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Abstract: Buildings are the largest energy consumers and greenhouse gases emitters, both 

in the developed and developing countries. In continental Europe, the energy use in 

buildings alone is responsible for up to 50% of carbon dioxide emission. Urgent changes 

are, therefore, required relating to energy saving, emissions control, production and 

application of materials, use of renewable resources, and to recycling and reuse of building 

materials. In addition, the development of new eco-friendly building materials and 

practices is of prime importance owing to the growing environmental concerns. This 

review reflects the key tendencies in the sector of sustainable building materials of a  

non-metallic nature that have occurred over the past decade or so. 
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1. Introduction  

 

Almost twenty years ago, following the publication of Brundtland’s report entitled ―Our Common 

Future‖ [1] and the 1992 Rio ―Earth Summit‖, the term sustainable development (SD) has gained great 

attention worldwide. This concept had been defined as the ―development that meets the needs of the 

present without compromising the ability of future generations to meet their own needs‖ [1]. SD was 

given a further prominence in the context of the 2002 World Summit on Sustainable Development held 

in Johannesburg. It became clear that the environment can no longer exist separately from the 

development of other associated sectors. The idea of SD involves enhancing the quality of life, thus 

allowing people to live in a healthy environment, with improved social, economic and environmental 
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conditions [2]. In recent years, climate change, air pollution, depletion of natural resources and 

biodiversity, waste generation, depletion and pollution of water resources and deterioration of the 

urban environment became global issues that require urgent actions to be taken. Climate change and 

global warming resulting from carbon dioxide (CO2) and other greenhouse gases (GHG) emissions 

pose a huge threat to human welfare. To contain that threat, the world needs to cut the emissions by 

about 50% below current levels by 2050 [3,4].  

A great quantity of CO2 is emitted to the atmosphere through the whole life-cycle of a building. 

This includes the production of building materials (BM), the construction of a building itself, the 

exploitation, renovation, possible rehabilitation and its final demolition [5]. Construction industry is 

intensively growing and actively developing worldwide. Only in Europe, construction is the largest 

industrial employer, accounting for 7% of total employment and 28% of industrial employment at least 

in fifteen EU countries [6]. On the other hand, this sector is responsible for such environmental 

burdens as high energy and water consumption, solid waste generation, global GHG emissions, 

external and internal pollution and depletion of natural resources. Annually, building construction in 

the world consumes: 25% of the global wood harvest; 40% of stone, sand and gravel; and 16% of 

water. It generates 50% of global output of GHG and agents of acid rains. Furthermore,  

almost 3 billion tons of raw materials are turned into foundations, walls, pipes and panels [7]. 

Generally, energy is used for the extraction, transportation, processing of the BM and assembling of 

the structures. The CO2 emissions are derived from the combustion of fossil fuels, the land-filling 

activities and the reactions taking place in the industrial processes [8]. Some authors estimate that 

almost 50% of total energy costs in the developed countries are a consequence of intensive 

construction and building practices [4,9,10]. To achieve the goals of SD in building construction, a 

combination of factors must be considered, such as energy saving methodologies and techniques  

(use of renewable energy resources), improved use of materials, their further reuse/recycle and  

emissions control.  

A sustainable building is designed, built, renovated, operated or reused in an ecological and 

resource efficient manner [7]. It has a minimal negative impact on built and natural environment. 

Sustainable building should meet a number of certain objectives: resource and energy efficiency; CO2 

and GHG emissions reduction; pollution prevention; mitigation of noise; improved indoor air quality; 

harmonization with the environment [11]. ―An ideal building would be inexpensive to build, last 

forever with modest maintenance, but return completely to the earth when abandoned‖ [12]. 

One of the most important components of a sustainable building is the material efficiency. Correct 

selection of BM can be performed by taking into account their complete life time (―from cradle to 

grave‖) and by choosing products with the minimal environmental impacts. For instance, González 

and Navarro estimated that the selection of BM with low environmental impacts can reduce CO2 

emissions by up to 30% [5]. The use of renewable and recycled sources is widely encouraged as the 

life-cycle of a building and its elements can be closed [13]. The other factors that greatly affect the 

selection of BM are their costs and social requirements such as thermal comfort, good mechanical 

properties (strength and durability), aesthetic characteristics and an ability to construct quickly. Ideally, 

the combination of all environmental, economic and social factors can give a clear description of a 

material, and thus helps in a decision making process regarding the selection of the materials suitable 

for buildings [14]. 
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The primary aim of this review is to analyze recent advances in the area of non-metallic BM and to 

outline future prospects and challenges.  

 

2. Sustainability Aspects of Building Materials 

 

To address the goals of SD the production of materials must use resources and energy from 

renewable sources instead of non-renewable ones. Sustainable BM are environmentally responsible 

because their impacts are considered over the complete life time of the products. Sustainable BM 

should pose no or very minimal environmental and human health risks [15]. They should also satisfy 

the following criteria: rational use of natural resources; energy efficiency; elimination or reduction of 

generated waste; low toxicity; water conservation; affordability. Sustainable BM can offer a set of 

specific benefits to the owner of a building such as reduced maintenance and replacement costs, energy 

conservation, improved occupant’s health and productivity, lower costs associated with changing 

space configurations, and greater flexibility in design [7].  

The major environmental burdens include embodied energy of BM and GHG emissions originated 

from each stage of their life-cycle. Embodied energy is defined as the amount of energy required to 

produce a material and supply it to the point of use. It is an important measure of the effectiveness  

of BM in the environmental terms [14]. Embodied energy consists of: energy required for the 

manufacturing of BM; energy associated with the transportation of raw materials to the factory and of 

the finished products to the consumer; energy needed for assembling various BM to form a  

building [16]. The results presented by Thormark indicate that embodied energy in traditional building 

can be reduced by approximately 10–15% through the proper selection of BM with low environmental 

impacts [17]. Although the values of embodied energy can vary widely (sometimes by as much  

as 100%, depending on the number of factors like country, manufacturing processes, recycling 

technologies, methodology of analysis, fuel costs and destination, etc.), they can be considered as 

reasonable indicators of an overall environmental impact of BM. Table 1 represents data for embodied 

energy and embodied carbon collected from UK and EU sources and worldwide averages of BM that 

were used in the UK (except for wood produced in Canada).  

In order for decision makers to select materials suitable for sustainable construction, the assessment 

of their environmental burdens is necessary. For instance, in the US (California) BM can be considered 

as sustainable after each material has gone through a three-stage process involving preliminary 

research, evaluation and selection. At first, the research is normally conducted by gathering technical 

information including material safety data sheets, data tests of indoor air quality, product warranties, 

source material characteristics, recycled content data, environmental statement, and durability 

information [7]. After that, further deeper research may be necessary on the issues like building codes, 

government regulations, building industry articles, etc. Secondly, BM must undergo evaluation, which 

involves confirmation of technical information gathered in the first stage. Life cycle assessment (LCA) 

is a well-established methodology for evaluating environmental impacts associated with the entire 

product life time [18]. Although rather simple in principle, LCA can be difficult and expensive [2]. 

The last step, the selection, often involves the use of tables and matrices to score the specific 

environmental criteria. The total score of each material will show the product with the best 
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environmental characteristics [7]. However, it is also important for sustainable development to 

consider social and economic factors as well.  

Table 1. Embodied energy and embodied carbon of common and alternative BM (taken from [15]). 

Type of Material (1 ton) 
Embodied Energy 

(MJ/ton) 

Embodied Carbon 

(kg of CO2/ton) 

Limestone 240 12 

Stone/gravel chipping 300 16 

Rammed earth 450 24 

Soil cement 850 140 

Concrete, unreinforced (strength 20 MPa) 990 134 

Concrete, steel reinforced 1,810 222 

Soft-wood lumber (large dimensions, green)* 1,971 101 

Soft-wood lumber (small dimensions, green)* 2,226 132 

Portland cement, containing 64–73% of slag 2,350 279 

Portland cement, containing 25–35% of  

fly ashes 

3,450 585 

Local granite 5,900 317 

Engineering brick 8,200 850 

Tile 9,000 430 

Soft-wood lumber* (small dimensions,  

kiln dried) 

9,193 174 

Steel, bar and rod 19,700 1,720 

Polypropylene, injection molding 115,100 3,900 

*Note: System boundary is cradle to average US site. 

 

LCA of BM includes an analysis of the following aspects: resource base; embodied pollution; 

impact during use; final disposal. Certain sources of raw materials are becoming exhausted; therefore, 

the use of remaining stocks should be treated with great caution. Most rare materials used in 

construction can be substituted by others, more abundant or renewable. Environment (natural habitat, 

flora, fauna and landscape), human health and well-being can be severely damaged by the extraction or 

harvesting of raw materials and by the production and distribution of BM that make up the whole 

supply chain of the construction industry. There may also be negative effects for the local communities 

associated with noise, dust, local transport problems or general disruption. Some extraction processes 

are inherently rational in terms of resources used, whereas others are extremely inefficient, leading to a 

significant amount of waste. Attention to this aspect has led to a new trend in manufacturing BM from 

the waste products of various origins [19]. For instance, utilization of waste products had been 

successfully implemented in countries like Holland and Japan, where ―construction industry 

practically lack raw materials‖ [20].  

Pollution, caused by the processes taking place during the production of BM, has a huge negative 

environmental impact as well. Highly processed components must be avoided in the future in favor of 

the less processed ones, which can serve the same purpose. Reduction of the pollution caused by the 

combustion of fossil fuels and cutting down the costs of energy required for manufacturing of BM are 

also the main challenges for the producers of highly energy intensive products, like concrete, bricks, 
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plastics and metals. For example, several British brick manufacturers partially use bio-gas as a fuel for 

the firing [19]. A wide range of traditional building products (wood treatments, foams, chipboards, 

vinyl flooring, paints and varnishes) contain compounds, which adversely affect the health of 

occupants of a building. Although some harmful substances are regulated by health and safety policies 

such as Control of Substances Hazardous to Health (COSHH), in reality great level of health risks 

comes from the unknown ―cocktail‖ effect of the many chemicals that are present in the buildings. 

Further detailed research is required to address these concerns and produce information on health risks 

associated with possible substances combinations [19]. The use of BM sourced locally can help lessen 

the environmental burdens. This would considerably cut transportation costs and provide support of 

the local economies. For instance, a good choice of material suitable for sustainable construction can 

be timber, available from a local source, used in untreated form and designed for long life. It is 

preferable to employ the vernacular traditions and skills, often connected with a particular regional 

material that is acceptable to local planning authorities. Also, it is quite important to take into account 

an inherent durability and quality of BM and increase them as much as possible. In addition, materials 

and components should have a good recycling potential [19].  

