature of 25-45 °C and at
relative humidity of 0-80% RH. The orientation was found to have the largest impact on both
the thermal conductivity and thermal diffusivity among all the variables. Additionally, the
random and perpendicular oriented samples exhibited similar thermal insulation properties
and followed similar trends with variable variations to some extent, while the parallel samples
exhibited obvious difference. For example, an increase of 1.5 times in thermal conductivity
values was found for random and perpendicular orientation, whereas that of 2.5 times for
parallel orientation when they were conditioned at high humid case of 80% RH compared to
the dry state. Moreover, two polynomial functions were determined for parallel and
random/perpendicular oriented respectively:

Aparatiel = -0.0103p + 2.196p +1.573(%RH) + 0.478 T - 46.072 [mMW/mK]
Arandomiperpenticutar = -0.00002p% + 0.317p + 0.375(%RH) - 0.042T + 30.794 [mW/mK]



Table 4 Thermal conductivity of straw bales as found in literature published by various authors

Year Authors Straw type Density Mean Moisture content MC Fiber Measuring Thermal Ref
(kg/m®  temperature /Relative humidity RH  orientation instruments conductivity
(°C) (%) (W/m-K)
2021 Mehravar et al. Wheat 61 10 - - Heat flow meter 0.047 [69]
2020 Cornaro et al. - 106 - - Perpendicular - 0.066 [70]
2019 Marques et al. Rice 80-100 10 0 - 0.039 [61]
RH 50% 0.041-0.042
RH 80% 0.045-0.048
2019 Sabapathy et al. Rice 68 30 0 Parallel Transient plane 0.08 [68]
source
Perpendicular 0.057
Random 0.049
RH 40% Parallel 0.134
Perpendicular 0.059
Random 0.06
RH 60% Parallel 0.165
Perpendicular 0.078
Random 0.075
RH 80% Parallel 0.182
Perpendicular 0.084
Random 0.07
2019 Cascone et al. Wheat 78 20-35 MC 8% Random Heat flow meter 0.056-0.058 [63]
2017 Costes et al. - 68-123 10 RH 50% - Hot plate 0.061-0.079 [57]
2017 D’Alessandro et al. - 80 22 RH 45% Parallel Hot plate 0.051 [71]
Munch-Andersen et - 62-150 - - Parallel 0.057-0.082

al.



2016

2016

2016

2015

2012

2011

2005

2003

2001

1998

1993

Douzane et al.

Conti et al.

Reif et al.

\Volf et al.
Shea et al.

Véjeliené et al.

Goodhew and
Griffiths
Ashour et al.

Andersen et al.

Christian et al.

McCabe et al.

Triticosecale
Wheat

Wheat
Barley

Barley
Wheat

Wheat

75-150
80

66-84
95-120

98
63-123
63-121
50-103
60

69-98
82-138
76

62
81
133

10-40

19

10

10-32
10-34
10

20

MC 12%
0

RH 50%
RH 80%

RH 50%

MC 8.4%

Perpendicular
Parallel
Perpendicular

Random
Parallel
Perpendicular

Parallel
Perpendicular
Parallel
Perpendicular
Parallel
Perpendicular

Hot plate

Hot box

Hot box
Hot plate

Thermal probe

0.038-0.057
0.072-0.088
0.05-0.063
0.062-0.07
0.045-0.046
0.047-0.05
0.057-0.059
0.065
0.059-0.064
0.085-0.087
0.042-0.057
0.067

0.03-0.094
0.03-0.099
0.057
0.052
0.082
0.057
0.061
0.048

[66]
[59]

[62]

[72]
[58]
[64]
[73]
[74]
[60]

[75]

[76]




4.2. Moisture properties

The equilibrium moisture content in straw bales is dependent on the surrounding
environment, i.e., relative humidity and temperature [56]. Several studies developed equations
to predict the equilibrium moisture content by measuring the relative humidity and
temperature within straw bales. Hedlin et al [77] described the correlation between the
moisture content within straw and ambient relative humidity at 21.1 °C for five different types
of straw. Perry and Green [78] concluded that the sorption isotherm was independent of
temperature in the range of 15-50 °C. Lawrence et al. [79] developed an empirical model to
predict the moisture content ignoring the temperature effect as the temperature in UK (where
the study carried out) was within the range of 15-50 °C. This model, however, is inapplicable
to countries with different climate conditions, such as Canada and northern China.

