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Abstract: The past five decades have witnessed an unprecedented growth in population. This has
led to an ever-growing housing demand. It has been proposed that the use of bio-based materials,
and specifically bamboo, can help alleviate the housing demand in a sustainable manner. The present
paper aims to assess the environmental impact caused by using four different construction materials
(bamboo, brick, concrete hollow block, and engineered bamboo) in buildings. A comparative life cycle
assessment (LCA) was carried out to measure the environmental impact of the different construction
materials in the construction of single and multi-storey buildings. The LCA considered the extraction,
production, transport, and use of the construction materials. The [IPCC2013 evaluation method from
the Intergovernmental Panel on Climate Change IPCC2013 was used for the calculations of CO,
emissions. The assessment was geographically located in Colombia, South America, and estimates
the transport distances of the construction materials. The results show that transportation and
reinforcing materials significantly contribute to the environmental impact, whereas the engineered
bamboo construction system has the lowest environmental impact. The adoption of bamboo-based
construction systems has a significant potential to support the regenerative development of regions
where they could be used and might lead to long-lasting improvements to economies, environments,
and livelihoods.

Keywords: bamboo; glue-laminated bamboo; life cycle assessment; CO,

1. Introduction

In 2018, the global human population reached 7.6 billion [1], with more than 54% living in urban
areas [2]. The steady growth of these figures hinders the achievement of the goals and targets recently
agreed by governments and the United Nation (UN)’s Sustainable Development Goals [3], and in
particular, the goals related to the provision of dignified, resilient, and sustainable housing for all [4].
The global housing demand is a multi-faceted problem that requires not only the delivery of housing
units, but also requires ensuring their affordability and guaranteeing access to the resources needed to
produce them [5]. The UN Habitat estimated in their ‘State of the Cities’ report that one billion new
housing units will be needed worldwide by 2025 [6]. The global housing demand is concentrated in
less developed and emerging economies countries from Africa, Asia, and Central and South America.
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Furthermore, current practices within the construction sector results in an ever-increasing consumption
of energy and depletion of natural resources [7]. The levels of extraction of construction minerals
has also reached new levels in the 21st century, highlighting not only the problem of the resources’
availability, but also their accessibility [8]. For instance, the production of construction materials such
as cement and aggregates is using 30% to 40% of world’s energy production [9], and under the current
practices, this means that they account for 30% of global greenhouse gas (GHG) emissions [10,11].

Therefore, it is imperative to explore the potential environmental benefits from the adoption of
alternative low-carbon construction materials, including amongst these, bio-based materials such as
bamboo and timber. Bio-based construction materials are renewable, and with adequate management,
their production can be sustained over long periods of time. Moreover, during their growth phase,
they capture atmospheric CO, and store it in their tissues [12,13]. If these materials are used in durable
products, such as buildings and their constituent materials, then the release of the captured CO; can
be delayed as long as the buildings are in service [14]. In the case of bamboo, due to its heterogeneous
growth, only 25% of the culms are harvested annually [12]. As a result, a plantation is always standing,
capturing CO, and producing readily feedstock for its potential use as a construction material [12].

Bamboo has been used as a construction material for centuries all over the world, and traditional
bamboo building systems are widespread, particularly in Latin America [15,16]. Earthquake-prone
countries such as Colombia, Ecuador, and Peru have adopted bamboo culms as a structural material
within their building codes for walling and framing systems for housing of up to two storeys [17,18].
The most common structural system is known in Spanish as ‘bahareque encementado’, and consists
of load-bearing bamboo walls that are plastered with cement mortar for weathering protection and
structural integrity [19]. However, the three main limitations of this system are (a) its current maximum
height limitation to two storeys, (b) that it uses a significant amount of cement, aggregates, and steel for
the reinforcement and plaster of the walls, and (c) the use of whole bamboo culms makes construction
processes labor-intensive [19,20]. These limitations render it unsuitable for multi-storey buildings that
can address the need for high-density construction in growing urban centers.