Glass et al. mentioned that the construction industry is quite conservative, and currently it is 

underperforming in addressing such issues as sustainability, low replacement rates, lack of innovation, 

inadequate level of skills and external factors (oil depletion, water pollution and globalization) [21]. 

According to recent European building regulations on energy efficiency and to the ―Code  

for Sustainable Homes‖, new standards are established in order to produce ―carbon neutral‖  

buildings [21,22]. In 2003 European Commission released the integrated product policy, aiming to 

identify within the construction sector products with the best environmental performance [23]. This 

policy takes into consideration the whole life-cycle of the product. There are three main phases in this 

approach: environmental impact of products; environmental improvement of products; policy 

implications. Eco-design and the environmental product declarations (EPD) are employed to 

implement the integrated product policy. Eco-design is a set of techniques that can design a product 

with low negative environmental impacts during its complete life-cycle. EPD is a communication tool 

providing customers and international markets with relevant and verified information on the 

environmental performance of the products [24]. EPD is based on LCA and contain data associated 

with the acquisition of raw materials, chemical nature of BM, possible air-land, and water-pollutions 

and waste generation as well [2].  

Researchers use different criteria to classify BM. For instance, Asif et al. categorize construction 

materials into six groups: concrete, metals, wood, stone, plastics and ceramics [9]. Classification 

conducted by Sun et al., on the other hand, is based on materials environmental impact drivers [18]. 

By means of this method, 16 groups were identified for the families of materials such as glass and 

ceramics, ferrous metals, non-ferrous metals, paper, polymers and woods. This classification can be 

suitable at the early stages of product design and development. Calkins used sustainability criterion 

and defined the following groups of sustainable BM [15]: 

 materials that reduce the use of resources; 

 materials that minimize environmental impacts; 

 materials that pose no or low human health risks; 
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 materials that assist with sustainable site design strategies;  

 materials from companies with sustainable social, environmental and corporate policies. 

The following sections of this review focus on the recent advances in the field of the most common 

(cement/concrete; wood; brick; stone; ceramics; glass; plastics) and alternative (bamboo; cob; adobe) 

BM that have non-metallic nature. 

 

3. Concrete and Cement 

 

Concrete as a construction material is widely used for building structural frames, ground-works, 

floors, roofs, and prefabricated elements [25]. Annually more than 10 billion tons of concrete are 

produced in the world [26]. Concrete is a durable material with excellent mechanical properties. It is 

adaptable to different climates, relatively fire resistant, widely available and affordable. Concrete  

can be molded almost into any shape and can be designed to satisfy almost any performance  

requirements [26]. It can be reinforced with either steel or fibers. Moreover, recycled materials can be 

incorporated into the concrete mix, thus reducing consumption of raw materials and disposal of waste 

products. The use of admixtures—materials added to concrete—becomes very popular as the final 

composite can have better durability and gains some specific unique properties [15]. Typical 

composition of concrete is shown in Table 2.  

Table 2. Typical constituents of concrete (taken from [15]). 

Constituent  Average Content, wt.% 

Portland cement 9.3 

Fly ash 1.7 

Fine aggregate 26 

Coarse aggregate 41 

Water 16 

Air 6 

 

In spite of the advantages mentioned above, concrete unfortunately has an enormous negative 

impact on the environment. It is estimated that cement and concrete industry generates up to 7% of 

global anthropogenic CO2 emissions, and it is set to increase dramatically in the coming decades as the 

Earth’s population grows [15]. Apart from the emissions related to the combustion of fossil fuels, there 

is a release of CO2 associated with unavoidable de-carbonation of limestone (raw material) [28]. 

Concrete manufacturing is responsible for generating not only carbon dioxide but also other air 

pollutants like carbon monoxide (CO), sulfur oxides (SOx), nitrogen oxides [(NO)x], hydrogen chloride 

(HCl), volatile hydrocarbons and particulate matter. Production of concrete causes depletion of  

non-renewable mineral and water resources required in extremely large quantities. World concrete 

industry uses 10 billion (in short scale billion) tons of rock and sand, and 1 billion ton of water 

annually. Although Portland cement composes about 10% of concrete mix (see Table 2), its production 

accounts for 92% of the total energy demand [15]. Finally, demolition and disposal of concrete 

structures pose another significant environmental threat [26]. Concrete is estimated to account for up 
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to 70% by weight of construction and demolition waste. At the present moment, concrete industry 

must take urgent actions in order to reduce the emissions of CO2 and other air pollutants; to reduce the 

use of energy; to cut down the use of natural resources (including water); and to minimize the amount 

of waste generated. The environmental impacts of concrete/cement materials are largely discussed in 

detail elsewhere [15,25,26,28-30]. 

The Cement Sustainability Initiative (CSI) is a serious international effort set by ten leading cement 

companies to reduce the environmental and human health damage caused by cement manufacturing. 

The group of eighteen cement producers, accounting for 40% of global cement production, is 

organized under the World Business Council for Sustainable Development. The purpose of this 

initiative is to implement the main principles of SD and to identify actions needed to achieve SD in 

cement industry. CSI prepares guidelines and protocols for addressing such issues as energy and CO2 

management, fuel and material use, employee health and safety, reduction of emissions, impacts on 

land and local communities, and communication [15,28]. 

 

Main Strategies Dealing with Challenges of Modern Cement and Concrete Industries 

 

Improvement of durability, mechanical properties and service life of concrete 

 

One of the effective ways to deal with negative environmental impact of concrete is to reduce the 

total volume of this material needed for a certain construction process by enhancing its performance. It 

is important to consider the overall quality of BM, which strongly depends on durability and 

associated mechanical properties and the life time. Habert and Roussel estimated that in France, the 

reduction of the concrete volume required for a particular building, by increasing the mechanical 

strength of the concrete, could lead to the reduction of CO2 emission by approximately 30% [27]. In a 

report [31] it is claimed that many exposed exterior concrete structures are only in place for half of the 

designated service time. Premature failure can result in a great amount of resources needed for 

structures to be fixed, replaced or demolished before the end of their original life time, and therefore 

causing an extra negative impact. Designing of smaller and thinner concrete sections can also reduce 

the total amount of materials and energy resources required to produce concrete. However, this implies 

that the material should have a significant level of strength. There are several solutions for  

this problem. 

The first is the development and application of high performance concrete (HPC). HPC is a type of 

concrete that has a low water to cement or water to binder ratio, properties of which are improved by 

the use of super-plasticizers. HPC has a higher level of compressive strength (40–50 MPa) compared 

to a traditional concrete (15–25 MPa) [30]. It is more economical as the designed structures can be 

smaller or thinner. It also has a low porosity that makes HPC more resistant to low temperatures and 

chemical exposure [15].  

Secondly, by using self-compacting concrete (SCC), which is defined as ―concrete, which without 

any mechanical action is able to fill a given form without separation‖ [28]. In 2004 only 1% of 

European ready-mix construction was SCC. SCC has following economic, social and environmental 

advantages compared to a traditional concrete: 
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 less labor involved, thus reducing costs, increasing productivity and allowing to build faster; 

 the absence of large voids and inhomogeneities inside SCC results in its improved mechanical 

characteristics, better performance and longer service life; 

 SCC casting requires no additional electrical energy for vibration (as this stage is eliminated); 

 low level of noise and the absence of problems normally associated with vibration at the plants 

and construction sites; 

 SCC also has new aesthetic potentials and more complicated geometries can be designed. 

SCC technology provides an opportunity to use fine fillers of ground limestone or by-products such 

as fly-ash, quarry dust etc. Ye et al. have investigated the behavior of self-compacting cement paste at 

elevated temperatures [32]. It was found that a dramatic loss of mass was observed in the samples of 

self-compacting cement paste with addition of limestone filler when temperature is higher than 700 
o
C. 

This implies that SCC made by this type of paste will probably have a bigger damage once exposed to 

the fire. This can be efficiently avoided when polypropylene fibers (ca. 0.5 kg/m
3
) are added to  

the paste.  

In general, the use of polymers in manufacturing more sustainable concrete is continuously growing. 

They can be used for the following applications: concrete crack injections; repair of mortars for 

concrete and stone; consolidation of masonry; admixtures; and pure polymer concrete building 

components. Concrete modified with polymers is a composite material consisting of two phases: the 

aggregate, which is discontinuously dispersed through the material, and the binder, which itself 

consists of cementitious and polymer phase [33]. The main issues here are physical and chemical 

incompatibility of polymers and concrete, mechanical malfunctioning and low durability of the 

finished composite. Depending on the volume fraction of the polymer, the material shifts from 

polymer cement concrete to polymer concrete. Polymer impregnated concrete is a special composite, 

in which polymers are combined with concrete. In this case, low-viscosity monomers are injected into 

the pores of the hardened concrete and polymerized later. The resultant polymers form a second matrix 

if the pores are interconnected throughout the material [33]. 

Thirdly, by applying adequate reinforcing techniques that will enhance the durability of concrete 

structures. There are two ways of concrete reinforcement: steel reinforcing and fiber reinforcing. The 

idea of reinforcement concludes in the prevention of cracks developing inside the concrete before or 

after it happened, and as a result will lead to an improved impermeability, strength, weather and 

impact-resistance of the material [15]. Application of the first method is less preferable as durability of 

the finished product can be affected by corrosion, and the production of steel has some serious 

environmental implications (high energy use, emission of hazardous air pollutants, etc.). The second 

method involves inclusion either synthetic (nylon, glass or polypropylene) or natural fibers (vegetable, 

hemp [34], flax [35], coir, eucalyptus pulp, residual sisal [36]) in to the concrete mix. In spite of the 

main drawbacks like low durability performance of concrete and incompatibility issues, the 

consumption of BM made of biological fiber reinforced cement is increasing rapidly, especially in the 

developing countries having access to significant sources of cellulose fibers [35]. Two articles [36,37] 

have appeared in the literature that represent overviews of Australian and Brazilian experiences, 

respectively, in natural fiber reinforced cement composites. The authors state that it is possible to 

develop a material with properties suitable for building purposes with adequate mix design and taking 
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into account the mechanical properties of fibers [36]. The study conducted by American researchers on 

self-healing (―bleeding‖) concrete has shown that the repair of cracks and filling the voids occurs 

immediately through the internal release of chemical agents from the fibers or beads embedded into 

concrete matrix [38]. 

Fourthly, it is the development of new ultra-high performance cement composites, which have 

unique structural and aesthetic potential. These are compact reinforced composite (CRC) and Ductal
®

. 

CRC is a composite of special fiber reinforced concrete with extremely high compressive  

strength (150–400 MPa) and reinforcing bars arranged in a particular manner [28,39]. CRC has been 

used in structural application, mainly for the production of precast elements (balconies and staircases). 

