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ABSTRACT: The efficient buildings construction has increased worldwide with the professional actors higher concern  

in the sense of ecological emergency including the possibility of new forms of design, materials and technologies and 

an insightful and thorough perception buildings’  total cost, for owners and users/society. 

The process of "green" construction requires a focus on the conventional processes of construction, on the 

surrounding environment and on the community itself, not as separate parts but as integrated into a single system that 

exists in simultaneous with the ecology and local cultures. 

This work falls within the scope of sustainability in the construction sector focusing on technical specifications of 

materials and constructive solutions under environmental concerns, based on the needs of built heritage 

rehabilitation. 

These concepts applied to the built heritage allow going towards the self-sufficient buildings which have intrinsic 

concerns of natural resources conservation, the decrease of fossil fuels consumption, the greenhouse gases lower 

release and the energy bill decrease. It was studied the feasibility of solutions of exterior walls to be implemented in  

sustainable rehabilitation of buildings, using the methodology MARS-SC as an analysis tool for environmental and 

economic sustainability, as well as functional parameters required to these solutions. 

The results obtained for the studied solutions depict that one of them presents a higher “sustainable rating" that 

translates its best environmental, functional and economical performance. 

Keywords: rehabilitation, constructive solutions, external walls, sustainability. 

 

 

INTRODUCTION 

“The challenge of the twenty-first century requires 

making a transition to a new order of things that can be 

sustained within the limits of natural systems. This will 

require rethinking old and threadbare assumptions about 

economics, governance, ethics, and security as parts of a 

revolution in how humankind is provisioned with food, 

energy, water, minerals, and shelter. But the transition to 

something far better that what is now in prospect is not a 

technological problem as much as it is a matter of politics 

and leadership” (David Orr in [1]). 

The notorious population growth registered since the 

second half of the 20
th

 century leads to greater 

consumption of natural resources, especially in human 

activities such as the construction industry accompanying 

that growth, resulting in proportional environmental 

impacts. Parallel to the resources consumption, the 

construction industry enhances the occupation and land 

use, the large scale production of waste, as well as the 

disturbance of natural ecosystems. Thus, the construction 

sector not only brings important economic and social 

effects as well as negative environmental impacts [2]. 

The built environment (artificial) is an integrated system 

into the environment (natural), and that translates into the 

infrastructure, buildings and other products resulting from 

the constructive activity. The sustainability of the 

artificial environment is only guaranteed through the  

 

integration of various resources from the environments, 

which are later returned. These interactions between the 

natural and built environments are called environmental 

impact [2], [3]. 

The construction of efficient buildings is increasing 

worldwide, raising awareness among the professional 

stakeholders to the sense of ecological emergency, to the 

possibility of new designs, materials and technologies and 

to an insightful and thorough awareness of the total cost 

of buildings, both for users and owners [1].  

The efforts made over recent decades towards self-

sufficiency, refunded the construction with natural 

materials, appropriate technologies, improved air quality 

and a better interaction and integration of the built 

environment with the natural environment, as well as the 

efficient use of resources. These specifications and 

requirements, together with public debates and 

conferences worldwide, have become the pillars of the 

development of sustainability evaluation and certification 

systems of the built environment such as LEED, 

BREEAM and the LiderA [4]. 

Sustainable construction is a recent concept, which 

increases the importance of all stakeholders’ guidance in 

the project for issues relating to resource efficiency, 

certification, and health building, among others. The aim 

of this study is to evaluate the sustainability of a set of 
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solutions for external walls applicable either to 

rehabilitation or construction of new buildings. 

 

 

MATERIALS, ENERGY AND ECOLOGICAL 

IMPACT 

One way to optimize the sustainability and quality of the 

construction industry products and processes, is the 

research and development of recyclable innovative 

materials and the incorporation of waste from other 

industries as building materials [5], hence it is required  a 

change in construction techniques in order to meet the 

requirements of sustainable construction. The current 

commitment towards eco-efficient building solutions 

combines the best of conventional construction methods 

with the emerging efficient approach, using sustainable 

building techniques that safeguard an effective response 

to the question of environmental impact and resource 

consumption. To do so, it is taken into account the life 

cycle of the building and its components, also based on 

renewable resources for energy systems, water reuse and 

materials recycling, as well as passive systems for 

heating, cooling and ventilation [1]. 

