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Abstract

Thermal performance of hemp concrete and hemp wool such as ecological insulation was evaluated for the city of Meknes in Morocco,
in comparison with polystyrene which is an organic insulation material. The study was done in three sections. First, a thermo-physical
properties characterization was done using the E1700 device. Then, the study was done on a concrete wall subjected to periodic outdoor
conditions. The three insulation materials are used and the effects of thickness, location and partitioning on the time lag and decrement
factor were investigated. Finally, heating and cooling loads of a whole building with the use of six different walls configurations are cal-
culated using TRNSY'S software. Throughout the whole study, results show that hemp wool presented the best thermal performance, and
the evaluation of its use such us an insulation material in Morocco and especially in Meknes was investigated.
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1. Introduction

In the international context of the limitation of greenhouse gas
emissions (GHG) and the predictable exhaustion of the world
fossil energy resources, searches are led in order to meet the needs
of the building field which represents the largest energy-
consuming sector in the world.

In morocco, this sector is responsible of 25% of energy consump-
tion with 18% for residential building [1]. From 2000 to 2010, the
energy consumption due to air conditioning has increased signifi-
cantly, and the energy consumption of heating has almost doubled.
Therefore, the heating and air conditioning of buildings are among
the areas where the most important savings can be achieved. In
this context, the improvement of the energy performances of
buildings has constituted one of the main structural measures of
energy efficiency in Morocco, and thus, a thermal regulation has
been adopted in November 2014 [1] with the main purpose of
improving the thermal performances of the buildings envelopes.
Thermal insulation leads to operational energy savings [2], con-
tributing at the same time to the reduction of environmental pollu-
tion due to current energy production systems, which consume
high amounts of fossil fuels which pollutes the environment.
Polystyrene is among the materials which are widely used for
thermal insulation; its use in construction allows to significantly
reducing the operational energy requirements [3].

But from an ecological point of view, thermal insulating materials
such as polystyrene are highly energy consuming.

In this context, new regulations for thermal insulation in the build-
ing sector lead researchers to investigate new insulation materials
to create energy-saving systems. This research quickly turned to
the use of bio-sourced insulation materials.

The use of the hemp as an ecological material is a way to ensure a
sustainable development and to reduce the impact of the building
energy demand.

Hemp wool derived from natural fibers, and hemp concrete pro-
duced from a mixture of hemp shives and lime, can be used as
insulation materials [4].

Today, the political strategy of Morocco takes into account the
consideration of the sustainable development and the impact of the
energy demand in building. Moreover, the hemp is a part of the
natural heritage of this country and offer incredible possibilities of
exploitation.

This work focuses on a comparison study between thermal per-
formance of polystyrene EPS, hemp concrete and hemp wool.
Firstly, we started by the characterization of the thermo-physical
properties of each insulating material using the boxes method.
Then, parameters such as insulation thickness and location are
evaluated in order to investigate their effect on time lag and dec-
rement factor concerning an insulated concrete wall. Finally, using
TRNSYS software, heating and air conditioning loads are calcu-
lated throughout a year for an insulated room located at the city of
Meknes. Based on obtained results, we evaluated the thermal per-
formance of hemp concrete and hemp wool and compared it with
EPS.

2. Thermal properties characterization: boxes
method (E1700 device)

The thermo-physical characterization of the three materials (Fig.1)
has been done using the EI700 Device, a unit developed by The
Laboratory of Thermal and Solar Studies of Claude Bernard Uni-
versity in Lyon. This device contains two boxes, the first one for
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the thermal conductivity measurement and the second one for the
thermal diffusivity measurement (Fig.2). The method used is
called the boxes method [5].

©)

Fig. 1: Insulation Material’s Samples: (A) Hemp Concrete, (B) Polysty-
rene, (C) Hemp Wool.

Fig. 2: EI700 Device “Boxes Method”.

2.1. Thermal conductivity measurement

The experimental measurement of the thermal conductivity con-
sists in imposing a permanent unidirectional heat flux through the
studied sample placed in the first box Bl (Figl). This one is
placed between the cold isothermal capacityof the device and the
heat source with a constant heat flux. A rheostat is used in order to
adjust the temperature Tg inside the box B1 at a level slightly

higher than the ambient temperature (Tg; —Tgm, <0.1°C). The

steady state is reached after approximately three hours, i.e. when
the values of temperatures remain constant for a long time, the
temperature gradient on both sides in the middle surfaces of the
sample, the ambient temperature and the heating voltage are rec-
orded.

