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Abstract—In the fight against climate change, the energy
consuming building sector must also be taken into account to solve this
problem. In this case thermal insulation of buildings using bio-based
materials is an interesting solution. Therefore, the thermal performance
of some materials of this type has been studied. The advantages of
these natural materials of plant origin are multiple, biodegradable, low
economic cost, renewable and readily available. The use of biobased
materials is widespread in the building sector in order to replace
conventional insulation materials with natural materials. Vegetable
fibers are very important because they have good thermal behaviour
and good insulating properties. The aim of using bio-sourced materials
is in line with the logic of energy control and environmental protection,
the approach is to make the inhabitants of the houses comfortable and
reduce their energy consumption (energy efficiency). In this research
we will present the results of studies carried out on the thermal
conductivity of banana leaves, latan leaves, vetivers fibers, palm kernel
fibers, sargassum, coconut leaves, sawdust and bulk sugarcane leaves.
The study on thermal conductivity was carried out in two ways, on the
one hand using the flash method, and on the other hand a so-called hot
box experiment was carried out. We will discuss and highlight a
number of influential factors such as moisture and air pockets present
in the samples on the thermophysical properties of these materials, in
particular thermal conductivity. Finally, the result of a thermal
performance test of banana leaves on a roof in Haiti will also be
presented in this work.

Keywords—Buildings, insulating properties, natural materials of
plant origin, thermal performance.

I. INTRODUCTION

N the current context, humans have noticed a rise in global

temperature linked to anthropogenic activities caused in
particular by industrialized countries. These countries are
sacrificing the planet with their CO, emissions and the
consequences are already being felt by the occupants of the
houses several decades ago. Today the problem is still relevant,
to help solve it 195 countries ratified on December 12, 2015 the
Paris Agreement on Climate Change which is the first universal
climate agreement called the United Nations Framework
Convention on Climate Change (COP21) that recommends
countries to contribute to a 2 °C reduction in global
temperature. An increased pressure from environmental
activist, preservation of natural resources, and attended
stringency of laws passed by developing countries leads to the
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invention and development of natural materials with focus on
renewable raw materials [1]. This is because natural fibres are
biodegradable, cheap, lightweight and abundant when
compared to synthetic fibres [2]. Sustainable development is a
key element for the growth of developing countries, in terms of
construction the circular economy and energy efficiency are in
line with the policy of environmental protection. The adaptation
of buildings to the climatic context in hot climates is a necessity
if we want to improve living conditions in housing and reduce
the risks to the health and productivity of the occupants due to
thermal discomfort in buildings and free evolution in particular
[3]. Awareness of the depletion of energy resources, the
increase in the price of fossil fuels and climate change have led
to an interest in controlling energy consumption in general and
energy-related consumption in buildings in particular [3]. The
building sector consumes about 40% of the world's energy and
accounts for about 1/3 of the world's greenhouse gas emissions
[3]-[6]. Therefore, there is a great necessity to develop
innovative solutions for building elements to minimize heat
transfer through the fabric to its surrounding [7]. The building
sector, which emits 20% of carbon dioxide (CO,) for its energy
consumption, must also be taken into account to overcome this
problem. In this case, the use of bio-based materials for the
thermal insulation of buildings is a necessary condition to
reduce energy consumption as well as the emission of
greenhouse gases, in particular CO;. In tropical or hot countries,
it is a question of protecting the building from solar thermal
radiation, source of discomfort, the roof is the most exposed
surface, 60% of the thermal load of a building comes from this
surface [5], [8]. Therefore, the implementation of thermal
insulation using bio-based materials as solar protection for the
roof and walls should improve comfort in the absence of air
conditioning or reduce energy consumption when the building
is air-conditioned. The use of natural fibres is expanding in the
building industry to replace conventional insulation materials
with natural materials [9]. Bio-based insulation is a product
made from plant fibres, animal products or recyclable paper or
clothing [10]. Their development meets the objectives of
maintaining biodiversity, reducing waste and protecting the
environment, set by the Grenelle 1 and 2 laws [10]. Moreover,
we have observed that insulating materials of plant origin
present many disadvantages such as a strong variability of the
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thermo-physical properties for the same species depending on
the thermal state of the sample. The effectiveness of thermal
insulation is dependent on its thermal conductivity and its
ability to maintain its thermal characteristics over on extended
period of time [11]. The thermal conductivity of insulation
material is greatly affected by their operating temperature and
moisture content, yet limited information is available [11].
Proof of the thermal performance of an insulating material is
either by determining its thermal conductivity or by evaluating
the temperature difference between the two faces of the sample.
The aim of using bio-based materials in this article is in line
with the logic of energy control and environmental protection,
the approach is to make the inhabitants of the houses
comfortable and reduce their energy consumption (energy
efficiency) as well as the emission of carbon dioxide.