The different types of straw was reported to have negligible impact on the sorption
isotherms of straw bales according to the work of [45, 80], while the straw bale from barley
was reported to exhibit higher adsorption rate than that from wheat by Ashour et.al [74],
which was explained by the porous structure differences observed between barley straw and
wheat straw. Yin et.al [45] found that the cut straw with open end reached the equilibrate state
more rapidly with the environment by 25% compared to the folded straw with close end. This
phenomenon was explained by the larger aspect ratio of the open-ended straw, resulting in
more accessed pores for entering moisture content compared with that of closed ended straw.
Thus, it was indicated that straw bales trimmed to size can equilibrate more rapidly than straw
bales consisting of straws folded at the edge of the bale [32]. A hysteresis pattern between
sorption isotherms of straw bales was observed in the work of [80, 81]. Rice straw had a
smaller hysteresis than wheat straw and oat straw according to the work of [61, 80]. This
indicated that rice straw bales appeared to rapidly recover after wetting, contributing to its
hygrothermal performance and durability.

Water vapor resistance factor of straw bales was found highly correlated to their density
and a lower density resulted in a lower water vapor resistance factor due to more open spaces

between straw fibers [61, 82]. Marques et. al [61] characterized the water resistance factor of



rice straw bales at two densities (i.e., 80 and 100 kg/m®) by dry cup and found that the higher
density led to an increase of the water vapor resistance factor by 52% (from 3.25 to 5.47).
Lebed and Augaitis [82] determined a polynomial function to describe the correlation between
the water vapor resistance factor and density (ranging from 60 to 180 kg/m®) by using wet cup
method:
i = 2.335-0.0127p + 0.0000892p>

The water absorption of straw bales is highly correlated to their porosity and
hygroscopicity. Marques et.al [61] measured the water absorption of rice straw bales at two
different densities, i.e., 80 kg/m®and 100 kg/m? following the standard EN 1609. An increase
mass of close to 100% was found at the higher density due to more straw available to absorb
water and less space to drain water after immersion. Lebed and Augaitis [82] reported that
60-80% by weight of straw was absorbed during the first 10 hours and then slightly increased,

which may be related to the elimination of remaining air from the structure of straw.
4.3. Mechanical properties

Compressive properties plays a major role in mechanical performance of straw bales.
Numerous studies have found that the compressive strain-stress curve of straw bales was
nonlinear and anisotropic [74, 83, 84]. Also, the deformation of straw bales can be recovered
after removing loads. Ashour et al. [74] reported that approximately 10 min to 13 min were
required for a complete recovery.

Different types of straw, i.e., such as wheat, oat and barley in Thompson et al. [85] and
wheat, rice, corn and sorghum in Maraldi et al. [84] have been reported having limited
influence on the mechanical behavior of straw bales. The mechanical properties were mainly
influenced by the bale orientation and bale density. Mehravar et al. [69] studied the
compressive strength of wheat straw bales at density of 61 kg/m® by applying a load parallel
and perpendicular to the fibers’ orientation, respectively. The compressive strength refers to
the maximum stress at 10% deformation. The values obtained for the bales with load direction
of parallel and perpendicular were 1.86 kPa and 4.01 kPa, respectively. Platt et al. [48]

evaluated the impact of fiber orientation on the compressive behavior of prototype straw bales.



The bales had small dimensions (i.e., 400 mm long, 150 mm width and 150 mm high) with
the density of 120 kg/m?®. Fig. 5 presented the stress-strain curve for the bales oriented parallel
and perpendicular. As it can be seen, the straw bales were stiffer by loading perpendicular to
the compaction direction. But it should be noted that the response of parallel bales was
non-linear and their stiffness was increased with deformation. However, the behavior of
perpendicular bales was quasi-linear. This can be attributed to the fact that the non-linear

stage was not detected under low loading.
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Fig. 5. Stress-strain curve for wheat straw bales oriented parallel and perpendicular [48]

Lecompte et. al [83] studied the mechanical performance of two different batches of
wheat straw bales by using two different balers. A compression at a controlled displacement
rate of 1 mm/s was directly loaded on straw bales laid flat (loading perpendicular to straw
direction) and on-edge (loading parallel to straw direction), respectively. Fig. 6 presented the
stress at 10% strain and Young’s modulus of straw bales as a function of density. It was found
that the stress and Young’s modulus were dependent of bale orientation for densities in the
range of 90-110 kg/m®, while the flat bales had higher values than the on-edge bales for

densities in the range of 60-70 kg/m°. Maraldi et al. [84] investigated the influence of



different parameters (including the types of straw, bale density, bale orientation, baling
process and loading rate) on the mechanical performance of straw bales. In their study, the
straw bales laid flat and on-edge were produced from eight types of straw (wheat, rice, oat,
corn, sorghum and millet) and four levels of strings pre-tension. The obtained densities of the
straw bales varied from 66 to 161 kg/m>. Three different loading rate (5, 10 and 50 mm/min)
were applied to the bales until 60% deformation or failure occurred. The obtained results
showed that the stress-strain curve was non-linear for both bale orientations and the flat bales
was stiffer than the on-edge bales as mentions before. It was also found that the Young’s
modulus was dependent on the square of bale density and independent on the strings
pre-tension and loading rate. Young’s modulus was also found to be dependent on the ratio

between straw bulk density and bale density [83].