Fig.3: The Box B1 Used for Thermal Conductivity Measurement.

Thermal conductivity is deduced from the thermal balance:
»j =@ + o With:

* @;=V2/R is the Joule Effect produced by the heating

source,
o @ =Tz —Tamp) is the global heat losses through the box
B1,
A8
© = —(Ty —T¢)is the conductive heat flux through the
sample.

Equation (1) is used to deduce the experimental value of the ther-
mal conductivity Ag,, :

Aexp = [@ A(Ta1—Tam) | @)

S (TH -Tc)

2.2. Thermal diffusivity measurement

For the thermal diffusivity measurement [6], the sample is placed
into the second box B2 (Fig.2) and heated from the bottom using
incandescent lamps with 1000W radiative power. After few sec-
onds of heating, temperatures values of the sample’s top face are
recorded. The times corresponding to the 1/3, 1/2, 2/3, and 5/6
fractions of the maximum value of the recorded temperatures are
then identified. The experimental thermal diffusivity of the mate-
rial is then deduced by averaging the three values calculated by
the following expressions:

eZ
o =——[115 155 —1,25-1y/3]
t5/6

2
g = ——[115-tg)5 ~1,25-ty
t5/6
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Fig. 4: View of the Box B2 Used for Thermal Diffusivity Measurement.

2.3. Density and specific heat

After experimental measurement of the thermal conductivity and
thermal diffusivity of the samples, their density and specific heat
Cp are calculated using the following equations:

_ Msample

VSampIe

4)
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The experimental thermo-physical properties are presented in
table 1.

Table 1: Measured Thermal Properties of the Insulating Materials

Insulation

. MW/m.K) p ( kg/m®) Co(I/kg.K)
Hemp concrete 0.11 420 1300
Polystyrene 0.041 25 1500
Hemp wool 0.040 35 1000

These values are close to that founded in the literature [7], [8], [9].

3. Thermal behavior study of a simple wall
subjected to periodic outdoor temperature

3.1. Theoretical investigation of time lag and decrement
factor

To evaluate the dynamic thermal performance of a wall and to
determine the heat storage capabilities of any material, it is im-
portant to study two physical parameters that demonstrate the
thermal response of building.
During the propagation of the heat flux from the outer wall surface
to the inner one, its amplitude decreases depending on the thermo-
physical properties of materials (Fig.4). When the flux reaches the
inner wall surface, it will have an amplitude which is considerably
smaller than the amplitude of the external wall surface [10], [11],
[12]. The decrement factor (f) is determined by the following
equation:
P i i
LT

(6)

Where T, and T_ are the inner and the outer surface temperatures

respectively.

The time that the heat wave takes to propagate from the outer
surface to the inner surface of a wall is called time lag ¢ and is
defined by:

brgpee > b = Lo~y

R ()
max = L-max P

LI'si Lrse =
Where P (hours) is the propagation wave period.
3.2. Governing equation and boundary conditions
The heat transfer in the wall is assumed to be one-dimensional.
The transient heat conduction problem expressed by Equation (8)
has been solved by using an implicit finite difference scheme for a
multilayer wall [13], [14].
PC—=A— ®

The boundary conditions are:

or
_ﬂ&:he(-rsa —Tse) (x=0) 9)

Where h, and h, are the exterior and the interior surface convec-

tive heat transfer coefficients of the wall respectively. Tg,, T,

T, T; are the sol-air temperature, the external surface tempera-

ture of the wall, the internal surface temperature of the wall and
the indoor air temperature respectively.
The sol-air temperature Tg, includes the effects of the solar radia-

tion combined with outside air temperature and changes periodi-
cally. This temperature is assumed to show sinusoidal variations
during a 24-h period. Since time lag and decrement factor are
dependent on only wall materiel, not on the weather data, a very
general equation for sol-air temperature is taken as follows:
Tonax — Tmin 2 Trnax — Tii
Ty = -mex — min Sm(ﬂ_f)_'_ max = ‘min T (11)
P 2 2

For our case, the sol-air temperature chosen corresponds to the
coldest day in Meknes and is defined as:

Ta =5,5xsin(22—zt—%j+10,5, P = 24h, h, = 25W / m2K,

h =7.69W / m2K, T, =19°C,

And the steady-state solution of the problem is taken as an initial
condition at (t =0).