As a way to tackle these issues, new construction methods using engineered bamboo products (EBPs)
for structural elements has been proposed. These systems use glue-laminated bamboo elements that
are similar to Glulam and other laminated timber products [21-24]. The use of glue-laminated bamboo
enables higher levels of industrialization and the standardization of bamboo-based construction materials,
thus making their properties more reliable, and their adoption much simpler in terms of design and
construction [21,25-29]. This potentiates an increase in the number of storeys that can be built, leading to
buildings that are better suited to a dense urban context. Additionally, the use of EBPs in building
systems, instead of bamboo culms, can significantly reduce the carbon footprint of new builds. A recent
study by Vogtldander et al. [30] estimated that EBPs such as laminated bamboo panels (plybamboo)
are capable of sequestering 12.85 kg CO, per kg of product, whilst round bamboo poles (culms)
sequester 5.69 kg CO, per kg of product; both estimations referred to equivalent kilograms of CO, in
the plantation. Furthermore, it should be noted that one hectare of Guadua angustifolia Kunth (a woody
bamboo species) can yield enough raw material to produce up to 60 m® of EBPs in a year [21,31].

Life cycle assessment (LCA) can be used in order to quantify the potential benefits of these
remarkable characteristics of bamboo-based construction materials. LCA has been established as the
main methodology to quantitatively assess the environmental impacts related to the production and
use of goods throughout their service life [32]. Nevertheless, the application of LCA faces several
challenges [33] with regards to (a) impact allocations [34,35]; (b) end-of-life scenarios [36,37]; (c) system
boundaries [38]; and more importantly, (d) the availability and quality of the reported data [39-41].
The models used in an LCA propose a cause-effect relationship between the environment and human
activities to highlight their impacts and consequences [42]. The two main approaches for the use of
LCA can be identified as input-output and process-based LCA [43]. The methodologies for carrying
out LCA are defined by ISO standard 14040 [44]. Four main steps are implemented. (i) Definition of
goal and scope: This step is critical for any LCA, and describes the assessment aim and its geographical,
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physical, and time-related boundaries. (ii) Definition of life cycle inventories (LCI): In this section,
all of the input flows, including material and energy, are accounted for each product. (iii) Impact
assessment: In this section, the environmental impacts of each of the inputs from the LCI are calculated
using specific evaluation methods. (iv) Interpretation of results: In this section, the LCA’s results are
analyzed and communicated.

LCA has been extensively used to assess the environmental performance of all types of
buildings [32]. One of the main features of LCA is that it can be used to identify the most promising
strategies for improving the environmental performance of products throughout their service life and
supply chain [42]. A building’s LCA can be divided into four phases (i) the production and transport
of construction materials, (ii) the construction phase, (iii) the use/operational phase, and (iv) the
demolition phase [45]. The use of LCA for buildings is challenging due to the intrinsic diversity of the
data in these types of assessments. Furthermore, in order to maximize its potential, an LCA should
be conducted at the early building-design stages when it is still possible to make substantial changes
to the design [42,46]. However, this is the period when the least amount of information is available,
and comes at the cost of higher uncertainties regarding the construction materials to be used, their
production efficiency, and transportation logistics [47,48].

The present study aims to assess the environmental impact from the use of four construction materials
(bamboo, brick, hollow concrete block, and glue-laminated bamboo) in buildings and determine the
potential benefits—in terms of CO, savings—from the use of traditional or bamboo-based construction
systems in single and multi-storey buildings. The assessment will use Colombia, South America, as the
case study location. Timber has been excluded from the list of materials to be considered, because its use
is not currently common or widespread in Colombia; although some commercial reforestation projects do
exist, they are not yet making a significant impact in the construction market.

2. Materials and Methods

This section describes the methodological steps of the life cycle assessment: (i) definition of goal
and scope, (ii) definition of life cycle inventories, and (iii) impact assessment. Step (iv), interpretation
of results, will be presented within the ‘Results’ and ‘Discussion’ sections of this paper.