In the body of this work, we will present a study conducted
on the thermal conductivity of several samples of bulk plant
materials using two methods. We will also present the heat
fluxes measured on both sides of the samples. An in-depth
analysis to show that they respect the conditions for a body to
be insulating. Finally, the results of an experiment on the
thermal performance of banana leaves placed on the roof of the
Ecole Normale Supérieure (ENS) in Haiti.

II. METHODOLOGY

A. Review of the Literature

This work is devoted to the measurement of the thermo-
physical properties of materials of plant origin, we have put a
lot of effort into research. To achieve our goal, we took a look
at the literature in order to consult the work already done,
especially the methods used to determine thermal conductivity.
In this order of idea several methods [12]-[18] have already
been developed in the laboratory to calculate the thermo-
physical parameters of these materials such as: Hot Plane,
Guarded Hot Plate, Hot Box, Flux-Meter, Flash, Hot Wire,
Flux-Meter Plate and Thermal Flow Meter Hot Plate, Hot
Ribbon, Tri-Layer and Hot Disc. The methods used in our
measurement campaigns are the guarded hot plate and flash.

1. Hot Plate Method

In stationary regime the Hot Plate Method (MPH) is very
widely used by authors to evaluate the thermal conductivity of
insulating materials in buildings. Among these works consulted
in the literature are [19]-[24].

Saleh and Al-Ajlan measured the thermal properties of
insulation materials including thermal conductivity and thermal
diffusivity using the kept MPH. They also explained in their
literature review that Abdelrahman et al. and Al-Hammad et al.
proceeded in the same way in Saudi Arabia [14].

In the most influential work, the operating principle of MPH
is based on the establishment of a temperature gradient over a
known thickness of a sample in order to control the heat flow
from one side to the other [14]. The sample is placed between a
cold plate and a hot plate whose experimental setup is shown in
Fig. 1, in the stationary state the static calculations assume the
use of Fourrier's law (1). The MPH has been developed for the

measurement of low thermal conductivity. This method
requires a long handling time and the variation of humidity over
time also leads to erroneous results. Errors can be related to the
fact that the temperature gradient must be large and the duration
of the experiment must be long, not to mention the contact
resistance between the thermocouples and the sample [13],
[14].
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Fig. 1 Diagram of the MPH, Tew-temperature of the cold plate, Tc(-
temperature of the hot plate

2. Flash Method

In the literature, the Flash method (FM) is widely discussed,
it has been proposed by Parker et al. and can be considered
among the best known and most widely used methods to
measure the thermal conductivity of insulating materials [13].
FM is a fast and simple measurement method, but it has the
disadvantage that the measurements are performed at the
surface layer. Among the works that have highlighted this
method are [13], [12], [25], and [26].

Pierre Meukam measured the thermal conductivity and
diffusivity of materials using the FM[13].

The FM [26] in its principle of operation consists in
subjecting a system to a short thermal perturbation and
observing the temperature response. The system studied can be
a sample with a parallel face subjected to a thermal pulse on one
of these faces, the temperature evolution being recorded on the
opposite face. It can be added that this is a unidirectional
method which consists in subjecting or making one face of the
sample absorb a pulsed heat flow of short duration and to record
the evolution of the temperature during this same time interval
at one or more points on the opposite face of the sample [18],
[13]. The schematic diagram of the experimental set-up is
shown in Fig. 2.