In order to investigate the thermal performance of hemp concrete
and hemp wool as new bio-sourced insulating materials in Moroc-
co, a comparative study with the expanded polystyrene EPS is
done. The effect of thickness, location and partitioning on the time
lag ¢ and the decrement factor f are discussed.
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Fig. 4: Temperatures Distribution on the Wall.

3.3. Thickness effect on the time lag and the decrement
factor

The study is done for a vertical concrete wall incorporating a
thermal insulation layer with different thicknesses.
Thus, the examined wall consists of two layers, as follows:

e Massive layer (C): normal concrete layer with a constant
thickness, e = 20 cm.

e Insulation layer (I): insulation materials chosen are hemp
concrete, hemp wool and EPS. The insulation thickness is
assumed to vary from e = 2 cm to 14 cm, by steps of 2 cm.

The variations of the decrement factor f and the time lag ¢ with
the increase of thickness for the different studied insulation layers
are depicted in (Fig.5) and (Fig.6).

We can see that the increase in the insulation layer thickness leads
to a decrease of the decrement factor and an increase of the time
lag.
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Comparing the three insulation materials performance, it is clearly
shown that the concrete wall insulated with hemp wool and the
one insulatedwith EPS represent approximately the same decre-
ment factor and the same time lag. Forboth configurations,we can
see that exceeding the value of e = 10 cm, time lag remains practi-
cally constant (Fig.6) and the effect of increasing the thickness is
less pronounced on the decrement factor variation (Fig.5).
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Fig. 5: Effect of the Thickness Variation on Decrement Factor.

Concerning the hemp concrete, its represents a decrement factor
higher than hemp wool and EPS (Fig.5).This is due to its thermal
conductivity which is relatively higher than that of hemp wool and
EPS. Nevertheless, because of its heat capacity that exceed 700
(J/kg.K) [10], [15], [16], the resulted decrement factor allows the
hemp concrete to perform as well as hemp wool and EPS but with
thicknesses higher than 10cm. As for the time lag, it keeps in-
creasing with the increase of the insulation thickness (Fig.6).
These results explain that the increase of the insulation thickness
improves the thermal behaviour of a multilayer wall.
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Fig. 6: Effect of the Thickness Variation on Time Lag.

3.4. Insulation location effect on time lag and decrement
factor

Time lag and decrement factor of a concrete wall with an internal
insulation layer are compared to those calculated when the insula-
tion layer is located on the outside.

Fig.7, 8, 9, 10, 11 and 12 show the important effect of changing
the location of the insulation material from inside to outside.

With the use of hemp wool and EPS, the time lag results show an
increase of 2 hours for all the thicknesses studied (Fig.10) and
(Fig.12). For those higher than 10cm, the time lag remains con-
stant on 8 hours which is the value recommended by literature for
a performing external insulation [11].

When the hemp concrete is used as an external insulation layer
(Fig.8), time lag increases by 1 hour comparing to the internal

insulation results and still increases with the increase of the thick-
nessesand reaching 11 hours for e=14cm.

Concerning the decrement factor, results obtained for the external
insulation are practically 2 times lower than those obtained in the
case of an internal insulation, and that for the three insulation ma-
terials studied (Fig.7), (Fig.9) and (Fig.11).

The comparison between the two configurations shows that data
reported in literature on the layer order influence [17], [18] are
easy explained within our study. It indicates how arranging an
insulating layer on the external side of a multilayer wall (IC con-
figuration) is always more effective than starting with a massive
layer (CI configuration).

It is also apparent that order is more important than thickness and
that using a thin insulating layer in IC configuration is more effec-
tive than using a two times larger insulating layer in CI configura-
tion.
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Fig. 7: Effect of Hemp Concrete Location on Decrement Factor.
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3.5. Layer partitioning effect on time lag and decrement
factor

While keeping constant the total thickness of the multilayer wall,
recent works [19], [20] had shown that increasing the partitioning
of layers, could improve the insulation capabilities of a wall.

