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Highlights
* Introduction of phase change materials (PCM) into cob.
* Improvement of cob thermal properties with PCMs incorporation.
* Degradation of cob hygroscopic and mechanical properties with PCMs incorporation.
* Reduction of energy consumption in cob house incorporating PCMs in their walls.

Abstract

Climate change imposes new guidelines on our planet. Due to its impact on the environment,
construction industry must invest in the development of new building solutions or the improvement of
the existing ones. Thus, many new materials are emerging, while old construction techniques are being
reconsidered in order to improve their performances. Earth-based construction techniques are viable
solutions. Such techniques and materials offer many advantages, but their full-scale use, while
respecting actual standards, remains limited.

Considering cob, the objective of present study is to improve this material's thermal properties through
phase change materials (PCM) incorporation. Mechanical, hygrometric, and thermal experimental
studies were performed on soil-fiber-PCM mixtures. While the incorporation of PCMs showed a clear
improvement of cob thermal properties (insulation and inertia), a deterioration of its hygrometric and
mechanical properties is observed. Furthermore, energy consumption of a typical house has been
estimated by considering cob with different PCM content within its external walls. Finally, an optimum
phase change temperature adapted to the Normandy climate has been proposed.

Keywords: cob, heat storage, phase change materials, thermal properties, energy consumption.

1. Introduction

Global warming has already serious consequences on human life. The Intergovernmental Panel on
Climate Change (IPCC) predicts an increase in Earth's average atmospheric temperature of 1.5 to 6°C
over the next century [1]. This suggested range will depend largely on policies implemented by countries
with the highest energy consumption, and then on how they affect the rest of the planet.

Also, IPCC concludes that to stabilize the concentration of greenhouse gases in the Earth's atmosphere
at around 457 particles per million (ppm) of CO, in 2018, compared to 280 ppm before the industrial
era, it would be necessary to reduce greenhouse gas emissions worldwide by half on a global scale by
2050 [2]. In fact, France has already included this objective in its national strategy for sustainable
development where residential/tertiary sector is responsible for around 23% of CO, emissions in 2018
[3.4].
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In term of energy consumption, residential/tertiary sector is responsible for 21 % of global energy
consumption in 2018 [4] and 45 % in France in 2019 [4,5]. This sector has significant possibility to save
energy through advanced technologies, such as improving the energy efficiency of both technical
installations and thermal insulation [6] and per capita energy consumption limitations [7,8].

Substantial energy savings opportunities in heating and cooling can be exploited through better building
design, efficient equipment, lighting, and appliances. There are now many examples of net-zero energy
buildings [9]. Additional energy savings can be achieved by reducing the embodied energy of building
materials [10-12], and more through the increased use of biobased materials [13,14]. It is estimated that
the embodied energy, thermal performance, and direct energy use of buildings could reduce emissions
by 1.9 GtCO,e yr' [15]. Even for existing buildings, energy efficiency can be achieved through
renovation [16—18] as well as cost savings [6].

To comply with national and international strategies, many thermal and environmental regulations have
been imposed. With the implementation of such regulations, new innovative solutions began to emerge
in the building wall improvement world. These include the addition of components to cementitious
matrices that can improve their thermal behavior, such as the increase of voids in concrete using foam
[19] or the inclusion or substitution of lightweight aggregates [20-22]. Foam or lightweight aggregates
provide porosity that decreases the thermal conductivity of the material depending on their dosage in
the mix.

Another innovative solution aims to limit energy consumption by using bio-sourced materials such as
beet pulp starch mixtures [23—-25] and earth-based materials [26—34]. The earthen construction
techniques well-known since a long time such adobe, cob, light earth, etc., were reconsidered to better
understand their thermal, hygroscopic, and mechanical behavior.

The use of earth-based materials in the construction can offer many benefits as particularly the
renewability of its main components and low carbon footprint. Soil is one of the natural resources that
are often largely available and do not require any specific treatment or transformation. In addition, this
resource is sufficiently widespread locally, which reduces transportation emissions and costs. As
example, cob, or whatever it is called in the different regions of the world, has been widely used and
implemented in various ways. In this regard, cob houses can be found in Canada, USA, Mexico, Mali,
etc. [35,36]. In Europe, a comprehensive survey of the earthen building heritage reveals the presence of
cob in many countries, namely Austria, Belgium, Czech Republic, Estonia, France, Germany, Hungary,
Ireland, Italy, Lithuania, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden and the United
Kingdom [37]. This constructive technique has a particular strong regional presence in northwest France
and southwest England.

Raw earth, as well as all earth-based materials, show good hygroscopic behavior for a low economic
and environmental cost. In fact, in its raw state, without any additive or firing, the earth proves to be an
excellent moisture regulator by its power of absorption and evaporation. It can capture or release
moisture from the air according to the ambient humidity, thus promoting a healthy indoor environment
[38—44].

This natural way of regulating humidity corresponds to a characteristic missing in conventional building
materials such as concrete. That is why interest in earthen constructions has grown these recent years,
with many research projects completed and in progress [26,29,31,39,40,45-48]. Most of these
investigations focus on improving thermal properties of earth-based materials. For example, one area of
particular interest has been the impact of density on the hygrothermal properties of earth-based
materials.

