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ABSTRACT

Algeria inherited a substantial building stock of significant heritage
value, particularly concentrated in the historic center of Algiers, notably
within the Larbi Ben M’hidi district from the French colonial period
(1830-1962). However, these buildings generally exhibit poor energy
performance and high levels of energy consumption. This study investi-
gates how the preservation of heritage values can be reconciled with
improving the energy efficiency of colonial-era residential buildings in
the Larbi Ben M’hidi district of Algiers. A thermal diagnostic based on
infrared thermography was conducted on several buildings, leading to
the selection of the building located at 39 Rue Larbi Ben M’hidi as the

case study. Subsequently, dynamic thermal simulations were carried
out using ArchiWIZARD, based on the EnergyPlus calculation engine,
in order to evaluate four energy retrofitting scenarios. In parallel, a
bio-based thermal insulation material composed of cork waste and cel-
lulose was developed and thermally characterized. The optimal formu-
lation (75% cork) exhibited a thermal conductivity of A = 0.048 W/m-K
and a specific heat capacity of Cp = 1285 J/kg-°C. When integrated into
the simulation model, this insulation material enabled a reduction in
energy demand of 54.44% for heating and 22.64% for cooling, while
preserving the architectural integrity of the heritage facades.
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INTRODUCTION

l \large part of the architectural heritage
from the French colonial period in Algeria em-
bodies undeniable heritage values and repre-
sents a living testimony to the country’s ur-
ban and cultural history. These buildings are
distinguished by their richly decorated fa-
cades, generous volumes, and construction
techniques adapted to the climate, which still
contribute today to the identity of city cen-
ters with colonial cores (Mohdeb, Attar and
Saraoui, 2023). In Algiers, colonial architec-
ture (1830-1930) illustrates a dual approach:
the assertion of colonial authority through
monumental public buildings, ordered fa-
cades, continuous balconies, and Haussman-
nian cornices, and adaptation to local context
through Neo-Moorish and Art Deco styles in-
corporating arches, patios, and ornamental
motifs (Béguin, 1983; Chaouche, 2013). This
coexistence has produced a hybrid urban
fabric that forms the basis of Algiers’s archi-
tectural identity. However, these buildings
exhibit significant thermal losses, lack ther-
mal insulation, and suffer from material ag-
ing, leading to high energy consumption.
Their thermal rehabilitation therefore raises
both technical and cultural challenges: how
can historic heritage be adapted to modern
energy requirements without altering its ar-
chitectural authenticity?

Among available solutions, internal thermal
insulation (ITI) is often preferred for heritage
buildings, as it allows the preservation of the
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exterior appearance while improving energy
performance (Zagorskas et al, 2014). Bio-
based materials, in particular, offer a sustain-
able alternative compatible with historical
masonry and characterized by low environ-
mental impact (Claude, 2018). ITI combined
with roof insulation and the rational replace-
ment of joinery can reduce energy consump-
tion by 43 to 56% depending on the climatic
context (Galatioto et al, 2019), and may ex-
ceed 50% when high-performance systems
such as heat pumps are implemented (Qu et
al, 2021; Cho et al, 2020; Jiang, Lucchi, and
Del Curto, 2023; Gonzalez-Prieto et al, 2023).
Hybrid approaches integrating insulation,
system modernization, and renewable ener-
gy technologies make it possible to approach
near-nZEB or Net Zero Energy standards
(Franco et al, 2015; Sugér et al, 2020; Caro
and Sendra, 2020; Ahmad et al, 2021). In
Mediterranean contexts, the combination of
insulation, mechanical ventilation, and heat
recovery ensures a balance between energy
performance and indoor air quality (Coelho
and Henriques, 2021; Blazquez et al, 2019).

In the Algerian context, the energy rehabilita-
tion of colonial buildings goes beyond the
single objective of improving energy efficien-
cy. It is part of a broader heritage conserva-
tion approach aimed at extending the lifes-
pan of these buildings while respecting their
architectural identity. This study therefore
aims to:

e Characterize the thermal behavior of colo-
nial buildings in Algiers through infrared
thermography and in situ measurements;

e Evaluate the performance of a new bio-
based insulation material composed of cork
waste and cellulose;

e Simulate different dynamic thermal sce-
narios to estimate potential energy savings
and their compatibility with heritage preser-
vation.