The LCA undertaken followed the methodology from ISO 14040 [44] alongside SIMApro v8
software [49], and the Ecolnvent v3.0 LCA database [50]. The life cycle impact assessment was
calculated using the evaluation method from the Intergovernmental Panel on Climate Change
IPCC2013 [51]. In order to achieve the proposed objectives, two comparative LCAs were carried out:
one for single-storey housing (SSH) with a living area of about 18 m?, and a second one for a five-storey
house with 1100 m? of living area, which will be referred to as the multi-storey building (MSB). For the
SSH, four structural construction materials were considered: brick, bamboo, concrete hollow block
(CHB), and glue-laminated bamboo (GLB). For the MSB, two construction approaches were considered:
mineral-based (brick, concrete, steel) and bio-based (GLB). In both cases, the structures were calculated
to comply with the Colombian Building code NSR-10 [17], and to be able to respond to the required
design loads, including earthquake and wind.

2.1. Definition of LCAs” Goal, Scope, and Functional Units

The main goal was to quantify the environmental impact related to the use of different construction
materials in the production of single and multi-storey buildings. The LCA followed the life cycle
phases as described on the European Norm EN 15978 [52], considering two stages—A1-3 Product and
A4-5 Construction process—and five phases: (A1) Extraction of raw materials, (A2) Transport, (A3)
Manufacturing, (A4) Transport scenario, and (A5) Construction scenario, as presented in Figure 1.
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Figure 1. Life cycle phases according to EN 15978.
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For the present project, the End-of-life phase (C1-C4) was not considered due to the inherent
uncertainty of it. In the case of buildings, the end of life will occur in an unknown future, and it is very
difficult to assert what will be the future regulatory and economic conditions. The LCA accounted for
the amount of construction materials required for the load-bearing and non-load bearing elements of
the buildings. The production of the materials and buildings was geographically located in Colombia,
and the estimated transport distances of construction materials was based on the country’s cities
and regional administrative boundaries [53]. The use, or operational, phase of the buildings was not
considered either, due to the specific climatic and technical conditions of Colombia, where artificial
heating and cooling is uncommon, and therefore the main energy demand during this phase is for
appliances and artificial lighting, neither of which is material-dependent.

The functional unit was defined as the environmental impact related to the production and
transport of construction materials per square meter of living area of each building (kgCO,Eq/m?).
This functional unit was chosen to represent the features of each construction technique. As previously
highlighted, the plastered bamboo frame (bahareque encementado) technique cannot be used in
multi-storey buildings, whilst engineered bamboo could potentially be used in both single and
multi-storey buildings. The bill of materials for the single-storey house (SSH) and the multi-storey
building (MSB) are presented in Table 1. The main dimensions for the SSH and MSB are presented on
Figures 2 and 3 respectively.

Table 1. Bill of materials for SSH and MSB.

Bamboo SSH Brick SSH CHB SSH GLB SSH Brick/Concrete MSB GLB MSB

Materials ke ke ke ke ke ke
Bamboo pole 562 0 0 0 0 0
Brick 0 5307 0 0 474,000 0
Concrete 4332 4309 4309 3975 490,022 205,760
Concrete hollow
block (CHB) 120 0 3816 0 0 0
Flattened bamboo 216 0 0 0 0 0
Glue-laminated 0 0 0 858 0 38,341
bamboo (GLB) ’
Plaster cement 1944 1351 1351 437 120,708 19,530
Reinforcing steel 60 452 565 200 1682 0
Timber 58 0 0 494 0 30,180

Source: Authors. SSH: single-storey house; MSB: multi-storey building.
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Figure 2. Single-storey house’s main dimensions (cm).
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Figure 3. Multi-storey building’s main dimensions (cm).

2.2. Definition of Life Cycle Inventories (LCI)

The life cycle inventories (LCI) for each of the construction materials used in both functional units
were developed and characterized based on the work of Balzarini [54,55] and Zea et al. [54,55]. To calculate
the LClIs of the material options, a characterization process was carried out by integrating LCI data and
georeferenced data on a geographic information system (GIS). The first step in the characterization
process was to calculate the LCIs under three scenarios for a construction material’s production
efficiency: high performance, mean performance, and low performance, using the specific electricity
mix for Colombia. This approach allows the visualization of the range in which the environmental
impact might occur, and helps to define the variability within the results and the level of uncertainty.
The use of these ranges is invaluable to the development of prospective scenarios. In a second step,
the potential transport distances of the materials were calculated from the production centers of
bamboo, cement, glue-laminated bamboo, and steel to 12 target cities in Colombia. These production
centers and target cities were identified and georeferenced using the GIS software ArcMap [56]. Using
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the spatial analyst features, the geodesic distances between the target city and the production centers
were calculated, as can be seen in Figure 4.