Ductal
®

 had been developed by three French companies, namely Lafarge, Bouygues and Rhodia [28]. 

It possesses improved rheological properties and a unique combination of attributes detailed in [40]. In 

comparison to a traditional concrete, Ductal
®

’s compressive strength is 6–8 times higher, the flexural 

strength is 10 times higher, the durability is from 10 to 100 times better. Moreover, Ductal
®

 can 

deform under excessive loads without rupture and has excellent surface aspects. From an 

environmental point of view, Ductal
® 

technology requires only 65% of raw materials, 51% of the 

primary energy and 47% of the overall CO2 emissions of the traditional concrete [28]. 

Finally, the use of nanomaterials might be very powerful in order to achieve sustainability 

objectives. Nanoscience of cements is a relatively new discipline with a huge potential to manipulate 

the nanostructure of calcium silicate hydrate [41]. Because the full environmental and human impacts 

of nanoparticles are unknown, they might pose some risks by inhalation or skin absorption during their 

manufacture, use and disposal [15]. Concrete reinforcement with nanofibers, including carbon 

nanotubes, has a potential to improve strength of concrete significantly, possibly eliminating the need 

of the reinforcement with steel. Moreover, nanocoatings containing titanium dioxide (TiO2) can make 

self-cleaning buildings in the future, reducing the amount of harmful cleansers used currently. 

Molecules of TiO2 have photo-catalytic properties [42]. They release an electric charge when 

absorbing sunlight that forms reactive radicals, which oxidize the nearby organic (and some inorganic) 

substances when they exposed to ultraviolet and/or sun rays [15]. The acidic products obtained in this 

process are washed away by rain or neutralized by alkaline calcium carbonate contained in the 

concrete. It is reported that nanoparticles of TiO2 can even reduce air pollution by removing nitrogen 

oxides [43]. Tests showed that road surfaces with incorporated nano-TiO2 reduce concentrations of 

nitrogen oxides by up to 60%. The use of nanoparticles of Portland cement, silica (SiO2), titanium 

dioxide (TiO2), and iron oxide (Fe2O3) can significantly improve compressive and flexural strength of 

concrete [15]. In addition, nanosensors can be integrated into concrete with the aim to collect 

performance data such as stress, corrosion of steel, pH levels, moisture, temperature, density  

shrinkage, etc. [44]. 

 

Reduction of the cement content in the concrete mix by increasing the application of supplementary 

cementitious materials (SCM)  

 

Reduction of cement use in a concrete mix is most easily achieved through the substitution of 

Portland cement with other pozzolanic or hydraulic materials [15]. Depending on physical 

characteristics (grading curve or size), chemical composition and properties of SCM, they can perform 
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either a function of ordinary filler (i.e., they would fill the porosity of the material and thus increase 

elasticity modulus and improve its mechanical strength) or work as a binding agent (i.e., they would 

react with water or with clinker hydration products and form stable hydrates). The most common SCM 

include fly ash (by-product from coal fired power plants), ground granulated blast furnace  

slag (GGBFS: by-product of steel industry), and silica fume (by-product of semi-conductor  

industry) [15,26,28,45,46]. Following the increasing popularity of SCM, Meyer in a recent review 

discusses properties, optimum levels of cement replacement, benefits and disadvantages in the 

application of each type of substituents [26]. Other SCM that can be used for cement replacement 

belong to a family of natural pozzolans such as calcined clay, calcined shale and metakaolin [15]. 

The utilization of industrial waste products as SCM definitely has a positive environmental impact 

because otherwise they would be land-filled. Moreover, they improve durability and mechanical 

properties of concrete, reduce thermal stress and cracking. However, in some cases longer set and 

curing times are required. Damtoft et al. stated that in reality the reduction of CO2 emission is limited 

when SCM used for the Portland cement production. This is primarily due to the low content of 

calcium oxide (CaO) in the majority of SCM (except GGBFS). In practice, level of limestone 

replacement by GGBFS constitutes only 10%. When reductions in fuel consumption are taken into 

consideration as well, the total reductions of CO2 emission theoretically do not exceed more than 25%. 

Also, the availability of GGBFS in the near future is most likely to decrease as existing steel plants are 

due to be replaced by more efficient electric arc furnaces. Fly ashes (class C) enriched with CaO can 

also be used to replace limestone in clinker production; however, the availability of this product is 

limited as well. Therefore, 100% utilization of current world sources of blast furnace slag and class C 

fly ashes would result in CO2 emission reductions only by 10% [28]. Habert and Roussel evaluated that 

in France CO2 emissions can be cut by 15% by increasing level of clinker substitution on mineral 

additives, both industrial by-products and natural pozzolans [27]. The authors also stressed that this 

could be achieved in a medium term perspective, i.e., by 2020. However, in the long time perspective,  

i.e., by 2050, the authors recommend considering other options, e.g., developing new types of clinker 

such as sulfoaluminate or belite activated sulfoaluminate clinker that has low CO2 emission. 

 

Increase in the use of recycled materials in place of natural non-renewable resources  

 

Since aggregate constitutes the largest volume fraction of the concrete mix, the substitution of 

natural aggregates with recycled products can result in reducing the consumption of raw materials in 

manufacturing process, in reducing the exploitation of quarries, and can thus result in the minimization 

of the land areas for disposal. The products that can replace fine and coarse aggregates are: recycled 

concrete aggregate (RCA); crushed blast furnace slag; sand; brick; glass; granulated plastics; waste 

fiberglass; mineralized wood shavings; etc. This strategy gains a great importance and has been 

discussed by many authors [26,47-52]. For instance, Sani et al. studied leaching and mechanical 

behavior of concrete containing RCA [47]. It was indicated that the use of recycled aggregate as  

a 100% replacement of natural aggregate causes an increase in total porosity of concrete, although the 

leaching rate of sodium, potassium and calcium ions becomes lower as it is directly related to the 

percentage of macro/meso-pores. Mechanical strength in the presence of RCA drops by  

approximately 40% compared to a traditional concrete. However, this loss can be contained by adding 
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fly ash. In spite of these negative effects, the authors still suggest that application of RCA would be 

acceptable as more environmentally sustainable. Compressive strength of RCA can be increased to 

adequate values of traditional concrete (30–35 MPa) by adding to the mixture SCM (fly ash or silica 

fume) with the aid of an acrylic-based super-plasticizer and at the same time by decreasing the 

water/cement ratio [53]. RCA also causes a reduction of elasticity modulus (by 35%), an increase in 

creep and shrinkage deformations, as well as a higher permeability of concrete, which decreases its 

durability [26]. A variety of contaminants (soil, plaster, wood, gypsum, asphalt, and rubber) found in 

recycled concrete can also be an important issue as their presence degrades the durability and strength. 

Another limitation of using RCA is a larger water consumption compared to an ordinary concrete. 

Nevertheless, RCA is quite acceptable for many applications. For instance, the successful case is the 

renewal of Denver’s Stapleton Airport in the US, where 6.5 million tons of concrete had been recycled 

or reused [54]. 

Post-consumer glass bottles and post-industrial float glass cullet are offered as suitable aggregates 

for concrete [26,28,55-58]. Recycled glass has zero water absorption, high hardness, good abrasion 

resistance, excellent durability and chemical resistance. All these characteristics can improve the 

overall performance of concrete and impart color and aesthetic properties to it. The only technical 

problem here is an alkali silica reaction that can occur with coarse glass aggregate (less with fine 

aggregate). This reaction leads to the formation of a gel, which swells in the presence of water, causing 

cracks and damage in concrete [15]. Bignozzi et al. investigated a new application of matt waste, 

derived from the purification of cullet by separated collection, as a filler and as a partial Portland 

cement replacement (up to 50%) for newly blended cement [55]. When it is used as a filler, the 

resulting composite material showed higher compressive strength (up to 23%) and lower water 

absorption than self-compacting concrete. These significant improvements of mechanical properties 

are due to the good pozzolanic activity of the glass. Matt waste of amounts up to 25% was shown also 

to be very effective in new cement formulations. Kralj proposed a method of recycling of lightweight 

concrete with aggregate containing expanded glass [56]. Although the values of compressive strength, 

density and thermal conductivity for a new product are similar to the ones for lightweight concrete 

containing only aggregate of expanded glass, this technology is necessary for a production of cheaper 

and more environmentally friendly material. Guerra et al. studied an effect of recycled porcelain 

materials on the mechanical properties of concrete [59]. The substitution of natural aggregate with 

ceramic debris from sanitary ware waste does not improve significantly the mechanical properties of 

the new material compared to an ordinary concrete. However, it provides a good opportunity for the 

recycling of construction industry residues. 

There are a number of publications related to the replacement of natural aggregate with the wastes 

from wood processing activity [60-65]. The research conducted by Becchio et al. focuses on the 

possibility of the mineralized wood concrete production by incorporating wooden waste, which was 

pre-treated with silica fume [65]. The inclusion of wood aggregate into concrete leads to a decrease of 

material density and final material becomes lighter. It also improves thermal insulation, although 

mechanical properties of the composite drop. 

There are reports that describe preparation of rubberized concrete composites by replacing fine (up 

to 10%) and coarse (up to 20%) natural aggregate with waste tire rubber [66,67]. The most common 

ways of using recycled tires in cement concrete composite are shredding, chipping or grounding the 
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rubber to the particles with sizes ranging from 450 mm to 75 µm [26]. The main drawbacks of this 

method are a significant decrease of the compressive and tensile strength as well as a reduction of 

stiffness of the composite product with the increasing amount of rubber in the mix. This can also lead 

to the earlier developing of cracks and the overall failure of concrete matrix. In order to improve 

mechanical behavior of concrete, Bignozzi and Sandrolini suggested using a self-compacting 

technology that helps binding rubber phase with cement matrix [66]. On the other hand, owing to the 

presence of rubber particles, the concrete can gain extra ductility and energy absorption [26]. Other 

potential advantages of rubberized concrete are good sound absorption capacity as well as excellent 

thermal properties. However, the incompatible Young’s moduli of rubber and concrete often lead to 

inadequate mechanical properties of materials. 

Recycled waste plastic is not generally available widely [15]. A major obstacle is the poor adhesion 

of plastic particles with cement matrix, which can also considerably reduce mechanical performance of 

concrete [26]. This problem can be solved by combining 10–15% of waste plastics with other materials 

like fly ash, thus leading to the production of lightweight structures and blocks that increase the 

deformation characteristics of concrete without failure [15]. 