The process of reuse and recycling of existing materials 

as opposed to the application of new, lead to the effective 

conservation of natural resources by reducing the 

embodied energy as well as bringing tangible economic 

benefits. However, these processes are associated with 

inevitable technical issues related to the specification, 

location and acquisition of materials. In this context, life 

cycle analysis (LCA) of materials and processes are 

particularly relevant [7, 6]. The life cycle of a product 

includes the extraction, application, use and maintenance, 

repair and renovation, demolition, recycling and/or 

disposal. Thus, the project team is responsible to achieve 

a strategic line in the selection of materials, evaluating the 

implications of [3, 6]: embodied energy in the material; 

risk of environmental impact - toxicity to humans and 

ecosystems; risk of resource depletion; potential for 

recycling and ecological reuse or reintegration; economic 

costs. The embodied energy of a building material can be 

taken as the total energy consumption over its life cycle. 

This cycle is characterized by inputs from the intrinsic 

process of extraction of raw materials until the end of 

products lifetime, known as Cradle-to-Grave cycle [8]. It 

is estimated that about 80% of the embodied energy of a 

product corresponds to the Primary Energy Consumption 

(PEC), comprising all the energy consumed during the 

production of materials, including energy consumption 

for the extraction of raw materials, transportation, 

processing and transformation. It has become common 

practice this form of specifying materials embodied 

energy, also called Cradle-to-Gate cycle. The remaining 

20% are related to the energy consumed until the material 

is ready for use, preserved until its demolition (including 

the transport of material to the site, the construction stage 

and any maintenance phases, rehabilitation or demolition) 

that designate the Cradle-to-Site cycle [3, 8]. 

Having regard to the issue of energy consumption 

associated to building materials, for an appropriate 

selection of materials towards environmental 

sustainability, stresses the preference for local products 

(which provide lower cost and embodied energy due to 

transport), the use of materials of great durability, and the 

use of materials/construction systems of low mass 

enhancing the "lightweight construction" (in general, the 

smaller the mass of a building, the lower the embodied 

energy) [3]. 

In accordance with the durability of each material, it is 

important to note that the selection of a material with a 

higher amount of embodied energy may be considered, 

however, more advantageous, since its life cycle is wider 

(greater environmental cost in terms of energy will be 

amortized over a greater number of years of use and 

performance). Also from this perspective it is important 

to understand the passive behavior of buildings. So, the 

selection of a material with low embodied energy but 

with poor thermal behavior could compromise the 

sustainability of the project requiring higher energy 

consumption for heating and cooling the indoor of the 

building [3]. 

Carbon dioxide (CO2) is considered to be one of the most 

responsible greenhouse gases in climate changes. Its 

production/release is associated with fossil fuel 

combustion in some processes of building materials 

production. Thus, the ecological impact incorporated in 

the material is usually associated with carbon dioxide 

emissions; despite other impacts occur such as 

contamination of water, depletion of natural resources 

and energy costs in transport. The quantification of these 

emissions, measured in equivalent of grams of CO2 per 

kilogram of material, is translated into an indicator called 

Global Warming Potential - GWP [3]. 

These two aggressive environmental factors that 

incorporate materials have been studied – materials life 

cycle assessments - in numerous publications such as the 

Inventory of Carbon and Energy, developed and 

published by the University of Bath in 2007 [8].  

 
 

SUSTAINABLE BUILDINGS: CERTIFICATION 

METHODS  

Methods, systems and protocols for environmental 

assessment and certification have emerged in many 

countries, contributing qualitatively and quantitatively in 

the parameterization of the environmental impacts of 

products, construction processes and the built 

environment as a whole [9, 6]. 
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The existing methodologies based its evaluation on a 

series of representative indicators and parameters in 

accordance with the objectives pursued. An indicator 

allows a solution behavior evaluation comparing to one or 

more objectives of sustainable development. A parameter 

is a measurable or observable property that provides 

information about a phenomenon, environment or area. 

