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  a    visual

  L    ife 
Cycle 
A  nalysis
 Comparing standard building structure materials 
with bamboo for China’s plan to house 400 million 
people in cities in 20 years.



Over the last decades the focus has been on the performance of a building as a whole: how can 
we create a building that consumes less energy? The next step is to understand how much energy 
it costs to create the building itself. 

The Life Cycle Analysis (LCA) is a complicated tool to assess the impact a product, in this case a 
building, has over its life. From the sourcing of material to the end of the building’s (or material) life. 

The goal of this research is to show what a simple, practical but broad approach to the LCA could 
look like. So the interested designer can make good choices, without having to be an expert. Or 
hiring one. 

The main goal of an LCA is to get a general understanding of the impact of different material 
choices. It is not very relevant for example to count all the bolts of a building, as this is just a 
marginal part of the entire building’s weight. It is more relevant to analyse on a bigger scale: all 
the concrete, steel and insulation material for example. This will generally give you a good idea of 
the building’s impact.



I

$Q�/&$�FDQ�EH�PDGH�ZKHQ�D�GHVLJQ�LV�ÀQDO��KRZHYHU�LW�LV�LPSRUWDQW�IRU�GHVLJQHUV�WR�XQGHUVWDQG�WKH�
implications of their material choice at an early stage of the design phase. A (rough) comparitive 
analysis of several alternative materials that can possibly be used for the product allows the 
designer to make the best choice from the beginning. 

This thesis is a rough comparative analysis of the most common materials for building structures. 

The LCA data for Material Production and the LCA data for the End of life (EOL) are analysed 
WR�JLYH�DQ�LGHD�RI�WKH�JHQHUDO� LPSOLFDWLRQV�RI�GLIIHUHQW�PDWHULDO�FKRLFHV��$�ÀUVW�VWHS�LV�WR�JLYH�D�
general understanding of the how the building weight is built up, as the LCA data linked to kg of 
material. This method will make it easier for designers to play with the numbers. 

Scaling up from kg/m2, we can see what the basic structural material choice could potentially 
mean on the scale of housing 400 million Chinese; the Chinese government’s goal for the coming 
20 years. 



The building industry is a big consumer of the 
world’s energy resources. Building industry 
and services are responsible for an estimated 
30 - 40 % of the world’s energy use and related 
greenhouse gas emissions; even more in 
westernized countries. (IPCC 2007, Birkeland 2002)

But there is a shift taking place; as building 
services� EHFRPH� PRUH� HQHUJ\� HIÀFLHQW��
‘zero’ energy or even energy positive, the 
focal point of improvement moves towards 
the material production, building assembly 
and disassembly.

why?

http://www.china-mike.com
/wp-content/uploads/2011/04/china-polluted-chinese-city-smog.jpg



Regulation has forced down the energy demand of houses over the last decades. This is done 
by graduately obliging for example double glazing, better wall insulation and reuse of waste 
heat. Architects and policymakers are now very well aware of these regulations, and don’t 
even have to think about it much anymore. 

Evaluating the impact of different materials can still seem very complicated, but in essence 
it is quite simple; it is a mind set. Instead of only looking at the price and material properties 
of a further quite anonymous product, society starts to demand a broader knowledge of the 
life cycle of products it uses. ‘Where is the product sourced? Under what circumstances is it 

manufactured? And what happens when we throw it away?’ are questions we increasingly 
like to see answered. Assumptions we have are often proven wrong. The awareness of the 
SRZHU�WKH�FRQVXPHU�KDV�WR�LQÁXHQFH�PDQXIDFWXUHUV�HYROYHV�� MXGJLQJ�WKH�´EHWWHU�OLIHµ�UDWHG�
PHDW�LQ�VXSHUPDUNHWV�DQG�ZLGH�UDQJH�RI�´IDLU�WUDGHµ�SURGXFWV�WKDW�DUH�QRZ�DYDLODEOH�LQ�VWRUHV��

7KH�VFLHQWLÀF�ÀHOG�RI� Industrial Ecology� WULHV� WR�DQDO\VH�SURGXFWV� WR�ÀQG�WKH�DQVZHUV��FUHDWH�
‘material passports’ and explores ways to monetarily express environmental impact. Slowly we 
see governments introducing taxes or regulation to punish bad products and endorse good 
ones; something that is not new, but is now set in motion on a broader scale then ever before.

II

Industrial Ecology

7KH� XSFRPLQJ� VFLHQWLÀF� ÀHOG� RI� LQGXVWULDO� HFRORJ\�
researches, amongst many other things, material and 
HQHUJ\�ÁRZV��WKH�LQGXVWULDO�PHWDEROLVP���WUDFLQJ�PDWHULDOV�
from their source to the end of life and analyzing the 
impact the industry has.  

 
“Industrial Ecology is a new, fast-developing 

science that focuses on a systematic 

approach to human problems and 

incorporates technical, environmental and 

social aspects.”  

http://www.tnw.tudelft.nl/en/current/latest-news

/article/detail/eerste-masterdiplomas-industrial-ecology-uitgereikt

(retrieved:  31/5/2013)

The building industry uses about 22% of the annual world 

energy resources.1  Building structures account for 50 -

70% of this energy.2 That means at least 11% of the world 

energy use is directly related to building structures.

The total world energy use related to building 

industry including services (building use) is 30 - 40%. 

When transport is included, it is estimated at around 

66% of the annual world energy resources.1

1 Birkeland, J. (2002) Design for Sustainability: A Source Book of Integrated    
Ecological Solutions, London: Earthscan. 

2 Hammond, G. P. and Jones, C. I., 2008. Embodied energy and carbon 
in construction materials. Proceedings of the Institution of Civil Engineers, 
University of Bath.



The life cycle analysis, or assessment (LCA) stems from the Industrial Ecology. It is a tool to 
assess the environmental impact of products, buildings, or materials, based on the data of 
the material passport. The databases behind the LCA (eg. Ecoinvent, Idemat, ICE) are quite 
complicated and not very transparent for designers.
   In order for architects and policymakers to get a general insight into the impact of different 
available building materials, this research aims to simplify and visualize the impact (and hidden 
costs) of the most common building materials, concrete, steel and wood. Bamboo is added to 
the comparison as it is a promising, fast growing and renewable alternative.

7KLV�UHVHDUFK�IRFXVVHV�RQ�WKH�EXLOGLQJ�VWUXFWXUH�RQO\��,W�LV�RIWHQ�WKH�ÀUVW�DQG�ELJJHVW�GHFLVLRQ�WR�
be made by the architect. As argued on the previous page the structures alone are responsible 
for at least 11% of the world energy use and related greenhouse gas emissions. Therefore there 
is a large footprint reduction potential. The construction of the main structure is responsible for 
a substantial part of all material used in a building, about 40-55% as will be explained in the 
Building Weight chapter. This choice often guides the materialisation of other building parts 
too. An LCA does not need to be very detailled to get a general understanding of the impact. 
Bolts eg. are not necessary to count to get un understanding of the greater picture. 

As an engineer and an architecture student I have been stuck with many questions during 

my education. Since the building industry has such a huge effect on the world, I used this 

RSSRUWXQLW\�WR�ZULWH�P\�ÀQDO�WKHVLV�RQ�WKH�VXEMHFW��WR�WU\�DQG�VLPSOLI\�WKH�up to date story and 

share answers I have found, aimed at the building industry.
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http://www.globalsherpa.org/wp-content/uploads/2013/01/beijing-air-pollution-bike-riders-1.12.13-by-@miniharm.jpg
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motivation

A complete LCA costs a lot of time and money, 
but is an excellent tool to quantify impacts. 
However it is important for designers to already 
at an early stage have a general insight of the 
environmental impact of the material choices 
they make. 

