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This study  applies  eco-efficiency  and sustainability  criteria  to  the  restoration  of  a  building,  as  an  alterna-
tive  to  strict  compliance  with  planning  rules  in  this  field.

The  house  we  have  studied  dates  from  the  18th  to  19th  century  and  is  located  in  the  historical  centre  of
the  city  of Sevilla,  Spain.  The  main  aim  is to compare  two  different  restoration  plans from  an  eco-efficiency
ustainable restoration
raditional building systems
evitalizing and conserving historical city
entres

and  sustainability  perspective.  We also  assess  the use  of  recently  revived  traditional  construction  systems
for this  type  of  building  as  a  means  to increase  sustainability.

The  results  from  the  energy  survey  carried  out  in  compliance  with  state  building  regulations  show  that
a  restoration  project  must  be seen  as  an  opportunity  to  make  use  of  traditional  construction  systems  as  a
tool  for  revitalizing  and  conserving  historical  city  centres,  and  for  promoting  a new  building  model  with
sustainability  as the centrepiece  of architectural  restoration.
. Introduction

The idea behind “sustainable construction” is to minimize
nergy costs in the construction and maintenance of buildings. In its
ifetime, a building will consume between 20 and 50% of the physi-
al resources in its environment [1]. This fact, together with today’s
cological pressures, requires a new approach to building, such that
overnment agencies are moving rapidly to impose new mandatory
tandards [2] on energy efficiency for both new buildings and those
nder restoration.

Energy consumption is quantified as the energy used in the con-
truction of the building and the maintenance required during the
seful life of that edifice [3]. Energy saving in construction consists
f:

Reducing energy consumption during maintenance, by means
of improving the insulation system of the building’s envelope,
which in turn will also cut cooling and heating costs.
Reducing energy consumption during construction by using
materials with a low-energy cost, such as recycled or recyclable
materials, to guarantee the sustainability of the building.
Various authors have studied the effects of replacing cer-
ain materials with energy-sustainable materials in construction.
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Scheuer et al. [4] analysed the steel beams used for the roof at Oslo
Airport and concluded that the energy cost for their construction
was twice or three times higher than that for laminated timber
beams, with fuel consumption 6–12 times higher. Buchanan [5]
suggested that an increase in the use of wood as construction mate-
rial could have a positive effect on global energy demand and the
reduction of CO2 emissions. Other research involving buildings in
The Netherlands [6] show that greater use of wood in building con-
struction could cut CO2 emissions by 50% compared to traditional
building materials.

The use of recycled or recyclable materials is a relatively new
concept that aims to cut down on energy costs and maintain a build-
ing’s energy balance in the long term. A Japanese study by Gao et al.
[7] of energy saving in the construction phase of three buildings
showed that energy consumption dropped by 25% when recycled
materials were used. A similar study by Swedish investigators [8]
modelled the construction of a house made almost exclusively with
recycled materials against a similar residence built entirely with
new materials. The results showed a 40% energy saving.

2. Objectives

This paper compares two  restoration projects for a residen-
tial building in the historical city centre of Sevilla (Spain). Firstly,

we analyse the developer’s project, which follows current archi-
tectural methodology and complies with building regulations and
budget limits. Then we  present an alternative project that uses low-
cost and recycled/recyclable materials to create a building with

dx.doi.org/10.1016/j.enbuild.2012.05.009
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
mailto:mmorales@us.es
mailto:mjesus.moralesconde@gmail.com
dx.doi.org/10.1016/j.enbuild.2012.05.009
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Fig. 1. Model A. (a) Plans,

n energy balance, with an energy efficiency that will reduce the
uilding’s power consumption during its lifetime.

. The study

This work forms part of the research project Interventions in
istorical Buildings, be they classified as monuments or not, and
he processes of adapting these edifices to a sustainably developed
ultural and economic reality.

This study focuses on residential buildings in the historical city
entre of Sevilla [9], in particular a single-family house on two floors
ction 1 and (c) elevation.

which is a typical example of the architecture of houses constructed
in the 18th and 19th centuries in the city.