In this section, we are considering the two basic bilayers IC and
CI configurations and their thermal behavior is compared to the
one of four wall configurations: afirst three layer wall with two
equal concrete layers and a single intermediate insulating layer
denoted by CIC, a second three layer wall with the insulating layer
divided into two equal parts denotedby ICI, two four layers wall
configurations denotedby CICI andICIC respectively, where each
layer is split into two equal parts.

3.5.1. Effect of wall configuration on decrement factor

Il Hemp concrete
[ Hemp wool
I EPS

Decrement factor

cl [ cic Icl cicl Icic
Wall configurations
Fig. 13: Partitioning Effect on Decrement Factor.

Values of decrement factor are presented in (Fig.13) for different
wall configurations. As we see, f varies considerably among wall
configurations. When the concrete layer is placed from the outside,
and the configuration wall changes from two, to three, then to four
layers respectively (Cl, CIC and CICI), the largest f pertains to the
ClI configuration, then it is reduced by 0.006 for the CIC configu-
ration and by 0.01 for the CICI one. When the insulation layer is
placed from the outside, and the configuration wall changes from
two to three layers (IC and ICI), the f is also reduced by 0.006.
This diminution is less pronounced when passing from three lay-
ers to four layers (ICI and ICIC) and the decrement factor remains
practically constant.

The above results for layer partitioning effects on time lag and
decrement factor are similar to those obtained analytically by Gori
[19] using the heat transfer matrix approach under steady periodic
conditions.

3.6.2. Effect of wall configuration on time lag

Values of time lag for all configurations are presented in (Fig.14).
It is quite interesting to note the huge effect that wall configura-
tion has on time lag. The shortest time lag pertains to the CI con-
figuration with a single layer of insulation placed on inside, it
varies between 6 and 8,5 hours for the three insulation materials
studied.

By placing the insulation layer on the outside (IC configuration),
time lag increases by nearly 2 hours. For the three layers wall,
passing from the CIC configuration to the ICI one gives an in-
crease in time lag of 20 minutes when the hemp concrete is used,
and 1,5 hours when hemp wool and EPS are used. Significant
increase in time lag is further achieved by moving to the next cat-
egory of wall with two equal layers of concrete and two equal
layers of insulation. The ICIC configuration gives the longest time
lag of over 11 h, which is about twice of the CI configuration time
lag.

For the CICI configuration, the use of hemp wool and EPS gives
the same time lag of about 8,5 hours, while 9 hours are reached
with the use of hemp concrete.

These differences in time lag are attributed to pure effect of redis-
tribution of layers under dynamic conditions.
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Fig. 14: Partitioning Effect on Time Lag.

4. Dynamic thermal performance of a whole
building

The considered building is located in Meknes, Morocco (33.9°N;
5.5°W and 549m of altitude). It’s a room with a floor area of 80
m2 and a total volume of 240 m3. All the walls constituting the
room are made with a 20cm total thickness of concrete, 10cm total
thickness of insulation material and 2cm of mortar from inside and
outside.

A transient mono-zone thermal simulation model is applied for
modeling the building [21]. Simulations were conducted with all
the previous configurations, using each time one of the insulation
materials studied. Comparisons of the cooling and heating loads
will allow the evaluation of the thermal performance of each mate-
rial and each configuration.

The simulations consist of the hourly calculation of the free run-
ning air temperature inside the room. These calculations are done
using TRNSY'S software [22] with the following hypotheses:

e No internal heat generation (the house is unoccupied),

e Initial temperature and humidity are taken at 20 ° C and

50% respectively,

e The effect of thermal bridges and shading is not taken into

account,

¢ No infiltrations,

e Solar absorptivity of the walls and the roof is 0.6,

e  Standard heat transfer coefficients are considered.
According to the Moroccan standard NM 1SO 7730 RTCM [23],
set temperatures of 19 and 26 °C are taken for heating and air
conditioning respectively.

Results of the whole-building dynamic modeling showed that
walls containing massive internal layers IC, ICIC and CIC have
the best annual thermal performance (Fig.15), (Fig.16) and
(Fig.17).