Hence, the purpose of investigating earth-based constructions is to find solutions to reduce the energy
consumption and the carbon footprint of buildings without degrading the comfort of the occupants.
Among the most investigated solutions, heat storage in buildings is a very promising way to rationalize
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energy management at the building, district or city level [49]. All materials can release or store heat.
Heat storage can occur thermochemically, by the sensible heat or latent heat. In the latter, the energy
stored by the material is mass enthalpy of state change. Latent heat storage consists in exploiting the
energy involved in a change of body's state. That state change occurs at constant temperature, so it
allows to stabilize the temperature for a while at a constant temperature. Such materials are called phase
change materials (PCM).

In buildings, phase change materials could be incorporated into walls. As abovementioned, when the
outer temperature exceeds the PCM's melting temperature, the material absorbs heat by changing from
a solid to a liquid state, delaying heat transfer inside the building. When the temperature falls below the
PCM solidification temperature range, the stored heat is released. This leads to more homogeneous inner
temperatures, usually close to PCM's melting point. Here, this technology has the added benefit that it
shifts the building's heating and cooling load from peak to off-peak periods when considering electricity
consumption [50].

There are various methods of incorporating PCMs into building materials:

- Direct incorporation where PCM in liquid or solid state is directly mixed with the construction
materials [51-54],

- Immersion where porous building components are immersed in liquid PCM to absorb it by
capillary action [55,56],

- Encapsulation where PCM is covered by a micro or macro shell [57-61],

- Shape-stabilized method where PCM is melted and mixed at high temperature with a carrier
matrix that retains its shape [62-64],

- Form-stable method in which a carrier matrix retains an optimal percentage of PCM and shows
no evidence of leakage during PCM melting. It differs from the shape-stabilized one since the
carrier material remains mechanically stable [65,62,66—72].

Incorporating PCM into mortar or concrete has shown promising results in reducing their thermal
conductivity and enhancing their thermal mass [37,38] but degrading mechanical performance [73-79].
However, few studies have been focused on PCM addition in earth-based materials [32,80]. Even though
many studies have been performed on this field, there is no complete control of these materials'
performance.

Present study aims to improve cob's thermal behavior by the use of PCMs. By incorporating PCM
directly into the external vertical walls of a cob building, its thermal buffering capacity could be
improved, and energy consumption reduced. First, microencapsulated PCMs introduced into earth-fiber
mixtures. Samples containing 0 %, 2 %, 5 % and 10 % PCM are formulated. Secondly, soil-fiber
mixtures analyzed for their mechanical (compressive strength), thermal (thermal conductivity and
specific heat capacity) and hygroscopic (sorption/desorption capacity, water vapor permeability)
performances for the different PCM dosages. Then, energy consumption of a typical cob house has been
calculated by considering the different PCM content within its external walls.

2. Materials
2.1. Soil

2.1.1.Soil characterization and classification

Cob is an old earth construction technique worldwide known and in all climates. This technique consists
of piling up massive, generally load-bearing walls made of soil, water, and plant (or animal) fibers.
Cob's composition (soil and fibers) gives it mechanical and hygrothermal properties which contributed
to its widespread use through the world in previous centuries.

Suitable soils for cob construction are mainly those presenting a balance between clay, silt, sand and
gravel content [81]. In present study, a proportioned soil is obtained by mixing two soils: soil 1 and soil
2. These constitutive soils were characterized to verify their conformity to use guidelines. For this



purpose, a mass of soil 2 is mixed with two masses of soil 1 to obtain the proportioned soil. Soils
classification is performed according to the conventional geotechnical characterization respecting
applicable standards. The grain size distribution is performed separately for fine particles (laser
granulometry with LS 13 320 from Beckman Coulter) and coarse ones (>80 um) based on XP P94-041
standard [82]. On the other hand, soil plasticity is assessed by Atterberg's limits following NF EN ISO
17892-12 standard [83]. Thus, Soil liquidity limit (LL), plasticity limit (PL) and plasticity index (PI) are
determined. Clay activity is given by methylene blue value (MBV) following NF P94-068 standard [84].
Using these characteristics, soil classification based on Unified Soil Classification System (USCS)
becomes possible.

Soils nature and parameters are presented in Table 1 and shown in Figure 1.

Table 1:Atterberg limits, methylene blue values and soil classification.

. LL PL PI MBV
Soil % (%] %] [e/100g] USCS [85]
Soil 1 276 24 36 1.61 Low Pzif[ti‘;“y silt
Soil 2 237 21 27 047 Oy San(dsf\v/[l)th gravel
100 IR ==
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Figure 1: Soils particle size distribution.

2.1.2.Chemical and mineral composition

The chemical and mineral compositions of soil are performed at CRISMAT laboratory (ENSICAEN-
University of Caen Normandie, France) by X-Ray Fluorescence (XRF) and X-Ray Diffraction XRD
techniques. The Inel Equinox 3500 spectrometer is used to collect the X-ray fluorescence spectra. Data
are collected with an integration time of 400 s. Then, X-ray powder diffraction diagram is collected
using a pure copper K radiation (= 1.54059) selected by an incident beam Ge (111) monochromator on
a D8 Advance Vario 1 Bruker instrument. The X-ray diffraction pattern of soil is collected for 1sec each
0.01° step (16 h/scan) from 10° to 80°.