China is planning to house 400 million residents 
in cities in 20 years. This is half of the world’s 
building industry (Liu et al, 2013). The material 
choice can therefore have a great impact. 
The aim of this research is to clarify the impact 
of the different available materials.

400 million 
people in cities

in 20 years



Currently the consumer price of a product is determined by the cost of the product plus, 
LQ�VKRUW��WKH�SURÀW�RI�WKH�SURGXFHU�DQG�PLGGOH�PDQ��7KH�¶HQYLURQPHQWDO�EXUGHQ·�LV�QRW�\HW�
included in the consumer price. The burden can be for example social inequality (eg. 
underpaid 3rd world labourers) or environmental damage (eg. leaking oil pipes, dumping 
WR[LF�ZDVWH�RU�ODQG�ÀOOV��RIWHQ�GRQH�LQ�FRXQWULHV�ZLWK�OHVV�VWULFW�UHJXODWLRQ�RQ�SROOXWLRQ���

In the Netherlands the ‘milieuprestatie-berekening’ (MPB, environmental performance 
calculation) has become an obligatory part of the construction application since January 
������7KLV�LV�D�ÀUVW�VWHS�IRU�WKH�'XWFK�JRYHUQPHQW�WR�IDPLOLDUL]H�GHVLJQHUV�ZLWK�WKH�HQYLURQPHQWDO�
impact of their choices. The obligation in the Netherlands is an indication that govenrnments 
will graduately encorporate the ‘eco burden’ into the internal cost of a product.

The eco burden taxation becomes a serious risk for (bad) companies; the use of materials 
or production methods with a high burden will drive up the price of their product. And this 
could mean a bad company outcompetes itself as soon as it is charged for this pollution. An 
interesting example is Hummer 1, the manufacturer of big oil guzzling offroad cars. Soon after 
oil prices started to increase the company was bankrupted because its entire production 
line was designed for a market that had now become obsolete. 

    ´7KH�TXHVWLRQ�LV�QRW�if, but when WKH�HQYLURQPHQWDO�EXUGHQ�LV�WD[HGµ�1

1 After Vogtlander (2013); Online public lecture Introduction LCA (60min): 
http://collegerama.tudelft.nl/Mediasite/Play/11c0a149204d47de810c4a226c55b6a51d

 http://autos-and-parts.com/wp-content/uploads/2011/02/Hummer-auto.jpg
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Concrete is a very common building material for big Chinese housing projects. Concrete is 
not famous for being a very environmentally friendly building material; the cement industry 
alone is responsible for about 5% of the anthropogenic greenhouse gas emissions (Worrel, 
2001, IPCC 2007) (compared to 1.6% for aviation, see chapter Carbon Cycle). Concrete is 
also very hard to properly recycle so far; it can be crushed and reused eg. as foundation 
for a road, but it is used here as a waste product and therefore looses its inherent quality at 
WKH�(QG�RI�LWV�¶ÀUVW�OLIH·�DOUHDG\��5HXVH�DV�DJJUHJDWH�LQ�QHZ�FRQFUHWH�FDQ�OHDG�WR�D�KLJKHU�
cement ratio in the mix, adversely affecting the LCA outcome of concrete. 

The scale on which the Chinese government is planning to build makes for an interesting 
comparison between the LCA outcomes of different available building materials. The 
problem is concrete is yet the favoured and probably the most common building material 
in China. But China can and is making large scale efforts to reduce their impact. 

Using bamboo instead of concrete could have a double impact: less impact from the 
‘traditional’ concrete industry and a potential positive impact from bamboo. However 
without clear and simple explanation of the available materials and their footprint, bad 
choices are easily made. In the West the eco burden tax is on the horizon, assisting better 
choices; China’s plan to house at least 100 million of the 400 million people in ‘ecocities’ 
proves they are right now undertaking enormous efforts to improve their industry. 

Although the LCA is mainly designed to assess negative impacts, its ability to quantify is 
the reason it is used in this research. It can of course also be used to quantify the positive, 
making it a great tool for comparison of ‘positive’ vs. ‘negative’ materials. 

KWWS���XVFDDX�ÀOHV�ZRUGSUHVV�FRP���������DDXBEORJB��BSLFWXUH�SQJ



3http://foundwalls.com/wp-content/uploads/2012/11/Chinese-Dragon-Statue.jpg 3

,Q� KLV� ERRN� ´7KH� &RQFUHWH� 'UDJRQµ� 7KRPDV�
J. Campanella considers the social and 
environmental impact of China’s rapid 
urbanisation.  With the help of the LCA this 
research will explore whether the Concrete 
Dragon will devour China, bring prosperity, or 
if alternatives stand a chance against this wild 
beast.

Can the concrete 
dragon be slayed?



First the general functioning of an LCA will 
be explained, and the different types of LCA 
approaches will be evaluated. 

The LCA data is related to material weight. 
It is therefore important to understand how 
much a building weights and how this weight 
is generally distributed between foundation, 
VWUXFWXUH��ÀQLVKLQJ��
 The three most used indicators in an LCA, 
the energy, carbon and ecocost, will be 
evaluated for the four construction materials 
of this research paper; concrete, steel, wood 
and bamboo. 

methodology

pic: http://www.eldoradogold.com/i/misc/52-Jinfeng-Operations-Plant-&-Site-lg.jpg

?1B  what is the impact of 400 million    
 Chinese dwellings on the environment ?

�B  how can the industrial impact of different   

� PDWHULDO�FKRLFHV�EH�FRPSDUHG��VLPSOLÀHG���

 visualized and optimized ? 



4

It is necessary in the LCA to establish a Functional Unit (FU) for an equal comparison of a 
similar function. By converting the building weight to a weight per square meter� RI� ÁRRU�
space, an equal comparison of the structures can be made. Of course one could argue a 
steel building can be higher. But it will then become heavier too, as the chapter on building 
weight will show. Therefore the FU is D�VTXDUH�PHWHU�RI�ÁRRU�VSDFH, for a building of about 10 
ÁRRUV. The chapter Precedents will also show the not yet generally known potential of high 
rise wooden buildings. 

The LCA methodology prefers to use single indicators in order to keep it simple and avoid 
seas of numbers that are hard to understand. A populair and at the TU Delft favoured 
indicator is Ecocost. The ecocost expesses the environmental burden of a product in Euro’s. 
This is an indicator for the costs that are not yet included in the product price, and thus form 
D�ÀQDQFLDO�ULVN�ZKLFK�LV�XQGHUVWDQGDEOH�IRU�EXVLQHVVHV���
   Of the three used indicators energy, carbon and ecocost, this research will go into carbon 
slightly deeper. This is relevant when comparing with carbon based (biotic) materials such 
as wood and bamboo, which use carbon to grow and have the capacity to store it. Also 
the carbon cycle and the athropogenic effect on it can be understood globally. Carbon is 
actually one of the simpelest indicators. Although one should not think about it too deeply; 
leave it up the Industrial Ecologist to understand exactly how these numbers come about. 
  The relevance of carbon as an indicator will be further explained by giving a short 
introduction to the carbon cycle. 
 
Space (land use) is also an important factor, mainly for the biotic materials as they need 
space to grow. This will be evaluated in relation to the carbon cycle. 

KWWS���ZZZ�SKRWRHYHU\ZKHUH�FR�XN�HDVW�MDSDQ�WRN\R�IXMLBWYBEXLOGLQJ�MSJ

Fuji tv building 
Tokyo. Kenzo Tange



An oversight of the different building material properties will be given, to get an understanding 
of the possibilities of each material.
 
$V�ÀQDO�SDUW�RI�WKH�UHVHDUFK�VHYHUDO�SUHFHGHQWV�RI�ZRRGHQ�VWUXFWXUHV�DUH�FRPSDUHG��7KLV�ZLOO�
show the potential of biotic materials, as there is a general misunderstanding of what can 
be achieved with these materials.