A Target City
O Bamboo Production
D Cement Production
. Steel Production

750 1000 km
I |

Figure 4. Estimation of construction materials’ transport distances for one city.

It has been proposed that there is a logarithmic relation between the area of the country, or
major administrative unit, and the potential transport distance of construction materials [57]. With this
information, three ranges of transport distances were established for each material option: (i) minimum
(closest to the production center), (ii) median (production center in the middle) and (iii) maximum
(farthest to the production center). For the modeling of the transport of construction materials, a data
set for a 16-t diesel-fueled lorry fleet average was selected from the Ecolnvet database [50]. The LCIs for
all of the construction materials were developed using the information from the construction materials’
production efficiency and their potential transport distances. Each LCI consisted of three scenarios:
(i) best-case scenario: high performance and minimum transport distances. (ii) mean scenario: mean
performance and median transport distances. (iii) worst-case scenario: low performance and maximum
transport distances.

2.3. Impact Assessment

The calculation of the life cycle impact assessment (LCIA) data was performed using the IPCC100a
evaluation method [51] and SIMApro v8 software [49]. The IPCC100a method considers the emissions
(COy, CO, CHy, etc.) related to a human activity. In this case, with regard to the extraction and production
of construction materials and their transport, subsequently the equivalents in kg of CO; are calculated [51].
An important methodological challenge of this section is to account for the CO, that can be stored by
bio-based materials such as bamboo and GLB. Currently, there is no scientific consensus on which is the
most appropriated method for CO, accounting [58]. In order to overcome this challenge, the calculation
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of CO, balance developed by Zea et al. [31] was proposed. For this step, it is necessary to calculate the
amount of CO, that was captured by the bio-based construction materials, and then subtract it from
the CO, emissions incurred during the extraction and production phases of the construction materials.
Furthermore, a similar balance is carried out at the building level by adding firstly all of the CO, emissions
from all of the construction materials, and then subtracting the amount of CO, stored within the bio-based
construction materials within each functional unit [31]. In the context of this study, having a positive
CO; balance means that more CO, was emitted than what was captured by the bio-based materials,
and a negative CO; balance means that less CO, was emitted than what was captured by the bio-based
materials. Thus, a negative CO; balance, or negative carbon footprint [59], represents a reduction in
atmospheric CO; for the duration of the service life of the building.

3. Results

This section presents the interpretation of the results from the two comparative LCAs carried out.
The results presented are in the form of emission per square meter of covered area (kgCO,Eq/m?) to
allow for the comparison between materials and functional units.

3.1. Life Cycle Impact Analysis

The results for the evaluation method IPCC100a for SSH and MSB are presented in Figure 5.
The columns in this figure present the mean results for the studied construction materials, and the
bars represent the high and low performance scenarios for each of them (i.e., the higher point or
‘whisker” in the bar represents the low performance scenario, and vice versa). Figure 4 shows that the
bamboo-based buildings have the lowest environmental impact for both SSH and MSB. By contrast,
brick/concrete (Br+Con)-based buildings have the highest environmental impacts. In the case of
single-storey buildings, both bamboo-based buildings have very similar emissions per square meter:
close to 80 CO,Eq/m?. Whilst the bamboo-based multi-storey building has the lowest environmental
impact of all in the sample, at only 39 CO,Eq/m?. This indicates that it is far more effective to use
glue-laminated bamboo (GLB) in multi-storey buildings than to use it for single-storey buildings.
Moreover, the traditional bamboo technique (bahareque encementado) presents the most promising
option to produce low-carbon single-storey buildings.

It is important to note that the brick/concrete (Br, CHB, and Br+Con)-based buildings present
the highest variation in their results, while the bamboo-based buildings have the lowest variation.
This suggests that the brick/concrete buildings are more sensitive to variations in the construction
materials” production efficiency and transportation than the bamboo-based construction materials.
To better understand the reasons behind these results, further assessments were carried out, thus:
(i) analysis of the contribution to the environmental impact, and (ii) analysis of the effect of transport
distance regimes.