XRF technique revealed that the soil 1 used in this study contains mainly silicon, aluminum, iron and
sodium for the major cations, see Table 2.



Table 2: chemical composition of structural soil in weight obtained by XRF measures.

Element Yo

Silicon dioxide (SiOy) 65.89
Aluminum oxide (Al,O3) 14.23
Ferric oxide (Fe,03) 6.65
Magnesium oxide (MgO) 4.08
Potassium oxide (K,O) 2.17
Titanium dioxide (TiO3) 2.08
Calcium oxide (CaO) 1.27
Sodium oxide (Na,O) 1.11
Manganese oxide (MnO) 0.16
Phosphorus Pentoxide (P,Os) 0.14
Sulfur trioxide (SO3) <0.1
Loss on ignition 2.26

XRD analysis is performed to achieve the mineralogical composition of soil 1. The online Full Profile
Search Match fitting process (FPSM) is used to do a preliminary quick phase analysis [86]. The FPSM
tests all probable crystal structures from the COD Database (limited to the XRF-detected elements)
using a Rietveld fitting process, resulting in an ordered list of candidates for further quantification, see
Figure 2. The soil's XRD pattern is then Rietveld-fitted, with the preceding phase identification taken
into account [87]. The general R-factors, indicating the overall goodness of fit between the model and
experimental data, are: Rwp = 5.3% and Rb = 3.9%, giving fit goodness of 1.8. The microstrain values
are also fitted during this step and remain low for all the phases.

According to quantitative phase analysis using Rietveld refinement, the XRD diagram is indexed by the
following major phases: quartz (54.8 %), muscovite (26.2 %), montmorillonite (6.9 %) and albite (4.2
%), with minor occurrences of Kaolinite, goethite, rutile, illite and huntite. This allows to affirm the silty
nature of soil 1.

Soil 2 (silty sand with gravel) is a French natural sand made by Société des Sablieres du Cotentin

(SABCO, Lieusaint). It is composed by natural silica sand (Quartz). The grains are washed and of
rounded shape.

Thus, the major phases in both soils are primary minerals. Quartz is the first mineral in the soils. Mica,
feldspars, iron oxyhydroxides, and limonite are other minerals commonly found, but in lower
concentrations [88].
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Figure 2: XRD pattern of structural soil. On top of the observed profile, the computed pattern (red line) is superimposed

(black dots). At the bottom is the difference curve (Iobs — Icalc).

Table 3: Refined values of lattice parameters, unit cell volume, average diameter and microstrain <¢2>1/2 used. One standard
deviation is indicated in parenthesis on the last digit.

Phases COD V (%) Lattice type | Lattice parameters (D) (1?2
reference + Space group (A) (nm)
Quartz 1526860 54.8 (5) Trigonal a=4,914 (2) 492 (10) | 5.10*
SiO2 P3,21 ¢=5,405 (2)
Muscovite 1100011 26.2 (5) Monoclinic a=5,194 (1) 35(5) 6.103
KAL(AISi3010)(F,OH)2 C2/c:bl b=9,005 (2)
¢=19,995(1)
B=95.782 (1)
Montmorillonite 1100106 6.9 (2) Monoclinic a=5,386 (2) 111 (6) 6. 10*
(Na,Ca)o.3 C2/c:bl b=9,039 (2)
(A1,Mg)2Si4010(OH)2 ¢=10,196(2)
B=100.457 (2)
Albite 1556999 4.2 (2) Triclinic a=8,166 (1) 43 (5) 6.103
NaAlSiOs P1 b=12,845 (1)
¢=7,188 (1)
0=94.240 (1)
B=116.590 (1)
y=87.715
Kaolinite 1011045 2.1 (3) Monoclinic a=5,185 (1) 78 (5) 6. 10*
ALSi20s5(OH)4 Cc:bl b=8,885 (1)
c=14,526 (1)
B=100.662 (1)
Goethite 2211652 2.0(3) Orthorhombic a=4,579 (1) 21 (1) 6.10*
o-FeO(OH) Pbnm:cab b=9,945 (1)
¢=2,998 (1)
Rutile 1532819 1.6 3) Tetragonal a=4.582 (1) 92 (5) 8.10*
TiO: P42/mnm ¢c=3.014 (2)
Illite 2300190 1.1 (2) Monoclinic a=5,197 (1) 100 (5) 6.10*
(K,H30)(ALLMg,Fe)2(Si,Al) C2/m:bl b=8,961 (1)
4010[(OH)2,(H20)] ¢=10,159(1)
B=100.970 (1)




Huntite 1000046 1.1Q2) Trigonal a=9,502 (2) 123(5) | 8.10°
Mg3Ca(COs), R32:H c=7,821 (2)

2.2. Fiber
To prepare cob material, flax straw was selected and incorporated into the soil with a proportion of 2.5
% of dry soil mass. Flax straw is porous (Figure 3) with high tensile strength which improves cob
mechanical behavior. The flax straw is cut to a length of 71 cm. It should be noted that flax straw is
poor in fibers.
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Figure 3: MEB image representative of the used porous flax straw.