The Larbi Ben M’hidi district is characterized
by a high concentration of French colonial-era
buildings, featuring construction systems and
facades emblematic of the historic center of
Algiers. This urban fabric therefore provides a
particularly relevant context for analyzing en-
ergy rehabilitation strategies while safeguard-
ing architectural and heritage values.

MATERIALS AND METHODS

This study aims to evaluate and improve the
energy performance of residential buildings
from the French colonial period in Algeria
(1830-1930) while preserving their architec-
tural and heritage values. First, eight buildings
in the Larbi Ben M’hidi district were selected
according to the Vitruvian triad: Firmitas, Utili-
tas, Venustas (Choay, 2001; Baba Ahmed et al,
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2013; Hadjilah and Zerouala, 2018), and were
subsequently subjected to a thermal assess-
ment using infrared thermography (Paoletti et
al, 2013; Ascione et al, 2015).

The combined analysis of these investiga-
tions led to the selection of the building lo-
cated at 39 Rue Larbi Ben M’hidi as the case
study, for which in situ measurements and
dynamic thermal simulations were carried
out. In parallel, a bio-based insulation mate-
rial made from cork waste and cellulose was
developed and experimentally characterized
using the transient hot-wire method. Finally,
the impact of this insulation material on the
building’s thermal behavior was evaluated
through dynamic thermal simulations using
ARCHIWizard/EnergyPlus (Ascione et al, 2015;
2016; Khadraoui and Sriti, 2017).

THERMAL DIAGNOSIS OF BUILDINGS
WITH HIGH HERITAGE VALUES

Criteria for selecting buildings

The urban landscape of Algiers is strongly
marked by buildings inherited from the French
colonial period, constructed between 1830
and 1930. The Larbi Ben M’hidi district (for-
merly Isly) represents the first planned exten-
sion of the colonial city beyond the former Ot-
toman ramparts (Oukaci and Kassab, 2021;
Oukaci, 2022) and constitutes one of the most
emblematic examples of this period (Petrucci-
oli, 1992; Belouchrani, 2012). Predominantly
residential in character, it contains remarkable
buildings distinguished by an eclectic archi-
tecture combining European and local influ-
ences, ranging from Neoclassicism to Art
Deco, including Art Nouveau and Neo-Moorish
styles (Chérif, 2017). The high concentration of
buildings with significant heritage value, par-
ticularly along the structuring axes of Larbi jng and the indoor temperatures measured ~ FiG. 1 REPRESENTATIVE BUILDINGS

Ben M’hidi, Ali Boumendjel, and Abane Ram- i, residential apartments were within the  WITHIN THE LARBI BEN M’HIDI DISTRICT, ALGIERS.
dane (Fig. 2), constituted a decisive factor in  thermal comfort range (22-25 °C) (AFNOR, (SOURCE: AUTHORS, 2025)

defining the study area. 2019; Liébard and De Herde, 2005).

At the end of this initial assessment, eight

representative buildings were selected, as
shown in Table I.

Measurements were carried out exclusively in
residential spaces, with the commercial prem-
ises on the ground floor excluded, in order to
A thermal assessment using infrared ther- calibrate the thermal model to reflect the ac-
mography was conducted for eight selected tual residential occupancy of the building. In-

buildings within the study area. ternal heat gains from occupants and house-
hold appliances were considered negligible,
Thermography protocol as most apartments were unoccupied at the

time of the measurements. Thermographic
measurements were performed in accordance
The thermographic measurement campaign  with the ISO 6781:2015 standard (ISO, 2015),
of eight selected residential buildings was under favorable weather conditions (overcast
conducted on g February 2021, between 8:00  sky to minimize the influence of solar radia-
a.m. and 11:00 a.m., during the winter period.  tion, low wind speed, and an indoor-outdoor
The main facades investigated were predom-  temperature difference greater than 10 °C)
inantly oriented east (80%), while the re- (Pajani, 2014; Ascione et al, 2015). Outdoor
maining 20% were oriented west (Fig. 2). All  temperatures ranged from 10 °C at 8:00 a.m.
the buildings are equipped with central heat-  to 12 °C at 11:00 a.m. An infrared thermal cam-

for eight selected buildings
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FIG. 2 IDENTIFICATION OF THE CASE-STUDY