Figs. 6-12 were plotted using the R software.
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Fig. 2 Diagram of the FM

B. Experimental Device

We proceeded by the determination of the thermo physical
parameters in particular the thermal conductivity on the one
hand by means of a heating plate where the propagation of heat
at the level of the sample is done practically without movement,
it is the method hot plate kept, and it is called static. On the
other hand, by means of a heat source where the sample
undergoes a thermal disturbance, it supposes that the heat pulse
is instantaneous and crosses the sample in a short time, it is the
FM, and it is called dynamic.

1. Conductivity Measurement of Samples: MPH Kept

The test is carried out in a box with internal dimensions 33 x
33 x 33 cm, insulated with a 6 cm thick layer of polystyrene on
each side to reduce heat loss from the inside to the outside. A
layer of vegetable leaf (20 cm x 20 cm) 15 cm thick is placed in
the box between two heat flow sensors which allowed us to
record the heat flow emitted by two hot plates in contact with
the flow sensor at the top of the sample and the one transmitted
by the banana leaves to the heat flow sensor located under the
sample. The device is powered by a generator with a maximum
adjustable electrical voltage of 45 volts, the intensity of the
current has been set at 1 Ampere, and the voltage is 10 Volts.
The heat flow sensors each integrating a T-type thermometer
records at each measurement the temperature on either side of
the sample are shown in the following figure (Fig. 3). A thermal
flow sensor of dimension 20 cm x 20 cm of sensitivity 307
uV/(Wm2) is put in contact with the two heating plates whose
respective resistances are 19.3 Ohms and 19.7 Ohms, the other
sensor of dimension 10 cm x 10 cm has a sensitivity of 56
uV/(Wm?2).

2. Conductivity Measurement of Samples: FM

A heat pulse was sent on one side of the sample, then its
behaviour on the other side is studied using the C-THERM TCI
instrument which automatically records temperature, thermal
conductivity, thermal effusivity and other parameters. The
instrument takes one minute to perform each measurement.
Through this method we tested samples with a thickness of 25
mm.

Fig. 3 Photograph of the hot box experimental device in the
laboratory. M: electric generator of adjustable voltage which supplies
the measuring station. P: Measuring station on which the sensors are
connected (CR5000), clearly identified on Fig. 5. L: hot box in which
the sample is placed between the sensors. N: Computer on which the

measuring station is connected to record the data

3. Thermal Performance Test of Banana Leaves: Roof
Experiment at the Master ENS Building

The work was carried out on a roof of more than 20 m? of
surface divided into two parts, half of which was covered with
a 20 cm layer of banana leaf (Fig. 4). The important difference
in temperature between the uncovered (Tsenc) and straw-
covered (Tsec) external surface shows that bio-source
materials, in particular banana leaves, are good thermal
insulators, depending on the day and time of day. The
experimental procedure is as follows.

Fig. 4 Photograph of the roof in Haiti where the experiment was
carried out, one part covered (D) with banana leaves and the other
part not covered (E). The roof was subjected to the influence of solar
radiation in order to test the thermal performance of banana leaves. In
fact, the temperature of the bare concrete and that of the covered
concrete has been measured. Tsenc: outside surface temperature of
bare concrete (E), i.e., not covered with banana leaves. Tsec: outside
surface temperature of the concrete covered (D) with banana leaves,
i.e., under the banana leaves

Sensors were installed to measure solar radiation and surface
temperatures. The radiation sensor is type SP-Lite with a
sensitivity of 71.8 Microvolts/(W.m), the temperature sensors
are type K thermocouples. The sensors have been connected to
the CR5000 data logger; the data recording has been done using
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the Logger Net software with a time step of 15 minutes (Fig. 5).
The temperature sensors were installed in order to measure the
temperatures of the outside surface roof covered (Tsec) and not
covered (Tsenc) of banana leaf as well as the temperatures of
the inside surface roof covered (Tsic) and not covered (Tsinc).