2.3. Phase Change Materials (PCMs)

For the sake of energy saving, PCMs incorporated in building walls must present an appropriate phase
change temperature. This depends on the building environment. When considering the average
temperature in France, which varies between 0 °C and 30 °C [89], and human thermal comfort, phase
change temperature should be within the 16-25 °C range [90]. If melting/solidification temperature is an
important criterion to take into account when selecting a PCM, it is also important to consider other
parameters i.e. latent heat of phase change, chemical properties, etc. On an other hand,
microencapsulated PCMs are preferred to bulk ones to avoid their leakage as well as providing a higher
heat transfer surface per unit volume [91].

In accordance with the above-mentioned criteria and commercially available PCMs, Micronal DS 5038
X has been selected. This PCM has favorable thermal properties. Its melting temperature (24 °C) is
suitable for the French climate and human thermal comfort application. Micronal DS 5038 X is made
from a paraffinic core and acrylic shell. The data provided by the supplier [92] have been checked and
confirmed in laboratory. On Figure 4, melting and solidification of the PCM can be seen around 21 °C
and 23 °C, respectively. Peaks around -7 °C can also be seen. These peaks are supposed due to
transformations happening in the polymeric shell of the PCM [93]. These are not taken into account in
the numerical simulation. Micronal DS 5038 X physical properties are presented in Table 4 and Figure
4.

Table 4: Micronal DS 5038 X physical properties

. Particle Bulk Temperature [°C] Latent heat
Micronal size [um]  density [kg/m?) L/g]
DS 5038 X Melting Crystallization Melting Crystallization
50-300 300-400 21 23 97 98

Note: Differential scanning calorimeter DSC at 1 K/min
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Figure 4: Micronal 5038 X melting/crystallization DSC curves [92].

2.4. Preparation of cob samples
Cob is basically made of soil, fiber, and water. In present study, PCMs have been incorporated with
different quantities. The various weight ratios of cob-PCM mixtures are as follow: water/soil ratio is
equal to 0.3, fiber/soil ratio is equal to 0.025 and PCM/(soil+fiber) ratio varies from 2 % to 10 %, see
Table 5. Before mixing and manufacturing, raw materials were previously dried during 2 weeks in an
oven at 40 °C, then covered and placed at room temperature i.e. 20 °C. Raw materials densities and cob
formulations are presented in Table 5 and Table 6, respectively.

Table 5: Raw materials densities.

Raw materials Soil Fiber  Micronal DS 5038 X

Absolute density
[ke/m?] 2600 1250 1100

Table 6: Cob formulations (kg/m?).

Formulation [kg/m?] Cob0 Cob2 Cob5 Cob10
Soil 1500 1475 1450 1390
Fiber 37.5 36.9 36.3 34.8
Water 375 368 362 347
Micronal DS 5038 X 0 30.2 74.3 142.5
f/s [wt.%]* 2.5 2.5 2.5 2.5
wi/s [wt.%]* 30 30 30 30
PCM/(s+f) [wt. % ]* 0 2 5 10

* Soil, fiber, water, and phase change material are indexed with s, f, w and PCM, respectively.
First, soils are sieved down to 20 mm. Fractions larger than 20 mm are eliminated. A common
preparation procedure is used for all test samples. After weighing, soils and PCMs are firstly hand-
mixed in a dry state to ensure a homogeneous distribution. Then the required water quantity is added



and followed by flax straw while continuing the mixing. Mixture is carried out in a concrete mixer
(PROVITEQ 65 L) for 2 minutes. Once mixing is complete, the cob-PCM mixtures are bagged and
stored at room temperature, i.e. 20 °C. One day later, this mixture is compacted manually with a wooden
plate in pre-oiled molds. There are two types of molds: prismatic molds enabling samples for thermal
testing (30 x 30 x 4 cm®) and cylindrical molds enabling samples for compressive strength testing
(diameter @11 cm x height 22 cm). The next day, samples are put into an oven at 40°C. In the case of
cylindrical samples, the molds are completely removed after two days. For the prismatic samples, molds
are partially removed: only one side every 2 days. The complete drying process takes place over
approximately 3 weeks. A sample is considered dry when its mass does not differ more than 0.1 %
between two daily weight measurements. Before testing, the pre-dried samples are placed in a room at
20°C and 50% relative humidity for about 7 days.

3. Experimental methods

3.1. Physical properties
Porosity and bulk density are important physical parameters to consider when studying building
materials. Knowing their values will ease interpretation of a possible evolution of cob-PCM properties.
Since water cannot be used with earth-based materials, these physical properties are measured by
immersing small samples in a non-wetting oil (dearomatized oil). Experiments are carried out according
to NF ISO 5017 [7].

First, the samples are dried to remove water from the materials pores. Afterward, the cob-PCM samples
are saturated by oil under vacuum. Then, these were weighed while submerged in oil and again weighed
in air. Samples are dried until a constant mass is obtained, i.e. when two successive daily weight
measurements do not differ by more than 0.1 %. This is dry mass. This method makes it possible to
obtain, by means of a difference in mass between saturated and dry states, both void volumes initially
filled with oil and sample bulk density. Thus, accessible porosity pg is given by equation (1) and bulk
density psp by equation (2).