 

4. Wood-Based Building Materials 

 

Wood is one of the most common and oldest forms of BM. It is easy to work with, structurally 

strong construction material suitable for numerous applications, e.g., framing, flooring, roofing and 

lining. There are different varieties and sources of timber. Sun et al. classified 82 types of wood into 

four groups on the basis of magnitude of their environmental impacts (eco-indicators) [18].  

Up until recently such negative factors as deforestation, destruction of natural habitats, acidic rains, 

high rate of wood consumption, extensive use of toxic preservatives have resulted in wood being 

viewed as un-sustainable material. A representative consumer survey conducted in Germany has aimed 

to explore the image of timber as a construction material in general and timber framed houses in 

particular [68]. The study found that although timber has a positive association with such values as 

well-being, aesthetics and eco-friendliness, prejudice regarding high combustibility, low durability and 

extensive maintenance still persists in the minds of consumers. These barriers constitute a real 

challenge that producers of timber houses would have to face by optimizing processes and products. 

An increased use of wood in construction is a rather controversial topic in recent literature. On one 

hand, forests purify the air and sequester carbon, even after being harvested and processed into lumber 

products. Furthermore, trees need mainly solar energy to grow and manufacture of wooden materials 

requires fewer amounts of fossil fuels, and emits less GHG over their life-cycle than other common 

BM. On the other hand, some wood harvesting practices and techniques have caused the global 

problems such as clearing large expanses of forests; loss of biological diversity; water and soil 

pollution due to the liberal use of fertilizers and pesticides; generation of waste that was  

land-filled [15]. In addition, some wood finishes can release volatile organic compounds, negatively 

affecting air quality and human health in general. Wood can be considered as a renewable material, 

and have a huge potential to be sustainable in the future, given the strategy of sustainable forest 

management and harvesting practices monitored by forest certification programs are in place.  
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Forests, as a source of wood, play a vital role in the Earth’s carbon cycle. Photosynthesis, which 

occurs in forests, provides an efficient mechanism for the removal of carbon dioxide from the 

atmosphere and the release of oxygen back to it. This process is the most productive in the new forests 

where rapid tree grow takes place [15]. Forests, wood and wood products store carbon until its 

eventual release through burning, bacterial or fungal decay, or consumption by insects [69]. If trees are 

replanted, carbon sinks would be added to the carbon cycle [70]. In contrast, deforestation leads to an 

imbalance of carbon flows by the removal of trees that can sequester carbon [15]. It is estimated that 

that 17.3% of carbon dioxide emissions, caused by humans, are related to deforestation, biomass decay, 

etc. [4]. A sustainable balance can be achieved if the annual harvest level is equal to, or below, the 

annual forest growth increment [4,71], and when intensive forest management regime is  

employed [72,73]. Consortium for Research on Renewable Industrial Materials (CORRIM) found that 

growing wood on the shorter rotations as opposed to longer intervals between harvesting can sequester 

more total carbon over time [70]. An accumulation of carbon in wood products, by an increase of their 

consumption or by using long-lived products, can positively benefit the environment, but only in the 

short or medium term [74]. Some authors believe that, in the long term, a greater use of wood in 

buildings at the expense of energy-intensive BM and substitution effect of avoiding fossil fuel 

emissions are more important than carbon stored in wood [69]. 

It is also important to consider how wood is treated at the end of its life cycle [15]. In the EU,  

land-filling both combustible and organic waste has been banned [75]. Land-filling is still a common 

practice in North America and in the developing countries. Residues, resulting from the harvesting of 

forests and the manufacture of wood products, should ideally be completely utilized to replace fossil 

fuels [71]. Reclaiming and reusing of wood are also widely encouraged. While untreated wood can be 

recycled into other products (such as mulch or compost), the treated wood would pose a more 

significant problem for disposal as it may contain harmful compounds [15]. Some amount of carbon 

from land-filled wood will return to the soil, but another fraction may decompose into methane, which 

has a much higher global warming potential than CO2. Although part of the methane gas can be 

recovered and used as bio-fuel, the rest of it will be emitted to the atmosphere [74].  

The use of timber in construction gains more and more support, especially in the regions with vast 

forest resources, because it can reduce both the energy demands of the buildings and the concentration 

of GHG in the atmosphere. Generally, this can be achieved by making use of wood instead of either 

fossil fuels (fuel or direct substitution) or non-wood materials, such as steel, aluminum and concrete 

(material or indirect substitution). There is a large potential to increase wood substitution in Europe. 

Gustavsson et al. point at a rather low level of timber use in Western and Central Europe, excluding 

Scandinavia [76].  

In general, there are a large number of recent publications regarding the substitution between timber 

products and other BM [8,69-74,76-85]. For instance, in the case study by Borjesson and Gustavsson 

on the multi-storey building in the south of Sweden, the primary energy use and the emissions of CO2 

and methane have been calculated and compared for two design options (either wooden or concrete 

frame) from life-cycle and forest land-use perspectives [77]. They evaluated that the primary energy 

input was about 60–80% higher when concrete frames were used. The authors suggested that the net 

GHG balance is strongly affected by the method, in which wood is being utilized after the demolition 

of the building. The net GHG emissions estimated to be clearly positive if all of the demolition wood 
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is land-filled and slightly positive if all wood from this building is used instead of fossil fuel. GHG 

emissions can be improved and even may be negative if demolition wood is re-used. The comparison 

of timber and concrete design options of the same building was performed by Lenzen and Treloar by 

employing an Australian environmentally extended input-output framework in a tiered hybrid LCA, 

and in structural path analysis instead of process analysis [78]. Although the authors of this study 

reported that values of the energy use are twice as large as in similar study conducted by Borjesson 

and Gustavsson, the fundamental result, that the concrete-framed building causes higher level of 

emissions and uses more energy, has been confirmed. 

Cole has provided a detailed examination of the energy and GHG emissions associated with on-site 

construction of a selection of alternative wood, steel and concrete structural assemblies [85]. 

Significant differences between the amount of energy and GHG emissions were observed for the 

construction with these materials, indicating that the use of concrete typically involves an order of 

magnitude higher quantities. 

A great majority of scientists are convinced that using wood products in construction can result in 

lower fossil energy demands and significant cuts of GHG emissions compared to non-renewable 

alternatives such as steel and concrete [74]. For instance, Buchanan et al. found that a 17% increase in 

wood content of buildings in New Zealand could lead to a 20% decrease in fossil fuel consumption 

and to a 20% reduction of atmospheric carbon emissions from the manufacture of all BM [69]. This 

would account for a reduction of about 1.5% of New Zealand’s total emissions. The reduction in 

emissions is mainly associated with using wood instead of brick and aluminum, and to a lesser extent 

steel and concrete.  

A study conducted by Upton et al. focused on the energy requirements and GHG emissions 

associated with the use of wood-based BM in residential construction in the US [81]. The authors 

compared houses with similar heating and cooling regimes but using wood-based and non-wood-based 

construction materials. The differences were estimated over a period of 100 years. The results indicate 

that houses built with wood-based BM require 10–15% less total energy for non-heating/cooling 

purposes and their net GHG emissions are 20–50% lower than thermally equivalent houses employing 

steel-or concrete-based BM. 

Salazar and Meil discussed the prospects for carbon-neutral housing by greater wood use on the 

example of single-family residence [83]. This article compared energy and carbon balance of two 

residential houses: a typical wood-framed home using more traditional materials (brick cladding, vinyl 

windows, asphalt shingles, and fiberglass insulation) and a wood-intensive house with maximized 

timber use throughout (cedar shingles, wood windows, and cellulose insulation). The wood-intensive 

home’s life-cycle consumed only 45% of the fossil fuels used in the typical house. Including land-fill 

methane emissions, the wood-intensive house produced 20 tons of CO2 emission as opposed to 72 tons 

for typical house. It was estimated that the house with higher wood content can be energy efficient and 

carbon neutral for 35–68 years in Ottawa region. The authors showed that wood waste can be 

recovered and used to generate enough energy to completely offset the manufacturing emissions and 

even partially offsetting the heating or cooling energy demands for this house. 

Calkins in a recent book recommended the following strategies for design and specification of 

sustainable timber [15]: 
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 use wood resources efficiently, which means: using lowest quality wood for applications; build 

smaller and durable structures; simplicity in design details; minimal preservative treatments; 

reduce wood waste; build for disassembly; use engineered wood products; 

 use certified wood; 

 use reclaimed wood; 

 preferential use of natural or low-toxic wood finishes. 

The use of residues from agricultural activities can improve conservation of timber stock.  

Van Dam et al. developed an efficient technology to produce boards with high strength and density by 

processing whole coconut husk without the addition of synthetic binders [86]. The board had excellent 

mechanical properties, which are similar or even better than commercial wood-based panels. The 

recycling of wood is encouraged as it effectively addresses the problems of waste management and 

lack of natural resources, especially in countries like Japan with limited land areas suitable for waste 

disposal. Obata et al. discussed an application of recycled medium density fiberboard to produce a 

base material for floor heating systems [87]. 

The industry of wood preservatives and finishes currently focuses on the manufacture of products 

with improved environmental performance [88]. The comprehensive comparison of various wood 

preservatives is represented by Calkins [15]. A recent development of micro manufacturing heat 

treatment with the aid of sodium silicate is at the preliminary stage of testing, but it has a great 

potential in wood preservation. The use of nanomaterials as wood coatings, preservatives, adhesives, 

sealants and impregnators has also very promising future [43]. For instance, Calkins mentioned  

the development of a preservative containing organic insecticide and fungicide embedded  

in 100 nanometers plastic beads [15]. The suspension of these beads in water had been passed through 

the wood under pressure. Owing to their nanosize, they were able to disperse completely within the 

wood fibers. As soon as a finished wood product is well protected from the effect of fungus and insects, 

it is suitable for application in the exterior structures. Unfortunately, the availability of some new 

products is limited at the moment. 

