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Abstract

Straw is becoming a promising alternative insulation material to improve the building energy
performance because of its low cost, large availability as cereal waste, its good hygrothermal
properties, and its low embodied energy. The goal of this paper is to assess the hygrothermal
performance of multi-layered straw walls with different boundary conditions. The study
consists of evaluating five different straw-based wall assemblies, under a continental
(Arkhangelsk, Russia), a tropical climate (Brasilia, Brazil), a temperate Mediterranean climate
(Nice, France), and a cold desert climate Xinjiang (China). Numerical models of the heat and
moisture transfer through the walls using WUFI software are developed, calibrated, and
validated through experimental results from the literature. The chosen evaluation criteria are
the total water content, the drying rate, the condensation risk, the mold growth, the moisture
quantity, the time lag, and the decrement factor. Results show that straw walls with cement
and/or wood covering can be used in tropical and temperate climates, coated straw walls with
additional air layers in dry climates, while insulated straw walls are best fitted in continental
climates. In the latter, the dryness rate varies between 7 and 40 % with a low condensation risk
of value in the range of 0-12 %. It can be concluded that the straw wall’s performance strongly
depends on the interior and exterior added thermal insulation layers since they affect the ability
of the material to dry out.

Keywords: Strawbale walls, bio-based material, hygrothermal modeling, simulation, energy
efficiency

Highlights:

* The temperature and relative humidity variations obtained by WUFT are in good agree-
ment with the literature experimental findings.

* The excessive moisture content in straw leads to bio-deterioration, mold, and decay
damage in the whole structure.

* The hygrothermal issues in a straw wall depend on the interior and exterior covering
layers.

* Hygrothermal issues can be solved by adding the straw thickness, adding a vapor re-
tarder layer, adding an unventilated air layer, and controlling the indoor conditions.
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1. Introduction

The use of agricultural products and their co-products for energy and industrial application is a
topic of growing importance in the building construction and economic sector. Nowadays,
sustainable products are becoming essential to preserve our planet. Cellulose fibers, straw
fibers, wood, hemp fibers, and others are bio-based materials used for economic and ecological
purposes. Straw with its characteristics showed multifunctional uses because it can be applied
in the agriculture field for soil productivity [1], in the construction field to insulate the existing
buildings or to construct new ones [2], and in pyrolysis reactions to convert biomass into
alternative fuels or useful chemicals [3,4]. The United States Department of Agriculture’s
Economic Research Service [5] estimated the straw availability between 125 and 177 million
tons each year from all types of grain. This estimation underlines the availability of straw as a
material for construction.

Straw material has been used since the nineteenth century because of its known properties. It
displays good thermal insulation [6,7], fire resistance [8], sound resistance [9,10] and a low
energy consumption [11-13]. However, the main risks associated with the use of straw are the
durability and stability of the building, due to moisture and condensation issues [14]. Mold
growth, moisture presence, poor indoor air quality, loss of thermal resistance in wet insulation,
material deterioration, and structural failure for load-bearing walls can all result from an
improper envelope design [15]. An experimental setup in Germany [16] studied the
performance of a straw wall covered by mud stucco. The thermal insulation property of the
straw was shown by the temperature difference between the inner and outer surfaces. The inside
surface temperature was varied between 10 °C and 18 °C when the exterior air temperature was
between 2 °C and 23 °C. The relative humidity differences of both surfaces showed the same
trend. The inside surface relative humidity was found about 60% when the outside relative
humidity reached 70 %. The straw material was able to maintain the indoor conditions stable
even when the exterior conditions were severe. Douzane ef al. [17] measured the exterior and
interior surface temperature and humidity of a plastered straw wall to assess its thermal behavior
and the hygrothermal comfort level. They noticed that the interior surface temperature remained
around 20 °C with relative humidity (RH) between 40-60 % when the exterior temperature was
reaching its maximum of about 40 °C and its minimum of around -10 °C with RH between 30-
90 %. Results showed that straw walls could decrease the temperature and RH fluctuations to
maintain the indoor comfort conditions. The hygrothermal comfort of the building was also
studied based on Fauconnier’s model [18]. This model defines a comfort range by
characterizing the couple temperature-humidity. The discomfort level reached a maximum
value of about 32 %. Lawrence et al. [19] investigated the moisture content and RH variations
of the straw material at a laboratory scale. The material was tested in a scientific oven by
varying the temperature from 5 °C to 26 °C and the humidity from 33 % to 98 %. They found
that the moisture content decreases when the temperature increases at maximum RH levels and
rises to its maximum level when the RH is 98 %. Further research [20] compared the sorption
isotherms of the flax, hemp, wheat straw, beech, and spruce fibers at 20 °C to see how they
responded to changes in the building's interior environment. It was noticed that the plant fibers
like wheat straw adsorbed about 45 % of moisture content (highest value) when reaching 95 %
RH. The adsorption-desorption process of natural fibers showed the ability of the material to
exchange moisture with its exterior, which prevents the material’s and the building’s
degradation and provide indoor comfort.

The heat storage capability feature was also studied by calculating the time lag and the
decrement factor for different envelopes. Douzane et al. [17] obtained about 6 h and 0.08 for a
plastered straw wall for the time lag and the decrement factor, respectively. Gallegos-Ortega et
al. [21] obtained about 9.12 h and 0.07 for another type of straw wall. The variation of results
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from one study to another is related to the heat transfer coefficients of the wall, the different
wall structure, the layers' thickness, and their thermal conductivity. The heat transfer coefficient
of a wall in Montholier, France [22] covered by 2 cm of lime plaster on each side and having a
total thickness of about 36.4 cm was found around 0.25 W/(m2. K). The same structure
composition was studied by Rye and Scott [23] for higher straw bale thickness of 43.5 cm. They
obtained a U-value of about 0.16 W/(m?2. K) for the considered envelope. Cascone et al. [10]
investigated a straw wall covered by wood and faux stone with unventilated air layers from
both sides and determined a U-value of about 0.28 W/(m?.K). The difference can also be
explained by the variation of the straw thermal conductivity that varies according to the density
of the sample, the fiber orientation in the bale, and the RH or moisture content. In general, the
thermal conductivity of a straw bale can be as low as 0.033 W/(m.K) [24] and can reach up to
0.19 W/(m.K) [25]. Experiments showed that the thermal conductivity of the straw decreases
when the density and RH decrease for bales having fibers perpendicular to the heat flow. All
these factors are related to the amount of air in the porous material that gives an insulation
feature leading to the use of a coupled heat and mass transfer model. Similar variations can be
found for other thermo-physical parameters [26] such as the heat capacity with a listed range
from 1338 J/(kg.K) to 2000 J/(kg.K), the thermal effusivity with a range between 417
J/(K.m%.s") and 775 J/(K.m?.s?) and the diffusivity that ranges between 107 m?/s and 3.6 x
10° m?/s. These aspects illustrate the capability of the material to accumulate and exchange
heat.