Do = Ma - Ms (1)
0 Ma - Mo
M; )
= —— X
pSp Ma _ MO pO

Where, M; is mass of dry specimen, M,, the mass of saturated specimen weighed in air, M,, the is mass
of saturated specimen weighed in oil, pgp,, the specimen bulk density and py, is the oil bulk density.

3.2. Mechanical behavior
The cob mechanical strength is expected to be adequate to build a few-story buildings. The main
mechanical parameter of cob is its compressive strength. To analyze how PCM incorporation affects its
mechanical performance, unconfined compressive strength (UCS) tests have been performed. This is
conducted according to EN 1015-11 standard [94]. Samples diameter is 11 cm and height is 22 cm as
shown on Figure 5.

Tests were performed under a controlled force. Stress-strain curve is deduced from the displacement
and force measurements from the sensors integrated in the press. The slenderness, ratio between height
and diameter, is equal to 2. Three samples each formulation prepared and tested. UCS was obtained with



an INSTRON SCHENCK press of 100 kN capacity. The compressive strength throughout the test is
calculated according to equation (3):

R.. = Fei 3)
C1l A
Where, R ; is the unconfined compressive strength at a strain value i [MPa], F;, the compressive
load for strain value i [N] and A, the cross-section area of the sample [mm?].

Figure 5: Cob sample to be tested under the INSTRON SCHENK press.

3.3. Hygroscopic behavior

3.3.1.Water vapor permeability

The water vapor permeability of a material represents its ability to allow vapor to pass through when
exposed to a difference of water vapor pressure between its both sides. In this study, water vapor
permeability of the prepared samples is measured according to the standard ISO 12572 [95] using the
dry cup method. All samples were preconditioned at 23°C and 50% relative humidity (RH). This method
gives information about material behavior when moisture transfer is dominated by vapor diffusion. This
dry method requires to create a moisture gradient from inside the cup (= 0% RH) to outside (= 50% RH)
across the specimen.

Specimens are sealed onto the test cup containing a desiccant (in this case silica gel). The whole
assembly (cup, desiccant and sample) is then placed in a temperature and humidity-controlled climatic
chamber at 23 °C and 50% RH. Due to partial vapor pressure difference between the cup and the
chamber, water vapor diffuses through the cob. The assembly is periodically weighed to determine
steady-state water vapor transmission rate.

In steady state, water vapor flux (G) through the sample is given by the regression line slope of cup-
sample assembly mass versus time. This result is obtained after removing the initial nonlinear test phase.
To achieve this, five aligned points must be obtained that differ by no more than 5% from the line.

This water vapor flux is used to calculate the sample water vapor resistance (Z) from the water vapor
permeance (W) using equation (4) by considering the difference in water vapor partial pressure between
sample sides (AP,).
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1 AXAP )
W G
It is possible to determine sample water vapor permeability (3) by using equation (5) in which e is the

sample thickness.

§=Wxe &)

Eventually, the sample water vapor resistance factor (u) is obtained according to equation (6). §, is the
air vapor permeability at atmospheric pressure which is equal to 2x101° kg.m'.s"!.Pa.

_8 (6)
=75

3.3.2.Moisture sorption isotherm

The second hygrometric parameter investigated is the sorption/desorption. It describes a material ability
to absorb and release moisture from the environment. The technique of dynamic vapor sorption (DVS)
is used according to ISO 12571 standard [96]. A ProUmid SPSx-1p sorption/desorption analyzer is used.
The device has a precision balance (1 pg) and tight temperature and humidity control which allows
accurate measurements of sample mass and sorption kinetics. The sample is exposed to different
successive steps of increasing and decreasing ambient relative humidity to obtain adsorption/desorption
isotherm curves. Results are presented in terms of sample water content versus relative humidity.

Samples of approximately 30x30x30 mm?® are dried until the mass stabilizes, i.e. weight change less
than 0.1 %. Thereafter, the samples are exposed to an atmosphere with a relative humidity varying from
10 % to 90 % in 5 steps, keeping experiment temperature at 23 °C. In accordance with the standard, a
sample is considered at equilibrium when the mass variation is less than 0.1 % for three consecutive
mass measurements performed at least 24 hours interval.

Determination of moisture sorption isotherms and water vapor permeability allows evaluation of PCMs
impact on cob hygroscopic behavior.

3.4. Thermal behavior

3.4.1. Thermal conductivity

The cob thermal behavior is being investigated. Thermal conductivity (A) is a physical parameter that
characterizes a substance ability to conduct heat. The appropriate methodology to determine this
property depends on nature, shape and sample size being studied. In this study, thermal conductivity
measurements are performed with an HFM 436 Lambda calorimeter. This method consists in generating
a temperature gradient between two plates through the material under study having a surface (A) and
thickness (e). Heat flow into and out of the material is measured using heat flow sensors placed in each
plate. When the equilibrium state is reached and the heat flow (Q) is constant, the material thermal
conductivity is calculated using Fourier's law [97] through equation (7).