BUILDINGS IN THE LARBI BEN M’HIDI DISTRICT
OF ALGIERS. (SOURCE: GOOGLE EARTH,
PROCESSED BY THE AUTHORS)
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1: 64 rue Larbi Ben M’Hidi Building.
2: 39 rue Larbi Ben M’Hidi Building.
3 : 37 rue Larbi Ben M’Hidi Building.
4 : 12 rue Ali Boumendjel Building.
5 : 8 rue Ali Boumendjel Building.

6 : 2 rue Ali Boumendjel Building.

7 : 3 rue Ali Boumendjel Building.

8 : 21rue Abane Ramdane Building.

Perimeter of the Larbi Ben M’hidi
neighborhood.

era (Flir i7), calibrated between 9 and 38 °C
with an emissivity of 0.93 corresponding to
that of stone, was used. Its operating temper-
ature range is between o and 50 °C, with a
spectral band between 7.5 and 13.5 um.

The heritage assessment, based on the Vitru-
vian triad (excellent habitability, very good
state of preservation, high heritage value),
combined with the results of the infrared
thermography presented in the Results sec-
tion (Fig. 7), guided the selection of the build-
ing at 39 Rue Larbi Ben M’hidi for indoor tem-
perature measurements and dynamic ther-
mal simulation

AMBIENT TEMPERATURE STUDY
OF BUILDING 39 RUE LARBI BEN M’HIDI

Presentation of the building

The study focuses on the building located at
39 Rue Larbi Ben M’hidi, in the historic center
of Algiers, constructed between 1905 and
1906 by architect L. Bourgarel (Daoudi, 2013).
The building has a compact layout organized
around an atrium that provides zenithal day-
light and natural ventilation for the interior

DAHLI IMPROVING THE ENERGY PERFORMANCE OF FRENCH COLONIAL BUILDINGS...

TABLE | SUMMARY OF THE MOST REPRESENTATIVE BUILDINGS IN THE LARBI BEN M’HIDI DISTRICT
ACCORDING TO THE VITRUVIAN TRIAD. (SOURCE: AUTHORS, 2021).

N° | Buildings State of preservation (firmitas) :Iuat?liitt:l;;lity :Iveer’i'tuasgt; sv)alues

1 64 Rue Larbi Ben M’hidi | Good state of preservation Excellent habitability | High heritage value
2 39 Rue Larbi Ben M’hidi | Very good state of preservation | Excellent habitability

3 37 Rue Larbi Ben M’hidi | Good state of preservation Good habitability

4 12 Rue Ali Boumendjel Good state of preservation Good habitability High heritage value
5 8 Rue Ali Boumendjel Good state of preservation Good habitability

6 2 Rue Ali Boumendjel Good state of preservation Excellent habitability

7 3 Rue Ali Boumendjel Good state of preservation Good habitability

8 21rue Abane Ramdane | Good state of preservation Excellent habitability | High heritage values
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spaces (Fig. 3 C-D). It consists of a ground
floor topped by five upper floors (G+5).

The structural system is based on load-bear-
ing stone walls with a thickness of 55 cm (Fig.
3 F) and floors composed of vault infill blocks
supported by steel beams (IPN). The external
joinery is made of wood with single glazing
(4 mm), presenting a thermal transmittance
coefficient of U = 5.7 W/m>K.

Protocol for recording
indoor/outdoor ambient temperatures

To select an optimal day for temperature
measurements, several criteria were consid-
ered, including building access and the avail-
ability of co-owners. The mid-season day of
28 September 2022 was selected, ensuring
natural conditions without the use of heating
or air conditioning, in order to obtain mea-
surements representative of the building’s
actual thermal behavior.