Fig. 6 (a) Stress at 10% strain and (b) Young’s modulus versus the initial density of the wheat straw bales

[83]



4.3. Durability

The mainstream adoption of straw bales as building insulations remains restricted in
consideration of the long-term durability. Due to the chemical composition of straw including
cellulose, hemicellulose and lignin, straw decomposition can be occurred when ambient
hygrothermal condition supports micro-organisms, thus leading to performance degradation
and even security issues of buildings. The optimum range of temperature for mold growth is
20-70 °C, and many micro-organisms are restricted at temperatures below 10 °C [79].
According to the studies of [86, 87], no mold growth was observed in wheat straw samples
when they were subjected to climate conditions below 80% RH at 10 °C and 70% RH at 25 °C
for a 100-day period. Various studies reported that the moisture content within straw bales
exceeding the thresholds values ranging from 14% to 27% can cause straw degradation [88,
89]. Generally, the initial moisture content within straw bales at construction not exceeding
14-15% and the moisture content at operation not exceeding 25% are recommended [30].
Robinson et.al [90] found that when the ambient temperature was below 10 °C, straw
degradation were not occurred despite of the moisture content within straw bales exceeding to
25% for a prolonged period. Above guidelines give a clear limit on moisture content affecting
the durability of straw bales, however, the consequences of exposure duration and subsequent
degradation severity are not fully understood.

Thomson and Walker [30] studied and evaluated whether the repeated mold growth was
limited for wheat straw bales after an initial mold colonization by conducting two
experiments. The first experiment compared the mold growth between fresh wheat straw
samples and a wheat straw sample from a three-year-old wall by exposing them to a favorable
condition for mold growth at 87% RH and 21.5 °C for 20 days. The old straw sample was
found to have not mold growth, while a rapid mold growth was found for the fresh straw
samples. The second experiment cyclically exposing the six fresh wheat straw to different
elevated levels of relative humidity (from 78% to 91%), including a 28-day period of high
relative humidity, 7-day period of drying and 14-day period of re-exposing to the same high
relative humidity. The mold growth was not detected a second time for all the samples

following drying and re-exposure. Above results revealed that successive mold growth is not



likely to occur if only transient increases in humidity are detected in straw bales.
4.4. Fire resistance

Due to the flammability of loose straw, fire safety is a common concern for straw bale
construction. The risk of fire can be reduced through safe sire practice. Additionally,
compared to the loose straw, compacted straw bales seems to be more resistant to temperature
increase and flame spread because the compression process can remove most oxygen and
combustive agent [91].

According to the work of [71], a commercial straw bale was classified to class E
following the standard EN 13051-1 [92], representing it is a combustible material and only
capable of resisting ignition for a short period. Plastering straw bales, either externally or
internally, contributes to the improvement of fire resistance for straw bale walls. A previous
study [93] found that the straw bale with a 4 cm plaster layer on both external and internal
side survived without severe cracking of the plaster layers or ignition of the straw within the
bale when it was exposed to a heat flux of 29 kW/m? for 10 min. In contrast, the un-plastered
straw bale was ignited when exposed to the same heat flux. This can be attributed to an
insulating barrier between straw bale and heat source and an oxygen transfer barrier between
straw bale and air. Wall et.al [94] conducted a fire resistance test on a lime plastered straw
bale wall following the standard EN 1364-1 [95]. The lime plaster was found to fall from the
straw bale after about 90 min and the exposed straw bale had charred black after further 45
min. The 135 min of fire rating for the plastered straw bale was shown to be exceeding four

times the duration compared to the required 30 min according to their local (UK) regulation.

5. Properties of straw composites

5.1. Thermal insulation properties

The thermal conductivity of different agricultural waste, i.e., wheat straw and barley
straw, mixed with soil and sand were studied in the work of [96]. Among composite materials
containing 25 wt%, 50 wt% and 75 wt% of straw fiber content, the composites with 75 wt%

fiber content exhibited the lowest thermal conductivity, 0.195 W/(m-K) for wheat straw and



0.154 W/(m-K) for barley straw, respectively. This can be attributed to a higher porosity of the
composite material with a higher fiber content, leading to the decrease of its thermal
conductivity as air has a lower thermal conductivity than solid material [97]. Binici et.al [98]
examined the influence of both fiber content and compaction pressure on the thermal
conductivity of corn straw-epoxy composites. Two different fiber content, i.e., 57 wt% and 66
W%, and five compression pressures, i.e., 0.07, 0.12, 0.17, 0.27 kgf/m®, were used in sample
forming. The lowest thermal conductivity 0.075 W/(m-K) was obtained with 66 wt% of fiber
content and 0.07 kgf/m® of compaction pressure.