_de
~ AAT

Thermal measurements were performed on 30 x 30 x 4 ¢cm® prismatic samples at different average

temperatures i.e. 14, 24 and 34 °C. These temperatures were chosen based on the phase change material

and its melting temperature: one measurement in phase change range (24 °C) and two other

measurements out of phase change, in solid state (14 °C) and liquid state (34 °C). The temperature

difference between both sides is set to a value of 10 °C for each measurement.
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3.4.2.Specific heat capacity
Specific heat capacity (Cp) is a key parameter indicating the ability of a material to store heat.
Differential Scanning Calorimetry (DSC) is generally used to determine this parameter according to the
standard ISO 11357-4 [98]. The test consists in a scan of temperature and following the heat flow into
or out of the studied material compared to a reference. In present work, samples specific heat capacity
is analyzed between 0 °C and 40 °C. Heating rate is fixed at 1 °C.min"'.

DSC measurements are performed on raw materials (few milligrams) and, as this study deals with
multicomponent mixtures, the mixing law has been applied. Equation (8) is used to determine the
mixtures specific heat capacity at each temperature [26].

8
Cp = Fs.Cps + Fr. Cpg + Fpewr. Cppew ®)

In equation (8), component specific heat capacity and mass fraction are presented as Cp and F,
respectively. Soil, fiber, and phase change material are indexed with s, f and PCM, respectively.

4. Numerical simulation of energy consumption

In order to investigate an eventual energy saving allowed by cob incorporating PCMs, numerical
simulations are undertaken on a typical individual house. In such simulations, special attention should
be paid to several factors concerning the PCM in particular and the building envelope in general: PCM
content, melting/solidification temperature, latent heat of phase change, envelope design, etc.

In present study, the annual energy consumption is simulated by considering the different PCM content
in the external cob walls of single-family house.

After exploring the different numerical tools that can be suitable for present work calculations,
EnergyPlus was found to be the more appropriate. For practical purposes, calculations are performed
under the DesignBuilder interface. These simulations are based on the cob-PCM properties determined
experimentally and in part on those given by the PCM manufacturer.

The simulated housing is supposed to be located in Caen (France). In this city, weather is partly cloudy
throughout the year. Summers are comfortable while winters are long, cold, and windy. During the year,
temperatures generally vary between 2 °C and 20 °C and are exceptionally below -3 °C or above 28 °C.

A one-story house with vertical external walls made of cob incorporating PCM is considered. Its other
parts remain unchanged and will not contribute to energy consumption changes. The house living space
is 95.11 m? (Figure 6) to be heated and cooled throughout the year according to the following scenario.

A family of 4 persons occupies the house at a rate of 0.042 person/m? throughout year from 4pm to 9am
and all weekends. The whole house requires heating and/or cooling when the occupants are present and
awake, i.e., from 7 to 9am and from 4 to 11pm. The target temperatures for heating and cooling are
respectively 19 and 25 °C. These temperatures are in the human thermal comfort zone. Outside these
periods, cold and hot temperature can reach 16 and 28 °C, respectively. Timing and temperature setpoint
are presented in Figure 7.

To numerically represent PCM embedded in the cob, the composite is considered as 50 cm thick. Its
properties are those determined experimentally: density, thermal conductivity, specific heat capacity
and water vapor permeability. The input value of the composite latent heat is equal to the PCM latent
heat multiplied by its proportion within the composite. The suitable PCM modeling option in EnergyPlus
is the hysteresis method. This method allows the PCM to follow different temperature/enthalpy curves
during melting/solidification processes and therefore, to approach the real behavior of building
envelopes integrating phase change materials.

12
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Figure 7: Adopted weekly heating/cooling scenario (except weekend).

5. Results and discussion

5.1. Physical properties and mechanical behavior
From Figure 8, it can be seen that both density and open porosity decrease with PCM incorporation
within cob. In fact, the Micronal DS 5038 X present a density of 300-400 kg.m>. Adding a lighter
material to cob leads to a decrease in its primary density (= 1500 kg.m™). Elsewhere, the decrease in
porosity can be explained by the fact that PCM particles (50-30 um) feed into the pores within the
mixture.

Incorporation of Micronal DS 5038 X will result in a decrease in cob mechanical strength. Indeed, the
cob's Unconfined Compressive Strength (UCS) decreases, and the material becomes more ductile, see
Figure 9. This might be due to the fact that PCM addition will reduce the cohesion between soil particles
and flax straw.

Regarding literature, several compressive strength analyses were conducted on cob mixes. Reported
results reveal a compressive strength equal to 0.12 MPa [99], 0.6 MPa [100], 1.2 MPa [101] and can
reach 1.6 MPa [102]. However, in this work, the lowest compressive strength measured (cob10) is equal
to 1.5 MPa, see Table 7. This strength is considered sufficient to build a two-story or even a three-story
dwellings [99,100].
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Figure 9: Stress-strain relationship of cob as function of PCM content.