 

5. Brick, Stone and Ceramics 

 

Brick is one of the major BM in modern construction industry. It has a very good durability and 

long service life. Bricks are mainly used for the outer and inner walls construction. Primarily bricks 

are made of non-toxic natural materials like clay and shale. Furthermore, brick manufacturing has a 

good potential for utilization of the solid wastes, which can be incorporated into the brick and 

neutralized by firing at high temperatures. The main environmental concerns all over the world for the 

brick production process are high energy usage and GHG emissions. For instance, LCA conducted by 

researchers from Greece quantified environmental performance of brick production in that  

country [89]. It was shown that most of the emissions are directly associated with the burning of fossil 

fuels. Among other environmental indicators acidification had a highest value (56%), which is 

explained by the combustion of low-grade fuel with high sulfur content, producing large amounts of 

SO2 and (NO)x. 
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All these negative factors encourage researchers to develop new type of masonry materials with 

improved environmental profile [15,89-91]. One of them is unfired clay bricks [91]. The usage of 

unfired bricks, in place of conventional fired ones, can significantly reduce the energy use and also cut 

down CO2 emissions. Unfired clay soil (in the form of sun-baked bricks, mortars or plaster) is 

classified as a traditional BM that was very popular in the past, especially in rural areas. The main 

disadvantage of using these products is susceptibility to water damage, which can be avoided by 

stabilizing the clay soil with the addition of small quantity of lime [92]. Although the durability of 

lime-stabilized soil remains quite low and further improvement is required [93]. The results of several 

studies [91,94,95] showed that increase in durability is occurred when GGBFS is added to  

lime-stabilized systems. Oti et al. described a new technology of production of unfired clay bricks 

containing blended binders: lime and GGBFS [91]. The use of only 1.5% of lime in the formulations 

makes possible to obtain clay masonry units with engineering standards acceptable for wall 

construction. The price of the final products was relatively low. Furthermore, unfired clay bricks 

demonstrated excellent environmental performance; their total energy input was estimated  

of 657 MJ/ton as opposed to 4,187 MJ/ton for the common fired bricks, while an equivalent output of 

CO2 emission was 41 kg CO2/ton compared to 202 kg CO2/ton for traditional bricks in mainstream 

construction. There are also reports in the literature regarding ―smart‖ brick or masonry [96,97]. This 

approach consists in incorporating sensors that monitor environmental parameters such as force, stress, 

temperature, tilt and moisture. 

Stone can be considered as a low impact BM, if quarried locally, minimally processed and used 

appropriately. There is a tendency of rehabilitating the use of dry stone for modern sustainable 

construction [98]. The environmental burdens and potential applications of natural stone and aggregate 

are extensively discussed by Calkins [15]. 

According to a LCA of BM conducted by Asif et al., ceramic tiles are quite energy-intensive 

(32,240 MJ) that accounts for 15% of the total embodied energy in the house [9]. Nicoletti et al. 

presented a comparative LCA carried out for marble and ceramics used as flooring materials [99]. The 

analysis indicated that marble tiles have better environmental performance compared to ceramic ones. 

In case of ceramics, due to the composition of raw materials used for the glaze production, the 

emission of arsenic and lead containing compounds took place.  

 

6. Glass and Plastics 

 

Windows are very important in sustainable construction of residential and commercial buildings. 

They are responsible for heat transfer, provision of daylight, ventilation, weather protection and 

acoustic insulation. Due to the high heat conductivity of the glass, an unwanted heat gain or loss takes 

place between building and surroundings. There are several ways to improve energy conservation and 

windows sustainability: use of low-emissivity (low-e) coatings; replacement of air with inert gases; 

adjustment of the gap between glass panes in double or triple glazing. Low-e coatings improve thermal 

characteristics of the windows by blocking the transmission of rays with wavelengths responsible for 

solar heat gain [100]. Lampert reported that low-e glass accounts for almost 40% of the insulated glass 

market in the US [101]. The optimization of the thickness of air layer in glazing cavity [102] or 

substitution of the air with gases having low thermal conductivity (argon or krypton) [103] can 
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significantly reduce energy losses. A design, incorporating thermal breaks between inner and outer 

surfaces of frames, can also considerably improve thermal insulation. In addition to this, the material 

of a window frame, which normally has a higher U-value than the glazing component, must be 

considered. Generally, wooden frames provide better thermal insulation compared to aluminum or 

plastic ones. Moreover, the lower values of embodied energy make the timber frames more sustainable 

than aluminum, uPVC, steel and aluminum-clad timber types of frames [103].  

The emergence of chromogenic technology gave a start to a range of new products, often called 

―smart‖ or switchable BM [101,104-108]. Electrically switchable chromogenic devices could either 

change their color or transmittance due to the action of an electric field [105]. These devices can be 

incorporated into glass or plastic materials. The main advantage of electrochromics (EC) is that the 

low electric field is required only during the switching operations. Common types of electrically 

powered technologies are EC, suspended particle devices (SPD), also known as an electrophoretic 

media, and phase dispersed liquid crystals (PDLC) [101,104,105]. Currently, the most popular 

products are EC-windows, which change their color upon exposure to ultraviolet and thus can control 

light, glare and heat entering a building [101,106]. Witter et al. reported about gasochromic windows 

that could change their transmittance characteristics [108]. In this case, when glass containing a layer 

of tungsten oxide (WO3) covered with a very thin layer of platinum, is exposed to diluted hydrogen gas, 

it changes its color due to the reduction of WO3. This process can be reversed by introducing diluted 

oxygen. The main advantages of these windows are high solar transmittance in the bleached state and 

simple layer configuration that does not require transparent conducting electrodes. The prototype of 

SPD windows in ―on‖ and ―off‖ positions is represented by Lampert [101,104]. An active layer of the 

glazing consists of needle-shaped dipole particles (less than 1 mm long) suspended in a polymer. In 

―off‖ position the particles are randomly arranged, absorbing the light. When an electric field is 

applied, particles align and transmission is increased. The principle of the optical switching in all 

systems based on liquid crystals (LC) is the reorientation or twist of their molecules, which causes the 

change in materials transmittance. PDLC can be obtained either by embedding LC droplets into 

polymer matrix or when LC fills the voids of polymer network. In ―off‖ position PDLCs are 

translucent due to the light scattering effect. When an electric field is applied (―on‖ position), the 

reorientation of LC directors changes refractive index of LC domains and devices become transparent. 

Composites that combine electro-optical and chromogenic response change their transmittance within 

milliseconds [105]. 

Numerous products used in construction are made of plastic, e.g., pipes and drainage systems, 

composite lumber, panels and fences, etc. Plastics impart such properties to the BM as water-and 

decay-resistance, durability, flexibility, relatively light weight, integrated color and low maintenance. 

They can incorporate a substantial amount of recycled products or can be recyclable themselves. 

Nevertheless, plastics can have negative effects on the environment including high consumption of 

fossil fuels required for their productions; release of toxic by-products like heavy metals and furans 

during their manufacture, use and disposal; generation of large amounts of waste. The most common 

plastics used in building construction are: high-density polyethylene; cross-linked polyethylene; 

polypropylene (PP); polyvinyl chloride; polystyrene; polyacrylonitrile; etc. Characteristics, associated 

risks and benefits of these materials are discussed by Calkins [15]. In recent literature there are 

accounts of two main tools that improve environmental impacts of plastic BM: reuse/recycle and 
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development of new materials with better sustainable properties [15,109,110]. The interest in the field 

of reinforced plastic composites is rapidly growing [110-113]. The finished composites, which could 

contain a certain amount of different additives (aluminum, steel, glass, ceramics, nanoclays, natural or 

synthetic fibers), have better mechanical properties and higher potential for further recycling. Xu et al. 

presented a LCA study carried out in New Zealand for wood-fiber-reinforced PP composite and 

compared it to a traditional PP [110]. Composite pre-forms, containing natural fibers in the amount  

of 10%, 30% or 50% by weight, were produced by compression molding. The authors mentioned the 

following advantages of bio-fibers over the synthetic glass ones: low costs, low density, renewability, 

excellent chemical resistance, good strength and significant processing benefits. They also concluded 

that environmental performance of the composite improves due to its lower density than original PP. 

Some researchers express concerns about the structural integrity of composite materials 

[38,111,114]. This indicates that the cracks can develop inside the material upon loading. Further 

repair of these micro-cracks is difficult or sometimes even impossible. Therefore, the development of 

self-repairing composites is very important. Unlike a conventional repair, self-repair would occur with 

the aid of materials contained within damaged structure. The process begins as soon as damage has 

happened without affecting an overall performance of the structure [11,111]. In this case, the 

principles of biomimetics and biological self-healing are applied [11]. An ability to use this technique 

in fiber reinforced polymer composites has been demonstrated by several authors [111,114-117]. For 

instance, Pang and Bond have developed novel hollow fiber reinforced polymer composite [111]. The 

release and infiltration of UV fluorescent dye occur from fractured hollow fibers into the damaged 

parts of the composite. This method can also visually highlight the damage on its surface [111]. The 

researchers from the University of Illinois (USA) have developed a material with an encapsulated 

healing agent and a solid catalyst dispersed in the matrix of polymer. Once a crack is formed, these 

microcapsules rupture and release healing agent into the damaged area. Its subsequent exposure to the 

catalyst initiates polymerization resulting in the filling the crack. A good level of mechanical strength 

recovery is observed. The negative effects of moisture swelling and destruction of the composite are 

also significantly mitigated [116,117]. 

 

7. Alternative Building Materials 

 

Due to the exhaustion of non-renewable resources in the near future, there will be a shift in 

construction towards BM with low embodied energy and that are preferentially available locally [118]. 

Although it must be acknowledged that in some cases transportation costs can be compensated if  

non-local materials with better overall performance can be found. Compared to the common BM 

(concrete, steel, wood and plastics), these materials have a range of beneficial properties such as  

low toxicity, durability, low level of GHG and other pollutants emissions, high recycling potential  

and minimal processing requirements. Many of them are biodegradable and do not produce  

hazardous by-products. Examples of these products include bio-based [15,19,119-124] and  

earthen [15,19,125-128] BM. 

Bio-based BM are generally originated from renewable organic constituents of plants and animals. 

The resources for these products could be agricultural crops and residues, animal wastes, forest 

materials and post-consumer biological waste [15]. The examples represented in recent literature 
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include bamboo, straw bales, fiber crops, agricultural residues and plant seed oils. Bamboo, as a 

sustainable alternative to traditional BM, has attracted attention of many researchers [119-124]. 

Bamboo, which is a member of giant grasses, is an abundant material in tropical regions of Latin 

America, Asia and Africa. Thanks to its excellent mechanical properties, light weight, flexibility, high 

growing rate and relatively low costs, bamboo has many opportunities as sustainable BM, especially in 

the areas where it occurs naturally [120,129]. The use of bamboo is growing rapidly, particularly in the 

sector of house interior, for production of laminate flooring, panels, chipboards and fireboards [15]. 

van der Lugt et al. discussed the possibilities of using bamboo as a building material in Western 

Europe [119]. In this study the suitably of bamboo culms for construction of supporting structures was 

assessed from the environmental and economical points of view. It was shown that bamboo has a very 

low environmental impact (20 times better) compared to other more conventional BM. The authors 

also mentioned the problems associated with the application of bamboo, such as difficulties in joining 

techniques due to its hollow round form. This issue can be solved by laminating the material. The 

financial assessment of a bridge in the Amsterdam Woods showed that among other BM bamboo is the 

least expensive, even with included costs for its transportation from Costa Rica.  