Before drawing any conclusions, the many discussion points this research has brough up will 
be evaluated. After the conclusions the Vision chapter will visualize the potential for China 
to change the negative impact the building industry has. 

system boundary
The most common building structure materials are compared equally, per m2 of produced 
ÁRRU�VSDFH��3UHIDE�&RQFUHWH�������5HF\FOHG�6WHHO��/DPLQDWHG�:RRG��3O\��newly grown)  Ply 
Bamboo (newly grown) are compared.  This comparison slightly favors steel and concrete 
as Lam. Wood has a smaller ‘footprint’ then the Ply Wood version. There is no data yet on 
Laminated Bamboo in the used databases: so ‘Ply’ data has been used for both wood 
and bamboo. The materials are therefore all ‘engineered’ and prefabricated, but an insight 
will be given on what the potential of ‘less engineered’, reused and local wood is. Steel is 
actually largely favored in the comparison, as the ‘100% Recyled’ value has been used, 
whereas the ‘market mix’, the average used steel, is only 42% recycled. 

7KH�PDWHULDOV�DUH�FRPSDUHG�IURP�´&UDGOH�WR�&UDGOHµ��7KLV�LV�GRQH�E\�DQDO\VLQJ�WKHP�IURP�
the source to the End of life:



production
As will be explained later on in this research, the data used for comparison is from source 
(‘cradle’) to the ‘gate’ of the factory. Transport from factory to site is usually not yet 
included in the values of the LCA databases and has to be determined per case. A deeper 
investigation into the LCA data of Bamboo will however go into transport. For now it can be 
assumed less weight means a smaller transport burden, but keep in mind it can easily have 
a share of 30%.  

building assembly and building use
%XLOGLQJ�DVVHPEO\�LV�DOVR�QRW�WDNHQ�LQ�DFFRXQW��EXW�WKH�3UHFHGHQWV�FKDSWHU�ZLOO�EULHÁ\�JR�LQWR�
this with an example. Building use is not taken in account because as mentioned before 
the use (service) of a building is exactly not in the scope of this research as architects can 
DOUHDG\�GHVLJQ�´��HQHUJ\µ�EXLOGLQJV��

building disassebly and End of life
The EOL values are added to the LCA of this research. However energy and transport 
involved in disassembly and ‘recycling’ are not in the EOL value. This can be a determening 
factor which should be kept in mind. This assumption again favours concrete, as it is the most 
FRPSOLFDWHG�PDWHULDO�WR�GLVDVVHPEOH�DQG�LV�UDUHO\�UHXVHG�LQ�LWV�RULJLQDO�¶ÀUVW�OLIH·�VKDSH��

It should also be kept in mind that the production of some ‘ingredients’ might not be taken 
in account in the LCA data. During this research for example hints were found that the 
production of cement itself was left outside the system boundary in one LCA calcutalion (in 
a research of the Portlant Cement Foundation itself). The used Idemat LCA data on concrete 
is regarded as accurate. Note that glue is incorporated in the wood and bamboo data. 5

life span
Values in the LCA generally are based on a 100 year 
life span. A building’s life span can greatly vary; in this 
research it is assumed all buildings last equally. One 
could argue a concrete building can last longer and 
therefore the comparison in this research is deceptive. 
However, concrete buildings generally don’t last much 
longer then average as a building generally loses its 
quality before the material is ‘worn out’. Besides, in 
order to make a concrete building last longer it shoud 
be engineerd heavier then is usually done, because it 
is only engineered to last 50-70 years. 



It takes energy to make materials, and this 
energy generally comes from fossil resources, 
like coal, oil or gas. The burning of these fossils 
releases carbon. In China today, almost 80% of 
the energy is produced from coal. (gapminder.org)

The goal of this research is to show the 
difference in footprints for the various structural 
materials. What could this mean on a scale of 
400 million dwellings, of which a 100 million are 
planned to be in ‘eco-cities’?

research



The energy it takes to produce a material is called the ‘embodied energy’. For example, for 
wood this could be (in short); from the energy it takes to plant the trees, to the chainsaw to 
cut the trees down, to the saw mill, to the energy the truck uses to deliver the wood to the 
stores where we can buy it 1.

The life cycle analysis of materials examines all production stages, and their impact on the 
environment; the industrial metabolism. From sourcing the material, through the different 
processing steps and transport. The end-of-life values, if applicable, are not included in the 
LCA data, but have to be looked up separately 2. 

As mentioned building assembly and building use can be analyzed too, although this leads 
to very complicated calculations. The building assembly and building use have not been 
taken in account in the calculations of this research, because modern buildings can be 
GHVLJQHG�´��HQHUJ\µ�RU�HQHUJ\�SRVLWLYH�DOUHDG\��+RZHYHU�� LQ� WKH�FKDSWHU� ¶SUHFHGHQWV·�D�
FDVH�VWXG\�ZLOO�EULHÁ\�JR�LQWR�WKH�DVVHPEO\�RI�D�ZRRGHQ�EXLOGLQJ��FRPSDULQJ�LW�WR�D�FRQFUHWH�
building, and showing much less effort is needed to build a wooden structure.   >> 

1 system boundary:
not manufacturing of factory etc. itself
not transport/life support of employees

6

2  end of life - not taken in account: 
but recycled steel does include EOL

http://dougukan.jp/contents-en/assets/
XSORDGV�OHU�FSWBROG�NDQQD�NDQQDB���MSJ



The research compares the different materials as equally as possible, and as mentioned  
even slightly favors concrete and steel in the comparison. Concrete and steel are compared 
to engineered wood (gluelam) and engineered bamboo (gluebam), both in ‘ply’ version 
for equal comparison. Of course the mechanical properties of wood and bamboo differ 
from steel and concrete. The ‘material properties’ chapter will show these differences might 
not be as big as we perceive them. It is already possible to make 20 – 30 storey wooden 
buildings as will be shown in the Precedents chapter. And bamboo is even stronger than 
ZRRG��*RLQJ�KLJKHU�ZRXOG�SRVH�VRPH�GLIÀFXOWLHV��HVSHFLDOO\�FRPSDUHG�WR�VWHHO��KRZHYHU�
with smart hybrid constructions ‘the sky is the limit’. 

LCA data
The numbers in LCA databases are usually industrial averages. Per country this data is (slightly) 
different, depending on e.g. the country’s main energy sources. France for example has a 
lot of nuclear power plants, reducing the carbon footprint of products manufactured there. 
It is debatable whether this energy source is better, but at least it doesn’t release carbon. 
Of course companies using renewable energy produce products with a better footprint. 
However it has to be noted there are many constructions in use by the industry to ‘offset’ 
their footprint, by buying carbon credits or ‘buying some trees in the Amazon rainforest’. 
During my research I have unfortunately not come across many LCAs of products by 
companies that are proud to show how well their product performs, relative to the ‘general’ 
LCA database. Producers are often not aware or quite secretive about the heritage of their 
SURGXFWV��DQG�LW�LV�QRW�HDV\�WR�ÀQG�D�/LIH�&\FOH�,QYHQWRU\��/&,��RI�SURGXFWV��WKH�¶UDZ·�GDWD�
behind the LCA numbers. 

Corporations are often not willing to fully disclose under 
which circumstances (social economic, environmental) 
their products have been manufactured. Besides the reason 
often given; protecting ‘company secrets’ from competitors, 
history has proven that without (governmental) supervision 
and transparency this ‘free market’ system is often misused. 
Until, related to the picture above, consumers demand 
LPSURYHPHQW�� FRPSDQLHV� OLNH� 8QLOHYHU� SUHIHU� SURÀW� WR� D�
better world. 

http://www.theitinerant.co.uk/wp-content/uploads/2012/01/
oil-palm-plantation-vl.jpg



CO2 upheaval, carbon footprints, climate change, etc.