Table 7: Maximum values of Cob’s compressive strength versus PCM content

Samples CobO Cob2 Cob5 Cob10
Compressive strength [MPa] 1.95 1.73 1.60 1.50
Strain [%] 1.45 1.45 2.35 2.75

5.2. Hygroscopic behavior
5.2.1.Water vapor permeability
From Figure 10, it can be seen that the value of the water vapor resistance factor (u) of the cobO is
relatively close to the one reported by Phung (7 < pu < 10) [29] or (4 < u < 10) [103] and not far from p
= 8 [104] and p = 13.3 [105]. Also, it can be observed that water vapor permeability decreases
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proportionally with PCM content. The drop in water vapor permeability is equal to 11 %, 16 % and 33
% for cob2 cob5 and cobl0, respectively. Certainly, an increase can be observed on the curve
representing evolution of water vapor resistance factor. Clearly, this means that cob loses its ability to
let moisture pass through. This decrease in permeability can be correlated to the drop in porosity.
Moreover, since Micronal DS 5038 X present a hydrophobic shell, this characteristic might also affect
cob's hygroscopic behavior, including its water vapor permeability.
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Figure 10: Water vapor permeability and resistance factor measured for cob-PCM mixtures compared to cement mortar
[106].

5.2.2.Moisture sorption isotherm

On Figure 11 moisture sorption isotherms of the different studied mixtures are shown. The curves
represent evolution of moisture content in the cob-PCM mixtures versus ambient air relative humidity
at a temperature of 23 °C. It can be seen that addition of PCM into cob implies a decrease in the amount
of its absorbed moisture. This is supposed due to the hydrophobic nature of the Micronal DS 5038 X.
As illustration, at a relative humidity of 90%, moisture absorbed into cob reaches 2.5% of the sample
mass. The drop due to PCM content is equal to 3 %, 10 % and 17 % for cob2 cob5 and coblO,
respectively at RH equal to 90 %.

Otherwise, when looking sorption and desorption curves, a hysteresis can be observed. This latter
decreases slightly with PCM addition in accordance with porosity decrease. It is mean that cob and cob-
PCM mixtures can release the totality of the absorbed water vapor and retrieve their initial state.

Finally, whether sorption or water vapor permeability, adding PCM slightly degrades the hygroscopic
character of cob, but these properties remain comparable to those of other earthen-based materials i.e.
the moisture content absorbed by cob at 90% relative humidity varies between 2.8 % and 3.7 % [29].
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Figure 11: Moisture sorption isotherm of cob with different PCM content

5.3. Thermal behavior

5.3.1. Thermal conductivity

As it can be seen on Figure 12, thermal conductivity (A) of cob-PCM mixtures is measured at three
different temperatures (14 °C, 24 °C, and 34 °C) i.e. before, during, and after phase change. The
microencapsulated PCM is in a solid form at 14 °C, and in a liquid form at 34 °C. Results presented in
Figure 12 show a thermal conductivity ranging between 0.64 and 0.76 W/(m.K) close as well as the one
reported between 0.4 and 0.7 W/(m.K) [105]. Therefore, these results indicate that cob thermal
conductivity decreases with PCM incorporation rate. This is supposed due to the low thermal
conductivity of the PCM itself. Micronal DS 5038 X present a thermal conductivity of about 0.08
W/(m.K). This value was given by the supplier and verified in laboratory.

Moreover, this decrease in thermal conductivity is relative to the drop in the density. Previous studies
[26] revealed the correlation between thermal conductivity and density of a material. A increases with
increasing density and conversely.

Thermal conductivity stabilizes at 5 and 10 % PCM content with an approximate 15 % reduction. This
provides an indication for an optimal amount of PCM to be added. Optimum PCM content must be
defined according to different properties and nature of materials. As an example, according to studies
carried out on this issue, 20 % PCM has been indicated as optimum for a standard cement mortar [74]
and 10 % for light earth when comparing thermal conductivity [32]. This value is strictly based on
thermal conductivity. However, to achieve an ideal optimum, different behaviors need to be studied.
Numerical simulation could be useful for this purpose. Lastly, it can be stated that Micronal DS 5038 X
improves cob insulating properties as a function of its incorporation rate and temperature.

Otherwise, it can be seen that temperature has almost no effect on cob’s thermal conductivity. In fact,
at the three temperatures (14 °C, 24 °C, and 34 °C) at which thermal conductivity is investigated, no
significant evolution has been observed. Despite the phase change expected at 24 °C leading to more
disorder in the PCM, no noticeable variation has been registered. This can be supposed due to the fact
that at this temperature, the PCM is already melt.
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Figure 12: Thermal conductivity of cob mixtures as function of temperature and PCM content.

5.3.2.Specific heat capacity

The evolution of raw materials and mixtures specific heat capacity as function of temperature is
presented in Figure 13 and Figure 14, respectively. As expected for such materials, the Cp value
increases with temperature. Regarding the PCM effect, results analysis can be divided into 2 parts, out
and within phase change zone. Out of this zone, Micronal 5038 X addition improves cob Cp value. The
increase is linear with PCM content. Outside the phase change zone, specific heat capacity is
approximately 3 %, 7 %, and 14 % higher than the one of the control sample for 2 %, 5 %, and 10 %
PCM content, respectively. Peaks in Cp values are seen within the phase change zone. Peak values of
cob2, cob5, and cob10 are approximately 55 %, 132 %, and 252 % higher than the Cp of cob0 at the
same temperature. For example, cob specific heat capacity increases from 1164 J.kg'. K for cob0 to
3862 J.kg!'.K! with 10 % PCM added (cob10) at = 24 °C. This improvement is due not only to material
sensible heat, but also to the latent heat released/absorbed during the material phase change.
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Figure 14: Evolution of the cob’s specific heat capacity as function of temperature and PCM content.