De Flander and Rovers have presented quantitative analysis of a laminated bamboo-framed  

house [121]. It was shown that bamboo has a great advantage in annual yield per forest area compared 

to a traditional wood. It was demonstrated that one laminated bamboo-framed house can be build from 

one hectare of bamboo forest. Calkins mentioned the other barriers reducing bamboo overall 

performance, leading to its short service life: developing cracks for minimally processed culms; 

slippery outer surface when its wet; susceptibility to the attack of insects, fungi and microbes; 

deterioration of durability upon the exposure to adverse weather [15]. Obviously, some time and 

efforts will be required to overcome these issues and make bamboo strong and competitive building 

material that meets the standards of modern construction. 

Materials for earthen construction such as hydrated lime, clay, cob, adobe (mud bricks), compressed 

earth blocks and rammed earth have been known and used for many years all over the world. Currently, 

there is a growing interest in these BM as sustainable alternatives to traditional concrete, brick and 

wood. Many recent publications raise questions related to the soil characterization, manufacturing 

process and materials testing [130-135]. Earthen BM normally contain soil with some percentage of 

clay (less than 20%) and water.  

Collet et al. demonstrated that pre-fabricated cob blocks can be used in modern construction [127]. 

It was shown that the thermal behavior of south facing 50 cm thick cob wall is about the same as the 

one for concrete block wall with 7–9 cm of insulation. An additional 5 cm of insulation for the cob 

wall makes it equal to the dense concrete block with the insulation layer of 15 cm. In another study, 

Kouakou and Morel examined an effect of clay as a natural binder on the mechanical properties of 

adobes [126]. Traditional adobe and pressed adobe blocks were studied. Once the adobes dried, they 

were subjected to a compression testing. The results showed that the mechanical strength depends on 

the manufacturing process and the content of water in the adobes. Pressed adobe blocks were more 

homogeneous than traditional adobes and had a higher compressive strength with the gain of 

approximately 50%. 

Loss of strength when saturated with water, erosion due to the wind or driving rain, low 

dimensional stability are the main problems that have to be eliminated in order to provide successful 
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future application of earthen BM. Nevertheless, it should be noted that the use of bamboo, straw bales, 

cob, adobe, rammed earth is growing in popularity. Case studies and modern examples of buildings are 

widely represented in publications [19,128]. 

 

8. Conclusions 

 

Nowadays, principles of sustainability have become mandatory in order to tackle global warming 

and the associated climate change. Governments of several countries have adequate policies in place 

with a view to controlling and improving the current state of construction industry. The major actions 

include minimization of energy consumption in the buildings, rational use of natural resources and 

stricter control of the emissions. All these measures should be systematically applied during the 

selection of materials suitable for sustainable buildings and construction activities. General issues on 

the selection BM are sourcing, performance, maintenance and cost. 

The present review has analyzed the recent innovations, techniques, tools and strategies in the 

sector of non-metallic BM spanning over a decade. The main approaches could be summarized into  

the following: 

 Use of renewable energy resources for extraction of raw materials, for manufacturing, 

processing, finishing and transportation of BM 

 Use of materials originated from renewable sources  

 Reduce the consumption of disproportional amount of natural resources 

 Emphasis on BM available locally and affordable even for poor communities. Although, in 

some cases, when non-local materials produced on a larger scale than non-local, the 

transportation of them for long distances can be more beneficial.  

 Rehabilitation and application of some vernacular building skills and techniques 

 Elimination of energy, water or materials wastage by using manufacturing processes with  

closed cycle 

 Increase the use of waste or recycled products as raw materials or additives to design composite 

BM with improved environmental performance 

 Increase the potential for reuse or recycle of BM or structures 

 Increase durability, strength and total service life of traditional and alternative BM 

 Design and use composite BM, combining materials with different properties, to achieve 

improved standards of performance 

 Design non-polluting BM required very low maintenance and repair. 

With the aim to achieve sustainable BM in the near future, one of the main strategies would be to 

improve the functionality and environmental performance of traditional materials through the use of 

more sustainable technologies, for example, utilizing nanotechnology. Producers of sustainable BM 

will also have to make them more affordable and harmless for human health and the environment. 

 



Sustainability 2010, 2              

 

 

420 

References 

 

1. Report of the World Commission on Environment and Development: Our Common Future. 

Available online: http://www.un-documents.net/wced-ocf.htm (accessed on 30 September 2009). 

2. Ortiz, O.; Castells, F.; Sonnemann, G. Sustainability in the construction industry: A review of 

recent developments based on LCA. Constr. Build. Mater. 2009, 23, 28-39.  

3. Building a Low-Carbon Economy—The UK’s Contribution to Tackling Climate Change; 

Committee on Climate Change: London, UK, 2008. Available online: http://www.theccc.org.uk/ 

pdf/TSO-ClimateChange.pdf (accessed on 30 September 2009). 

4. International Panel on Climate Change (IPCC). Climate Change 2007: Mitigation of Climate 

Change; IPCC Fourth Assessment Report (AR 4). Available online: http://www.ipcc.ch/ 

publications_and_data/publications_ipcc_fourth_assessment_report_wg3_report_mitigation_of_

climate_change.htm (accessed on 8 December 2009).  

5. González, M.J.; Navarro, J.G. Assessment of the decrease of CO2 emissions in the construction 

field through the selection of materials: Practical case study of three houses of low environmental 

impact. Build. Environ. 2006, 41, 902-909.  

6. European Commission. Enterprise & Industry. Construction. Overview. Available online: 

http://ec.europa.eu/enterprise/construction/index_en.htm (accessed on 30 September 2009). 

7. Green Building Home Page. Available online: http://www.ciwmb.ca.gov/GreenBuilding/ 

(accessed on 1 October 2009). 

8. Gustavsson, L.; Sathre, R. Variability in energy and carbon dioxide balances of wood and 

concrete building materials. Build. Environ. 2006, 41, 940-951.  

9. Asif, M.; Muneer, T.; Kelly, R. Life cycle assessment: A case study of a dwelling home in 

Scotland. Build. Environ. 2007, 42, 1391-1394.  

10. Dimoudi, A.; Tompa, C. Energy and environmental indicators related to construction of office 

buildings. Resour. Conserv. Recycl. 2008, 53, 86-95.  

11. John, G.; Clements-Croome, D.; Jeronimidis, G. Sustainable building solutions: A review of 

lessons from natural world. Build. Environ. 2005, 40, 319-328. 

12. Bainbridge, D.A. Sustainable building as appropriate technology. In Building without Borders: 

Sustainable Construction for the Global Village; Kennedy, J., Ed.; New Society Publishers: 

Gabriola Island, Canada, 2004; pp. 55-84. 

13. Chwieduk, D. Towards sustainable-energy buildings. Appl. Energ. 2003, 76, 211-217. 

14. Abeysundara, U.G.; Babel, S.; Gheewala, S. A matrix in life cycle perspective for selecting 

sustainable materials for buildings in Sri Lanka. Build. Environ. 2009, 44, 997-1004.  

15. Calkins, M. Materials for Sustainable Sites: A Complete Guide to the Evaluation, Selection, and 

Use of Sustainable Construction Materials; John Wiley & Sons: Hoboken, NJ, USA, 2009. 

16. Venkatarama-Reddy, B.V.; Jagadish, K.S. Embodied energy of common and alternative building 

materials and technologies. Energ. Bldg. 2003, 35, 129-137. 

17. Thormark, C. The effect of material choice on the total energy need and recycling potential of a 

building. Build. Environ. 2006, 41, 1019-1026. 

18. Sun, M.; Rydh, C.J.; Kaebernick, H. Material grouping for simplified product life cycle 

assessment. J. Sustain. Product Des. 2003, 3, 45-58. 



Sustainability 2010, 2              

 

 

421 

19. Halliday, S. Sustainable Construction, 1st ed.; Butterworth-Heinemann: Oxford, UK, 2008. 

20. Peris-Mora, E. Life cycle, sustainability and the transcendent quality of building materials. Build. 

Environ. 2007, 42, 1329-1334.  

21. Glass, J.; Dainty, A.R.J.; Gibb, A.G.F. New build: Materials, techniques, skills and innovation. 

Energ. Policy 2008, 36, 4534-4538. 

22. Communities and Local Government. Code for Sustainable Homes; 2008. Available online: 

http://www.communities.gov.uk/planningandbuilding/buildingregulations/legislation/codesustain

able/ (accessed on 1 October 2009). 

23. European Commission. Environment. Identifying Products with Greatest Potential for 

Environmental Improvement; 2003. Available online: http://ec.europa.eu/environment/ 

ipp/identifying.htm (accessed on 2 October 2009). 

24. Environmental Product Declaration (EPD). The International EPD System. Available online: 

http://www.environdec.com/pageId.asp?id=200 (accessed on 2 October 2009). 

25. Pulselli, R.M.; Simoncini, E.; Ridolfi, R.; Bastianoni, S. Specific emergy of cement and concrete: 

An energy-based appraisal of building materials and their transport. Ecol. Indic. 2008, 8, 647-656. 

26. Meyer, C. The greening of the concrete industry. Cem. Concr. Compos. 2009, 31, 601-605. 

27. Habert, G.; Roussel, N. Study of two concrete mix-design strategies to reach carbon mitigation 

objectives. Cem. Concr. Compos. 2009, 31, 397-402.  

28. Damtoft, J.S.; Lukasik, J.; Herfort, D.; Sorrentio, D.; Gartner, E.M. Sustainable development and 

climate change initiatives. Cem. Concr. Res. 2008, 38, 115-127. 

29. Pade, C.; Guimaraes, M. The CO2 uptake in a 100 year perspective. Cem. Concr. Res. 2007, 37, 

1348-1356. 

30. Aïtcin, P.C. Cements of yesterday and today. Concrete of tomorrow. Cem. Concr. Res. 2000, 30, 

1349-1359. 

31. Mehta, P.K. Greening of the concrete industry for the sustainable development. Concr. Int. 2002, 

24, 23-28. 

32. Ye, G.; Liu, X.; de Schutter, G.; Taerwe, L.; Vandevelde, P. Phase distribution and 

microstructural changes of self-compacting cement paste at elevated temperature. Cem. Concr. 

Res. 2007, 37, 978-987. 

33. van Gemert, D.; Czarnecki, L.; Maultzsch, M.; Schorn, H.; Beeldens, A.; Lukowski, P.; Knapen, 

E. Cement concrete and concrete-polymer composites: Two merging worlds. A report from 11th 

ICPIC Congress in Berlin, 2004. Cem. Concr. Compos. 2005, 27, 926-933. 