These types of buildings have been, and still are, undergoing
restoration in a process of adaptation to a new social and cultural
reality in the city.

3.1. Analysis of the original building (Model A)
It was originally a two-storey house, with five supporting walls
and two  patios (Fig. 1a and b), both traditional features of resi-
dential architecture in Sevilla in the 18th and 19th centuries, with
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Fig. 2. Construction Section 1, Model B.
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Fig. 3. Model B. (a) Plans, (b) Section 1, (c) Section 2 and (d) elevation.
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Fig. 4. Construction Section 1, Model C.
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Table  1
Study of materials.

Material Recycled Recyclable Impact on production Transport Solid waste generation Lifespan

Metal
Recycled glass railing Yes Yes Low National None Long
Recycled copper sheet Yes Yes Low Local Low Long
Aluminium frames No Yes Medium Local None Long
Reused wooden frames No No None None None Medium

Waterproof material
EP honeycomb expand sheet No Yes Medium National Low Long
PE  recycled sheet Yes Yes Medium National Low Long
Resin  injection moulding No No High Local Medium Long

Concrete
c.  lighten with recycled EPS Yes Yes Low National None Long
Soliglú system Yes No Medium National None Long
Ytong porous concrete No Yes Low National None Long

Insulation materials
Recycled wood grain Yes Yes Low National Medium Long
Cotton grain Yes Yes Low National Medium Long
Cork  Yes Yes Low National Medium Long
EPS  panels No Yes Medium Local Low Long

Wood
Recycled tetra brik panels Yes Yes Low National Medium Medium
From  sustainable woods No Yes None National Medium Long
Lignatur system No Yes Low International Low Long

Coating
Naturfloor bamboo pavement No Yes Low National None Long
Plaster ceiling with secondary structure No No High Local High Medium
Reused 30 × 30 ceramic tile pavement No No None None None Medium
Recycled plastic tiles Yes Yes Medium National Low Long
Reused roof tiles No No None None None Long
Thermochip sandwich panel (plaster–cork–plaster) No No Medium Local Low Long
Aislacork No No Low Local None Medium

Other
Aluminium blind box No Yes Medium Local None Long
Recycled concrete gravel Yes Yes Low National None Long

t
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Biogas bricks No Yes 

Zinc  green roof Yes Yes 

EPS  joint treatment No Yes 

he house built around a main patio, with load-bearing walls made
f brick and limestone mortar. The narrow facade adjoins two
estored buildings each with three floors (Fig. 1c).

A survey of the building found that:

 The walls were made of two rows of bricks with limestone mor-
tar, with a 2-cm overlay of limestone mortar above and below.
The original walls were in good condition, with a flat-jack tested
compressive strength of 0.85 N/mm2.

The facade has serious rising damp.
The framework varied in condition depending on the storey.

There were three different structures:
 The first floor framework consisted of 13 cm × 20 cm wooden
beams with an offset to support a curved ceramic piece that forms
the arches, an alcatifa filling, brick and hydraulic pavement with
an undercoating of limestone mortar.

 The flat roof framework was made of wooden beams measuring
11 cm × 20 cm,  with a wooden bandlet, solid brick, filling, auxil-
iary paving and finished with pressed ceramic tile.

 The sloping roof structure had wooden boards and tiling with
corrugated fibrocement sheets.

These frameworks were found to be in excellent condition
ollowing ultrasound testing [10] except for the flat roof struc-
ure where the beam heads had been damaged by damp and
ylophagous insects.

.2. Analysis of the constructed restoration model (Model B).

ompliance with regulations: materials and building systems used

The PGOU-2004 [11] town planning regulations were in force
n Sevilla when the restoration plans were drawn up, which
None National Medium Long
Medium National Medium Long
High Local Low Long

obliged the architects to preserve the facade as it was  originally
constructed, allowing for any necessary reinforcements and consol-
idation but prohibiting modifications. Spaces could not be altered
without prior justification. Likewise the first supporting wall had
to be retained along with its typological elements.