5.4. Results of the numerical simulation
The energy consumption simulation is performed over one year. Results show a decrease in energy
consumption for heating and cooling. Consumptions due to other uses i.e. lighting load, sanitary water
load etc. were kept unchanged when simulating the different formulations.

Results reported in Figure 15 show a decrease in energy consumption due to the drop in heating and
cooling needs. Thus, energy savings rise with the increase of PCM content. In Caen, the need for heating
is higher than the need for cooling. Both requirement changes from 4625 kWh/year to 4316 kWh/year
for 2 %, to 4100 kWh/year for 5 % and 4036 kWh/year for 10 % of PCM content, see Figure 15. This
means that heating and cooling needs decrease by 6.7, 11.3 and 12.7 % with 2, 5 and 10% PCM content,
respectively.

To know if results reported on Figure 15 are the maximum gains that can be reached in Caen, an
investigation of the energy savings as function of phase change temperature has been performed.
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Therefore, the same phase change material is assumed, with the same properties except phase change
temperature. The formulation cob10 has been selected and phase change temperatures ranging from 14
to 26 °C with a step of 2 °C have been considered. The results of the calculations are presented on Figure
16. From this latter, it can be found that a phase change temperature between 18 and 20 °C allows more
energy savings. Within this temperature range, energy savings when considering heating/cooling needs
exceed 25 %. Consequently, it can be stated that a phase change temperature of 18 °C is more adequate
than 24 °C for the Caen's climate.
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Figure 15: Annual energy consumption due to heating/cooling and energy gain rate when considering cob house with
different PCM content in its external walls.
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Figure 16: Impact of phase change temperature on energy savings in a cob house containing 10% PCM in its external walls
when considering the Caen’s climate.
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6. Conclusion

Present work aimed to evaluate the effect of PCM addition on cob’s thermal, hygroscopic, and
mechanical properties. Thus, samples of cob with various PCM content were formulated and
investigated. Thermal conductivity, specific heat capacity, moisture sorption isotherms, water vapor
permeability and compressive strength were experimentally studied. Then, the experimental work was
completed with a numerical simulation. These calculations aimed to evaluate energy savings resulting
from PCM incorporation into cob and also to determine the optimal phase change temperature for the
Caen’s climate. To do so, a typical one-storey house has been considered.

Experimental studies revealed that incorporation of PCMs into cob improves its insulation ability, heat
storage capacity while degrading its mechanical and hygroscopic properties. Despite this, cob
incorporating PCMs remain sufficiently resistant to support up two levels buildings and enough
hygroscopic when compared to other conventional and earth-based materials. Thus, cob with 10% of
PCM content loses almost 20% of its compressive strength when compared to the one without PCM.
This loss is associated with a ductile behavior of cob.

Elsewhere, cob is considered as a hygroscopic material (permeable to water vapor and capable to absorb
and release moisture from the environment). PCM addition degrades cob's hygroscopic behavior.
Indeed, cob sorption behavior and water vapor permeability are inversely proportional to PCM content.
The water vapor permeability drops by 11 %, 16 % and 33 %, and the sorption behavior at RH equal to
90 % decreases by 3 %, 10 % and 17 % for cob2, cob3, and cob10, respectively. This drop is supposed
due to PCM's hydrophobic nature and decrease in the mixture open porosity.

The experimental studies showed that addition of Micronal DS 5038 X into cob decreases its thermal
conductivity of approximately 9 % for cob2 and 15 % for cobS and cob10. Thus, the mixture insulating
ability is increased consequently. This decrease is supposed due to the PCM’s thermal conductivity
much lower than the cob’s one. When considering temperature effect, at 14 °C, 24 °C, and 34 °C, thermal
conductivity did not show any significant change. Moreover, PCM incorporation has shown an
interesting effect on cob’s specific heat capacity. Indeed, it is observed that Cp increases linearly with
PCM content outside the phase change zone. When PCM content is 2 %, 5 % and 10 %, Cp value is
respectively 3 %, 7 % and 14 % higher than that of the reference sample when heating up or cooling
down. These improvements are almost identical before and after the phase change zone. At the peak of
phase change, specific heat capacity (combination of latent heat of phase change and sensible heat) can
reach 252 % of the reference sample value (when 10 % of PCM is added).

Then, numerical simulations have been undertaken in order to estimate energy savings in a typical
single-family home with external vertical walls made of cob-PCM mixtures. Calculations are based on
the material’s properties obtained experimentally in present work. Results showed an energy saving
approaching 13 % for the heating/cooling needs, when cob contains 10 % of Micronal DS 5038 X.
However, this study indicated that PCM melting/solidification temperature ranging between 18 °C and
20 °C are more adapted to Caen's climate. With an appropriate phase change temperature (as example
18 °C), the energy gain on heating/cooling needs could approach 30 %.

In the continuity of this work, a validation of the numerical simulation on a large-scale cell will be
carried out.

Finally, Micronal DS 5038 X is more expensive than soil or vegetal fibers. Thus, it is highly probable
that its introduction into cob will increase the cost of this latter. Consequently, the following question is
worth asking: Does the savings due to reduced consumption generated by PCMs remain interesting in
view of the additional cost generated by the incorporation of this material?
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