34. de Bruijn, P.B.; Jeppsson, K.H.; Sandin, K., Nilsson, C. Mechanical properties of lime-hemp 

concrete containing shives and fibres. Biosyst. Eng. 2009, 103, 474-479.  

35. Fernandez, J.E. Flax fiber reinforced concrete—A natural fiber biocomposite for sustainable 

building materials. High Perform. Struct. Mater. 2002, 4, 193-207.  

36. Agopyan, V.; Savastano, H., Jr.; John, V.M.; Cincotto, M.A. Development of vegetable  

fibre-cement based materials in São Paulo, Brazil: An overview. Cem. Concr. Compos. 2005, 27, 

527-536. 

37. Coutts, R.S.P. A review of Australian research into natural fibre cement composites. Cem. Concr. 

Compos. 2005, 27, 518-526. 



Sustainability 2010, 2              

 

 

422 

38. Dry, C.M. Three designs for the internal release of sealants, adhesives, and waterproof chemicals 

into concrete to reduce permeability. Cem. Concr. Res. 2000, 30, 1969-1977. 

39. Compact Reinforced Composite (CRC) Home Page. Available online: http://www.crc-tech.com/ 

(accessed on 2 October 2009). 

40. Ductal® Home Page. Available online: http://www.ductal-lafarge.com/wps/portal/Ductal/ 

(accessed on 2 October 2009).  

41. Beaudoin, J.J.; Raki, L.; Alizadeh, R. A 
29

Si MAS NMR study of modified C-S-H nanostructures. 

Cem. Concr. Compos. 2009, 31, 585-590. 

42. Chen, J.; Poon, C.S. Photocatalytic construction and building materials: From fundamentals to 

applications. Build. Environ. 2009, 44, 1899-1906. 

43. Green Technology Forum. Nanotechnology for Green Building. 2007. Available online: 

http://www.greentechforum.net/greenbuild/ (accessed on 2 October 2009). 

44. Martinez, I.; Andrade, C. Examples of reinforcement corrosion monitoring by embedded sensors 

in concrete structures. Cem. Concr. Compos. 2009, 31, 545-554. 

45. Papadakis, V.G.; Tsimas, S. Greek supplementary cementing materials and their incorporation in 

concrete. Cem. Concr. Compos. 2005, 27, 223-230. 

46. Paya, J.; Monzo, J.; Borrachero, M.V.; Peris-Mora, E.; Amahjour, F. Mechanical treatment of fly 

ashes. Part IV. Strength development of ground fly ash-cement mortars cured at different 

temperatures. Cem. Concr. Res. 2000, 30, 543-551. 

47. Sani, D.; Moriconi, G.; Fava, G. Corinaldesi, V. Leaching and mechanical behavior of concrete 

manufactured with recycled aggregates. Waste Manage. 2005, 25, 177-182.  

48. Evangelista, L.; de Brito, J. Mechanical behavior of concrete made with fine recycled concrete 

aggregate. Cem. Concr. Compos. 2007, 29, 397-401. 

49. Casuccio, M.; Torrijos, M.C.; Giaccio, G.; Zerbino, R. Failure mechanism of recycled aggregate 

concrete. Constr. Build. Mater. 2008, 22, 1500-1506. 

50. Uchikawa, H. Approaches to ecologically benign system in cement and concrete industry. J. 

Mater. Civ. Eng. 2000, 12, 320-329. 

51. Mymrin, V.; Correa, S.M. New construction material from concrete production and demolition 

wastes and lime production waste. Constr. Build. Mater. 2007, 21, 578-582.  

52. Achtemichuk, S.; Hubbard, J.; Sluce, R.; Shehata, M.H. The utilization of recycled concrete 

aggregate to produce controlled low-strength materials without using Portland cement. Cem. 

Concr. Compos. 2009, 31, 564-569. 

53. Corinaldesi, V.; Moriconi, G. Influence of mineral additions on the performance of 100% 

recycled aggregate concrete. Constr. Build. Mater. 2009, 23, 2869-2876. 

54. Yelton, R. Concrete recycling takes off: The renewal of Denver’s Stapleton Airport showcases 

concrete’s place as a sustainable material. Concr. Prod. 2004, 22, 28-31.  

55. Bignozzi, M.C.; Saccani, A.; Sandrolini, F. Matt waste from glass separated collection: An  

eco-sustainable addition for new building materials. Waste Manage. 2009, 29, 329-334.  

56. Kralj, D. Experimental study of recycling lightweight concrete with aggregates containing 

expanded glass. Process Saf. Eviron. Prot. 2009, 87, 267-273.  

57. Shao, Y.; Lefort, T.; Moras, S.; Rodriguez, D. Studies on concrete containing ground waste glass. 

Cem. Concr. Res. 2000, 30, 91-100. 



Sustainability 2010, 2              

 

 

423 

58. Federico, L.M.; Chidiac, S.E. Waste glass as a supplementary cementitious material in 

concrete—Critical review of treatment methods. Cem. Concr. Compos. 2009, 31, 606-610. 

59. Guerra, I.; Vivar, I.; Llamas, B.; Juan, A.; Moran, J. Eco-efficient concretes: The effects of using 

recycled ceramic material from sanitary installations on the mechanical properties of concrete. 

Waste Manage. 2009, 29, 643-646. 

60. Al Rim, K.; Ledhem, A.; Douzane, O.; Dheilly, R.M.; Queneudec, M. Influence of the proportion 

of wood on the thermal and mechanical performances of clay-cement-wood composites. Cem. 

Concr. Compos. 1999, 21, 269-276. 

61. Bouguerra, A.; Sallee, H.; de Barquin, F.; Dheilly, R.M.; Queneudec, M. Isothermal moisture 

properties of wood-cementitious composites. Cem. Concr. Res. 1999, 29, 339-347. 

62. Bederina, M.; Marmoret, L.; Mezreb, K.; Khenfer, M.M.; Bali, A.; Queneudec, M. Effect of the 

addition of wood shavings on thermal conductivity of sand concretes: Experimental study and 

modeling. Constr. Build. Mater. 2007, 21, 662-668. 

63. Bederina, M.; Laidoudi, B.; Goullieux, A.; Khenfer, M.M.; Bali, A.; Queneudec, M. Effect of the 

treatment of wood shavings on the physic-mechanical characteristics of wood sand concretes. 

Constr. Build. Mater. 2009, 23, 1311-1315. 

64. Turgut, P. Cement composites with limestone dust and different grades of wood sawdust. Build. 

Environ. 2007, 42, 3801-3807. 

65. Becchio, C.; Corgnati, S.P.; Kindinis, A.; Pagliolico, S. Improving environmental sustainability 

of concrete products: Investigation on MWC thermal and mechanical properties. Energ. Bldg. 

2009, 41, 1127-1134. 

66. Bignozzi, M.C.; Sandrolini, F. Tyre rubber waste recycling in self-compacting concrete. Cem. 

Concr. Res. 2006, 36, 735-739. 

67. Hernandez-Olivares, F.; Barluenga, G.; Bollati, M.; Witoszek, B. Static and dynamic behavior of 

recycled tyre rubber-filled concrete. Cem. Concr. Res. 2002, 32, 1587-1596. 

68. Gold, S.; Rubik, F. Consumer attitudes towards timber as a construction material and towards 

timber frame houses—Selected findings of a representative survey among the German population. 

J. Cleaner Prod. 2009, 17, 303-309. 

69. Buchanan, A.H.; Levine, S.B. Wood-based building materials and atmospheric carbon emissions. 

Environ. Sci. Policy 1999, 2, 427-437.  

70. Lippke, B.; Wilson, J.; Perez-Garcia, J.; Bowyer, J.; Meil, J. CORRIM: Life-cycle environmental 

performance of renewable building materials. Forest Prod. J. 2004, 54, 8-19. 

71. Gustavsson, L.; Pingoud, K.; Sathre, R. Carbon dioxide balance of wood substitution: Comparing 

concrete and wood-framed buildings. Mitig. Adapt. Strat. Global Change 2006, 11, 667-691. 

72. Eriksson, E.; Gillespie, A.R.; Gustavsson, L.; Langvall, O.; Olsson, M.; Sathre, R.; Stendahl, J. 

Integrated carbon analysis of forest management practices and wood substitution. Can. J. For. 

Res. 2007, 37, 671-681. 

73. Perez-Garcia, J.; Lippke, B.; Comnick, J.; Manriquez, C. An assessment of carbon pools, storage, 

and wood products market substitution using life-cycle analysis results. Wood Fiber Sci. 2005, 

37, 140-148. 



Sustainability 2010, 2              

 

 

424 

74. Sathre, R.; O’Connor, J. A Synthesis of Research on Wood Products and Greenhouse Gas 

Impacts; Technical Report No. TR-19; FPInnovations, Forintek Division: Vancouver, BC, 

Canada, 2008. Available online: http://www.forintek.ca/public/pdf/ Public_Information/ 

technical_rpt/TR19%20Complete%20Pub-web.pdf (accessed on 11 January 2010).  

75. Commission of the European Communities. On the National Strategies for the Reduction of 

Biodegradable Waste Going to Landfills Pursuant to Article 5(1) of Directive 1999/31/EC on 

Landfill of Waste; Report from the Commission to the Council and European Parliament: 

Brussels, Belgium, 2005. Available online: http://eur-lex.europa.eu/LexUriServ/ LexUriServ.do? 

uri=COM:2005:0105:FIN:EN:PDF (accessed on 11 January 2010). 

76. Gustavsson, L.; Madlener, R.; Hoen, H.F.; Jungmeier, G.; Karjalainen, T.; Klöhn, S.; Mahapatra, 

K.; Pohjola, J.; Solberg, B.; Spelter, H. The role of wood material for greenhouse gas mitigation. 

Mitig. Adapt. Strat. Global Change 2006, 11, 1097-1127. 

77. Börjesson, P.; Gustavsson, L. Greenhouse gas balances in building construction: Wood versus 

concrete from life-cycle and forest land-use perspectives. Energ. Policy 2000, 28, 575-588. 

78. Lenzen, M.; Treloar, G. Embodied energy in buildings: Wood versus concrete—Reply to 

Börjesson and Gustavsson. Energ. Policy 2002, 30, 249-255. 

79. Gustavsson, L.; Joelsson, A., Sathre, R. Life cycle primary energy use and carbon emission of 

eight-storey wood-framed apartment building. Energ. Bldg. 2009, (in press).  

80. Sathre, R.; Gustavsson, L, Using wood products to mitigate climate change: External costs and 

structural change. Appl. Energ. 2009, 86, 251-257.  

81. Upton, B.; Miner, R.; Spinney, M.; Heath, L.S. The greenhouse gas and energy impacts of using 

wood instead of alternatives in residential construction in the United States. Biomass Bioenerg. 