Many researchers have determined the hygrothermal properties of straw walls by monitoring
the temperature and RH variation through the wall over a short period and by defining and
calculating parameters that show its capability to store heat. In addition, they focused on the
thermal conductivity of straw-based on experimental measurements of bales. However, no
study was found reporting the dryness rate of a wall or the mold growth within its structure and
proposing the best wall structure according to the exterior and interior boundary conditions.
Developing a complete investigation concerning the moisture transfer in the straw walls should
consider a wide range of criteria since moisture has several sources and transport mechanisms.
The present paper evaluates the hygrothermal behavior of five typical multi-layered straw-
based walls under the weather conditions of four locations. First, a numerical model of the
transient heat and mass transfer in the walls is set up using WUFI® software [27], one of the
most used and validated hygrothermal simulation tools. For validation purposes, the simulated
results of temperature and RH through the wall are compared with experimental data found in
the literature [17]. Since many uncertainties exist in the straw thermophysical properties due to
the biodegradable nature of the material, a calibration is carried out on the model using
parametric analysis and experimental data. Then, the relevant material properties and straw wall
assemblies are collected from the existing literature and the typical climate conditions are
selected based on the heterogeneity of their seasonal precipitations, solar irradiation intensities,
as well as the availability of the cereal production. Afterward, the hygrothermal performance
of the five straw walls types is investigated. The results are presented based on different
assessment criteria, namely total water content, mold growth, heat losses, drying rate,
condensation risk, time lag, and decrement factor. Finally, the main findings of the study are
discussed and compared with the existing literature. New wall assemblies are proposed to solve
some issues in the hygrothermal behavior revealed by the simulated results. Last, the required
future research is identified to complete the existing knowledge.

2. Modeling approach
2.1. Numerical model

The physical model is that of multi-layer walls under transient boundary conditions. A
numerical model based on WUFI software is used to predict the hygrothermal response of the
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walls under different weather conditions. WUFI-2D, developed by the Fraunhofer Institute for
Building Physics in Germany, is a hygrothermal simulation program to analyze and perform
the heat and moisture transfer in 2D construction envelopes. The software introduces two
moisture-flow driving forces: the liquid transport flux, which is affected by relative humidity,
and the vapor diffusion flux, which is affected by vapor pressure. Conductive heat transfer,
enthalpy flow, solar radiation (long and short waves), and surface diffusion (for the water
movement) are all part of the equation [28,29]. WUFI solves the temperature equation and the
moisture equation iteratively, updating the storage and the transport coefficients in each
iteration to the new moisture and temperature fields until convergence is reached. The energy
transfer equation and the moisture transfer equation are shown in equations (1) and (2),
respectively.

on o1 _ "
o7 = V- VT) + hy V. (6p(DPsqar))

ow 09

56 9c = 7-(Do70 + 6,7 (8P0)) (2)

where H, T, w and @ are enthalpy, temperature, moisture content, and relative humidity,
respectively. Psa, A, hy,, 6p and Dy are the saturation pressure, thermal conductivity, evaporation
enthalpy of water, water vapor permeability, and liquid conduction coefficient, respectively.

The left side of equation (1) represents the thermal inertia while the terms on the right side are
respectively the thermal diffusion and the liquid and vapor convection. In equation (2), the left
side represents the moisture storage while the liquid diffusion and the vapor diffusion are
respectively modeled on the right side. WUFI solves these equations by using the finite volume
technique and a fully implicit scheme for spatial and time discretization. The model input
parameters include the wall geometry, the materials properties, the outdoor and indoor weather
data, the initial conditions (7, RH), and the calculation period. Several researchers used WUFI
to assess the hygrothermal behavior of building exterior walls. Mesa and Arenghi [30] validated
their WUFI numerical model using experimental results from testing a straw bale wall in a
climatic chamber. Kalamees and Venha [31] compared different programs, 1D-HAM,
MATCH, and WUFI-2D with experimental results to compute the hygrothermal performance
of timber-framed wall structures. Those comparisons gave similar results, which proved that
WUFI is a useful tool to assess the moisture behavior of a wall.

The following section presents the numerical model validation, based on a straw wall
experimentally studied by Douzane et al. [17].

2.2. Model validation

Douzane et al. [17] studied the hygric and thermal behavior of a two-story straw bale building
with a total floor area of 188 m?. The ground floor is composed of an open area and three rooms.
The upper floor is divided into three bedrooms. The building external walls’ layout is shown in
Figure 1. It is composed of 35 mm of exterior lime plaster, 440 mm of straw layer, 30 mm of
the unventilated air layer, and 15 mm of plasterboard.
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Figure 1: Location of thermocouples and humidity probes in the straw wall [17]

Straw characteristics are variable regarding its thermal properties that depend on the straw type,
density, water content, relative humidity, wall thickness, and fibers’ orientation. WUFI contains
a large material database that distinguishes between basic hygrothermal values and
hygrothermal functions. The constant parameters for the non-steady computation of the
temperature fields at 20 °C and 20% RH are the bulk density of the dry material, specific heat
capacity, and thermal conductivity. For both hygroscopic and non-hygroscopic materials, basic
hygric parameters such as the water vapor diffusion resistance factor and porosity must be
provided. Other hygric properties include the thermal conductivity variation based on the
moisture content and the thermal conductivity based on temperature variations. On the other
hand, moisture storage function and the moisture-dependent liquid transport coefficient are
needed for hygroscopic and capillary material simulation, respectively. The variations of each
parameter must be entered to study their effect on the whole structure.

The thermophysical properties of lime plaster, unventilated air, and plasterboard taken from the
WUFI database are provided in Table 1. Straw samples with dimensions of 50x50x10 cm? and
a density of 80 kg/m® were evaluated for thermal conductivity using a guarded hot plate
apparatus after being oven-dried at 65 °C. Experiments showed that for bale average
temperature between 10 °C and 40 °C, the thermal conductivity varied between 0.067 W/(m.K)
and 0.088 W/(m.K) for horizontal fibers and between 0.046 W/(m.K) and 0.064 W/(m.K) for
vertical fibers. The U-value of the experimental straw wall has about 0.2 W/(m?.K).