Labat et.al [99] studied the thermal conductivity of straw-clay composites at different
densities, which were controlled by adding different percentage of straw fiber content. Their
study found that the thermal conductivity values linearly increased from 0.071 to 0.12
W/(m-K) against density values ranging from 241 to 531 kg/m*. However, a polynomial
rather than linear function between density and thermal conductivity was found for rape
straw-clay composites with density ranging from 235 to 714 kg/m® according to the work of
[100].

Belayachi et. al [49] found that the straw-gypsum composites with density values
ranging from 255 to 456 kg/m® achieved low thermal conductivity from 0.064 and 0.086
W/(m-K) with acceptable self-bearing ability following the standard NF EN 1992-1-1. Ismail
et.al [101] have developed the composite materials from straw fiber, lime and gypsum plaster
with three natural additives (hemoglobin, casein and gelatin) to reduce their thermal
conductivity and guarantee their self-bearing ability. The thermal conductivity values were
found to be decreased after integrating all the additives except for the combination of 5 wt%
hemoglobin and 5wt% casein resulting a denser composite than that of without additive. But
it should be noted that use of hemoglobin significantly decreased the mechanical properties in
the same time due to the porous structure created. In contrast, the mechanical strength was
improved when gelatin was added to partially substitute the plaster because gelatin causes a
change in the plaster microstructure with the irregular shape and small size of crystals
compared to the original large rod-like crystals from the SEM image analysis. The lowest

thermal conductivity is 0.057 W/(m-K) when the self-bearing mechanical properties was



ensured.

Many studies attempt to use natural binders, such as starch, alginate and casein, to obtain
light and completely biodegradable insulation materials for buildings. Palumbo et.al [102, 103]
prepared insulation panels from different agricultural wastes, i.e., barley straw, corn pith and
rice husk, mixed with starch or alginate solution. The thermal conductivity of the insulation
panels was obtained from 0.052 to 0.098 W/(m-K) for the density values ranging from 89 to
223 kg/m®. Ttmova et.al [104] used casein as the binder and obtained straw composites with
low thermal conductivity values between 0.045 and 0.056 W/(m-K) for the density values
from 72 to 92 kg/m®. Also, it was found that the cut straw with smaller fiber length could
decrease thermal conductivity compared with the uncut straw. Wei et.al [54] analyzed the
influence of fiber size on thermal conductivity of rice straw fiber based insulation boards. In
their study, five different size distributions of fiber were obtained by sieving, and the thermal
conductivity values of the boards was found to be decreased with the increase of mass
fraction of large fibers. Rojas et al. [105] found that the fiber length exerted the greatest
impact in determining the thermal conductivity of wheat straw or corn husks based insulation
materials compared to the other three parameters including boiling time, NaOH concentration

and blending time.
5.2. Moisture properties

Fig. 7 shows the measured hygroscopic adsorption isotherm of straw composites from
different studies [97, 106, 107]. No significant correlation between adsorption isotherm and
density was found, while a higher moisture adsorption rate was observed for a higher porosity
based on these studies. Rahim et.al [107] compared the sorption isotherms between hemp
lime concrete and rape straw lime concrete with similar density and porosity. The adsorption
rate of rape straw lime concrete was higher after the relative humidity reached 75%, and this
may be due to the a finer and more homogenous porosity observed in rape straw lime concrete
which accelerate the adsorption rate. However, different types of straw in the reinforced
concrete has been proposed of having negligible impact on their equilibrium moisture content

according to the work of [108].
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Fig. 7. Equilibrate moisture content based on studies from Liuzzi [106], Ren [97]and Rahim [107]

Fig. 8 summarized the water vapor resistance factor measurements by both the dry cup
(denoted by solid point) and wet cup (denoted by hollow point) of straw composites against
density from different studies [99, 106, 107, 109-111]. The water resistance factor by wet cup
was systematically lower than that determined by dry cup, and this is attributed to the fact that
additional liquid transfer driving by capillary forces occurs at high ambient relative humidity.
Also, the water vapor resistance factor was shown to be correlated with density based on these
studies, except for the lavender straw composite. The observed low water vapor resistance
factor for lavender straw composite can be attributed to the presence of highly hydrophilic

components in the lavender plant, such as phenolic compounds, flavonoids, anthocyanins or

tannins.
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The moisture buffering value (MBV) of straw composites obtained was found from 2.59
to 3.85 for the density values between 108 kg/m*and 577 kg/m® from various studies [107,
109, 111, 112]. Therefore, straw composites can be classified as “excellent” following the
grading established by Rode et.al [113]. Ahmad et.al [112] studied the moisture buffering
capacity of corn straw reinforced concrete. Three different weight percentages of corn straw
to binder, i.e., 33 wt%, 55 wt% and 100 wt% were used, and the results revealed that the
MBYV increased with an increasing straw content. Rahim et.al [107] measured the MBV of
rape straw concrete samples in different thickness according to the NORDTEST protocol
[114], and it was found that the MBYV increased by 13.1% (from 2.29 to 2.59) when the
thickness increased from 3 cm to 7 cm.