The truth is – there is unfortunately no consensus. It is certain that higher CO2 levels affect 
the climate 1, and it is a fact that humanity has pumped a lot of CO2 in the atmosphere. 
0RVW�VFLHQWLVWV�DJUHH�WKH�HIIHFW�RI�WKH�IRVVLO�FDUERQ�EDVHG�LQGXVWU\� LV�QRW�EHQHÀFLDO�WR�WKH�
ecosystem, and that ‘global warming’ is very likely to be largely anthropogenic (man made). 

However many big corporations seem to have other interests, critics still gain a lot of media 
attention (and good documentaries are hardly watched as there is probably a more 
interesting soap on tv). (Dutch) politicians seem lost, or might have become tired of the 
‘greenwash’. The Dutch are now running on a par with Bulgaria when it comes to the energy 
transition; we are proudly the #4/41 worst in Europe 2.  Some people ask if the anthropogenic 
emissions are not negligible compared to the volcanic emissions: 1) No 3, 2) There is not 
PXFK�ZH�FDQ�GR�DERXW�QDWXUDO�SKHQRPHQD��([FHSW�WU\�DQG�QRW�LQÁXHQFH�DQ\�QHJDWLYHO\��
much like all other species known to man. Occasional grasshopper plague exempt.

It cannot yet be indisputably proven that anthropogenic CO2 is causing problems, or 
changes. However, denying science and continuing on the same foot, is not smart. ‘Once in 
a thousand year’ storms seem to happen every other year now. The simple fact is that if you 
put more ‘energy’ in the atmosphere, the climate will be more energetic. At the moment 
the permafrost in Siberia is on the verge of not being so permanently frozen anymore.   >> 

7

3 Volcanic emissions: 3% of emissions with the other 97% 
from anthropogenic sources (Morse and Mackenzie, 
1990, Geochemistry of Sedimentary Carbonates)

1 C.D Keeling, 1960’s. http://www.aip.org/history/
climate/co2.htm  2 World Economic Forum, Global 
Energy Architecture Performance Index 2012

The 6 big corporations that control the world media. 
Check out: http://s248.photobucket.com/user/ProfessorofTruth/media/Media/
MediaSixLargestMediaCompanies96worl.jpg.html

http://chamorrobible.org/images/photos/gpw-20061021-original-NASA-
ISS007-E-14887-Hurricane-Isabel-Atlantic-Ocean-20030915.jpg



Wether or not this is related to our emissions, the permafrost can potentially release an 
amount of CO2 that is double what we currently have in the atmosphere (NASA, 2013. CARVE 
project). Humanity might not die out, but it is sure that levels of 1200 PPM cause health 
problems and will alter the planet. In short: what we are doing right now, can prabably be 
done better. 

There are basicly four ways to control the atmospheric CO2 balance: Burn more fossil fuels 
or reduce the amount of fossil fuels burned and/or chop down a forest or store more CO2 
 
wood and bamboo grow from carbon they take out of the atmosphere

Balancing the entire carbon cycle with current industrial emissions by planting trees would 
mean there should be about 10% more forested area then there is today, and it should be 
in the form of plantations. That is a lot, and would result in about 2500 kg wood per year per 
world citizen1. Which, until burned, would store the anthropogenic carbon. This is not very 
feasible, as it would be impossible, or at least quite inconvenient, to use or store this much 
wood2.

1 9Gt Carbon / 7 billion people = 1.28tCarbon/capita    
Wood = 45-50% carbon. = 2.56tonnes of wood/y/pp

2 Althought natural decay of wood is only about 50% in 50 
years, and much of the released carbon contributes to 
soil quality instead of being released to the atmosphere 
(Wal, Annemieke van der��́ 7KH�IXQJDO�IDFWRU�LQ�YDULDWLRQ�
RI�ZRRG�GHFD\�UDWHVµ�1,22�:85��

and have a potentially low carbon footprint from their production process

KWWS���UHVHDUFK�DPQK�RUJ�SDOHRQWRORJ\�SHULVVRGDFW\O�I�0LRFHQHB��MSJ

http://jonova.s3.amazonaws.com/photos/plants/co2-feeds-plants-2.jpg



The achievement of mankind to globally affect the (atmospheric) ecosystem has been 

extraordinary. So have been the efforts in WWII, when the steel industry has produced more steel 

in 5 years then would be needed today to supply the world with sustainable energy. This keeps 

me optimistic.

 

The carbon that has been put in the atmosphere in the last 150 years doesn’t have to be stored 

IRUHYHU��RU�LQ�RQH�\HDU��%XW�XQWLO�ZH�VROYH�WKH�SUREOHP��RU�ÀJXUH�RXW�H[DFWO\�ZKDW�ZH�DUH�WDONLQJ�
about, I don’t think it will be a problem to build enough buildings to store some carbon. If we can 

create a problem in 150 years, we may hope to solve it in 150 years. The question is, even under 

current unrealisticly low carbon trading values, what would we owe China if they were to solve 

the carbon issue we created by turning around their industry? I think China would not be half as 

capitalistic about their achievement as we have been, but I wouldn’t be surprised if we would 

put even more tax on their sustainable solutions 1. Tax to bail out our corrupt banks and failing 

privatized ex government companies. Tax to get tax from the palm oil industry, to build roads to 

allow child labor endorsing companies to deliver us our clothes and support oil companies that 

‘help out’ poor African children with oil based stoves 2. 

1 
http://www.thestockmarketwatch.co/chinese-counterattack-eu-tax-on-the-eu-wine-pv-dual-investigations-initiated.html

2 http://reports.shell.com/sustainability-report/2012/ourapproach/communities/cookstoves.html

However, a combination of reducing and storing seems more promising. As will be shown in the next chapters, reducing carbon intensive 
materials (and thus carbon emissions) and replacing them with carbon positive materials, will give more interesting outcomes. Combine this with 
industrial processes that run on renewable energy sources, making carbon positive materials even more carbon positive and carbon intensive 
materials less carbon intensive, and you’ll start to see big improvements. In theory. 
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7KH�GDWD�LQ�WKH�/&$�LV�´FUDGOH�WR�JDWHµ��C2G). 
The cradle is the source, and the gate for 
example the (local) distribution centre. The 
End-of-life (EOL) is not included in the G2G       
LCA data, it has to be looked up separately.
  There is no end of life value for concrete, if 
crushed it is a waste which, if you’re a good 
planner, might at best be valued as foundation 
IRU�D�IXWXUH�URDG��EXW�RIWHQ�HQGV�XS�LQ�D�ODQGÀOO��
If an End-of-life value would be calculated, it 
would not be very positive. Steel is generally 
DOUHDG\� ´PDUNHW� PL[µ� UHF\FOHG�� VR� WKHUHIRUH�
cannot have an End-of-life value again; it has 
already been incorporated in the LCA data 

1. 
1 Interview  / e-mail contact with J. Vögtlander.

LCABintroC2G



$QRWKHU�FRPPRQ�DSSURDFK�LV�WKH�´FUDGOH�WR�VLWHµ��&�S), where the 
transport from the ‘gate’ to the (building) ‘site’ is also calculated. 
7KH� ODVW� DSSURDFK� LV� WKH� ´FUDGOH� WR� FUDGOHµ� �&�C) analysis, 
incorporating the end of life too. 

In the case of biotic materials (e.g. wood, bamboo, straw) there is 
an End-of-life value. The way this is approached is that the materials 
have an energy value when incinerated. This is ‘embodied’ in the 
material when it grows: but it should not be confused with the 
‘embodied’ energy it takes to manufacture the material. 1  
  When at the end of its life, the biotic material can be burned 
which produces energy, for which no fossil fuels will be used. It is 
‘renewable’ energy, part of the short-term carbon cycle, instead 
of fossil fuels, which have taken a long time to form in the earths 
crust and consist of carbon taken from the atmosphere a long time 
ago. The saving of fossil resources is accredited through the end of 
life value.