3.2. Contribution to Environmental Impact

The results from the contribution to the environmental impact analysis are presented in Table 2.
This analysis normalizes the environmental impact of each material and process in terms of the total
environmental impact. As can be observed in Table 2, for the bamboo-based building systems (B-SSH,
GLB-SSH), the contribution from the transport of construction materials ranges from 33% to 44%
of their total environmental impact, whilst the bamboo-based construction materials contribution
ranges from 4% to 13% of the total environmental impact. For the SSH cases (Br-SSH, CHB-SSH, and
GLB-SSH), reinforcing steel is one of the main contributors, ranging from 24% to 37% of the total impact.
Similar results can be observed for the multi-storey buildings, where reinforcing steel contribution
ranges from 24% to 28% of the total environmental impact. These results support the idea that to in
order obtain low carbon, it is necessary to optimize the amount of reinforcement and minimize the
distances that the construction materials are transported. Furthermore, certain constructive systems
such as GLB or brick can be optimized by improving the production efficiency of a single construction
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material, whereas the traditional bamboo construction (bahareque encementado) would require the
optimization of several materials, such as steel, and products, such as cement. In the case of GLB, it is
important to remark that the glues used in the lamination process can contribute significantly not only
to the environmental impact, but also to the indoor environmental quality of the buildings constructed
using GLB. This means that an improvement to the environmental performance of any constructive
system requires an effort from many companies.
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Figure 5. Environmental impact in kgCO,Eq. SSH: single-storey House; MSB: multi-storey building.

3.3. Effect of Transport Regimes

To better illustrate the effect of transport on the environmental impact, the results of the
environmental impact were plotted in relation to their weight and kilometers that the materials
were transported in t-x km; this unit is used to visualize the effect of the weight of the construction
materials per functional unit. The result of the effect of transport are presented in Figure 6. In this
figure, each constructive system is represented by three points. The lowest point represents the best
case, and the highest represents the worst-case scenario. As described in the methodology section, each
case represents the combination of production performance and transport. Overall, Figure 6 showcases
that the bamboo-based constructive systems have the lowest values for transport of construction
materials in terms of mass. Furthermore, it is possible to see that the GLB-MSB has not only the
lowest environmental impact, it also requires the least t-km from all of the samples. In contrast,
the brick—concrete multi-storey building (Br+Con-MSB) has both the highest environmental impacts
and the highest values for t-km. It should be noted that even considering the worst-case scenario for
the bamboo-based constructive systems, they still produce lower environmental impacts than the best
scenarios for mineral-based systems. Moreover, these results show that due to their lightweight, and
therefore lower density, bamboo-based construction materials can be transported over longer distances
and still have lower environmental impacts. Seen from another perspective, the implementation of
local decentralized production centers of bamboo-based construction materials could further reduce
the already low environmental impacts associated with the production of bamboo-based buildings.
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Table 2. Contribution to environmental impact analysis

Bamboo Pole . 1o Concrete Hollow o Flattened Bamboo Glue Laminated o . o o
CO, EQ (%) Brick (%) Block (%) Concrete (%) (%) Bamboo (%) Steel (%) Timber (%) Transport (%)

Bamboo-SSH 6.4 0.0 1.8 7.9 0.2 0.0 34.7 0.0 49.0

Brick-SSH 0.0 62.7 0.0 4.7 0.0 0.0 15.6 0.0 17.0
Concrete Hollow

Block-SSH 0.0 0.0 35.9 8.7 0.0 0.0 28.9 0.0 26.5
Glue Laminated

Bamboo-SSH 0.0 0.0 0.0 0.0 0.0 744 15.5 0.0 10.1

Brick+Concrete-MSB 0.0 83.6 0.0 9.3 0.0 0.0 0.1 0.0 7.0

Glue Laminated 0.0 0.0 0.0 195 0.0 54.2 03 11.0 15.0

Bamboo-MSB

SSH: single-storey house; MSB: multi-storey building.
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Figure 6. Effect of transport distance to environmental impact. B-SSH: bamboo single-storey house;
Br-SSH: brick single-storey house; CHB-SSH: concrete hollow block single-storey house; GLB-SSH:
glue-laminated bamboo single-storey house; Br+Con-MSB: brick and concrete multi-storey building;
GLB-MSB: glue-laminated bamboo multi-storey building.