Few studies have studied the water absorption of straw composite materials. In one of
them, corn straw reinforced concrete samples were immersed in water for 15 days, and it was
found that the samples with the averaged 14 mm fiber size had a larger amount of water
absorbed in than that of samples with 9 mm fiber size at any given fiber content (between 5
wit% and 30% wt) [115]. Also, the water absorption rate was found the maximum during the

first 60 minutes and decreased gradually for all the formulations. The highest total water



absorption rate of 77.9%, was obtained for the formulation with a fiber content of 30 wt% and
a size of 14 mm. This can be attributed to the hydrophilic nature of the corn straw fiber and
the higher porous structure created by the larger fiber size. Zuo et.al [116] examined the
influence of silicone-acrylic emulsion addition on water absorption of rice straw magnesium
cement composites by immersing the composite samples in water for 24 hours according to
GB/T 24312. A decrease of water absorption by 32% was observed as the silicon-acrylic

emulsion increased by 10%.



5.3. Mechanical properties

The mechanical performance of straw composites is of great importance according to
international and European standards for thermal insulation applications. A higher mechanical
performance can be obtained with a higher density due to the less voids in the composites [54,
117]. Straw composites compacted by machines had a higher compressive strength compared
with the manual compaction [112]. Ahmad et al. [112] examined the effect of binder content
on the mechanical performance of corn straw composites. The results indicated that the
compressive strength and the flexural strength were enhanced with an increase in the amount
of cement and gypsum, respectively. A study carried out by Ismail et. al [101] found that the
addition of 5% of hemoglobin to the lime induced a drastic decrease in the mechanical
strength of the composites based on straw and mineral binders. However, the addition of 5%
hemoglobin and 5% casein improved the mechanical properties by three times compared with
pure lime.

Bakatovich et.al [51] studied the compressive strength and flexural strength of straw
composites from different types of straw (rye, barley, wheat, oats, and rice). It was found that
for equal density and thermal conductivity, the composite from rye straw exhibited higher
mechanical properties by increasing 21-52% of compressive strength and 26-54% of flexural
strength compared with the composites from barley, wheat, oats and rice straw. This can be
attributed to the large strength provided by the thick outer parts of stems of rye straw.
Bakatovich et.al [118] have found that replacing a half of moss by rye straw enhanced the
mechanical properties of the liquid glass bonded composites. In particular, the compressive
strength at 10% deformation and the flexural strength increased from 0.18 MPa to 0.30 MPa
and from 0.08 MPa to 0.26 MPa, respectively. Pachla et al. [119] examined the influence of
adding rice straw and rice husk on the mechanical properties of cellulose concrete composites.
It was found that the addition of rice straw reduced their compressive strength but increased
their flexural strength.

Wei et.al [54] analyzed the influence of fiber size on the internal bonding strength (IB)

and the modulus of rapture (MOR) of rice straw fiber based insulation boards. The obtained



results indicated that the IB and MOR increased initially followed by a reduction with the
increase of fiber size. This can be attributed to the less binder required for the larger fiber size
with less surface area, which could decrease the binder distribution of unit area of the straw
fibers, and thus enhanced the mechanical properties of the boards. However, increasing the
fine fibers could also decrease the proportion of rice straw surface that contains high amount
of wax and inorganic silicon, leading to an intimate contact between fibers, and consequently
improved the mechanical properties.

Different straw treatment methods can be used to improve mechanical properties of
straw composites. Wang et.al [120] have studied the influence of NaOH treatment with
different mass fraction (from 0 wt% to 8wt%) on the mechanical properties of rice straw
concrete. The results indicated that the chemically treated straw fiber enhanced mechanical
properties when the mass fraction of NaOH was lower than 3%. Also, for the treatment time
of 150 min, the compressive strength and flexural strength reached the maximum value of
12.45 MPa and 4.83 MPa. Dusek et al. [121] evaluated the effect of water and NaOH
treatment on the flexural strength of rape straw bonded by bone glue with sodium
lignosulfonate. It was found that both the treatment methods enhanced the flexural strength of
the composites. In particular, the composites subjected to the water treatment exhibited higher
strength compared with the NaOH treatment. Table 5 shows the thermal, moisture,

mechanical properties of straw composites.