9

C2S

C2C

The LCA is a tool designed to map negative footprints, to analyse and quantify problems. It 
is not so much designed for the use of quantifying the positive, but can be used for that as 
the LCA analysis of the construction materials of this research will show. 

In the material analysis of this research the C2G data will be put next to the C2C outcomes, 
revealing the relevance of taking the end of life in account.

1 During the research, it became clear there was something inconsistent about the 
Idemat database, which is derived from the Ecoinvent data: the embodied energy 
of plywood was abnormally high. It could only be explained if the stored energy 
from growth was also included in the data. This was the case and wrong, and has 
since been revised. 



1 Ecocost calculates the prevention cost�RI�GDPDJH�WR�WKH�HQYLURQPHQW��,W�YDOXHV�DFLGLÀFDWLRQ��
HXWURSKLFDWLRQ�� HFRWR[LFLW\�� FDUFLQRJHQV�� VXPPHU� VPRJ�� ÀQH� GXVW�� JOREDO� ZDUPLQJ� DQG�
abiotic depletion of fossil fuels. (Vögtlander, 2010. A practical guide to LCA, TU Delft, p83)
Material depletion or scarcity are also accredited in the ecocost. Reuseability 
can be accounted for but this greatly depends on the ‘second life’ scenarios. 

= =

toxicity 

landuse 

water 

energy carbon =� ecocost =�= = 
toxicity water

landuse

1

energy = carbon = ecocost
If the energy is derived from fossil resources, as is usually the case, 
it will have a carbon emission. This carbon emission is a burden on 
the environment, which is expressed in ecocost. Ecocost not only 
looks at carbon emissions, but also at other environmental effects, 
like water use, toxicity and land use (see 1).

transport
$Q�LQÁXHQWLDO� IDFWRU�RQ�WKH�/&$�RXWFRPH�LV� WUDQVSRUWDWLRQ�� ,W�FDQ�
easily be responsible for 30% of the material’s footprint. In the 
chapter ‘material properties’ a Life Cycle Inventory of bamboo will 
be shown, to get an idea of the impact of transport from source to 
manufacturing and from the factory to the ‘gate’ or ‘site’.   

end of life
It is important to distinguish between the end of life of a building, 
and the end of life of a material. Through modular design and 
design for easy disassembly and reuse, the life of a material can 
be considerably extended, having great impact on the footprint. 
However, an important issue with ‘recycling’ is the logistics, as 
transport is responsible for a considerable part of the footprint, this 
has to be taken in account.

material
depletion?  



Sutton in 2002 and sold to the Peabody Trust. It was
designed by Bill Dunster Architects with Bioregional
Development Group37 as the environmental consultants.
Only renewable energy sources (making maximum use of

passive solar gain) and small-scale combined heat and
power (CHP) plants are used to meet the low operational
energy needs of the development. It is therefore notionally
‘carbon neutral’, and has received multiple awards for

Material Embodied energy: MJ/kg Embodied carbon: kgC/kg

Bricks
General 3 0.060
Limestone 0.85 –

Cement
General 4.6! 2 0.226
Portland cement, wet kiln 5.9 0.248
Portland cement, semi-wet kiln 4.6 0.226
Portland cement, dry kiln 3.3 0.196
Portland cement, semi-dry kiln 3.5 0.202
Fibre cement 10.9 0.575
Mortar (1 :3 cement : sand mix) 1.4 0.058
Mortar (1 :4) 1.21 0.048
Mortar (1 :0.5 :4.5 cement : lime : sand mix) 1.37 0.053
Mortar (1 :1 :6 cement : lime : sand mix) 1.18 0.044
Mortar (1 :2 :9 cement : lime : sand mix) 1.09 0.039
Soil-cement 0.85 0.038

Concrete
General (1 :2 :4 as used in construction of buildings under three storeys) 0.95 0.035
Precast concrete, cement : sand : aggregate 2 0.059
1 :1 :2 (high strength) 1.39 0.057
1 :1.5 :3 (used in floor slabs, columns and load-bearing structures) 1.11 0.043
1 :2.5 :5 0.84 0.030
1 :3 :6 (non-structural mass concrete) 0.77 0.026
1 :4 :8 0.69 0.022
Autoclaved aerated blocks (AACs) 3.5 0.076–0.102
Fibre-reinforced 7.75 0.123
Road and pavement 1.24 0.035
Road example 2085MJ/m2 51 kgC/m2

Wood-wool reinforced 2.08 –

Glass
General 15 0.232
Fibreglass (Glasswool) 28 0.417
Toughened 23.5 0.346

Steel
General, ‘typical’ (42.3% recycled content) 24.4 0.482
General, primary 35.3 0.749
General, secondary 9.5 0.117
Bar & rod, ‘typical’ (42.3% recycled content) 24.6 0.466

Bar & rod, primary 36.4 0.730
Bar & rod, secondary 8.8 0.114
Engineering steel, secondary 13.1 0.185
Galvanised sheet, primary 39 0.768
Pipe, primary 34.4 0.736
Plate, primary 48.4 0.869
Section, ‘typical’ (42.3% recycled content) 25.4 0.485
Section, primary 36.8 0.757
Section, secondary 10 0.120
Sheet, primary 31.5 0.684
Wire 36 0.771
Stainless 56.7 1.676

Timber
General 8.5 0.125
Glue laminated timber 12 –
Hardboard 16 0.234
MDF 11 0.161
Particle board 9.5 0.139
Plywood 15 0.221
Sawn hardwood 7.8 0.128
Sawn softwood 7.4 0.123
Veneer particleboard (furniture) 23 0.338

Table 2. Selected database5 embodied energy and carbon coefficients
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carbon storage  -  wood and bamboo
In the case of biotic materials, the carbon ‘embodied’ in the 
growth will be stored until the true end of life, until it is incinerated 
and released back to the atmosphere. Or in the case that it will 
be composted, the decay time will add to the storage period. The 
end of life value for composting will differ from the incineration 
value; however improving soil quality can be valuable too. In 
the compost scenario, it should be taken in account that the 
‘embodied’ carbon from growth will not be fully released to the 
atmosphere anymore (Wal, A. van der, NIOO/WUR). Standard data 
on composting scenarios is not available in the LCA databases. 
About half the weight of the material is actual carbon taken from 
the atmosphere (as 45 - 50% of biotic materials is pure carbon), 
which is quite a lot compared to the embodied carbon from 
manufacturing.2

LCA databases
On the right you see an example of an LCA database. Parameters 
are linked to kg of material used. In its current form the numbers 
DUH�GHFHLYLQJ��DW�ÀUVW�VLJKW�LW�ORRNV�DV�LI�FRQFUHWH�FRPHV�RXW�PXFK�
better then wood. This data is useless without knowledge of the 
weight of your building, or an understanding of the difference in 
weight between steel, concrete and wooden buildings.

7KH�QH[W�FKDSWHU�ZLOO�PDNH�WKLV�GDWD�XVHDEOH�E\�GHÀQLQJ�WKH�PDVV�RI�D�
building and its different components in kg/m2. 

ICE database (UK); Hammond et al., Bath University

2 see table ICE data; the embodied carbon of 1 kg woodgeneral = 0.125kgC, but 1kg wood 
has taken up 0.45-0.5kgC during growth. 10

example LCA data



As the numbers in de LCA databases are 
related to material weight, it is important to 
get a basic understanding of the weight of 
buildings: especially the differences between 
concrete, steel and wooden buildings, and 
how the weight is distributed between different 
building parts.