The measurements were carried out in the liv-
ing room of an apartment located on the 4th
floor of the building at 39 Rue Larbi Ben M’hidi,
oriented toward the east facade, where ther-
mographic photographs were also taken (Fig.
4 A). This intermediate floor was chosen to
limit the influence of thermal gains from the
roof and the lower levels. The living room was
selected due to its primary function and its
thermal representativeness of the apartment.
Measurements were taken at two-hour inter-
vals between 8:00 a.m. and 6:00 p.m., at a
height of 1.2 m, both indoors and outdoors on
the balcony. The recorded parameters were:

¢ Indoor ambient temperature (T;,);

e Outdoor ambient temperature (T,,,).

All measurements were performed using a
multifunction Testo 480 anemometer, ensur-
ing accurate temperature recording. The evo-
lution of indoor and outdoor temperatures
provides information on the energy efficiency
of the building envelope and openings. The
T, values will be used for the validation of
the thermal simulation model.

Central Algiers is located at 36°41’ N and
3°12’ E, at an altitude of 25 m, and is charac-
terized by a temperate Mediterranean cli-
mate, with hot, dry summers and mild, humid
winters. Average temperatures in September
range from 18 and 29 °C, illustrating typical
mid-season conditions (Meteonorm V8, data
2012-2022, Fig. 4 B).

The main boundary conditions for the ther-
mographic and ambient temperature mea-
surements at the building located at 39 Rue
Larbi Ben M’hidi are presented in Table II.

Following the thermal diagnostic phase,
the methodological approach continues with
the development of a bio-based insulating
material.
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DEVELOPMENT OF THE CORK/CELLULOSE
COMPOSITE MATERIAL

Materials used: cork and paper waste

This study uses cork waste and paper waste
(cellulose) as raw materials to develop a bio-
based thermal insulation composite. The
cork was obtained from industrial waste gen-
erated during the manufacture of discs and
stoppers and collected from the public com-
pany EPE Béjaia Liége, supplied by several
forest conservations offices (Jijel, Souk-Ah-
ras, Sétif and Tizi Ouzou). The recovered cork
aggregates have a particle size ranging from
2.5 to 8 mm. Cork is widely used as a thermal
insulation material, either in expanded pan-
els or in composites such as cork-gypsum,
cork-wood, cork-clay or cork concrete (Kellati
et al, 2010; Cherki et al, 2014; Limam et al,
2016; Mounir et al, 2014; Ziregue et al, 2016;
Tedjditi et al, 2020). However, these compos-
ites often present relatively high thermal con-
ductivity (0.1-0.4 W/m-°C) due to the density
of the mineral matrices used to bind the ag-
gregates (Fino, Tadeu and Simdes, 2018).

To overcome this limitation, a cellulose matrix
derived from paper waste was used. The cel-
lulose was obtained from discarded newspa-
pers and cardboard. After cutting into small
pieces, the material was treated with a 7%
sodium hypochlorite solution, washed with
potable water, and dried to constant mass to
eliminate microorganisms and bleach the pulp
(Bentchikou et al, 2012). The dried material
was then finely ground to facilitate volumetric
dosing. The combination of cork aggregates
with recycled cellulose enables the develop-
ment of a bio-based cork/cellulose insulation
material, while simultaneously recovering
waste and contributing to circular economy
and energy transition.

Preparation of specimens

Proportioning, mixing of constituents,
and molding of specimens

The cork-paper mixtures were prepared ac-
cording to volumetric proportions of 75%,
50%, and 25% (Dahli and Toubal, 2010). The
volumes of the constituents were measured
using a graduated container. Mixing was car-
ried out using a 5 L mixer in accordance with
the EN 196-1 (ECS, 2016) standard, for 3 min-
utes: 90 s at 140 rpm followed by 9o s at 285
rpm, with an intermediate pause to scrape
the mixing bowl.

The specimens (15 x 10 x 3 cm) were then
molded according to the NF EN 993-15 (Afnor,
2005) standard in two layers with slight com-
paction in order to eliminate entrapped air
and improve cohesion. They were air-dried
for three days and subsequently demolded.