Table 5 Thermal, moisture and mechanical properties of straw composites as found in literature published by various authors

Straw type  Fiber Binder type Fiber/binder  Density  Porosity Thermal Vapor MBV Compression Bending Ref
length mass ratio (kg/m®) conductivity resistance factor (g/m?%RH)  strength (MPa) strength
(mm) (kg/m-K) Dry  Wet (MPa)
Rye, barley, 20-40,  Liquid glass 1/1.4 200-220 - 0.056-0.063 - - 0.23-0.35 0.50-0.82  [51]
wheat, oats, <80
rice
Rice 10-30 Methylene 1/0.08 200-350 - 0.051-0.053 - - 0.16-2.6 [54]
diphenyl
diisocyanate
(MDI) resin
Corn 0.5-4 Epoxy 60/30, 60/45  260-410 - 0.075-0.159 - - - 0.11-0.29 0.04-0.13  [98]
Rape - Clay - 241-531 - 0.071-0.12 4.8 2.9 - - - [99]
Rape - Clay 1/2.4 438 - 0.07 - - - - [100]
Wheat <50 Tradical PF70, 0.2-0.4 - - 0.054-0.069 - - - 0.009-0.18 - [101]
Tradical Thermo,
plaster
Rye - Casein 1/0.6, 1/0.5, 72-93 - 0.045-0.056 - - - 0-1 [104]
1/0.4, 1/0.3
Barley - Sodium silicate 70/30 152 0.9 0.058 - 2.59 - - [106]
solution
Rape - Lime 14/36 487 0.75 - 787 - 2.9 - - [107]
Barley - Starch 81/19 108 0.92 0.042 3.9 3.4 3.2 - - [109]
Bean - Clay and cement, 0.49 348-580 - 0.075-0.096 - 3351 - - - [110]
liquid glass
Lavender - Pozzolanic 0.46, 1.51 557, - 0.142,0.146 - 3.2,2 3.85,3.5 0.70-0.22 - [111]



661
Rape 0-120 Bone glue with 1/0.35 500-700 - - 33-36  23-26 - - 2.9-34 [121]
sodium
lignosulfonate
Flax - Liquid glass 1/2.4, 112 312, - 0.084, 0.085 - - - - [122]
336




5.3. Durability

Belayachi etal [49] studied the changes of thermal insulation and mechanical
performance as well as the degradation of both wheat straw-plaster and barley straw-plaster
composites when they are exposed to dry-wet and freeze-thaw cycling. The composites were
cyclically immersed for 1 hour in water prior to natural drying for 71 hours during dry-wet
tests, and they were exposed to a cycle between -10 °C and 40 °C during the freeze-thaw tests.
The results demonstrated that both the composites were more sensitive to the dry-wet aging
than the freeze-thaw aging. Also, although the barley-based material showed the lower
thermal conductivity and better mechanical properties in non-aged state, the barley-based
material was more likely to lose its performances under the aging conditions due to its more
porous structure resulting in higher moisture absorption rate compared with the wheat-based
material. Significant mass loss was observed at the 35th cycle for the barley straw composite,
while the wheat straw composite remained relatively complete at the 40th cycle, as shown in
Fig. 9.

There is high possibility of mold growth in straw-based materials when they are
subjected to excessive moisture environment. In the work of [123], mold growth was found
on barley straw after two weeks exposing to 93% RH, whereas no mold growth was observed
when exposing to 84% RH. A study carried out by Giroudon et.al [124] found that the mold
growth of straw composites was dependent on the different types of straw, i.e., barley straw
and lavender straw. In their study, the earth composites containing 3% of barley straw or
lavender straw were exposed to a favorable environment for mold growth, i.e., 93% RH and
30 °C. The lavender reinforced composite was found to be more resistant to mold growth than
barley reinforced composite, and this result was explained by the special chemical
composition of lavender containing polyphenols and aroma with antibacterial, antifungal and
insecticidal qualities. A comprehensive study that have been done by Viel et.al [125] revealed
that the pH of a given material is a significant indicator of mold growth as the use of alkali
treated rape straw to prepare composites does not show decay after exposing them to a

unfavorable condition, i.e., 90% RH and 30 °C for three months. Also, the water absorption of



material was found to be an influencing factor as the addition of paraffin decreased water

content within composite, leading to lower kinetics of mold growth on its exposed surface.
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Fig. 9. State of barley and wheat straw composites after 35 and 40 drying-wetting cycles respectively
5.4. Fire resistance