The heavier a buidling is, the heavier the 
foundation. Left you can see the weight 
distribution. A concrete building is about three 
times heavier then a comparable wooden 
one.

building weight
kg/m2

30 - 10 % 

55 – 40 % 

25 – 50 % 

structure

ÀQLVK

foundation

(kg/m2) concrete steel wood bamboo 
foundation 400 150 40 40 

structure 600 250 200 180 

kg/m2total 1400 700 440 420 

600 250 200 180structure

foundation

finish 400 300 200 200 ÀQLVK

Data: NIBE 
(Nederlands Instituut 
voor Bouwbiologie 
en Ecologie)

Source: Geert Daams,
construction engineer

Estimates made with 
construction engineer 
Geert Daams
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The concrete values are for ‘prefab’. An in-situ concrete construction is heavier, it 
weighs about 1600 - 1800 kg/m2 (NIBE).  
     Wood and bamboo in this research are always engineered; laminated. The weight 
of a bamboo construction is a safe estimate. Bamboo is quite a bit stronger then (soft)
wood, as will be shown in the ‘material properties’ chapter. Unfortunately there is no 
clear information on the weight of bamboo constructions, and NIBE understandibly 
doesn’t have any bamboo examples. 

When the building is higher, the average weight per m2 generally increases, as shown 
LQ�WKH�EXLOGLQJ�KHLJKW�ÀJXUH��
���,Q�WKH�1,%(�GDWD�D�ZRRGHQ�EXLOGLQJ�KLJKHU�WKHQ���ÁRRUV�LV�D�K\EULG�FRQVWUXFWLRQ��XVLQJ�
ZRRGHQ�ÁRRUV�DQG�VWHHO�FROXPQV��7KLV�VRUW�RI�K\EULG�FRQVWUXFWLRQ�LV�YHU\�SURPLVLQJ��DV�
ZRRGHQ�ÁRRUV\VWHPV�DUH� VXEVWDQWLDOO\� OLJKWHU� WKDQ� VWHHO�RQHV�� 7KLV�FRXOG�� IRU�D� VN\�
scraper for example, result in a big weight saving, which can reduce the dimensions 
of the vertical construction; the columns.  
   The weight distribution between columns and ÁRRUV in the structure is generally 
about 10/90. To be on the safe side, and account for higher structures 1, one can 
assume a distribution of 20/80. 8SWR����ÁRRUV�Whis is a safe assumption.

functional unit
We now have an idea of the weight of different materialized structures. It is now 
possible to link this to the LCA data, which is linked to kg of material. 
The ‘functional unit’ for the LCA analysis is 1m2 of building structure.

kg/m2

building height

Data: NIBE

80%�ÁRRUV

20% columns

Source: 

Geert Daams

BBBBBB
����Á

BBBBBB
����Á

BBBBBBBB
������Á

In situ / prefab 

* >8 fl = hybrid 

concrete 1400 -20 / -200 -10 / +100 

steel 700 + 30 + 90 

wood  440 + 20* + 80* 

1 As a building gets higher, especially lower columns become 
heavier. 



Life Cycle Analysis
Now the weight of materials needed to make 
a structure  is known, it can be linked to the LCA 
values. The energy, carbon and ecocost values 
supplied per kg can simply be multiplied with 
the kg/m2 values from the previous chapter. 

The functional unit (FU) is always determined 
ÀUVW�� The FU for this research is 1m2 building 
structure of at least 10 stories.

Material sourcing, manufacturing, a part of 
transport and End-of-life will be evaluated 
in the analysis. Building assembly, use, 
disassembly and related tranport are left out 
of the calculations. 



The databases used in this research are Idemat2010 and 2012. The used Idemat data is based 
on the Ecoinvent database. In some cases the ICE database has been put next to the Idemat 
data, for a double check. 1

For concrete the data for ‘reinforced PREFAB concrete’ is used. For Steel is ‘secondary 100% 
recycled’ is used. For wood and bamboo the data for ‘ply wood’ and ‘ply bamboo’ are 
used. Laminated wood has a slightly lower impact mainly because it is made of bigger parts. 
But data on laminated bamboo is not available in the databases, so ‘ply’ has been used for 
both wood and bamboo for an equal comparison. 
   The data is Europe-based, which for bamboo includes intercontinental transport. This has 
been taken out of the calculations, but is also mentioned in the tables. 

7KH�GDWD� VWLOO� QHHGV� VRPH�PRUH� VLPSOLÀFDWLRQ�� RQH�GDWDEDVH� XVHV� IRU� H[DPSOH� NJ&22/kg, 
another uses kgC/kg. Energy is normally mentioned in MJ (Mega Joules), but we will convert it 
to kWh (kilowatt hour), as this is a more populair and generally understood term. Most people 
know what a kWh costs from their household electricity bill. 
   Calculations will be explained per chapter (energy / carbon / ecocost). The results are put 
together in the LCA conclusions.  

1 Idemat, ICE (Bath), Ecoinvent 
See appendix: spreadsheet
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In the databases energy is expessed in MJ/kg. 
This is converted to kWh/m2 in this chapter.

Currently 1 kWh costs the Dutch consumer 
about 25 cents, including taxes and delivery 
(grid cost). The production price is about 
7 - 8 ct., which is closer to what industrial 
manufacturers pay. This covers sourcing of the 
coal, intercontinental transport by ship, the 
cost of building and running the power plant 
and energy losses in delivery.

energy

http://www.wsi.com/Collateral/Images/English-US/lightning2.jpg



(1) 333 kwh/m2; in spreadsheet; actually 336 in this 
simple calculation because of round off. 
market mix: 42 ~ 21, depending on e.g. country/
factory

2 kWh/m2 workshop. Kleine Energie Atlas

Energy density  

Coal has an energy value ‘embodied’ in it, called energy density, 
of 24MJ/kg, 6.7kWh/kg. Oil has 47MJ(13kWh)/kg, which makes it the 
preferred energy source for transportation. (Natural) gas has a density 
of about 50MJ(14kWh)/kg, and releases less carbon to the atmosphere 
when burned. 1kg of natural gas (LPG) compresses to a volume of 
about 2 liters. Wood has an ‘embodied’ energy, from growth, of 16 - 
26 MJ/kg (4.5 - 7.3 kWh/kg, depending the moisture content).
About 75% of energy is lost 2 in transport (from source to power plant, 
and through the electricity net) and production. Of the 6.7 kWh of a 
kg coal sourced only about 2 kWh will reach the outlet at your home. 
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Energy � 2 � 9 � 12.8 � 22 � �
(MJ/kg) � � � � � � � 15.4  excl intl. transport 

� � � � � � � � � � �
end of life � none � none � -26 � -25 � �
� � � � � � � � � � �
footprint � 333 � 625 � 711 � 770 � �
(kWh/m2) � � � � � � � � � �
incl EOL � � � � � - 733 � - 480 � �

� 
 

Concrete   Steel  �  Wood  �  Bamboo  
structure (reinforced) (secondary) (ply) � (ply) 

kg/m2 �  600  �  250  �  200  �  180  � � 

The table on the right shows the LCA values for embodied energy (MJ/kg, Idemat 
2012 data) and outcomes of the calculation (kWh/m2).

calculation:
Concrete = 2 MJ/kg x 600 kg/m2  x 0.28 kwh/MJ = 333(1) kWh/m2  

(1kwh = 3.6MJ. 1MJ = 0.2777 kWh, or 0.28 round off)

For steel the ‘secondary’ value is used for the calculations. Secondary is 100% re-
cycled, already incorporating the End-of-life (EOL) value. Other options are ‘typical’ 
steel, which is 42% ‘market mix’ recycled; this is the industrial average, and has an 
embodied energy of about 24 MJ/kg. Or ‘virgin’ steel, also called ’primary’, without 
any recycled content, it has a value of about 35 MJ/kg. Only when virgin steel is used 
an End-of-life (EOL) value can be given of about - 10 MJ/kg. Concrete doesn’t have 
an EOL value.