4. Discussion

The final part of this research was the calculation of the CO, balance [31] for all the constructive
systems. Results from the CO; balance are presented in Figure 7. This balance accounts for the CO,
that was captured, stored, and emitted for the production of the different construction materials
required for the construction of each building type. If these balances are positive, it means that more
CO, was emitted than what was captured and stored within the construction materials. Inversely,
a negative balance indicates that more CO, was stored and captured in the construction materials than
what was emitted to the atmosphere during the production of the construction materials. This can
be considered as a negative carbon footprint, which in return can be seen as a positive effect on the
environment. Figure 6 shows that even under the low-performance scenario (higher whisker in the
bar), both bamboo-based constructive systems have the lowest CO, emissions for both SSH and MSB.
For the best-case scenarios (high performance, lower whiskers), both bamboo-based constructive
systems present a negative balance, which means that the implementation of these options holds the
potential to reduce the levels of atmospheric CO;. It is important to note that engineered bamboo
(GLB) has the highest potential to store CO, per functional unit, due to the amount of bio-based
materials used in this system. Nevertheless, the energy demand for the industrialization of these
construction materials [5] reduces the amount of CO, that can be balanced. The traditional bamboo
construction system contains less bio-based construction materials, but the materials that are used
have a lower environmental impact due to their minimal processing. This allows the traditional
bamboo construction to obtain a negative CO, balance, even under the worst-case scenario conditions.
Additionally, the high levels of CO, captured by the bamboo poles offsets the emissions from the
concrete and cement plaster used in the traditional bamboo building system (B-SSH).
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Figure 7. CO, balance. SSH: single-storey house; MSB: multi-storey building.

A topic for further research is the end-of-life scenarios for the buildings, considering the potential
energy gain from the recycling of the bio-based construction materials. The work of Zea et al. [31]
has shown that the levels of avoided CO, emissions can be further increased with the energy gain
from recycled bamboo-based construction materials at the end of their life. However, these avoided
emissions are directly related to the type of electricity used during the production of the construction
materials, and the energy mix used in the country for the production of its electricity. In this case, for
Colombia, most of the energy comes from hydropower; therefore, the level of avoided emission that
can be considered may not be that significant. Under this perspective, engineered bamboo would
withhold the highest potential to produce the lowest environmental impacts from all of the studied
construction materials.

5. Conclusions

The results showed that brick, reinforcing steel, and transport were the main contributors to the
total environmental impact for all of the studied buildings in the Colombian context. This supports the
notion that an appropriate selection of construction materials complemented by a rigorous structural
design is not only relevant to a building’s structural performance, it also affects its environmental
impact. It also demonstrates that locally produced construction materials have a significant advantage
over those construction materials that require long transport distances. Nevertheless, it is important to
note that the contribution from the transportation of construction materials is proportional to the total
environmental impact, which means that an increase of transport distance will affect more the results
from the buildings that already have higher environmental impacts.

The environmental impact from the bamboo-based construction systems can be further reduced
with decentralized production, as well as by improving the current production practices and the
electricity mix that is used. Moreover, the use of engineered bamboo provides the lowest environmental
impact per functional unit for a multi-storey building, while traditional bamboo construction would
be the best option for single-storey houses. On the contrary, the use of bricks and concrete significantly
increases the associated emissions. Both industrial and traditional bamboo-based construction systems
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not only produce lower levels of CO, emissions, they also have the potential to balance the emissions
caused by other conventional construction materials, such as concrete and steel, used in the building.
This means that every bamboo based-building contributes to reduce the levels of atmospheric CO; by
establishing new and sustainable carbon sinks. Finally, the use of bamboo-based building systems can
support bamboo-producing countries in the achievement of sustainable development goals in housing,
whilst contributing to the global efforts for CO; reduction and climate change mitigation.
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