Table 1: Straw buildings materials basic properties extracted from WUFI materials database and literature at 20
°C and 20 % RH

Thermal . Specific . Water vapor diffusion
. . Density Porosity .
Material conductivity (kg/m?) heat (m3/m3) resistance factor
(W/(m.K)) (J/(kg.K)) (=)
Straw [17] 0.046-0.088 80 1200 0.9 1.3
Unventilated air 0.2 1.3 1000 0.99 0.32
gap (30 mm)
Plasterboard 0.2 850 850 0.65 8.3
Lime plaster 0.7 1600 850 0.3 7
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Figure 2: Monthly average outdoor temperature and relative humidity in the Picardy region

The tested building is situated in the Picardy region, north of France. The Picardy climate is
classified as temperate oceanic (Cfb) by the Koppen—Geiger classification [32]. The outdoor
dry air temperature reaches 40 °C in summer and -10 °C in winter. Figure 2 shows the monthly
average outdoor temperature and RH in the test location. The outdoor RH ranges between 30
% in summer and 90 % in winter. The building indoor temperature and RH were maintained
between 20-25 °C and 40-60 % respectively, to ensure indoor thermal comfort. The authors
measured the temperature and the RH at 38 different locations in the building using type-T
thermocouples and HMP60 humidity probes. Inside a wall assembly, the distance between
sensors was around 147 mm as shown in Figure 1. The experiment took place for 14 months
between 25 May 2014 and 11 August 2015.

Figure 3 shows the experimental temperature and the RH variation of the outer and inner
surface of the south-facing wall during the test period. The graph reveals the stability of the
internal surface temperature at around 20 °C, even when the external surface temperature is
very low or very high. The internal surface RH varies between 30 % and 60 % and does not
depend on the large RH variation of the external face. The lower values of the inner surface RH
can be explained by the heating of the building during winter, which increases the capacity of
ambient air to store moisture without reaching saturation. Douzane et al. [17] concluded that
the straw envelope could mitigate the outdoor temperature and moisture variations to preserve
indoor comfort during the summer and the winter periods.
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Figure 3: The variation of the inner and outer surfaces temperature and RH [17]

The experimental data of [17] was used to calibrate and validate the numerical model by
comparing the profile of the measured data to that of the simulated results for the internal and
external surface temperatures and RH over one year. Therefore, a WUFI model was set up using
a geometry and weather data file similar to that of Figure 2 and Figure 3, respectively. In the
model, the interior surface’s heat transfer coefficient was considered 8 W/m2.K with a short
wave radiation absorptivity of 0.2 and longwave radiation emissivity of 0.9 regarding its bright
color. The heat transfer coefficient of the exterior surface was considered wind-dependent with
a short-wave radiation absorptivity of 0.6 and longwave radiation emissivity of 0.9. Based on
the initial exterior and interior air temperature and RH, the initial temperature was set at 20 °C
for all materials and the initial RH was set at 50 % for straw, wood boards, and plasterboards
and 80 % for lime plasters.

To obtain hygrothermal numerical results comparable to the experimental data, a calibration
technique was required due to some experimental uncertainties. The simulation was replicated
for different values of outer surface solar absorption, straw initial water content, and straw
thermal conductivity, until reaching a high accordance between the simulated and experimented
surface temperature and RH variations. The straw thermal conductivity was finally set to 0.055
W/(m.K) at 20 °C and 20 % RH. The straw initial relative humidity was set at 40 %. The heat
transfer coefficient of the interior surface was varied between 2 and 10 W/(m2. K) and fixed at
the end at 8 W/(m2.K). The unmeasured moisture straw sorption isotherm and the variation
function of straw thermal conductivity versus temperature and RH were collected from
literature [25], [28], [29], as shown in Figure 4. These graphs provide information about the
variation of the insulating property of the straw as a function of temperature and RH as well as
the material’s adsorption isotherm. High temperature and humidity affect negatively the thermal
conductivity of the straw. The conductivity increases progressively with the temperature and
reaches about 0.065 W/(m.K) at 45 °C. At the same time, the thermal conductivity increases
with the RH until reaching 0.06 W/(m. K) at 80 % RH and then continues rising sharply to
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attain 0.12 W/(m.K) at 100 % RH. As for the moisture content variation, the graph shows its

progressive raise while increasing the RH. This behavior demonstrates the high porosity of the
straw.
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Figure 4 : Hygrothermal functions showing the thermal conductivity-temperature variations (a), the thermal
conductivity-relative humidity variations (b) and the moisture content- relative humidity variations (c) for the
straw material (based on [17], [25], [28], [29])

The weekly-averaged experimental and simulated results showing the temperature and the RH
of the interior and exterior surfaces are represented in Figure 5 and Figure 6, respectively. The
WUPFI model generates almost similar results as the experimental study of the straw building
for the studied weather conditions. The peaks in the simulated case and the variation of values
are close to the measured data. Regarding temperature, the plotted values are in good agreement
with the measured values. The maximum obtained temperature for the exterior wall surface
reaches 45 °C in the simulation results while it reaches about 43 °C in the experimental
measurements. The minimum calculated temperature is about -14 °C while it is -10 °C in the
experimental measurements. The interior surface temperature varies around 20 °C, which
agrees with the experimental results.
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Figure 6: The relative humidity weekly average variation over one year for the third wall simulated in WUFI
under Picardie weather conditions.

Besides, the RH variation of the wall surfaces compares well to the experimental results. The
initial value for RH considered in the numerical model (for the numerical case, the initial RH
for the straw and wood is 40 % and 80 % for the lime plaster) can explain the differences in the
interior surface RH variation. The behavior of the exterior surface RH is close to the in-situ
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measurements. The interior surface humidity varies between 35 % and 60 % while the exterior
surface humidity varies between 25 % and 85 %.

Douzane et al. [17] calculated the thermal inertia parameters based on the exterior and interior
surface temperature variations for 24 hours to prove the mitigating effect of the straw-based
wall against external variations and its beneficial impact on indoor thermal comfort. The time
lag and the decrement factor are given in equations (3) and (4), respectively [35].

(3)
¢ = tint max — lextmax

_ Tint,max_Tint,min (4)

Text,max_Text,min

where tintmax and texrmax are the time when the interior temperature and the exterior
temperature, respectively, are at their highest values. Tint max>Tint mins Textmax a0 Text min
are the maximum and minimum temperatures of the internal and external surfaces.