The main limitations of the construction industry to 

assess the sustainability of the products stand out as [3]: 

- Heterogeneity of the final product: it has different actors 

at different stages of life-cycle, its durability is very 

variable and the performance of their products strongly 

depends on its users; 

- Weight variability, quantification and qualification of 

indicators and parameters: varies with the political, 

technological, cultural, social and economic national 

context; the disparity of indicators and parameters values 

and the evaluation asymmetry of its weight makes it 

difficult to compare and analyze the results. 

The assessment, since it seeks to comply with legal 

requirements and meet their minimum requirements and 

different criteria adopted, may be made locally, 

regionally, nationally or even globally. However, due to 

the limitations described there is not a methodology 

internationally accepted so the majority has to be national 

or regional [1, 3]. 

Due to its high importance there is a higher incidence in 

the development of research and evaluation of buildings 

sustainability, respecting different scales of analysis: 

materials, products and building elements, independent 

rooms, buildings and construction sites. There are three 

types of methodologies [3]:  software to support design; 

LCA systems; assessment and certification systems. 

These systems on buildings environmental certification 

and evaluation were essentially created with the purpose 

of promoting eco-efficient buildings. Some, such as 

LEED, stimulate market demand for sustainable 

construction. A building with good results in its 

evaluation will enhance its value in the market by its 

lower cost of operation and maintenance and indoor air 

quality [1]. Some of these tools are applied to buildings 

(GBtool / SBtool, BREEM, LEED, HQE, GBC, 

NABERS, CASBEE, LiderA (Portuguese tool), and 

others to materials (ATHENA, ECO-QUANTUM, BEES, 

LISA, SimaPro). The sustainability of constructive 

solutions is one of the parameters considered in rating the 

overall sustainability of buildings, assuming its 

integration on databases or prior knowledge of each 

solution characteristics. Due to the specificity of the 

construction solutions, the application of these rating 

systems is not always possible in countries other than the 

original one [3]. 

The rating systems mentioned above aiming to assess the 

environmental performance of buildings in a global 

perspective, with areas ranging from energy to indoor air 

quality, encompassing the sustainability of construction 

solutions. However, the application of these systems, 

especially LEED, BREEAM and SBTool, requires the 

use of constructive solutions contained in their databases, 

according to the reality of the country were have been 

developed [3]. 

 

 

RELATIVE SUSTAINABLE ASSESSMENT 

METHODOLOGY – MARS-SC 

From the need to adapt these systems to constructive 

solutions in Portugal arises the MARS-SC - Relative 

Sustainable Assessment Methodology of Constructive 

Solutions, developed and validated through its application 

to conventional and unconventional solutions in the 

Portuguese construction. Sustainability is then evaluated 

by comparing the performance of the considered solution 

with the performance of other solutions potentially 

applied. The results obtained can be used in assessment 

systems on overall sustainability of buildings and/or serve 

as a basis for decision-makers involved in the preliminary 

stages of construction, in order to select more 

environmental friendly solutions [3]. The methodology is 

based on the analysis of the solutions performance 

according on three indicators: environmental, functional 

and economic. The tool is developed by the following 

steps: definition and measurement of parameters, 

standardization of parameters, aggregation of the 

parameters and the determination of its “sustainable rate” 

together with the solution’s sustainable profile [3]. 

 

 

EXTERNAL WALLS  

Together with the roofs and exterior flooring, the main 

function of the external walls is to establish a barrier 

between the indoor and outdoor environment, raising 

issues related to its stability, durability and sealing 

weather - wind, rain, solar radiation, heat, noise, fire and 

biological agents [3]. In general, depending on the 

objectives of each project and because the exterior walls 

represent the largest area of the conventional buildings 

external envelope, is given greater emphasis to the 

buildings vertical external envelope, since it is where 

occurs the majority of heat exchanges. Thus, the thermal 

behavior of its constructive solutions should be carefully 

study essentially for the reduction of energy consumption 

and for the improvement of the internal comfort [3]. 

The issues of environmental aggression by building 

materials through their PEC and GWP are relevant in the 

building envelope, by which should be suggested 

elements considered inert, mainly stone and ceramic. 

Considering the wide variety of existing materials, it is 

important to use those representing smaller environmental 
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costs and meeting the functional requirements in a 

passive way [10]. 