IMPROVING THE ENERGY PERFORMANCE OF FRENCH COLONIAL BUILDINGS... S. SOUKANE, M. DAHLI

Case study;
. 39 Rue Larbi Ben Mhidi
Larbi Ben M’hidi Street
O Emir Abd El Kader
square

Ali El Hamaoui
secondary street

Tertiary Street

~——— Bessad Mohamed
pedestrian Street

Drying and surface finishing of specimens

In order to limit the influence of moisture on
the thermal properties, the specimens were
dried at 103 °C in an oven (Fig. 5) to constant
mass was reached, and then polished to en-
sure better thermal characterization. The ex-
perimental measurements were carried out
on these dry and smooth samples according
to three series of tests.

Thermo-Physical characterization
of specimens

Measurement of the apparent density p
of the composites

Density corresponds to the mass of a materi-
al per unit volume. The specimens with differ-
ent cork/cellulose compositions were weighed
using a precision balance to determine their
mass M. Their volume V corresponds to the

109-119 34[2026] 1[71] PROSTOR
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1. gypsum plaster
2. Blue stone wall

3. Exterior rendering
(sand and lime)

v F

FiG. 3 A: LOCATION OF THE BUILDING

IN THE LARBI BEN M’HIDI DISTRICT;

B : MAIN FAGCADE OF THE BUILDING;

C : ATRIUM OF THE BUILDING;

D : ZENITHAL LIGHTING OF THE ATRIUM;

E : STAIRCASE WITH INTEGRATED ELEVATOR
F: WALL COMPOSITION OF THE BUILDING.
(SOURCE: AUTHORS, 2021).

FIG.4 A: SPACE SELECTED FOR INDOOR
TEMPERATURE MEASUREMENTS;

B: MONTHLY TEMPERATURES OF THE CITY

OF ALGIERS FOR THE PERIOD 2012-2022.
(SOURCE: AUTHORS, 2023; METEONORM V8)

Fourth Floor Plan A

Monthy temperafure

L}

[ 11 1 1 |
T R Wr Ar My n M Ag Sp 2 N Ok
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TABLE || BOUNDARY CONDITIONS OF THE THERMOGRAPHIC SURVEY AND INDOOR-OUTDOOR TEMPERATURE
MEASUREMENTS AT 39 RUE LARBI BEN M’HIDI. (SOURCE: AUTHORS, 2022).

Thermographic survey

Ambient measurements

Parameter of eight buildings —39 Rue Larbi Ben M’hidi
Date 09/02/2021 (winter) 28/09/2022 (mid-season)
Time range 8h—-11h 8 h —18 h (bi-hourly)
Outdoor temperature (°C) 10 — 12 22.8-24

Indoor temperature (°C) 22— 25 19 — 21

Cloud cover Overcast Partly cloudy

Internal gains (occupants, appliances) | Negligible (mostly unoccupied apartments) | Negligible

Emissivity 0.93 /

FIG. 5 CURING OF CORK/CELLULOSE COMPOSITE
SPECIMENS. (SOURCE: AUTHORS, 2022)

FIG. 6 EXPERIMENTAL SETUP FOR MEASURING
THERMAL CONDUCTIVITY AND SPECIFIC HEAT
(TC-METER). (SOURCE: AUTHORS, 2022)

dimensions 0.15 x 0.10 x 0.03 m®. The appar-
ent density was calculated using Equation
(1), and the results are presented in Table IV.

M
Kg/m’=— 1
prKgl v

Measurement of thermal conductivity A
and specific heat capacity C,
of the composites

The thermal conductivity and specific heat ca-
pacity of the cork-cellulose composite were
determined using the transient hot-wire meth-
od (Dahli and Toubal, 2010; Liu et al, 2019;
Tedjdit et al, 2020). The experimental setup
consists of a thermal probe placed between
two identical samples and connected to a data
acquisition unit (CT-meter) developed by the
CSTB, in accordance with the EN ISO 8894-
2:2007 standard (IS0, 2007) (Fig. 6). The prin-
ciple of the method is to induce localized heat-
ing in the material and then measure the tem-
perature rise over a short period of time.