The fire reaction of straw composites is a crucial aspect that should be well-known and
improved due to the high flammability of straw fibers. A study carried out by Babenko et. al
[122] found that a liquid glass bonded flax straw composite had slower thermal
decomposition and shorter peaks in comparison to a pure flax straw. This result can be caused
by mineralization of the flax straw when treated with liquid glass. A comprehensive study that
has been done by Palumbo et.al [103] revealed that binders, even in small proportions, has a
significant influence on fire resistance of bio-based insulation composites made by three crop
by-products, i.e., barley straw, corn pith and rice husk, and two binders, i.e., starch and
alginate. The barley straw composite using approximately 6% alginate as binder showed
superior fire resistance than that of using about 9% starch as binder based on flammability
(including PCFC, LOI, ignition time and extinguish ability) and thermal degradation tests.
Also, the different types of crop by-product had negligible effect on the fire behavior of
resulting composites. This is confirmed by another study that thermal degradation of straw
composites was mostly affected by the binder nature, i.e., lime and plaster, compared with the

fiber variety, i.e., wheat straw and barley straw [126].



6. Life cycle assessment

Life cycle assessment (LCA) is commonly used to assess the environmental footprint of
a insulation product. Generally, the LCA is performed using cradle-to-grave approach (where
the evaluation performed from the material extraction to the disposal) or cradle-to-gate (where
the evaluation does not include the use and the disposal phases) approaches [127].
D’Alessandro et al. [128] compared the cradle-to-grave assessment of a straw bale and other
insulation materials (see Table 6) based on two impact categories. In this case the functional
unit is 1 kg of materials. The straw bale was shown to have low values of primary energy and
global warming potential compared with the traditional mineral insulation materials.
Gonzalez et al. [129] studied the energy and carbon footprints of straw bales and straw-clay
blocks for local conditions by comparison with traditional fired bricks and concrete blocks in
Andean Patagonia. It was found that the carbon emission and embodied energy of straw bales
and straw-clay blocks to cover 1 m? of wall was smaller compared to the fired bricks and
concrete block, as shown in Table 7. Considering that different materials could vary in density
and thermal conductivity values, a more appropriate unit such as the mass of materials to
provide a equal thermal resistance, could be used for a fair comparison. Bories et al. [130]
conducted the LCA on the entire manufacturing process of clay bricks with and without the
incorporation of biobased additives, i.e., 1 wt% wheat straw, 2 wt% olive stone flour, 2 wt%
glycerol carbonate and 2 wt% dimethyl carbonate. The functional unit was 1 m? clay tablets
with an equivalent thermal resistance of 0.035 m*W/K. It was found that the additives reduced

the environmental impact compared to the pure clay brick.

Table 6 Comparative life cycle analysis of straw bale with other insulation materials [128]

Insulation Primary energy inputs GHG impact Processes
(MJ-eq.kg) (kgCO,-eq/kg) included

Straw bale 0.89 0.18" E+M+T

Expanded 114 107 E+M+D+T

polystyrene

Extruded polystyrene 107 13.67 E+M+D+T

Mineral wool 44 231 E+M+T

Kenaf 39 2.09 E+M+T




Hemp n.a.t 0.15 E+M+T

# E = raw materials extraction; M = manufacturing; T= transports; D = disposal.
® Without carbon sequestration.
‘n.a. = not available.

Table 7 Embodied energy and global warming potential of straw bales, fired bricks and concrete blocks for

1 m2 of wall [129]

Number required per Thermal Thermal Embodied energy Global warming
m? of wall conductivity transmittance (MJ/m?) potential
(W/m-K) (W/m-K) (kgCO,-eq/m?)

85 Fired bricks 0.90 3.9 488° 30

11 concrete blocks 0.64 3.2 169" 9.6

7 straw-clay blocks 0.18 0.86 40 34

3 straw bales 0.07 0.16 28 25

3 half straw bales 0.07 0.32 14 1.3

% Includes 700 km transport.
® Includes 700 km transport in 10% of weight due to cement

Quintana-Gallardo et al. [131] compared the cradle-to-gate assessment of a rice straw
wall and a traditional double brick wall. The straw wall was more insulating with thermal
resistance doubled that of the traditional wall. It was found that the environmental impact of
the straw wall was lower in every category except for the land use and water use compared to
the traditional double brick wall. Moreover, by substituting the two different waste
management, i.e., burning straw or mix straw with soil, 1 m? rice straw wall can prevent the
emission of 18.85 kgCO,-eq and 52.64 kgCO,-eq, respectively. Cornaro et al. [70] conducted
the LCA of an innovative wall (which was composed of straw bale and natural plasters) and a
traditional clay brick wall. In this case the straw wall and the traditional wall had the same
thermal resistance of 6.5 m*W/K and the functional unit was the area of the wall package
installed in a reference building. The obtained results demonstrated that the CO, equivalent
emission and the embodied energy of the straw wall was 50% lower than the traditional wall
regarding the phases of production and construction. Cascone et al. [132] compared the
embodied energy of a platform system made of pressed straw and a cross laminated timber
(XLAM) system with the same thermal performance. The platform system led to a reduction

of embodied energy of 60% compared with the XLAM system.