In the Portuguese conventional construction - double wall 

with air cavity and insulation in it – the thermal insulation 

virtually divides the wall into two parts, one adjacent to 

the exterior of the building, with greater weight and 

therefore more energy storage capacity, and the inner wall 

with little ability to store energy. For an optimization of 

energy storage was a key evolution of this design 

element, installing greater weight to the interior panel – 

contacting directly with the internal environment - and 

embodying thermal insulation on the outer skin, 

preventing energy losses from the inside. The 

conventional thermal exterior insulation systems applied 

in Portugal can be divided in a simplified form in two 

types: composite cladding systems on thermal insulation 

(ETICS - External Thermal Insulation Composite 

Systems) and ventilated facade systems [10, 11]. 

Based on the regulatory specifications related to the 

thermal comfort levels, to meet the requirements of 

thermal bridges and of thermal linear bridges, progressive 

changes have been made in the solutions adopted in the 

design of buildings external walls, such as [11]: 

- Adaptations to the traditional constructive solution of 

double-wall masonry; 

- Greater dissemination of constructive solutions based on 

ETICS (with predominant use in rehabilitation 

interventions) and ventilated facades; 

- Increased use of thermal insulation solutions on inner 

walls, with panels of gypsum or wood-based boards, 

associated with a thermal insulator; 

- Increased use/development of solutions for simple walls 

with insulation: ceramic blocks with higher perforation 

and thickness, light concrete and even a possible return to 

the expressive use of autoclaved aerated concrete blocks. 

 

 

SUSTAINABLE ASSESSMENT OF EXTERNAL 

WALLS – MARS-SC 

Taking as reference solutions the two most common types 

of external walls in the Portuguese construction, through 

the application of the MARS-SC, solutions of external 

walls aiming to obtain one which comparatively achieve 

better results from the compromise between two 

environmental parameters, three functional parameters, 

and one economic parameter were evaluated (Table 1). 

In terms of environmental performance is intended that 

the best solution incorporates the least amount of energy 

(PEC) and release the smallest amount of dioxide carbon, 

contributing less to global warming (GWP) [3]. For the 

quantification of these two parameters were adopted the 

values listed in a database developed by the Department 

of Mechanical Engineering of the University of Bath in 

UK, which reflects the energy and carbon embodied in 

building materials [8]. 

To quantify the solutions functional performance were 

analyzed and contemplated the wall thickness, the U-

value and the rate of sound insulation to sounds by air 

conduction (DnT), according to the Portuguese legal 

requirements [12, 13, 14]. 

In order to avoid the scale effects on the aggregation of 

parameters, the data were standardized (1), limiting them 

from 0 (worst value) and 1 (best value) making them 

dimensionless and allowing a better readability of 

graphical presentation of the radar type: 
 

      
     

 

  
     

             (1) 

 

From the formula (1) results the standard value     , by 

the interaction between the value of the parameter    , 

over the best and the worst values,   
      

  respectively.  

The economic factor was determined by a single 

parameter set by the composition of prices per square 

meter of the solutions’ constituent elements. 
 

 

Table 1: Parameters and indicators weight of the materials’ 

sustainable assessment.  

 
 
 

CAVITY WALL SOLUTIONS 

One of the two solutions taken as walls construction 

solutions reference (Figure 1) is based on an outer panel 

on brickwork with 15cm and an inner panel of the same 

material but with lower thickness (11cm). Between them 

an extruded polystyrene (XPS) insulation (3cm) partially 

fills the cavity of 7cm. The outer and the inner surfaces 

are plastered with 1.5cm of lime mortar. 
 
 

Parameter Indicator Weight  
(%) 

Weight 

PEC 70.0 

 GWP 30.0 

Aerial sound  
insulation 

33.3 

Wall thickness 33.3 

Thermal  
insulation 

33.3 

Economy Construction  
cost 

100.0 
0.3 

Environment 

Functionality 

0.3 

0.4 
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Figure 1 – Conventional cavity wall solution as reference 

(Aref). 

 

 

With the morphology of the previous solution, the second 

solution of this case study (Figure 2) presents larger 

environmental concerns in which the traditional XPS 

insulation was replaced by an agglomerated cork panel.  