2008, 32, 1-10. 

82. Petersen, A.K.; Solberg, B. Environmental and economic impacts of substitution between wood 

products and alternative materials: A review of micro-level analysis from Norway and Sweden. 

Forest Policy Econ. 2005, 7, 249-259.  

83. Salazar, J.; Meil, J. Prospects for carbon-neutral housing: The influence of greater wood use on 

the carbon footprint of single-family residence. J. Cleaner Prod. 2009, 17, 1563-1571. 

84. Petersen, A.K.; Solberg, B. Greenhouse gas emissions, life-cycle inventory and cost-efficiency of 

using laminated wood instead of steel construction. Case: Beams at Gardermoen airport. Environ. 

Sci. Policy 2002, 5, 169-182. 

85. Cole, R.J. Energy and greenhouse gas emissions associated with the construction of alternative 

structural systems. Build. Environ. 1999, 34, 335-348. 

86. van Dam, J.E.G.; van den Oever, M.J.A.; Keijsers, E.R.P. Production process for high density 

high performance binderless boards from whole coconut husk. Ind. Crops Prod. 2004, 20, 97-101. 

87. Obata, Y.; Takeuchi, K.; Soma, N.; Kanayama, K. Recycling of wood waste as sustainable 

industrial resources—Design of energy saving wood-based board for floor heating systems. 

Energy 2006, 31, 2341-2349. 

88. Green Is the Colour. 2009. Available online: http://www.timber-building.com/news/ 

categoryfront.php/id/59/Spring.html (accessed on 3 June 2009).  

89. Koroneos, C.; Dompros, A. Environmental assessment of brick production in Greece. Build. 

Environ. 2007, 42, 2114-2123. 



Sustainability 2010, 2              

 

 

425 

90. Roth, M. Sustained brick construction. ZI, Ziegelindustrie International/Brick and Tile Industry 

International 2004, 5, 50-52. 

91. Oti, J.E.; Kinuthia, J.M.; Bai, J. Engineering properties of unfired clay masonry bricks. Eng. 

Geol. 2009, 107, 130-139. 

92. Mckinley, J.D.; Thomas, H.R.; Williams, K.P.; Reid, J.M. Chemical analysis of contaminated 

soil strengthened by the addition of lime. Eng. Geol. 2001, 60, 181-192. 

93. Okagbue, C.O.; Yakubu, J.A. Limestone ash waste as a substitute for lime in soil improvement 

for engineering construction. Bull. Eng. Geol. Env. 2000, 58, 107-113. 

94. Tasong, W.; Wild, S.; Tilley, R.J.D. Mechanisms by which ground granulated blastfurnace slag 

prevents sulphate attack of lime-stabilised kaolinite. Cem. Concr. Res. 1999, 29, 975-982. 

95. Rajasekaran, G. Sulphate attack and ettringite formation in the lime and cement stabilized marine 

clays. Ocean Eng. 2005, 32, 1133-1159. 

96. Engel, J.M.; Zhao, L.; Fan, Z.; Chen, J.; Liu, C. Smart brick. Masonry Constr. World Masonry 

2005, 18, 39-41. 

97.  Bastianini, F.; Corradi, M.; Borri, A.; di Tomasso, A. Retrofit and monitoring of a historical 

building using ―Smart‖ CFRP with embedded fibre optic Brillouin sensors. Constr. Build. Mater. 

2005, 19, 525-535. 

98. Villemus, B.; Morel, J.C.; Boutin, C. Experimental assessment of dry stone retaining wall 

stability on a rigid foundation. Eng. Struct. 2007, 29, 2124-2132. 

99. Nicoletti, G.M.; Notarnicola, B.; Tassielli, G. Comparative Life Cycle Assessment of flooring 

materials: Ceramic versus marble tiles. J. Cleaner Prod. 2002, 10, 283-296. 

100. Robinson, P.D.; Hutchins, M.G. Advanced glazing technology for low energy buildings in the 

UK. Renewable Energy 1994, 5, 298-309. 

101. Lampert, C.M. Large-area smart glass and integrated photovoltaics. Sol. Energy Mater. Sol. Cells 

2003, 76, 489-499. 

102. Aydin, O. Determination of optimum air-layer thickness in double-pane windows. Energ. Bldg. 

2000, 32, 303-308. 

103. Menzies, G.F.; Wherrett, J.R. Windows in workplace: Examining issues of environmental 

sustainability and occupant comfort in the selection of multi-glazed windows. Energ. Bldg. 2005, 

37, 623-630. 

104. Lampert, C.M. Chromogenic smart materials. Mater. Today 2004, 7, 28-35. 

105. Cupelli, D.; Nicoletta F.P.; Manfredi, S.; de Filpo, G.; Chidichimo, G. Electrically switchable 

chromogenic materials for external glazing. Sol. Energy Mater. Sol. Cells 2009, 93, 329-333. 

106. Sottile, G.M. 2004 Survey of United States architects on the subject of switchable glazings. 

Mater. Sci. Eng. B 2005, 119, 240-245. 

107. Smestad, G.P.; Lampert, C.M. Solar power 2006, San José, CA. Sol. Energy Mater. Sol. Cells 

2007, 91, 440-444. 

108. Witter, V.; Datz, M.; Ell, J.; Georg, A.; Graf, W.; Walze, G. Gasochromic windows. Sol. Energy 

Mater. Sol. Cells 2004, 84, 305-314. 

109. Ross, S.; Evans, D. The environmental effect of reusing and recycling a plastic-based packaging 

system. J. Cleaner Prod. 2003, 11, 561-571. 



Sustainability 2010, 2              

 

 

426 

110. Xu, X.; Jayaraman, K.; Morin, C.; Pecqueux, N. Life cycle assessment of wood-fibre-reinforced 

polypropylene composites. J. Mater. Process Technol. 2008, 198, 168-177. 

111. Pang, J.W.C.; Bond, I.P. A hollow fibre reinforced polymer composite encompassing  

self-healing and enhanced damage visibility. Compos. Sci. Technol. 2005, 65, 1791-1799.  

112. Corbière-Nicollier, T.; Laban, B.G.; Lundquist, L.; Leterrier, Y.; Månson, J.A.E.; Jolliet, O. Life 

cycle assessment of biofibres replacing glass fibres as reinforcement in plastics. Resour. Conserv. 

Recycl. 2001, 33, 267-287. 

113. Pervaiz, M.; Sain, M.M. Carbon storage potential in natural fiber composites. Resour. Conserv. 

Recycl. 2003, 39, 325-340. 

114. Motuku, M.; Vaidya, U.K.; Janowski, G.M. Parametric studies on self-repairing approaches for 

resin infused composites subjected to low velocity impact. Smart Mater. Struct. 1999, 8, 623-638.  

115. Bleay, S.M.; Loader, C.B.; Hawyes, V.J.; Humberstone, L.; Curtis, P.T. A smart repair system 

for polymer matrix composites. Compos. Part A 2001, 32, 1767-1776. 

116. Kessler, M.R.; White, S.R. Self-activated healing of delamination damage in woven composites. 

Compos. Part A 2001, 32, 683-699. 

117. Kessler, M.R.; Sottos, N.R.; White, S.R. Self-healing structural composite materials. Compos. 

Part A 2003, 34, 743-753. 

118. Morel, J.C.; Mesbah, A.; Oggero, M.; Walker, P. Building houses with local materials: means to 

drastically reduce the environmental impact of construction. Build. Environ. 2001, 36, 1119-1126. 

119. van der Lugt, P.; van den Dobbelsteen, A.A.J.F.; Janssen, J.J.A. An environmental, economic 

and practical assessment of bamboo as a building material for supporting structure. Constr. Build. 

Mater. 2006, 20, 648-656.  

120. Utama, A.; Gheewala, S.H. Influence of material selection on energy demand in residential 

houses. Mater. Des. 2009, 30, 2173-2180. 

121. de Flander, K.; Rovers, R. One laminated bamboo-frame house per hectare per year. Constr. 

Build. Mater. 2009, 23, 210-218. 

122. Hoang, C.P.; Kinney, K.A.; Corsi, R.L. Ozone removal by green building materials. Build. 

Environ. 2009, 44, 1627-1633. 

123. Jayanetti, L.; Follet, P. Building with sustainable forest products. Struct. Eng. 2003, 81, 14-17. 

124. Paudel, S.K.; Lobovikov, M. Bamboo housing: Market potential for low-income groups. J. 

Bamboo Rattan 2003, 2, 381-396. 

125. Isik, B.; Tulbentci, T. Sustainable housing in island conditions using Alker-gypsum-stabilized 

earth: A case study from northern Cyprus. Build. Environ. 2008, 43, 1426-1432. 

126. Kouakou, C.H.; Morel, J.C. Strength and elasto-plastic properties of non-industrial building 

materials manufactured with clay as a natural binder. Appl. Clay Sci. 2009, 44, 27-34. 

127. Collet, F.; Serres, L.; Miriel, J.; Bart, M. Study of thermal behaviour of clay wall facing south. 

Build. Environ. 2006, 41, 307-315. 

128. Building without Borders: Sustainable Construction for the Global Village; Kennedy, J., Ed.; 

New Society Publishers: Gabriola Island, Canada, 2004. 

129. Singh, M.K.; Mahapatra, S.; Atreya, S.K. Bioclimatism and vernacular architecture of north-east 

India. Build. Environ. 2009, 44, 878-888. 



Sustainability 2010, 2              

 

 

427 

130. Hall, M.; Allison, D. Assessing the moisture-content-dependent parameters of stabilised earth 

materials using the cyclic-response admittance method. Energ. Bldg. 2008, 40, 2044-2051. 

131. Jayasinghe, C.; Kamaladasa, N. Compressive strength characteristics of cement stabilized 

rammed earth walls. Constr. Build Mater. 2007, 21, 1971-1976. 

132. Bui, Q.B.; Morel, J.C.; Venkatarama Reddy, B.V.; Ghayad, W. Durability of rammed earth walls 

exposed for 20 years to natural weathering. Build. Environ. 2009, 44, 912-919. 

133. Morel, J.C.; Pkla, A.; Walker, P. Compressive strength testing of compressed earth blocks. 

Constr. Build. Mater. 2007, 21, 303-309. 

134. Venkatarama-Reddy, B.V.; Gupta, A. Influence of sand grading on the characteristics of mortars 

and soil-cement block masonry. Constr. Build. Mater. 2008, 22, 1614-1623. 

135. Maniatidis, V.; Walker, P. Structural capacity of rammed earth in compression. J. Mater. Civ. 

Eng. 2008, 20, 230-238. 

 

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 

This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 