DYNAMIC THERMAL SIMULATION
Presentation of the simulation tool

Dynamic thermal simulations were carried
out using the software ArchiWIZARD (v7),
based on the EnergyPlus (v8) calculation en-
gine, selected for its ability to accurately
evaluate energy performance while account-
ing for climatic, geometric, and material pa-
rameters. A climate file specific to Algiers was

TABLE Il THERMO-PHYSICAL CHARACTERISTICS OF THE BUILDING ENVELOPE MATERIALS
IN THE 39 RUE LARBI BEN M’HIDI BUILDING. (SOURCE: DTR, 1997; IS0, 2007).

Materials Thermal Conductivity Specific heat cp | Apparent density | Thickness
coefficient A (W/m K) 0/kg °c) p(kg/m3) cm
Exterior rendering (s lime) | 0,87 1080 1800 2,5
Blue stone 1,75 950 2400 50
Interior gypsum plaster 0,3 936 900 2,5
thermal transmittance U W/m?K thicckgess
Single-glazed 5,7 4
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generated in EPW format using Meteonorm
(v8.2) to ensure representativeness of local
conditions.

The geometric modeling of the building lo-
cated at 39 Rue Larbi Ben M’hidi was per-
formed using ArchiCAD (v22). The resulting
digital model, exported in SKP format, faith-
fully represents the current state of the build-
ing without any modification, and was used
both for model validation and for comparison
with the energy optimization scenarios. The
thermo-physical properties of the materials
composing the building envelope are de-
tailed in Table IIl.

Dynamic thermal simulation protocol

The dynamic thermal simulation was per-
formed on the building located at 39 Rue
Larbi Ben M’hidi, excluding the ground floor,
top floor, and attic to limit the influence of
heat transfer with the ground and the roof.
The simulation was conducted over a one-
year period with an hourly time step, ensur-
ing numerical stability of the calculations
(avoiding initialization errors) and enabling
the characterization of the building’s thermal
behavior during both winter and summer pe-
riods. The simulations were carried out using
fixed setpoints (heating at 20 °C and cooling
at 25 °(C), simplified occupancy profiles, a
constant air renewal rate, and an infiltration
rate of 0.7 vol/h, representative of the exist-
ing building conditions.

Four dynamic thermal simulation scenarios
were developed to examine the impact of the
thermal characteristics of glazed and opaque
surfaces on the building’s energy consump-
tion. The first scenario represents the refer-
ence model, corresponding to the actual
thermal performance of the building. The sec-
ond scenario evaluates the impact of argon-
filled double glazing (U = 1.1 W/m?K). The
third scenario analyzes the effect of a 15 cm
internal bio-based cork-cellulose insulation
layer \ = 0.048 W/m-K; Cp = 1285 ) /kg-K; p =
32.4 kg/m?3). Finally, the fourth scenario cor-
responds to an optimized model, combining
the improvement of glazing and the thermal
performance of the external opaque walls.

RESULTS DISCUSSION

RESULTS DISCUSSION
OF THE THERMOGRAPHY
OF THE EIGHT BUILDINGS

The thermographic results reveal significant
heat losses at the openings of the eight build-
ings studied (Fig. 7). All of them are equipped
with 4 mm single glazing, presenting a ther-
mal transmittance coefficient of U = 5.7 W/
m2K, which explains their poor energy per-
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formance. The integration of double or triple
glazing therefore appears necessary to im-
prove energy efficiency; this solution shall be
evaluated in the section dedicated to numeri-
cal simulation.

The facades also exhibit variable thermal
losses, ranging from low to very high levels.
These losses are mainly due to the massive,
uninsulated load-bearing stone walls. In ad-
dition, the junctions between facades and
floor slabs with balconies constitute sensi-
tive areas because of the presence of thermal
bridges. In this context, internal thermal insu-
lation is recommended in order to improve
energy performance while preserving the
heritage values of the facades.

RESULTS AND DISCUSSION
OF MEASURED INDOOR
AND OUTDOOR AMBIENT TEMPERATURES

The temperature measurements carried out
on 28 September 2022 (Fig. 8) confirm the
results observed during the thermographic
diagnosis. The difference between indoor
and outdoor temperatures remains low be-
tween 10:00 a.m. and 4:00 p.m. (ff 1 °C), indi-
cating significant thermal exchanges through
the building envelope. A slight time lag of
about one hour between the peaks of out-
door and indoor temperatures also highlights
the limited thermal inertia of the building.