The solution A2 (Figure 3), maintains the structure of the 

inner panel of the previous solutions, but the outer panel 

is composed by ceramic solid bricks with 7cm that close 

an air cavity with 8cm  partially filled with 5cm of hemp 

panels.  
 
 

 
Figure 2 – Cavity wall with agglomerated cork panels as 

insulation (A1). 

 

 
Figure 3 – Cavity wall with hemp panels as insulation (A2). 

 
 

The fourth solution (Figure 4), as the previous solution, 

has an outer panel of solid ceramic brick with 7cm that 

also combines the functionality of coating; the inner panel 

comprises autoclaved aerated concrete blocks with 20cm 

covered with 1cm of laminated plasterboard by the 

internal surface. The air cavity has 4cm thick completely 

filled with thermal and acoustic insulation of expanded 

clay aggregate.  
 
 

 
Figure 4 – Cavity wall with expanded clay aggregate as 

insulation (A3). 

 
 

SINGLE SKIN WALL SOLUTIONS WITH 

INSULATION BY THE OUTER SURFACE 

The solution taken as reference for the construction of 

simple walls with external insulation (Figure 5) is 

composed by concrete as support structure with 20cm 

thick where the lime plaster mortar is used by the external 

surface for fixing and cladding the panels of expanded 

polystyrene (EPS) with 6cm thick; the lime plaster mortar 

comprises 2 layers with 1cm each interspersed with a 

knitted fiberglass for reinforcing it.  
 
 

 
Figure 5 – Conventional single skin wall with ETICS solution as 

reference (Bref). 

 
 

The thermal characteristics of the vertically drilled 

ceramic bricks  of the solution B1 (Figure 6) allows the 

use of smaller thickness of insulation to achieve the U-

value required for external walls, so, in this situation is  

sufficient  an insulation of cellular glass panels with 2cm 

thick, complemented with a cladding similar to the 

adopted in the  Bref solution.  
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Figure 6 – Single skin wall with ETICS with cellular glass 

panels as insulation (B1). 

 
 

To adopt the adobe structure that characterizes many 

ancient buildings, in a rehabilitation perspective, the 

solution B2 depicted in Figure 7 combines the adobe 

blocks with 20cm clad with lime mortar in the internal 

face and mineral wool panels (6cm) mechanically fixed in 

the outer surface of the simple wall. In this ventilated 

façade solution was adopted as external coating thick 

panels of natural stone with 4cm that bind to the wall 

through stainless anchors and special steel supports.  
 

 
Figure 7 – Single skin wall with ETICS with mineral wood 

panels as insulation (B2). 

 
 

A second solution of ventilated facade (Figure 8) is 

characterized by vertically drilled brickwork with 24cm 

of thickness and gypsum plaster with 1.5cm as cladding 

in the inner surface. Because it is weather resistant and 

therefore suitable for ventilated facade solutions were 

adopted panels of agglomerated cork with 2cm as 

insulation. The structure is protected by large extruded 

ceramic panels anchored by a system on aluminum 

profiles, clamps and screws made of stainless steel.  
 

 
Figure 8 – Single skin wall with ETICS with a panel of cork as 

insulation (B3). 

 
 

The results obtained are depicted in Table 2 and 3. From 

the standardization of the parameters shown in Table 2 

obtained from equation (1) are attained the comparative 

graphics of the different constructive solutions relatively 

to the reference wall adopted (Figure 9, Figure 10). The   

quantitative and graphical analysis of the applied 

methodology of the presented solutions highlights the A2 

solution whose high "sustainable rate" translates the best 

environmental, functional and economical performance, 

compared to the other solutions. The B1 solution presents 

a better balance between the three indicators under study 

being the second best solution with a sustainable rate of 

0.59. The technology of this solution allows not only the 

generalized thermal bridges correction through the 

continuous external insulation, but also the availability of 

the total mass of the wall to the thermal inertia which 

influences a greater contribution in the energy gain, 

impossible of being translated in the measurement of the 

environmental, functional and economical indicators. 
 
 
Table 2: Parameters partial results for each wall constructive 

solution.  