Fig. 5 Photograph of the experimental device in Haiti for roof
measurements: F: Central measuring station (CR5000) where all
sensors are connected; the green cables are thermocouples of type K
allowing to measure the temperature. H: sensor to measure the
sunshine (yellow cable). G: Cylinder in which a thermocouple is
integrated to measure the dry air temperature. I: Computer connected
to the central measuring station to record the data

III. INFLUENCE OF HUMIDITY AND AIR POCKETS ON SAMPLE
CONDUCTIVITY.

According to Abdou et al. [11], the value of thermal
conductivity can be strongly reduced by the presence of
moisture in insulation materials. The thermal conductivity of
insulation materials is strongly influenced by their operating
temperature and moisture content, but there is limited
information available on the performance of insulation
materials under real climatic conditions. The impact of
operating temperature and moisture content on the thermal
conductivity of insulation varies with the type of insulation
depending on the composition, properties and internal structure
of the materials used, which determine the heat transfer modes
and moisture storage capacity of the material. Therefore, we
conducted a measurement campaign to study the influence of
humidity on the thermal conductivity of the samples involved
in this work. The presence of air pockets was also taken into
account in our study. When we put the sample in contact with
the C-therm TCI and gradually heat it, we noticed that the
conductivity varies. This change comes from the fact that the
material is humid and contains air, when it receives the heat
flow its temperature increases, the air warms up and the
humidity decreases. Once the air is expelled despite the increase
in temperature under the influence of the heat flow, the thermal
conductivity tends to stabilize around a certain constant value.
The flow of heat imposed on the sample by the hair dryer exerts
pressure on the sample surface, first of all it starts the
evacuation of air molecules, water if present, and moisture in
the material, which eventually disappears with the rise in
temperature.

IV. RESULT AND DISCUSSION

Table I gives the results of the measurements carried out on
the thermal conductivity of several biosourced samples. The
measurement ranges obtained by the FM are validated by those
of the hot guarded plate. The slight differences observed may
be related to random phenomena. However, we remain critical
of these results because for the same species there is a very large
variability taking into account climatic conditions. The
measurement of thermal conductivity depends on the thermal
state of the sample at the time of the experiment. The results
obtained are comparable to the thermal conductivities of
classical insulation materials and are in agreement with the
studies carried out on materials of plant origin existing in the
literature [27]-[33], of course they are not of the same species
as the samples we tested. In our guarded hot plate experiment,
the banana leaves were heated for 8 hours, the steady state is
reached at 151 °c, we found after calculation 0.115695 Wm™ 'K~
! for the thermal conductivity of the banana leaves. The latter
result of the thermal conductivity (0.115695 Wm K1)
corresponding to the steady state of the hot box is in good
agreement with that found for banana fibers in the literature [9].
It should be noted in the case of thermal insulation of buildings,
bio-based materials will never be subjected to this temperature
(151 °C), and they will be subjected to the temperature of the
ambient environment in which we evolve, i.e., the temperature
of the external environment. In this case, the banana leaves used
as insulation or solar protection on the roof of a house would be
exposed to the outside temperature of the environment in which
we live. Therefore, the measuring ranges of the hot plate
compared with the FM listed in Table I are allowed and meet
the conditions for a body to be insulating. Dujardin [9] had not
done any experiments to find the thermal conductivity of
banana leaves, he reported that no data were available on the
conductivity of banana leaves in the literature. To find this
value he made an adjustment to the experimental thermal
conductivity data using a first-order model. There is work in the
literature on banana fibers associated with polymer matrix to
form composite materials [9], [2], in our study we tested the
pure banana sheet, that is to say (i.e.) it was not associated with
any material.