For wood and bamboo the eol. can and should be incorporated in the calculation:

Wood = (12.8  - 26 (EOL)) MJ/kg x 200 kg/m2 x 0.28 =  - 733 kWh/m2

This ‘negative’ LCA results actually means there is a surplus of energy at the EOL. For 
a fair comparison the bamboo’s intercontinental transport needs to be taken out. 
This is  the ‘excl intl.’ value, and is used in the calculation. (See LCI in material properties 
chapter) 



In the databases Carbon values are often 
expressed as Carbondioxide; kgCO2/kg. This 
chapter converts this to kgC/m2.

Sometimes the term ‘CO2 equivalent’ is 
used (kgCO2eq/kg). CO2 is a greenhouse gas 
(GHG). The CO2 ‘equivalent’ is used for easy 
comparison of other GHGs, like Methane (CH4) 
and Nitrous Oxide (N2O), and includes them in 
the LCA value. Although less prevalent these 
GHGs are more potent. The equivalent values 
CH4 25 times more powerful then CO2, and 
N2O 300 times. (UNFCCC)

Water vapor is also a main GHG.

carbon

M
K



1 kgCO2 converts to 0.2727kgC (12/44) round off to 0.27. 1 kgC = 3.67kgCO2 (
44/12).

(Atomic number: 12C + 16O + 16O =  44 of which 12 carbon)

The calculation is similar to the energy calculation:

Wood = (0.86  - 1.23) kgCO2/kg x 200 kg/m2 x 0.27 = - 20 kgC/m2 

In the case of wood and bamboo, the end of life value is incorporated again. Keep 
in mind that besides the embodied carbon LCA value, during its life the carbon 
‘embodied’ from growth is 45 - 50% of the material weight. Even though without the 
end of life the material production of wood costs 47kgC/m2, the 200kg structure stores 
45% x 200kg = 90kgC/m2, before a tree is even cut down. Multiplied by 100 million 
people housed with 25m2 pp and an elongated material lifespan by design for reuse, 
this storage could have a serious effect on China’s industrial carbon footprint (see 
‘carbon cycle’ chapter). The way this storage is handled is currently under discussion 
amongst LCA experts. 

A table is added for comparison of different sorts of wood and their impact. It appears 
‘general’, market average, wood is almost half as carbon intensive in production as 
SO\ZRRG��3ODWR�ZRRG�LV�WKHUPDOO\�PRGLÀHG�IRU�KLJKHU�GXUDELOLW\�DQG�ZHDWKHUSURRÀQJ�

1 less local transport: 300km instead of 600. See LCI p 20. 
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Carbon � 0.19 � 0.42 � 0.86 � 1.24 � �
(kgCO2/kg) � � � � � � � 0.99  excl intl. transport 

� � � � � � � � � � �
end of life � none � none � -1.23 � -1.18 � �
� � � � � � � � � � �
footprint � 32 � 29 � 47 � 49 � �
(kgC/m2) � � � � � � � � � �
incl EOL � � � � � - 20 � - 9 � �

� 
 

Concrete   Steel  �  Wood  �  Bamboo  
structure (reinforced) (secondary) (ply) � (ply) 

kg/m2 �  600  �  250  �  200  �  180  � 

wood (kgCO2eq/kg) 
 

Idemat2012

C2G end of life total 

general 0.458 - 1.23 - 0.772 
ply 0.856 - 1.23 - 0.374 
plato 0.748 - 1.23 - 0.482 

ply bamboo 0.99 - 1.18 - 0.19 

1



Ecocost calculates the prevention cost of 
damage to the environment. To investors or 
government the ecocost might be most easy 
to understand, but policy still has to be made 
to properly tax ecocost. Let alone getting the 
tax at the right place if social economic costs 
are incorporated. 

Ecocost are expressed in €/kg of material. This 
chapter converts this to €/m2 for the various 
building structures.

ecocost

KWWS���P\WRZQVDQDQWRQLR�QLQJ�FRP�SURÀOHV�EORJV�KRZ�\RX�FDQ�KHOS�VROYH�WKH�ODQGÀOO�FULVLV



15

Ecocost �  �0.05  � 
 

�0.12  �  �0.21  �  �0.35  � 
(per kg) � � � � � � �  �0.21   excl intl. transport 

� � � � � � � � � � 
end of life � none � none � -�0.22 � -�0.21 � 
� � � � � � � � � � 

Initial cost �  �30  �  �30  � 
 

�42.60  � 
 

�37.48  � 
(per m2) � � � � � � � � � 
Incl EOL � - � - � - �1.40 � - �0.32 � 

� 
 

Concrete   Steel  �  Wood  �  Bamboo  
structure (reinforced) (secondary) (ply) � (ply) 

kg/m2 �  600  �  250  �  200  �  180  � 

Calculation:

Wood = (0.213  - 0.22) €/kg x 200 kg/m2 =  - 1.40 €/m2   

Glue has been incorporated in the calculations of the plywood and plybamboo: 
There is good and bad glue, but bad glue still outcompetes good glue. Good 
-biodegrading- glue is still quite expensive. However, affordable good glues are on 
the horizon. Reuseable glue is even under development. Bad glues are used in these 
FDOFXODWLRQV�� GULYLQJ� WKH� LQLWLDO� HFRFRVW� XS� VLJQLÀFDQWO\� �VHH� ¶PDWHULDO� SURSHUWLHV·�
chapter; LCI bamboo p. 20). So there is a lot of potential for improvement. 

The wood table on the bottom right illustrates there is a factor 10 difference between 
‘pure’ untreated wood (scotspine) and plywood. 

Important to note is the comparison of ecocost for wood of different origin;  
SODQWDWLRQ��)6&�FHUWLÀHG�RU�QDWXUDO�IRUHVW��7KH�)6&�ZRRG�VWDPS�LV�RQ�ZRRG�LQ�PRVW�
VWRUHV�QRZ��DQG�LV�GHÀQLWHO\�EHWWHU�WKHQ�ZRRG�VRXUFHG�IURP�QDWXUDO�IRUHVWV��+RZHYHU���
)6&�FHUWLÀHG�ZRRG�LV�VWLOO�DOPRVW�D�IDFWRU����ZRUVH�WKHQ�ZRRG�IURP�D�SODQWDWLRQ��6R�
LI�\RX�ZDQW�WR�FRQWULEXWH�VXEVWDQWLDOO\��DVN�\RXU�ORFDO�VXSSOLHU�IRU�FHUWLÀHG�SODQWDWLRQ�
wood and leave the FSC stamped wood on the shelves next time. 

1 less local transport: 300km instead of 600

C2G end of life total 

scotspine 0.022 - 0.22 - 0.198 
ply 0.213 - 0.22 - 0.007 
plato 0.146 - 0.22 - 0.074 

wood (ecocost euro/kg) 
 

azobe 

FSC 0.864 

plantation 0.094 

Natural forest 3.964 

(hardwood)

+ less local transport

1



concrete steel 2nd wood bamboo 

lca results
      structure/m2

C2G + End-of-life

C2G
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carbon (kgC/m2)
energy (10kWh/m2)

When only C2G data is used in the analysis,  
wood and bamboo appear to have a bigger 
footprint than concrete and steel. 
   The C2G analysis including End-of-life shows 
the importance of the EOL value when looking 
at biotic materials. Ply- wood or bamboo,  
with a relatively high footprint compared to 
the laminated versions, still store more carbon 
during growth. Even without the EOL.
    It might be an idea to include the EOL value 
in the data for biotic materials. Like it is done for 
secondary or typical steel. This would make it 
impossible to make the mistake of only looking 
at the C2G data. 