 
 
 

 

 

 

 

 

 

 

Wall 

constructive 

solution

Mass  

(kg/m
2
)

PEC  

(MJ/m
2
)

GWP  

(kgCO2/m
2
)

DnT    

(dB)

WT    

(m)

U-value 

(W/m
2
·ºC)

CC  

(€/m
2
)

 Aref 332.00 884.80 67.15 48 0.36 0.54 80.31

 A1 335.00 795.28 64.95 48 0.36 0.56 78.68

 A2 310.40 796.45 62.68 47 0.28 0.51 77.40

 A3 309.80 1058.49 92.56 49 0.32 0.52 74.67

 Bref 577.08 1305.93 135.86 55 0.30 0.55 155.41

 B1 269.80 781.46 53.59 49 0.30 0.50 122.80

 B2 496.00 348.60 37.49 52 0.35 0.55 161.50

B3 274.00 878.98 62.98 50 0.32 0.51 164.99
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Table 3: Values of indicators and sustainability rate 

 
 

 
Figure 9 – Graphical comparison (radar chart type) of double 

wall solutions. 

 

 
Figure 10 – Graphical comparison (radar chart type) of simple 

wall solutions. 

 

 

CONCLUSION 

The solutions definition presented were limited to 

technical data sheets provided by companies or by the 

direct contact made with them about specific products. 

Data of PEC or GWP were obtained from the Inventory 

of Carbon and Energy of the University of Bath [8], and 

materials physical characteristics, as thermal conductivity 

and density, were obtained from Portuguese technical 

specifications [14]. 

With the purpose of region resources favoring a strong 

focus on ceramic products was made up, whether for 

masonry walls or covering elements. However, other 

support materials like stone walls, or concrete bricks with 

incorporated aggregates from others industries or from 

construction and demolition waste, could be considered to 

obtain solutions with less embodied energy while making 

it more difficult to quantify. 

All the ceramic materials used in the solutions adopted 

were considered as “simple baked products” according to 

the University of Bath database. This lead to a PEC and 

to a GWP different from the real values because these 

ones are  influenced to each material by each specific 

composition and morphology that directly influence its 

manufacturing process and the PEC and GWP values.  

The thermal insulation material thickness was adopted to 

comply with the Portuguese legal thermal specifications. 

In the “construction cost by square meter” valued for 

each solution was only considered the direct costs.  

From the quantitative and graphic analysis of the applied 

methodologies A2 shows a higher sustainable evaluation 

that lead to a higher environmental, functional and 

economic performance comparatively to the other 

constructive solutions analyzed. The B1 solution presents 

a better balance among the three indicators in study 

getting the second position with a sustainable rate of 0.59. 

This constructive solution permits the broad thermal 

bridges correction through the continuous external 

insulation and contributes to a higher inertia that lead to 

better energetic gains impossible to be quantified in the 

environmental, functional and economic indicators. The 

homogeneity of the aerial sound insulation (DnT) and of 

the U-value registered in the analyzed solutions aim to 

comply with the Portuguese regulations, but have direct 

influence in the thickness and in the wall mass, that are 

important aspects to be solved as in a new construction as 

in a building rehabilitation. The solutions A2, A3, B1 e 

B3 highlight by its thin sections and lower weight 

ensuring the thermal and sound insulation requirements.  

Comparing the solutions costs the B walls present almost 

the double costs of the A walls as depicts in Table 2. In 

spite of this, B walls protect the insulating system and the 

support structure of the direct contact with the weather 

favoring the durability of materials, lower maintenance 

costs and also the reuse of the external covering and of 

the supporting structure in its end of life. The reuse of the 

facades materials in the building’s end life stands as an 

important aspect that was taken into consideration in the 

chosen solutions. Accordingly were also taken in account 

sustainable characteristics. 

This analysis is important to support the adoption of 

sustainable constructive solutions. 

 
 

Wall 

constructive 

solution

Environmental 

indicator

Functional 

indicator

Economic 

indicator
Sustainable rate

 Aref 0.52 0.14 0.94 0.49

 A1 0.59 0.04 0.96 0.48

 A2 0.60 0.60 0.97 0.71

 A3 0.31 0.46 1.00 0.58

 Bref 0.00 0.62 0.11 0.28

 B1 0.63 0.65 0.47 0.59

 B2 1.00 0.33 0.04 0.44

B3 0.53 0.53 0.00 0.37
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