The current town planning legislation (PGOU-2008 [12]) under-
lines the public authorities’ increasing interest in the conservation
and restoration of city centres. However, the study of this
model reveals that the typical sustainability measures to min-
imize a building’s energy consumption and adapt it to current
ecological requirements are lacking. Rather it aims to preserve
a visual image of a historical centre based on facades but
without taking into account other traditional elements such as
wooden framework structures and brick walls. These materials are
replaced by concrete and steel, which is contrary to the idea of
sustainability.

In this context the project that was  carried out by the devel-
oper, Model B, complied with regulations in force at the time, which
converts the building into a piece of contemporary architecture in
which steel and glass are the predominant aesthetic and struc-
tural materials. The main characteristics of the construction are
(Fig. 2):

-  Foundations: A concrete slab is cast as the new foundation of the
building, and also acts as the ground floor pavement.

- Structure: The structure built on the new foundation consists of
pillars and steel frameworks. Demolition and the construction of
the new foundation took up more than 70% of the original surface

area. The only insulation built into the frameworks on each floor is
a high-density polyurethane sheet beneath the wooden flooring.

- Envelopes:  The old dividing walls have been replaced by new ones
made of bricks with a width of 11.5 cm,  and the load-bearing walls
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Fig. 5. Model C. (a) Plans,

with the typical envelope of cavity and partition walls, which do
nothing to improve the building’s overall energy efficiency.

The project does not include a ventilation system to rid the
acade of its rising damp.
The restoration plan adhered to the developer’s requirements of
hree apartments each containing three bedrooms, and two offices
Fig. 3a–d). As a result, an extra floor was added, with the supporting
all maintained, as required by the regulations.
ction 1 and (c) elevation.

3.3. The proposed sustainable restoration model (Model C). Study
of materials and construction system: proposal for materials and
construction systems

As a contrast to Model B, we  developed our Model C as an alter-
native which not only aims to comply with building regulations but

also to preserve traditional construction systems and use of materi-
als, as well as applying techniques to make the building sustainable
and eco-efficient. With this in mind, we  examined building mate-
rials taking into account seven sustainability parameters, such as
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Table  2
Model A in accordance with standard (LIDER results).
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Table 6
Model A energy qualification values obtained from CALENER VYP.
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hether they are recycled, recyclable, reused, their impact on pro-
uction and transport, solid waste generation during construction
nd building lifespan (Table 1).

Our project also includes new systems for sustainable insula-
ion and use of rain water, and a study of sunlight exposure and
entilation, etc., to minimize the building’s energy consumption.

The study makes the following proposals (Fig. 4):

 Demolition: In model C, demolition is limited to some bracing
walls. As a result, demolition is reduced from 71% in Model B to
12% in Model C, meaning a 59% saving in waste, labour, budgetary
and environmental costs.

 Foundations: Model C proposes a ventilated floor structure set on

the concrete slab foundation based on recycled PVC panels. This
will eliminate the rising damp at the base of the old brick walls by
means of a cross-ventilation system which will be wind-powered
via shafts on the roof.

able 3
odel A, compliance with CTE-DB-HE 1 requirements in U-values (climatic zone, B4).

Umax (W/(m2 K)
CTE-DB-HE 1 (c

Supporting exterior walls made of solid bricks 1.07
Supporting exterior walls made of 24 cm bricks 1.07 

Dividing walls made of solid bricks 1.07 

Flat  roof 0.59 

Pitched roof 0.59 

First  metre of ground floor less than 0.50 m deep 1.07 

Interior  horizontal partition in contact with a uninhabitable room 1.07 

Glass  5.70
Frames 5.70 

able 4
odel A locations with higher heating demand.

Ref. % higher than
reference U-value

Location 

P01-E01 108.2 Back patio enlargement 

P01-E03  96.1 Room between fourth and
P02-E01 183.8 Back room enlargement 

P02-E02  186.2 Room between fourth and
P02-E03 187.6 Room between fourth and
P02-E06 112.6 Room between second an
P03-E01  173.8 Tower 

able 5
odel A locations with higher cooling demand.