The experimental results indicate a time lag of about 6 h and a decrement factor of about 0.09
while the numerical results show a time lag of about 7 h and a decrement factor of about 0.066.
Figure 7 shows that the variation of the outdoor surface temperature barely affects the indoor
surface temperature variation. For the numerical model, the difference between the maximum
and the minimum of the external temperature was about 30 °C, which is close to the measured
values. However, the temperature range of the internal surface is about 1.3 °C for the numerical
model and 3 °C for the experimental measurements. The discrepancy between actual and
modeled materials characteristics and initial conditions can explain this difference. These
results prove the thermal resistance of the straw bale wall that helps limit the overheating in
summer since the highest interior temperature is reached when the exterior temperature has
decreased.
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Figure 7: The variation of the interior and exterior surface temperature for the numerical model (WUFI) and the
experimental model (Literature [17]) for 24 hours on 25 April
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The root mean square error (RMSE) and the percentage root mean square error (PRMSE)
indicated in equations (5) and (6), respectively, are used to measure the agreement between
experimental data (e;) and simulated outcomes(s;).

RMSE = \/% YR (s; — )2 (5)

1 Si—e; 2
PRMSE = \/;zyzl (e—) x 100 (6)

The RSME and PRSME of the exterior surface temperature are 1.6 °C and 9 % respectively,
while those for the interior surface temperature are 1 °C and 3.6 %, respectively. The RSME
and PRSME of the exterior surface RH are 2 % and 3.5 % respectively, while those for the
interior surface RH are 2.2 % and 4 %. These values quantitatively show the good agreement
between the numerical and the experimental models. The numerical model is therefore used in
the following section to investigate different wall configurations.

3. Case study
3.1. Materials properties

The principal layer in straw bale walls is the straw layer with a thickness varying from 360 mm
to 440 mm. Strawbale walls are covered on both sides with cement or lime plasters and wood
boards. All material properties including thermal conductivity, porosity, water vapor diffusion
resistance factor, specific heat, and density are presented in Table 2. The layers' characteristics
are taken from the WUFI database except for the straw. The straw characteristics are collected
from different research works [17], [25,33,34]. The straw hygrothermal functions for moisture

storage and thermal conductivity versus temperature and RH are taken the same as in Figure
4.

Table 2: Straw buildings materials basic properties extracted from WUFI materials database and literature at 20
°C and 20 % RH

Thermal Specific Water vapor
Material conductivity Density Il)lea ¢ Porosity | diffusion resistance
ateria 3
(W/(m.K)) (kg/m°) (J/(kg.K)) (m3/m3) fa(c_t)or
Cement plaster 1.2 2000 850 0.3 25
Hardwood board 0.13 650 1500 0.47 200
Wood wool 0.08 450 1500 0.55 9
Straw [25], [28], 0.055 120 1200 0.9 13
[29]
Wil e ey 0.2 13 1000 0.99 0.32
gap (30 mm)
Unventilated air 0.28 13 1000 0.99 0.32
gap (50 mm)

3.2. Wall configurations

The numerical model is applied to study five different wall structures under four different
weather conditions. Straw construction is found in different forms and structures depending on
the prevailing climate at the building’s location. Table 3 gives the most used wall structures in
the actual straw construction sector.
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Table 3: Different layers composition of five considered cases

Exterior layer

Interior layer

Cases

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 | Layer 8
Case 1
[36]
“ Cement Cement
plaster Straw plaster - - - - -
20mm 360mm 20mm
Case 2 [8]
Hardwood Straw Hardwood i ) ) i i
30mm 360mm 30mm
Case 3
[17]
“ CT:;f;t Straw Un;crntjated Hardwood ) ) i i
: p 440mm g4p 15mm
35mm 30mm
Hard- Unventilated Cement Cement
. Straw
wood air gap plaster 360mm plaster - - -
40mm 30mm 20mm 20mm
Case 5
| CTme Wood wool Hardwood Straw Hardwood Un;;nt;lated Hardwood Cfmflit
praste 40mm 18mm 360mm 10mm £ap 30mm praste
‘ 10mm 50mm 15mm
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In the first wall structure, a 20 mm thick cement layer covers the straw from both sides and
gives a total wall thickness of around 400 mm. Cement plaster is used as a surface finish to
protect the straw from fire, rot, and fungus, even though this material increases the carbon
footprint of the wall [38]. In the second case, 30 mm hardwood boards cover the straw layer on
both sides, thus yielding a wall assembly thickness of 420 mm. Hardwood boards are used to
protect the straw layer, to increase thermal performance, and reduce the environmental impact
of the wall in the condition that the wood source is sustainably exploited [39],[40]. In the two
following cases, an unventilated air layer is added at different positions to increase the
insulation property of the wall, reduce the mass transfer, and provide space for electrical cables
and pipework. The thickness of the straw is different in those two cases, as well as the total wall
thickness, which is 520 mm and 470 mm in case 3 and case 4, respectively. Those two walls
can show the effect of the straw thickness and the air layer on the hygrothermal properties of
the whole structure. In the last case, a wood wool layer was added to increase the thermal
resistance of the wall. The total thickness of the structure is 533 mm. The latter assembly was
recently proposed by French contractors [41] to increase the thermal comfort in straw buildings.

Parameters such as solar radiation, the driving rain intensity and direction, and the structure
orientation affect the hygrothermal behavior of the wall. It is important to study the worst-case
scenario of an envelope exposed to the highest hygrothermal stress. Therefore, all walls in the
present study are north-oriented, since the generally higher driving rain intensity and lower
solar radiation in that direction increase the occurrence probability of drying problems.

3.3. Climates
3.3.1. Outdoor climates

Four climates were chosen according to their extremely different temperature and humidity
profiles, as reported by the Koppen—Geiger classification [32], and according to cereal
availability. The cost and the environmental impact of the construction caused by the material
transportation from the manufacturing location to the site of work are thus minimized. The
USA, China, Russia, Brazil, and some European countries have the highest annual cereal
production [42]. Therefore, the cities chosen in this study are Nice-France, Xinjiang-China,
Arkhangelsk-Russia, and Brasilia-Brazil. Table 4 describes the main weather characteristics of
the selected cities as well as their longitude, latitude, and elevation. Tropical, dry, temperate,
and continental climates were considered to test the ability of straw walls to stabilize the interior
variation of the temperature and relative humidity.