A dynamic LCA and a static LCA were done by Zieger et al. [133], who compared the
cradle-to-gate assessment of a wheat straw wall and a traditional concrete wall with an
insulation layer of mineral wool. Both the walls had the same thermal resistance value of 7.3
m?W/K and the functional unit was 1 m? of wall. It was found that the tradition wall had
minor changes in equivalent carbon emission regardless of the LCA method, while the straw
wall had larger difference by using different LCA method. Specifically, the equivalent carbon
emission calculated by dynamic LCA was lower than the static LCA calculated at 100 years
and the dynamic equivalent carbon emission converged toward the static one after a long-time
horizon, as shown in Table 8. This is because the traditional wall contributes to the climate
change from the first year, whereas the straw wall has a cooling effect for several years, which

are ignored when using the static method.

Table 8 Relative global warming potential of straw wall and concrete wall calculated by static and dynamic

life cycle analysis [133]

Insulation Conventional (kgCO,-eq/FU)  Straw-based (kgCO,-eq/FU)
Static GWP100 79.8 26.3
GHG GHG (min/max)
Dynamic DLCA 20 60.0 -56.5
Dynamic DLCA 100 70.8 -22.2/-9.8
Dynamic DLCA500 71.8 9.8/14.3
Dynamic DLCA 1000 71.2 11.1/13.7

*Straw’s end of life is regarded as 50% composted and 50% incinerated

7. Conclusions

The appropriate utilization of straw waste in building insulation materials is a promising
approach for energy efficiency and decarbonization. In this paper, straw insulation is
categories as straw bale and straw composite. Straw bales are produced by using bale
machines to collect and compress the deposited straw after harvesting crops. Straw
composites are prepared by molding straw fibers with alternative binders. This paper presents
the available researches on the thermal insulation, moisture, mechanical properties, durability

and fire resistance of straw insulation with the consideration of different factors. Also, the



environmental impact of straw wall is also proposed by comparison with the traditional wall.

The main findings were drawn as follows:

Thermal conductivity is the most significant property that characterizes the effectiveness
of a thermal insulation material. Thermal conductivity values of straw bales are reported
to have high variability in the range of 0.03 to 0.08 W/(m-K), which can be caused by
various factors, including the types of straw, the bale density, the orientation to heat flow,
the ambient temperature and relative humidity. Meanwhile, increasing fiber content and
fraction of large fibers within straw composites effectively decreased their thermal
conductivity.

The moisture properties of straw bales and straw composites have been
observed to be influenced by various factors. Straw bales with open—ended
straw could reach the equilibrate humidity more rapidly with environment than
bales with close—ended straw. The water vapor permeability of both straw
bales and straw composites have been observed to be dependent on their density.
However, the types of straw and the density have no significant impact on
the moisture absorption of straw composites. Furthermore, factors such as the fiber
content, the hydrophilic nature of the fiber, the fiber size, the porosity and the thickness
affect the moisture buffering capacity and water absorption.

The mechanical performance of straw bales and straw composites plays an
essential role. Straw bales exhibit a non—linear stress—strain behavior and
bales laid flat is stiffer than bales laid on—edge. A higher mechanical
performance can be obtained with a higher density due to the less voids in
the composites. Moreover, the types of straw, treatment methods and fiber
size affect the mechanical performance of straw composites.

The durability and fire resistance of amaterial are crucial aspects to ensure
the long service—life of the building. A favorable hygrothermal conditions
for micro—organismresults inmold growth, thus leading to straw degradation.

The moisture content at operation not exceeding 25% is generally recommended

to prevent degradation of straw bales. Plastered straw bales show better fire



resistance than un—plastered straw bales. Binders, even in small proportions,
has a significant influence on fire resistance of straw composites. In
addition, building insulation materials from straw have low embodied energy
and low carbon emission.

In conclusion, straw is a promising raw material to obtain cost-effective and eco-friendly
thermal insulation materials for buildings. Nevertheless, compared to the less
environment-friendly insulation materials, straw insulation materials present some
disadvantage and issues, which should be addressed in the future. Different approaches can be
used to improve the durability and fire resistance of straw insulation materials, such as surface
treatments, harmless biocidal and retardant addition. Also, the risk of straw degradation
should be further investigated with long-term exposure to favorable conditions for mold
growth. Additionally, inherent mechanisms of various factors, such as fiber size distribution
and pore size distribution are not clear. A microscale analysis could be conducted on these
factors correlating to the performance of straw insulation products to provide guidelines for
their optimal design. A multi-criteria assessment method for comprehensively rating various
technical properties needs to be explored in future to select the desirable options when

different scenarios are assumed.
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