= = —
7 3 Rue Ali Boumendjel bmldmg 8 : 21 Rue Abane Ramdane building.

FIG. 7 THERMOGRAPHY RESULTS TABLE IV SUMMARY OF THE THERMO-PHYSICAL PROPERTIES OF CORK/CELLULOSE COMPOSITES
OF THE 8 BUILDINGS. (SOURCE: AUTHORS, 2021) (SOURCE: AUTHORS, 2022).
FIG. 8 HOURLY VARIATION OF OUTDOOR Thermal characteristics Physical characteristic
AND INDOOR TEMPERATURES MEASURED Specimens Thermal conductivity A Specific heat Cp Apparent bulk density
ON SEPTEMBER 28, 2022, AT 39 RUE LARBI BEN (W/m-°C) ()/kg-°C) (kg/m3) |
M’HIDI. (SOURCE: AUTHORS, 2022)
Group 1 (75% cork) 0,048 1285 32,4
FIG. 9 MEASURED AND SIMULATED INDOOR Group 2 (50% cork) 0,064 1244 71,1
TEMPERATURES ON SEPTEMBER 28. o % cork 2
(SOURCE: AUTHORS, 2023) roup 3 (25% cork) 8.0 1211 12
27
g | \ .6 [ | |
264 —=— T out (measured) —=— Tind (measured)
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I Température extérieure
I Température operative intérieure

B Température extérieure
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FiG. 10 RESULTS OF THE DYNAMIC THERMAL
SIMULATION OF INDOOR TEMPERATURES UNDER
FOUR SCENARIOS. (SOURCE: AUTHORS, 2023)

This action is mainly explained by the low
thermal performance of the envelope, related
to the absence of wall insulation, the pres-
ence of single glazing, the influence of vari-
able solar gains associated with the build-
ing’s orientation promoting rapid heat trans-
fer, as well as the absence of significant
internal gains. This therefore indicates a
strong dependence of indoor thermal condi-
tions on external climatic variations.

RESULTS AND DISCUSSION

OF THE THERMO-PHYSICAL
CHARACTERISTICS OF CORK/CELLULOSE
COMPOSITES

The average values of the thermo-physical
properties are presented in Table IV. The re-
sults show that Group 1 (75% cork / 25% cel-
lulose) provides the best energy perfor-
mance, with a thermal conductivity of 0.048
W/m-°C and an apparent density of 32.4 kg/
m3, owing to the high porosity of the cork ag-
gregates. As the proportion of cork decreases
in favor of denser cellulose, both thermal
conductivity and apparent density increase.

The specific heat capacity varies only slightly
across compositions (1211-1285 J/kg-°C) and
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remains higher than that of concrete or natu-
ral stone, which represents an advantage for
heat storage and release during thermal ret-
rofitting operations. Based on these findings,
the Group 1 composite was selected for nu-
merical simulations.

NUMERICAL SIMULATION RESULTS
Validation of the numerical model

The numerical model was validated by com-
paring the measured and simulated indoor
temperatures on 28 September (Fig. 9). The
curves follow a similar trend with minimal de-
viations. Statistical indicators (Zhou et al,
2023) confirm this agreement: RMSE = 1.2 °C,
MAE < 1 °C, and Pearson correlation coeffi-
cient R = 0.90. These results confirm the
model’s reliability for simulating thermal ret-
rofitting scenarios.