Not all these areas experienced growth in straw construction. In the Russian region,
construction with straw bales was started in 1996 by foreign organizations as an experimental
environmental village. This type of construction has since been developed in Belarus, Ukraine,
and Russia [43,44]. In the Brazilian construction field, straw buildings were first utilized in the
1970s, but their use declined in 2009 and are not widely used today [45]. Straw buildings
appeared in China’s construction industry in 1998. More than 600 straw structures have been
constructed in China since then [46]. In France, more than 4000 buildings are constructed from
wheat straw bales [47]. Straw bale construction attracts growing interest in the industrial sector,
regarding its sustainability, its practicality, and its reduced construction time.
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Table 4: Koppen—Geiger Climate classification for the four chosen cities

City, Country
Climate

Location

Description

Brasilia, Brazil
Aw

Longitude= 47.93 west
Latitude= 15.78 south
Height=1160 m

Time zone= -3

Tropical wet and dry or savanna climate
Dry winter
Average temperature about 18°C

Xinjiang, China
BWk

Longitude= 89.2 east
Latitude= 42.93 north
Height=35 m

Time zone= +8

Cold desert climate
Average temperature below 18°C

At least one month has a temperature below
0°C

Nice, France

Longitude= 7.2 east
Latitude= 43.65 north

Temperate and Mediterranean climate

Csa Height=10 m *  Precipitation in winter, dry and hot summer
Time zone=+1 * Average temperature above 22 °C
Longitude= 40.47 east
Arkhangelsk, Latiztgude= 64.53 north *  Subarctic continental climate
R]‘;SfSla Height=13 m * No dry season and cold summer
c

Time zone= +4

Maximum average temperature 10 °C

Figure 8 presents the outdoor temperature and RH of each climate. The Figure shows
remarkable differences between cities' temperature and RH variations. In Brasilia, the
maximum temperature is generally reached in September, the warmest month of the year with
a monthly average temperature of about 21.5 °C. The minimum average temperature reaches
about 18 °C in the coldest month, July. The average RH varies between 40 % and 88 %,
respectively in September and in December. It should be noted that December is the wettest
month while July is the driest one. In Xinjiang, the warm season is from May to September
where the maximum weekly average temperature reaches about 33 °C with a low RH of about
30 %. The cold season is from November to January where the monthly average temperature
reaches -12 °C with a high RH of about 80 %. The wettest month in Xinjiang is January and
the driest month is July. In Nice, the warmest month is August with a maximum weekly average
temperature of about 25 °C and an RH reaching about 75 %. The coolest month is December
with a minimum average temperature of about 6 °C where the RH reaches about 50 %. In
general, the wettest month in Nice is November and the driest month is July. In Arkhangelsk,
the extreme weekly average temperatures are about 17 °C and -17 °C, respectively in July the
hottest month and in January the coldest month. The humidity varies between 60 % and 90 %
for the same months. The wettest month is February and the driest one in August. The weather
data files are extracted from the EnergyPlus weather library [48].
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Figure 8: Monthly average outdoor temperature and relative humidity in Brasilia-Brazil, Xinjiang-China, Nice-
France, and Arkhangelsk-Russia over one year

3.3.2. Indoor climates

The simulated sinusoidal function for the temperature and the humidity is respectively given

in equations (7) and (8).
T =25sin(t —c) + 215

RH = 10sin(t — h) + 50

(7)
(8)

where t is the time (month), ¢ and h are constants that depend on the climate characteristics of
the considered region, as shown in Table 5. The resulting temperature and RH graphs are
plotted in Figure 9. The indoor dry air temperature ranges from 19 °C (winter) to 24 °C
(summer) while the indoor RH varies between 30 % (winter) and 60 % (summer). These
variations are based on ASHRAE-55 [49] and EN 13779 [50] which recommend a winter
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temperature of 19 °C to 24 °C with a relative humidity of 30-40 %, and a summer temperature
of 23 °C to 26 °C with a relative humidity of 50-60 %.

Table 5: ¢ and h values used in equations (7) and (8) for each country

Country c h
Brazil 2.57 -2
China 1.57 -1.57
Nice 2 0.57
Russia 1.57 -2.57
25 . ; —— 70 . —
—— China/Russia - - - Brazil -+~ - France --—- Brazil China - - - France - Russia

Temperature (°C)
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Figure 9: Annual variation of the indoor dry air temperature (a) and the indoor air relative humidity (b)

3.4. Hygrothermal criteria

In the present study, the thermal evaluation uses the time lag and the decrement factor, as
presented in equations (3) and (4), to detect respectively the time that takes a heatwave to cross
the wall and the decreasing ratio amplitude. The hygric evaluation uses the following criteria:

Total water content (TWC): its variation shows the capacity of the wall to dry
out over 4 years. This can be evaluated by comparing the initial and the final
moisture content. The wall passes this criterion if the final content is lower
than the initial content.

Dryness rate (DR): a higher dryness rate means increased ability to dry out.
The DR calculates the difference between the final and initial moisture
content.

Condensation risk (CR): On the indoor surface, the condensation risk appears
if the material temperature is lower than the indoor dew point temperature
[51]; this risk will be greater if this case period appears for a long time. For
each wall, the percentage of time the surface temperature falls below the dew
point is determined. Within the wall, the CR appears when the calculated
vapor pressure is higher than the saturated vapor pressure.
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- Mold growth (MG): Mold can grow when the hygrothermal conditions of a
wall reach a particular threshold. This limit known as the lowest isopleth for
mold (LIM) is based on humidity, temperature, exposure period, and material
properties. The criterion consists of plotting the RH of a material versus the
temperature at a certain time. As a result, if the conditions (RH and T) remain
over the LIM for an extended period, the building material will be prone to
grow mold. For building materials, two limitations LIM 1 and LIM 2 are of
interest. The first is for products created from biodegradable materials, while
the second is for non-biodegradable materials.

- ASHRAE criterion (ASH): The ASHRAE criterion was created to prevent
moisture problems in envelope assemblies by limiting the amount of moisture
in buildings[52]. The standard can be applied to all materials and surfaces
except for the external layers. To avoid mold development after 30 days with
an average surface temperature between 5 °C and 41°C, the standard demands
a time-averaged surface RH of less than 80 %.

Those criteria have been used by several authors [15], [53,54] to assess the hygrothermal
performance of walls. Based on WUFI results, they are utilized to analyze the behavior of five
typical straw wall assemblies in the next section. Moisture concerns are predicted for all cases
under various boundary circumstances through these findings.

4. Results and discussion

The five cases of straw walls proposed in Table 2 are considered to find the optimum assembly
depending on the four chosen locations around the world. Knowing that the initial condition in
WUFI can be modified according to each material, the RH and the temperature of the straw and
the wood were respectively considered equal to 50 % and 20 °C, while for the other material
they were set to 80 % and 20 °C. In all cases, the wall was oriented to the north where the solar
radiation is low and the driving rains are high. The WUFI outputs show the variation of the
water content, the relative humidity, and the temperature of each layer with respect to time. The
analysis of the walls’ behavior is based on WUFI outputs and hygrothermal criteria. The
objective of the simulations is to detect risks of condensation, problems of dryness, and mold
growth for each climate, to choose the optimal wall design for each area, or to propose novel
wall layouts.