Ref. % higher than
reference U-value

Location 

P01-E08 206 Room between second and third su
P01-E010 193 Hall 

P02-E01  159.1 Back patio enlargement 

P02-E04 160.5 Room between second and third su
P02-E06 293.7 Room between second and third su
P03-E01 160.4 Tower 
- Frameworks: the floor structure is to be made of wood set on
wooden beams with wooden grooved and tongued boarding and
interior rigidizer squares and holes filled with recycled wood
fibres, which make an ideal acoustic and thermal insulation.

- Building envelope: The existing woodwork should be preserved

after treatment.

Materials that are expensive to produce like steel, reinforced
concrete and glass are replaced by cheaper alternatives. Steel is

)
limatic zone B4)

U obtained
(W/(m2 K))

Conclusions

1.28–1.47 Ok as from 70 to 75 cm thickness
1.76 Extra insulation needed
2.34 Extra insulation needed
2.16 Extra insulation needed
0.59 Ok
2.27 Extra insulation needed
– –
2.60 Ok
2.60 Ok

Cause

Insufficient insulation
 fifth supporting walls, next to the patio Lack of direct sunlight

Insufficient insulation
 fifth supporting walls Lack of direct sunlight
 fifth supporting walls Lack of direct sunlight
d third supporting walls, next to the patio Insufficient insulation

Insufficient insulation

Cause

pporting walls, next to the patio Insufficient insulation
Inadequate insulation and facing east
Insufficient insulation

pporting walls, next to the patio Insufficient insulation
pporting walls, next to the patio Insufficient insulation

Insufficient insulation
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Table 7
Model B compliance with CTE-DB-HE 1 requirements in U-values (climatic zone B4).

Element Umax (W/(m2 K))
CTE-DB-HE 1 (climatic zone B4)

U obtained
(W/(m2 K))

Conclusions

Exterior walls made of two rows of bricks and insulating material between
them

1.07 0.66 Ok

Supporting exterior walls conserved, made of solid bricks 1.07 1.28–1.47 Ok above 70–75 cm thickness
Dividing walls made of perforated bricks and inner coating 1.07 2.35 Extra insulation needed
Flat  roof O.59 0.30 Ok
Pitched roof 0.59 0.91 Extra insulation needed
First  metre of the ground floor less than 0.50 m deep (concrete slab and wood

or  marble coating floor)
1.07 1.45 wood

2.06 marble
Extra insulation needed

Partition wall in contact with an uninhabitable room (brick wall 11.5 cm wide
and coating)

1.07 1.96 Extra insulation needed

Interior floor structure in contact with a uninhabitable room (one-directional
roof structure, ceiling and wood floor)

1.07 1.04 Ok

Double glass (4-6-4) 5.70 3.00 Ok
Frames 5.70

Table 8
Model B in accordance with standard (LIDER results).

Table 9
Model B locations with higher heating demand.

Ref. % higher than
reference U-value

Location Cause

P02-E06 101.2 Right-side
apartment at the
bottom of the
building

Insufficient
insulation in
partition wall, and
contact with
unused covered,
ventilated patio

s
f

c
u
t
a

T
M

emissions arising from heating, cooling and water usage.

Table 11
Model B energy qualification values obtained from CALENER VYP.
P02-E01 98.3 First supporting
wall on first floor

Lack of insulation
in the roof

ubstituted for aluminium and recycled copper when not required
or the support structure.

This project is also innovative in its use of the rear patio for
ollecting rain water for reuse within the building. The water flows

nder the raised pavement to an underground tank. The design of
he roofs on the fourth and fifth supporting walls has also been
ltered to act as cisterns.

able 10
odel B locations with higher cooling demand.

Ref. % higher than
reference U-value

Location Cause

P02-E01 105.3 First supporting
wall on first floor

Lack of insulation
in roof, west facing

P02-E06 114.9 Right-side
apartment at the
bottom of the
building

Insufficient
insulation in
partition wall, and
contact with
unused covered,
ventilated patio
 5.70
aluminium
2.00 wood

Ok

The Model C design includes the developer’s three individual
properties and two  offices to dimensions very similar to those actu-
ally built (Fig. 5a–c).