Tables II and III give the results of the thermal performance
test of plant material samples at the hot box level. A
considerable difference is observed between the evolution of
the heat flow recorded by the heat flow sensor in contact with
the hot plate placed on the upper face of each of the samples
and the evolution of that of the cold plate placed on the other
face of the samples. At the same time, we also observed a big
difference between the temperature evolutions on the two
plates. These differences prove the capacity of the materials of
vegetable origin to store heat, we also observed that the cold
plate takes about an hour to detect the heat emitted by the hot
plate. We can say that these biosourced materials conduct a
small fraction of the heat they receive. Table IV gives the
relative uncertainty on the different heat flux and temperature
measurements.

The thermal conductivity from the hot box experiment was
calculated from the moment the cold plate detects the heat flow
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from the hot plate using (1). Thermal conductivities were
measured with a relative uncertainty of 0.017% for the FM and
0.025% for the MPH.

Figs. 6 and 7 are the thermal conductivity graphs of the
banana and latan samples tested dry and then wet.

TABLE 1
THERMAL CONDUCTIVITY OF BIO-SOURCED SAMPLES
FM Hot Box Method

Sample Measuring range: Thermal conductivity (Wm™'K™)

[0,032; 0,042] [0,036 ; 0,043]
[0,034 ; 0,041] [0,036 ; 0,043]
[0,031 ; 0,041] [0,030 ; 0,042]
[0,036 ; 0,044] [0,031 ; 0,039]
[0,036 ; 0,045]  [0,030 ; 0,040]
[0,038 ; 0,043] [0,033 ; 0,041]
[0,036 ; 0,044]  [0,031 ; 0,042]

Banana Leaf
Coconut Leaf
Sargassum
Latan Leaf
Palm kernel stain
Vetiver Fiber
Sugar Cane Leaf

Sawdust [0,031 ; 0,047] [0,031 ; 0,050]
TABLE II
HEAT FLOW MEASURED ON BOTH SIDES OF THE SAMPLES
Hot plate Cold plate
Sample Measuring range: Thermal flux in W/m2
Banana Leaf [1032 ; 1701] [6,96 ; 90,10]
Coconut Leaf [1552; 2533] [0,29 ; 25,98]
Sargassum [1122 ; 2533] [0,29 ; 39,19]
Latan Leaf [1185 ; 2412] [0,29 ; 28,37]
Palm kernel stain [628 ; 2335]  [0,59 ; 49,57]
Vetiver Fiber [1244 ; 2288]  [2,28 ; 39,72]
Sugar Cane Leaf [1226 ; 2264] [0,29 ; 34,64]
Sawdust [1244 ; 2252] 0,29 ; 51,96]
TABLEIII
TEMPERATURE MEASURED ON BOTH SIDES OF THE SAMPLES
Hot plate Cold plate
Sample Measuring range: Temperature
Banana Leaf [40 ; 151] [28,61 ; 35,70]
Coconut Leaf [37 ; 110] [30,00 ; 34,22]
Sargassum [35 ; 119] [31,34 ; 33,43]
Latan Leaf [37 ; 114,8]  [32,00 ; 36,52]
Palm kermel stain 36 ; 1087]  [31,77 ; 37,15]
Vetiver Fiber [48 ; 1155]  [30,00 ; 3626]
Sugar Cane Leaf [46 5 119,6]  [30,71 ; 35,23]
Sawdust [36 ; 117.4]  [29.84 ; 35,10]
TABLE IV

UNCERTAINTIES ON HEAT FLUX AND TEMPERATURE MEASUREMENTS
Ucertainty on Flow in %

Uncertainty on

Sample Temperature in %
Hot plate Cold plate Cold plate

Banana leaf 0,293 1,06 1,6
Coconut leaf 0,361 1,6 1,8
Sargassum 0,23 0,94 1,1
Latan leaf 0,121 1,6 1,8
Palm kernel stain 0,406 1,11 1,3
Vetiver fiber 0,554 1,04 1,26
Sugar cane leaf 0,503 1,15 1,4
Sawdust 0,333 2,3 2,5

The conductivity of wet samples varies according to the
nature of the material. In the case of banana leaves (Fig. 6)
between 30 and 40 °C, the wet sample curves are above the dry
one, this is due to an increase in the thermal effusivity of the
material at the time of thermal contact between the heat source
and the wet sample which causes a sudden release of heat due
to the presence of water. When thermal equilibrium is reached

above 40 °C, the wet sample curve becomes below the dry
sample.