4.1. Total water content

Excessive moisture content in straw and hygroscopic building materials leads to bio-
deterioration, mold, and decay damages in the whole structure. Figure 10 compares the day-
averaged total water content variation for wall cases three, four, and five Arkhangelsk-Russia
and Brasilia-Brazil over four years. The graphs depict different outcomes depending on the
studied cases. The worst scenario is 4-R, in which the water content gradually rises from 15%
to 55 % over 1200 days because of the wall’s over-saturation during the winter and the
incapacity to dry out during the cold subarctic summer. The problem is caused by the air layer
on the exterior side of the wall. This type of wall has difficulties rejecting all the absorbed
moisture because of the stocked humidity in the air layer. An oscillation movement, which may
be explained by moisture adsorption-desorption over the winter, and summer periods,
accompanies this increasing tendency. The TWC increases from 15 % to 20 % during the first
oscillation in 4-R, then drops to 17 % during the summer period, and progressively climbs to
55 % after three winter-summer cycles. In 4-B, the TWC decreases progressively (with winter-
summer oscillations) from 18 % to 8 % which means that the wall is drying out during summer.
Cases 3-B and 3-R, on the other hand, show quasi-periodic graphs which mean the dynamic
equilibrium is reached due to the higher thickness of straw about 440 mm. The cited walls show
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similar oscillations during each winter-summer phase (for Brasilia-Brazil, the first winter
period is situated between the 200th and the 400th day of simulation), but the maximum TWC
remains different due to the different weather conditions. The maximum value in case 5-B is
about 20 %, before starting to decrease as the construction is drying out. The minimal value in
summer for the same case is about 15 % and during the next years, the dynamic equilibrium is
reached. This behavior is explained by the presence of layers such as wood wool, which has
low vapor permeability.

60 T T T T T T T ! !
1=-- 3-B--- 3-R "

504 ——4-B— — 4-R il
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Total water content (%)
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Figure 10: The day-averaged total water content variation for cases three, four, and five over four years under R-
the Arkhangelsk-Russia weather and B- the Brasilia-Brazil weather

T
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On the other hand, the WC variation of case 5-R does not match with the previous cases since
the curve is flat and there are no oscillations. The TWC keeps decreasing from about 20 % to
10 % during four years. This behavior is mainly due to the high water vapor diffusion resistance
factor of the hardwood layer covering both sides of the straw layer, thus reducing moisture
transfer to and from the straw. Therefore, the current criterion shows that all the walls can dry
out except in some cases in specific weather. The problem was noticed in the first, second, and
fourth cases for Arkhangelsk-Russia. This can be related to the subarctic Russian weather,
which is characterized by a very cold winter with temperatures that reach -30 °C, and RH that
reaches 90 %. The increasing trend of the TWC factor may cause moisture problems, which is
studied by calculating the dryness rate.

4.2. Dryness rate

The DR rate is the difference between the initial water content (TWC;) and the final water
content (TW ) divided by the initial water content over four years as shown in equation (9).
Figure 11 presents the DR for all wall configurations and all the considered climate conditions.

TWC;— TWCy
TWC;

DR = x 100 9)
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Figure 11: The dryness rate of all cases in all climate conditions for four years

Negative rates mean that the wall is absorbing the humidity and the moisture over the years
while positive rates mean that the wall rejects progressively the humidity during the studied
period. Not surprisingly, for all weather conditions in case 5, the rates are positive. This type of
configuration provides high thermal insulation, which helps to raise the average temperature in
the wall, and therefore delays saturation. It should be noted that the temperature controls the
water vapor movement by limiting the maximum saturation water vapor pressure. If the
saturation pressure is low (in cold weather) then the drying rate will decrease because of the
low difference between the saturation pressure and the water vapor pressure. Case 4 has a higher
DR than case 5 for the tropical Brazilian weather condition due to the influence of the outer air
gap in hot climates. In case 4 for the subarctic continental Russian weather condition, the lowest
DR is likewise found due to the influence of the outer air gap in cold climates. It can be seen
that the air gap is beneficial in hot climates cases and is a drawback in cold climates cases. The
third wall, which is made of a 440 mm straw layer, has a negative DR for the subarctic
continental Russian weather (-40 %) and roughly 3 % for all other weathers. It can be explained
by the porous nature of the straw, which allows humidity to pass through until its saturation in
cold weather. The different results between case 1 and case 2 are due to the higher water
diffusion resistance factor and thickness for the hardwood layer.

Therefore, the type of the covering materials and their thickness explain the obtained results
since the exterior insulation material improves the dryness of the wall, by the indoor conditions,
and by the outdoor weather [15]. In addition, the damaging effect of mold growth and moisture
presence can be reduced by minimizing the condensation risk (CR) of the surfaces.
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4.3. Condensation risk

Figure 12 indicates the percentage of time when the CR occurs in the considered walls. Results
show that the maximum risk of surface condensation, about 60 %, occurs in all structures for
the Russian weather and that the minimum CR, about 0 % to 5 %, occurs in all cases for the
tropical Brazilian weather. The CR is explained by the direct contact of the wall with the cold
environment that leads to low indoor surface temperatures, or by the high RH in the wall. This
fact is clear since Arkhangelsk-Russia has a maximum outdoor temperature and RH of about
30 °C and 100 % respectively, and a minimum outdoor temperature and RH of about -30 °C
and 23 %, while Brasilia-Brazil has a maximum temperature and RH of about 32 °C and 90 %
and a minimum temperature and RH of about 11 °C and 20 %. In addition, the exterior
insulation in the building envelope affects the CR as the lowest values are obtained for case 5
for all climates. The layers of wood wool, hardwood, cement plaster, and air gap contribute to
the wall's thermal insulation. These layers assist in raising the temperature of the interior layers
and surfaces above the dew point temperature of the room to prevent the condensation risk,
especially during the winter.
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Figure 12: The time percentage where the condensation might occur for all cases over four years