4. Results

In order to evaluate the construction solutions of Models B and
C, and the energy efficiency proposals put forward in this study,
we analysed all three models (Model A – the original building;
Model B – the building materials and systems used in the inter-
vention; Model C – the alternative proposed by this research)
according to the CTE-HE-1 [13] state regulation, with the use of
official computer applications such as LIDER [14] and CALENER VYP
[15].

The analysis was carried out in two phases:

- Analysis of cooling and heating requirements based on a building
model of similar characteristics provided by LIDER, which is also
adjusted to the planning regulations in force.

- Analysis, using CALENER VYP, of the building’s energy qualifica-
tion as provided by the kg CO2/m2 indicator. This quantifies CO2
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Table  12
Model C compliance with CTE-DB-HE 1 requirements in U-values (climatic zone B4).

Location Umax (W/(m2 K))
CTE-DB-HE 1 (climatic zone B4)

U obtained
(W/(m2 K))

Conclusions

Exterior walls (bordering the patio) made of two rows of bricks and insulating
cork between them

1.07 0.94 Ok

Exterior walls made of two rows of bricks, insulating cork between them and a
plaster panel as inner coating

1.07 0.49 Ok

Supporting exterior walls conserved, made of solid bricks and cork added 1.07 0.70 Ok
Dividing walls made of perforated bricks and cork insulation 1.07 0.99 Ok
Flat  roof (concrete with wood aggregates and recycled cotton for insulation.

Floor structure: oriented strand board)
0.59 0.20 Ok

First  metre of the ground floor less than 0.50 m deep (floor structure with XPS
insulation)

1.07 0.80 Ok

Partition wall in contact with an uninhabitable room (plaster panel and
recycled cotton for insulation)

1.07 0.56 Ok

Interior floor structure in contact with a uninhabitable room (oriented strand
board and recycled cotton for insulation, plaster ceiling and expand cork
floor)

1.07 0.27 Ok

Double glass (4-12-6) 5.70 1.60 Ok
Frames 5.70 3.20 aluminium

2.20 wood
Ok

Table 13
Model C in accordance with standard (LIDER results).
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Table 15
Model C locations with higher cooling demand.

Ref. % higher than
reference U-value

Location Cause

P02-E02 115.2 Kitchen between
the facade and the
following
supporting wall on
the first floor

Due to numerous
windows

P02-E05 113.5 Living room of the
left-side apartment
at the bottom of
the building on the
first floor

Due to contact with
the two patios

P02-E06 108.2 Living room of the
left-side apartment
at the bottom of
the building on the
first floor

Due to contact with
the two patios

P04-E01 121.5 Headframe
left-side apartment
on the second floor

Because all the
elements that
border it belong to
the building
envelope
.1. Energy analysis: Model A

The energy requirements of Model A sometimes score higher
han those of the reference building, specifically 10.1% higher for
eating and 27.8% for cooling (Table 2).

A more detailed analysis of the transmittance values (U-values)

hows that very few elements in the envelope satisfy the CTE-DB-
E 1 regulations (Table 3). The wooden roof of the first supporting
alls scores best in terms of transmittance as a result of the thermal

able 14
odel C locations with higher heating demand.

Ref. % higher than
reference U-value

Location Cause

P03-E01 65.7 Right-side apartment
at the bottom of the
building on the
second floor

Due to big roof area
and walls facing
north

P03-E02 71.0 Left-side apartment
at the bottom of the
building on the
second floor

Due to big roof area
and walls facing
north

P04-E02 72.8 Tower right
apartment on the
second floor

Because all the
elements that border
it belong to the
building envelope

P01-E02 60.1 Between the facade
and the following
supporting wall

Due to being on the
ground floor, contact
with an
uninhabitable patio
and lack of direct
sunlight

Table 16
Model C energy qualification values obtained from CALENER VYP.
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Table 17
Comparison of CO2 emission evolution in the reference building and each case analysed.
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esistance from the partially ventilated air shaft which is the space
nder the roof.

An analysis of the different parts of the building revealed that
he biggest heat loss in winter was in the supporting walls at the
ottom of the property (Tables 4 and 5). Here extensions have been
uilt due to clogging in the patios, which are insufficiently insu-

ated and reduce exposure to sunlight. The biggest heat gains in
ummer were recorded in the patio of the second supporting wall.
his is covered by a glass roof with very little heat resistance, so it
ecomes a semi-outdoor space with almost no ventilation, creating

 kind of greenhouse effect due to the direct capture of sunlight via
onvection.