The lowest annual heating and cooling loads are obtained for the
IC configuration, where the entire massive layer is concentrated
on the inside. CI configuration, with all the insulation material
located on the inside, generates the largest energy demand. For the
ICI and CICI wall configurations, their energy demand falls be-
tween the energy demand for the CI configuration and the most
efficient configurations, IC, ICIC and CIC.
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Fig. 15: Heating & Cooling Loads for an Insulated Building with Hemp
Concrete.
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Fig. 16: Heating & Cooling Loads for an Insulated Building with Hemp
Wool.
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Fig. 17: Heating & Cooling Loads for an Insulated Building with EPS.

With regard to energy savings, these data indicate that locating the
insulation on the exterior of the walls is preferable.

Heating and cooling loads for the least efficient and the most effi-
cient configurations were compared to that of a typical house in
Meknes. Materials used in the construction of the external walls,
roof and the ceiling [24], [25] are presented in table 2.



International Journal of Engineering & Technology

163

Table 2: Materials Used in the Reference House Construction

Wall Material Thickness (cm)
Plaster 15
Hollow brick 7
External walls Air cavity 10
Hollow brick 7
Plaster 15
Ceramic tile 2
Cement mortar 5
Roof Pre-stressed concrete 4
Hourdis 16
Plaster 1
Ceramic tile 2
Floor Cement mortar 5
Pre-stressed concrete 15

We can notice that for the heating loads (Fig.18), when the hemp
concrete is used, loads decrease by a percentage of 14% from Cl
to IC configurations. When hemp wool and EPS are used, this
percentage increases to 45 and 50% respectively. By comparing
the heating loads of the reference house to that of the most effi-
cient configuration, a reduction of 73 and 92% is observed when
hemp concrete, hemp wool and EPS are used, respectively.

For the cooling loads (Fig.19), when the hemp concrete is used,
they decrease by 5% from CI to IC configuration. When hemp
wool and EPS are used, cooling loads are reduced by 13, 05 and
12, 90% respectively. By comparing the cooling loads of the ref-
erence house to that of the most efficient configuration, a reduc-
tion of 78 and 83% is observed when hemp concrete, hemp wool
and EPS are used, respectively.

For the city of Meknes, the energy demand concerning the heating
is higher than the one concerning the air conditioning. This is due
to the fact that this city is characterized by a moderate winter and
a hot summer.
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Fig. 18: Heating Loads for the Least and the Most Efficient Configurations.
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Fig. 19: Cooling Loads for the Least and the Most Efficient Configura-
tions.

5. Conclusion

In this paper, our aim was to compare the insulation performance
of hemp concrete and hemp wool with the performance of EPS for

the city of Meknes in Morocco. We began by the characterization
of the thermo-physical properties of the three insulation materials
studied, then each material was associated to a 20cm fixed thick-
ness of a concrete wall, the thickness, location and partitioning
effects on time lag and decrement factor were investigated.

Results show that the concrete walls insulated with hemp wool
and EPS have practically the same thermal behavior with a slight
superiority for the hemp wool insulation material. This is due to
the fact that the two materials have the same lower thermal con-
ductivity. The thermal behavior of the concrete wall insulated with
hemp concrete is less efficient than the other concrete walls be-
cause of its relatively high thermal conductivity and heat capacity.
The effect of layer partitioning on time lag, decrement factor,
heating and cooling loads was investigated, and six configuration
walls were studied (CI, IC, CIC, ICI, CICI, ICIC). Results show
that partitioning has a huge effect on time lag and decrement fac-
tor. For the time lag, it increases from 6 hours obtained for the ClI
configuration to 11 hours obtained with the ICIC configuration
which represent almost the double. Concerning the decrement
factor, it decreases by 10, 5% from CI to ICIC configuration.
However, when the thermal performance of a whole building is
studied, and regarding to heating and cooling loads, results show
that the best performance is obtained when the total thickness of
insulation is located on the outside.

The thermal performance of the three insulation materials was
studied starting by the characterization of their thermal properties,
going through evaluating their thermal behavior for a simple wall
subjected to sinusoidal outdoor conditions, until their integration
on a whole building. To conclude, throughout the whole study,
hemp wool presented the best thermal performance, and the evalu-
ation of its use such us an insulation material in Morocco and
especially in Meknes was investigated.
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