4.4. Mold growth

The decisive parameters for mold growth are humidity and temperature. WUFI generates the
isopleth graphs that show the hygrothermal condition of a wall based on its humidity and
temperature. As an example, Figure 13 compares the isopleth graphs of the last two cases under
the subarctic continental Russian climate conditions (4-R and 5-R). Both cases correspond to
minimal dryness rates as shown in Figure 11. In case 4, the hygrothermal conditions at the
interior surface cross both Lim 1 and Lim 2 curves while in case 5, they stay below the curves.
Consequently, mold growth problems will occur in case 4. For the other cases, results show a
risk of mold growth only for the first case under the subarctic continental Russian climate
conditions.
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Furthermore, a risk of composting can occur when the moisture levels are high at not too low
temperatures. Among all simulated cases, the first and fourth cases present a risk of composting
of the straw layer in the Russian weather only. The temperature and average RH of the straw
layer respectively reach 15°C and 85% for case 1 and 20°C and 90% for case 4 (see Figure 13).
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Figure 13: The isopleth for case 4 (left) and case 5 (right) tested with Arkhangelsk-Russia climate condition

4.5. ASHRAE criterion

Table 6 summarizes the results on the ASHRAE criteria once applied to the selected cases. It
was observed that the ASH criterion is not respected 30 %, 17 %, 28 %, 73 %, and 2 % of the
time respectively in cases one, two, three, four, and five for Arkhangelsk-Russia where the RH
surpasses the 80 % limit and reaches 85 % after four years. The high risk in the subarctic
continental Russian weather only, in all cases, is explained by the exterior and interior
conditions that affect the humidity of exterior and interior layers. In that climate, the first four
wall configurations are not able to dry out, as seen in Figure 11. For the same reasons as
explained for the DR criterion, these walls have high relative humidity. The variation of the
average RH inside the wall in case 3-R over 100 days is presented in Figure 14. The thickness
of the straw layer plays an important role in regulating the humidity of the whole structure. The
RH decreases from 80 % to 30 %. The air and the hardwood layers also participate in
moderating the humidity fluctuations by preventing the indoor air humidity to penetrate the
wall.
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Figure 14: The relative humidity distribution inside the wall (3-R) through all the layers during 100 days in
winter

Table 6: Computed results from the straw walls cases regarding the ASHRAE standard (ASH)

ASH criterion Case 1 Case 2 Case 3 Case 4 Case 5
. | Risk Risk Risk Risk Risk
Arkhangelsk -Russia (30 %) (17 %) (28 %) (73 %) Q2 %)
Nice-France No risk No risk Risk (2 %) | No risk No risk
Xinjiang-China No risk Norisk | Norisk No risk No risk
Brasilia-Brazil No risk No risk No risk No risk No risk

4.6. Time lag and decrement factor

Those two important parameters of wall thermal inertia are calculated based on equations (3)
and (4) for all of the wall configurations. It is known that the material's thermal diffusivity and
thickness especially affect the time lag and the decrement factor. To obtain a low decrement
factor and high time lag, the thermal diffusivity of a wall should be decreased by reducing the
thermal diffusivity of its layers, while the wall thickness should be increased. Results in Table
7 show that the first and the second wall have the same time lag but different decrement factors.
The second wall has a higher decrement factor because the hardwood has a higher thermal
diffusivity than the cement layer. In addition, the third case shows better values than the fourth
case due to the straw layer thickness that provides lower thermal diffusivity. The different layers
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used in the last case, such as wood wool, hardwood, and cement layer, reinforce the thermal
mass of the wall. Therefore, the fifth case obtains the highest time lag of about 8 hours and 30
minutes and the lowest decrement factor of value 0.05.

Table 7: Computed results from the straw walls cases regarding time lag and decrement factor

Case 1 Case 2 Case 3 Case 4 Case 5
o(h) 6h30 6h30 7h30 7h 8h30
f(-) 0.06 0.07 0.055 0.065 0.05

S. Proposed Solutions

The hygrothermal problems can be solved using several measures such as increasing the straw
thickness, adding a vapor retarder layer, adding an unventilated air layer, and controlling the
indoor conditions. A higher thickness of straw may have a good effect since it reinforces the
wall permeability and its thermal resistance. To confirm this hypothesis a new case (3-R/360)
is simulated corresponding to case 3 with a reduced straw thickness of 360 mm. The results are
illustrated in Figure 15. Whereas the total water content reached a permanent regime in case 3
under the subarctic continental Russian climate (3-R in Figure 10), it is increasing consistently
for the new 3-R/360 case over 4 years. Besides, high indoor RH has a critical impact on the
behavior of straw-based envelopes. For example, case 5-R passed the TWC criterion under the
normal indoor conditions (40 %- 60 % RH) (Figure 10). However, this behavior changes when
increasing the indoor RH to 60 % in winter and 90 % in summer. Under these new indoor
conditions, Figure 15 shows that the WC of case 5-R increases over four years without attaining
equilibrium.
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Figure 15: The daily total water content of case 3 (3-R/36) with a straw thickness of about 36 cm and case 5 (5-
R) under high indoor relative humidity in Arkhangelsk-Russia for four years
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The use of a material that retards the transmission of water vapor is an adequate solution to
eliminate the risk of mold growth. For example, by adding a vapor retarder layer behind the
interior plaster in 4-R, the dryness rate increases and the hygrothermal conditions stay below
the limiting curves as can be seen in Figure 16. The same result is reached by increasing the
thickness to 440 mm in the 4-R case.
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Figure 16: The isopleth for case 4 with vapor retarder layer (left) and with high straw thickness layer (right)
tested with Arkhangelsk-Russia climate condition

Composting may be prevented in case 1-R and 4-R by using an exterior ventilated rain screen
and a lime layer on both sides of the straw wall. Figure 17 depicts the impact of these layers
through the isopleth of the case 1-R. The maximum RH drops from roughly 90 % (as described
in section 4.4) to 54 %. Furthermore, the dryness rate is determined at about -5 %, indicating
the wall's capacity to dry. These findings show that the wall's durability related to the
condensation and composting risks is improved, especially during the winter. The ventilated
rain screen reduces water and humidity infiltration from the outside, while the lime layer
enhances the permeability of the wall, which allows for quick drying out.
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Figure 17: The isopleth for case 1-R with ventilated rain screen and lime layer

The condensation risk and the ASH failure in case 2-R can be avoided by adding an unventilated
air layer or an insulating material at the exterior side of the straw layer. The gap between the
hardwood and the straw reinforces the exterior insulation and helps to increase the interior
surface temperature. In this way, the condensation risk decreases from 60 % (case 2 under
Russian climates in Figure 12) to 11 %. At the same time, the ASH criterion is respected during
the whole period since the risk is reduced from 17 % (case 2 under subarctic continental Russian
climates in Table 6) to 2 %. It was noticed through these additional simulations that the
application of a solution to meet one particular hygrothermal criterion could solve problems on
other criteria at the same time.