For energy classification, Model A is a type E with a kg CO2/m2

ndicator of 36.9 against 29.4 for the reference building (Table 6).

.2. Energy analysis: Model B

The energy analysis of Model B reveals that there are elements
hich do not comply with DB-HE-1 requirements regarding the

uilding envelope (Table 7).
Despite some of the elements of the building envelope falling

hort of insulation standards, Model B global energy demand is in
ine with CTE limits, with 25% less heating and 14.5% less cool-
ng required than in Model A, which were 10.1% and 27.8% higher
espectively (Table 8).

The areas with greatest energy demand both in terms of heat loss
nd heat gain are found in the apartment built on the first support-
ng wall on the first floor, and in rooms at the bottom of the building
ivided by partition walls. This is due to insufficient insulation of
ome elements that form part of their envelope (Tables 9 and 10).

Model B’s energy classification is type D, with a kg CO2/m2 indi-
ator of 26.2, 14.9% less than the reference building’s value. Model
’s energy requirements were greater than the reference build-

ng’s, which scored a type E. We  observe that this parameter is
ignificantly improved (Table 11).

Model B is very similar to the original building. In fact, it only
iffers in better cooling due to greater insulation of the thermal
nvelope. The compactness of the building in its original state and
fter restoration are similar as a result of urban planning require-
ents that oblige volume and free spaces to be retained in similar

ashion to the original configuration of the building.

.3. Energy study: Model C
The final part of this research looks at the proposed sustainable
uilding Model C and its energy values.

The analysis of the thermal envelope shows that Model C easily
omplies with all the transmittance stipulations in the CTE-DB-HE 1
INABLE 

N PROPOSE D

Technical Building Code for energy requirements (Table 12), unlike
the two other models.

Furthermore, Model C’s global energy demand is also within CTE
limits. Heating demand is only 48.8% of the reference building’s, as
opposed to 110.1% in Model A and 75% in Model B. The demand
for refrigeration is 91.6% for the reference building, compared to
127.8% for Model A and 85.3% for Model B (Table 13).

The analysis of energy demands shows that the greatest demand
for both heating and cooling is in those rooms whose walls and roofs
form part of the building envelope. The demand for heating is not
related to insufficient or lack of insulation (as in Models A and B) but
due to orientation and subsequent lack of direct sunlight (Table 14).

The areas requiring most cooling are in rooms where the adjoin-
ing building is broadest and where the windows are exposed to
greater sunlight. Demand for cooling is also high in a non-ventilated
covered patio on the second supporting wall due to heat gain by
thermal capture and convection that cause a kind of greenhouse
effect. This is unavoidable because this kind of glass roof is under
heritage protection and cannot be altered (Table 15).

The energy efficiency study classifies this building as a type D
with a kg CO2/m2 indicator of 17.8, 28.8% lower than that of the
reference building (Table 16).

The graph below shows the evolution of CO2 emissions in the
three models (Table 17). The Model C design yields a reduction of
51.7% compared to Model A and 32% to Model B.

5. Conclusions

We  have carried out an analysis of the energy cost of two  dif-
ferent projects for the restoration of a residential building, and the
conclusions are:

• The sustainable restoration project proposed is significantly bet-
ter in terms of heat loss in winter and cooling in summer.

• The passive solutions in this proposal such as a good design for the
building envelope, suitable positioning of the windows, a good
orientation plan and ventilation system, can all help to balance
the energy demand throughout the year. This energy efficient
design can reduce CO2 emissions by more than 50% during the
useful life of the building compared to the original structure and
is 30% more efficient than the restoration achieved in Model B.

• A quantitative study was  not carried out, but the use of recycled
materials or materials with a lower energy production cost can
cut energy costs during construction when compared to projects

that are not eco-efficient.

Apart from the advantages gained from sustainability and eco-
efficiency, this type of project also contributes to the restoration
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