Results discussion
of simulated indoor temperatures

The results of the dynamic thermal simula-
tion (Fig. 10) show that, in the reference sce-
nario, indoor temperatures closely follow
outdoor temperatures, ranging from 10-20 °C
in winter and 25-32 °Cin summer, resulting in
a high demand for heating and cooling. This
poor energy performance of the building at
39 Rue Larbi Ben M’Hidi is mainly due to the
absence of low-emissivity glazing and ther-
mal insulation on external walls. The integra-
tion of low-emissivity double glazing (Sce-
nario 2) slightly improves indoor tempera-
tures, reaching approximately 18 °C in winter
and 30 °C in summer, with a minor flattening
of thermal curves. However, its effect re-
mains limited, as a large portion of thermal
exchanges between the building and the ex-
terior occurs through the fagades. The addi-
tion of the bio-based thermal insulation (Sce-
nario 3) significantly improves indoor tem-
peratures, stabilizing at around 20 °C in
winter and 25 °C in summer. These improve-
ments are explained by the thermal proper-
ties of the material, notably its low thermal
conductivity (0.048 W/m-K) and high specific
heat capacity (1285 J/kg-K). The combination
of low-emissivity double glazing and bio-
based insulation strongly reduces thermal
exchanges. Indoor temperatures reach 20-23
°C in winter and just below 25 °C in summer,
enhancing both thermal comfort and the
overall energy performance of the building
compared to the previous scenarios.

The choice of internal thermal insulation pre-
serves the aesthetic integrity of the fagades,
a major concern for heritage buildings. Al-
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though conventional materials such as poly-
urethane offer higher performance, their hy-
grothermal and environmental incompatibili-
ty justifies their exclusion. The cork/cellulose
bio-based composite was therefore preferred
for its durability and compatibility with exist-
ing walls, confirming the relevance of an ap-
proach that balances energy efficiency and
heritage preservation (Ascione et al, 2015; De
Berardinis, Rotilio, and Marchionni, 2014;
Claude, 2018).

Energy consumption
results discussion

Figure 11 presents the annual heating and
cooling demands for four scenarios. Double
glazing (Scenario 2) reduces consumption by
11.31% for heating and 19.20% for cooling.
Insulation alone (Scenario 3) achieves a re-
duction of 46.71% for heating and 17% for
cooling. The combination of insulation with
double glazing (Scenario 4) delivers the best
performance, with 54.44% savings for heat-
ing and 22.64% for cooling, demonstrating
the effectiveness of these interventions in
improving the energy performance of resi-
dential buildings from the French colonial pe-
riod in Algeria.

CONCLUSION

The study of the buildings at 39 Rue Larbi
Ben M’hidi highlights the energy vulnerabili-
ty of French colonial constructions in Algeria,
despite significant heritage value. These
buildings, representative of the Larbi Ben
M’hidi district, exhibit high energy consump-
tion due to a thermally deficient envelope:
massive, uninsulated walls and single glaz-
ing. Infrared thermwography confirmed signi-
ficant heat losses through facades and
openings. To address these shortcomings,
two interventions were simulated using AR-
CHIWizard: the integration of low-emissivity
double glazing and the application of a bio-
based cork-cellulose insulation on the interi-
or walls (A = 0.048 W/m-K; Cp ff 1285 J/kg-°C
for the 75% cork formulation).

The results show that the combination of in-
ternal thermal insulation (ITl) and double
glazing is most effective, reducing heat loss-
es, stabilizing indoor temperatures between
20 and 25 °C, and decreasing energy con-
sumption by over 50% for heating and 20%
for cooling, while preserving the architectural
integrity of the facades. Although focused on
a single building, its characteristics; massive
masonry, lack of insulation, single glazing,
and typical interior layout, allow these find-
ings to be extended to other colonial residen-
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performance double glazing.
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i

Scénario 3: Integration of 15 cm bio-based
thermal insulation..

_-
Scénario 4: Optimized case.

tial ensembles in Algeria. Limitations include
a simplified numerical model that does not
fully capture the hygrothermal complexity of
historic walls. Hygrothermal analyses, in-
cluding vapor migration, condensation risk,
and the long-term conduct, as well as studies
on other colonial typologies, would strength-
en the scope of the results. Despite these
limitations, the bio-based cork-cellulose in-
sulation emerges as a promising solution,
adaptable to diverse Algerian climates and
other built environments.

This study proposes an approach that recon-
ciles energy efficiency, thermal comfort, and
heritage preservation, contributing to the
wider discourse on the thermal rehabilitation
of colonial buildings in Algeria.

FiG. 11 HEATING AND COOLING DEMANDS ACCORDING
TO 4 SCENARIOS. (SOURCE: AUTHORS, 2023)
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