The curve of the wet latan leaves (Fig. 7) remains below that
of the dry sample, the fluctuations observed are due to the
presence of layers of humid air which causes an instantaneous
restitution and absorption of heat.
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Fig. 6 Thermal conductivity graph of a dry and wet banana leaf
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Fig. 7 Thermal conductivity graph of a sample of dry and wet latan
sheet

The results of the experiment carried out on the ENS roof
show the performance of banana leaves as solar protection for
the roof. On the graphs of surface temperatures (Figs. 10 and
11), it can be seen that between the surface temperature covered
and not covered with foil a maximum temperature difference of
20 °C at 14 h, this proves the capacity of banana leaves to store
heat. The difference remains significant from 8 am to 7 pm, but
during the night there is a significant reduction in the difference
between the surface temperature of the concrete covered and
not covered with banana leaves due to the fact that the concrete
weakly restores to the inner surface the heat it has stored, at the
same time the outer surface of the concrete absorbs the cold
from the outside environment. The temperature of the covered
surface becomes higher than the temperature of the uncovered
surface, this implies that the banana leaves insulate the roof
against the cold. We carried out the study over several days, but
we choose to present the results of two of the most remarkable
days, September 1 and 4, 2019.

Fig. 9 represents the evolution of the sunshine recorded in
Haiti on September 4, 2019. The speed of this curve means that
there was for this day passage of cloudy layer of great thickness
instantaneously during the day since observing the curve
around 12:00 PM we see a sharp drop in solar radiation from
1096 W/m? to 230 W/m? and this fluctuation persists until about
17:00 on September 4, 2019. We interpret this situation as an
intermittent overcast sky. Similarly, Fig. 12 gives the sunshine
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measured as of September 01, 2019, we see a continuous
progression of radiation from 6 h to 12 h that can result in a
clear sky situation. At about 14 h we observe a sudden drop of
the sunshine below 200 W/m?, due to the displacement of a
large instantaneous cloud mass over the area, then the situation
returns to normal. A slight decrease is also noticed around 4 pm.
It should be noted that there is a big difference between the
evolutions of the sunshine for the two days, for September 4th
there was relevant cloud mass moving intermittently from 11am
until after Spm while for September 1st, this disturbance
occurred only for two moments 14h and 16h.
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Fig. 8 Relative humidity measured on September 4, 2019 from 6am
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Fig. 9 Sunshine evolution for September 4, 2019 in Haiti
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Fig. 10 Surface temperature evolution of exterior roof covered (Tsec)
and not covered (Tsenc) with banana leaf, interior surface covered
(Tsic) and not covered (Tsinc) on September 4, 2019 from 6 am to

11:45 pm

V.CONCLUSION

Vegetable fibres are expanding in the building sector, studies
show that they are very promising to combat the energy-
consuming aspect of the building. The low recorded thermal
conductivity values prove their capacity to store heat and justify
their good thermal performance. We can also say that they offer
a high thermal resistance to the passage of heat by referring to

the distance between the heat flows measured on both sides of
the samples. Their thermo physical properties, in particular the
thermal conductivity, change according to the humidity as well
as the air pockets since they are porous materials. The thermal
state of the sample at the time of measurement is important
because the climate plays a role. The difference observed
between the external surface temperatures of the roof covered
and not covered with banana leaf from the experiment in Haiti,
a maximum difference of 20 °C, shows that these materials are
very interesting and encourages its use as solar protection due
to its good insulating properties.
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Fig. 11 Temperature evolution of the surface temperature of the
inside roof covered and not covered with banana leaf and outside
covered and not covered at the Master's room (ENS) in Haiti on 1

September from 6am to 11:45pm
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Fig. 12 Sunshine evolution for September 1st
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