6. Discussion

Straw construction spreads worldwide regarding its wide economic and environmental
advantages. Despite its promising characteristics, it may include moisture and condensation
risks leading to health, stability, and durability problems. Interior and exterior humidity, driving
rain, ground moisture, and leakage can all generate moisture in the straw walls. For this reason,
the current research studies the hygrothermal behavior of various straw wall compositions
numerically.

From the obtained results, some problems are detected for all wall configurations under the
subarctic continental climate weather of Arkhangelsk, Russia. Such cold and wet climate
weather with a high level of air RH are prone to cause serious moisture issues [55]. Cold
weather generates low surface temperatures that are close to the dew point temperature, which
increases the condensation risk even for moderate indoor RH levels. The difference between
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the saturation pressure and the water vapor pressure is also reduced, which leads to
condensation risks within the wall. This can explain the high condensation risk of the four first
cases, which can reach 80% of the simulated time, particularly for the subarctic continental
Russian and cold desert Chinese weather. This problem can be avoided by reinforcing the
exterior insulation. The climate condition in Arkhangelsk-Russia also explains the lower
dryness rate when compared to the other simulated climates.

The simulated results show that the first and fourth cases present mold growth and composting
risks for the subarctic continental climate only. Both DR and MG problems can be avoided by
adding a vapor retarder layer or by increasing the straw thickness. The composting risk can be
prevented by adding an exterior ventilated rain screen and a lime layer on both sides of the
straw wall. In the third case under all the climates except Arkhangelsk-Russia, the total water
content is stable and the RH is lower than 80 % over four years, thanks to the air layer in the
interior side and the high thickness of the straw. These results are different for 3-R because of
the interior insulation and the low interior surface temperature. The interior layers in 4-R, 4-C,
3-C, and 5-R led the interior surface temperature to go low reducing the drying capability of
the building envelope. The thermal inertia was assessed by comparing the time lag and the
decrement factor, associated with the heat storage capacity of each wall. The time lag of the
first two cases was 6 hours and 30 minutes while for cases three and four, it was 7 hours. The
last case having in its structure multiple wood layers, wood wool layer, and straw layer, had the
highest time lag of about 8 hours and 30 minutes. All cases show a low decrement factor varying
between 0.05 and 0.07. Such results show that walls with the highest thickness and lowest
thermal diffusivity feature higher time lags and lower decrement factors.

This study aimed to associate to each climate the optimum wall composition from a hygric and
thermal point of view. It was noticed that hygrothermal issues occurred mainly in the cold
or/and the humid weather. The first, second and fourth wall configurations have similar behav-
ior and can be used in temperate-Mediterranean (Csa) and savanna (Aw) climates such as Nice
and Brazilia. The third case shows good thermal properties and can be used in cold desert cli-
mates (BWKk) such as Xinjiang. The last case did not present hygrothermal problem and mold
growth in all climates with normal indoor conditions and can be used in all climates, including
the subarctic continental climates (Dfc) such as Arkhangelsk. The presence of the wood wool
as exterior insulation and the interior air layer in case five prevented hygric issues. For this
reason, it has better performance under all conditions.

7. Conclusion and future work

Straw bales are increasingly used as construction material for ecological and economic reasons.
They have high insulation performance and are easily applied. The hygroscopic properties of
the straw influence the performance of the wall and may lead to its degradation. This study
assesses the hygrothermal behavior of different multilayer straw walls under different boundary
conditions. Accordingly, a model was developed using WUFI software to solve the coupled
heat and moisture transfer within the wall. The model was validated using experimental results
from the literature. Next, numerical tests considered five straw wall structures under four
weather conditions to assess the temperature and RH variation inside the wall. The chosen
hygrothermal evaluation criteria were the total water content, the drying rate, the condensation
risk, the mold growth, the moisture quantity, the time lag, and the decrement factor. Results
show that:

e 360 mm straw walls covered by a 20 mm cement layer on both sides are suitable for
Mediterranean (Csa) and savanna (Aw) climates. This type of wall has:
- Time lag and decrement factor of 6h30 and 0.06, respectively.
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- Mold growth problems with dryness and condensation risk rates about -50 %
and 43 %, respectively, under the subarctic continental Russian weather.

e 360 mm straw walls covered by 30 mm hardwood boards on both sides are suitable for
Mediterranean (Csa) and savanna (Aw) climates. This type of wall has:

- Dryness rates of -12 %, -21 %, -15 %, under the subarctic continental Russian,

the Mediterranean French, and the cold desert Chinese climates, respectively.
- Ahigh condensation risk of 57 % under subarctic continental Russian weather.
- Time lag and decrement factor of 6h30 and 0.07, respectively.

e The third wall composed of a 35 mm exterior cement layer, 440 mm straw layer, 30
mm interior unventilated air gap, and 15 mm hardwood layer is suitable for cold desert
climates. This type of wall has:

- Time lag and decrement factor of 7h30 and 0.055, respectively.
- Dryness and condensation risk rates about -40 % and 39 %, respectively, under
the continental Russian weather.

* The fourth wall composed of a 40 mm exterior hard-wood layer, 30 mm unventilated
air gap, 20 mm exterior cement plaster, 360 mm straw layer, and 20 mm interior cement
plaster is suitable for Mediterranean (Csa) and savanna (Aw) climates. This type of
wall has:

- Time lag and decrement factor of 7h and 0.065, respectively.
- Mold growth issues and lowest dryness rate of -60 % under the subarctic
continental Russian weather.

*  Walls was composed of 10 mm exterior cement plaster, 40 mm wood wool layer, 18
mm hard-wood board, 360 mm straw layer, 10 mm hard-wood board, 50 mm
unventilated air gap, 30 mm hard-wood board, and 15 mm interior cement plaster are
suitable for all climates including the subarctic continental climate. This type of walls:

- Have time lag and decrement factor of 8h30 and 0.05, respectively.

- Respect the ASHRAE criterion in all climates except the subarctic continental
Russian weather 2 % of the time.

- Have dryness and condensation risk rates of 10 % and 12 %, respectively,
under the subarctic continental Russian weather.

- The wood wool and hardwood layers help the fifth wall to dry out and decrease
the condensation risk.

* The air gap is beneficial in hot climates and has a negative impact in cold climates.

A full study should be done to examine the driving rain effect on the hygrothermal property of
the five chosen straw walls. In addition, these walls should be compared from an energetic and
ecological point of view by calculating the heating and cooling loads of the whole building
under different climate conditions. Such a study will lead to a compromise between the
hygrothermal performance of the envelope and the energetic performance of the building to
associate the ideal wall structure with the appropriate climate.
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