0

0
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Besides the positive footprint, biotic materials already have some potential for 
improvement. Keep in mind that the ply- versions have been used, but laminated- 
scores better. Let alone non engineered wood or bamboo. Better glues are on the 
KRUL]RQ��WKLV�ZRXOG�SRVLWLYHO\�LQÁXHQFH�WKH�HFRFRVW��*URZLQJ�PRUH�ORFDOO\�FDQ�DOVR�
have a relevant impact on the LCA outcomes; the concrete and steel already have 
a highly optimized production and are already quite strategically located.

A visit to Tata Steel in IJmuiden (NL) showed pretty much the only improvement to 
EH�PDGH�ZDV� D� VOLJKWO\�PRUH� HIÀFLHQW� EODVW� IXUQDFH� (excursion: TU Delft boatweek Oct. 

2011)�� )RU� FRQFUHWH� SURGXFWLRQ� LW� EHFRPHV� LQFUHDVLQJO\� GLIÀFXOW� WR� ORFDOO\� VRXUFH�
aggregate. If aggregate is getting locally depleted, more transport has to be 
involved. Improvements might be reached by using less harmful additives, but the 
fact remains that 5% of the anthropogenic carbon comes from cement. 1

Partly reducing new concrete buildings and instead using biotic materials, will have 
a double impact: less negative footprints replaced by positive ones. Using steel 
or concrete together with biotic materials can also easily result in a ‘0’ or positive 
IRRWSULQW��5HPHPEHU�WKH�ZHLJKW�GLVWULEXWLRQ�������IRU�FROXPQV�YV��ÁRRUV�

The next chapters explain the carbon cycle in more detail. Material properties are 
discussed to further explain the relation between biotic materials and the carbon cycle. 
Precedents are analized to get an idea of how all this theory works in practice, 
leading to a discussion chapter before any conclusions are drawn. 

1 Worrell, 2001. IPCC, 2007

LCA ‘negative’ impact > positive!



,QGXVWU\� KDV� D� ELJ� LQÁXHQFH� RQ� WKH� FDUERQ�
cycle and the building industry has a big share.  
The cheap energy from fossil fuels has boosted 
atmospheric carbon levels up by about 40% in 
only 160 years, since the industrial revolution. 

As argued in the introductory ‘why’ chapter   
(p. II), building structures alone are responsible 
for about 11%�RI�WKH�DQWKURSRJHQLF�LQÁXHQFH��

This chapter will give a short intro on the carbon 
cycle and shows the seemingly small potential 
of biotic materials  to turn the building industry 
towards a positive contributor to the cycle.    

carbon cycle

KWWS���WKHQDQRDJH�FRP�LPDJHV�5HDOBJUDSKHQH�MSJ



The atmospheric carbon content has 
remained quite stable for millions of years, 
but has seen a sharp rise since 1850. Since 
the Miocene, 24 million years ago, the CO2 
levels have generally remained around 280 
PPM, (Pearson, 2000). Now, in 160 years, levels 
have risen from 280 to 390, recently breaching 
the 400PPM milestone. A rise to 450-490PPM 
by 2050 is predicted by the IPCC, leading to 
a global average temperature rise of 2 - 2.4 
°C. (IPCC 2007, Metz et al. 2001). To avoid 
dangerous interference with the climate 
system, the temperature increase should not 
exceed  2 °C above pre industrial levels (CEU, 
2005).
  Reducing the dependency on fossil 
energy will reduce the carbon emitted to 
the atmosphere. But in order to restore the 
ecological balance carbon has to be taken 
out of the atmosphere and stored. 
 Carbon Capture and Storage (or 
Sequestration) / Utilization (CCS/CCU) are 
often discussed, but feasible solutions remain 
to be found.  2

280  
  
  390 
 PPM 
 

1850 - 2012 
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nasa, 2008
GtC
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The NASA visualization shows the ecosystem has some redundancy, 
and still takes up a part of our emissions. However it is clearly not 
enough and is daily losing capacity by deforestation. 

An increasing industrial demand of biotic matarials will lead to 
afforestation, which contributes to the carbon sequestration. As the 
LCA outcomes have shown, the biotic materials have this storing 
capacity already even when burned at End-of-life. Although the 
overall outcome is always positive compared to concrete and steel, 
the storage from growth is only temporary as this carbon is released 
again in the scenario the material is burned at end of life.
   Increasing the lifespan of the material will allow longer storage. The 
LCA data is based on 100 year lifespan, which in current practice is 
already quite long. However, if we look at Amsterdam, the wooden 
structured canal houses have been around for many centuries. Good 
design for disassembly and reuse to increase the ’primary’ material’s 
life can drastically help. If a building’s life is e.g. 50 years, but after that 
another building can be made with the same material, before the 
material is ‘downcycled’ to qualitatively lesser materials like boards 
or paper, the lifespan could easily be 100 years. This does require a 
different mind set and valuation of material beyond its primary life. 

6.4GtC

1.93GtC

- 0.86GtC

cement 
industry 

5 % 
 
airplanes 

1.6 % 
 

Vögtlander 2013: 6.4GtC (Solomon et al 2007), 1.93 + 0.86 - FAO 2010
Worrell, 2001. WEC, 1995: 5%. Waugh, 2011: 1.6%. Footprint p/cap: UNSD, 2012
1$6$� LPDJH�YDULHV� VOLJKWO\�� DOO� QXPEHUV�DUH� VLPSOLÀFDWLRQV�DQG�EDVHG�RQ�HVWLPDWHV�
1  Industrial footprint also smaller. Plus additional factors explained in the next chapter.

400M people 20y

x 25m2pp,

x 180kg/m2 

= 1.8Gtbamboo45%C

= 0.8GtC/20y 

= 40MtC/y

= 2% of China’s 

annual industrial 

footprint stored 1 

footprint  
per capita 
(tC/year) 2009 
 

NL – 2.8 
China – 1.5 
US – 4.7 
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First the mechanical properties wil be given for 
all materials used in the LCA of this research. 

The life cycle inventory (LCI) of bamboo is 
given to show how the LCA data is built up. 

Then wood and bamboo are compared on 
growth and production, and potential carbon 
storage, introducing some factors for easy 
comparison. 

material
properties

Janssen, 1981



Figure 1 shows the strength and stiffness properties per volumetric weight, derrived from the 
calculations in ÀJXUH��.
  The tables show bamboo has quite impressive characteristics compared to wood. In stiffness 
bamboo even outperforms steel, and also on strength it comes close to the properties of steel.  
The assumption made that 200 kg wood is equal to 180 kg bamboo seems very safe; bamboo 
is 30% stronger in strength and 50% stronger in stiffness. With this data the rough assumption 
could be made that 160kg bamboo is equal to about 200kg wood. It is at least certain a similar 
bamboo construction can be constructed lighter. 

In addition there is nowadays also a compressed version of bamboo; strand woven bamboo 
(SWB). It has a material density of around 1000 kg/m3 and is very hard. Unfortunately the 
mechanical properties of the SWB for use in construction could not be found, but one might 
assume the characteristics come closer to hardwood. Softwood has a working stress of 7.5 N/
mm2 in this calculation; some hardwood species can handle double or triple that. SWB requires 
more glue application, but is also more durable and weather resistant. Its mechanical properties 
should be promising for constructions. But the LCA effect of glue has to be taken in account. 

SWB is a relatively new kind of engineered 
EDPERR�� ,W� FRQVLVWV� RI� EDPERR� ÀEUHV� DQG�
glue and is bound under high pressure in 
a mould. Potentially this mould could be 
made in the shape of I- beams or bamboo-
like O - columns, as this is a highly effective 
constructional shape. 19

Fig.1 Lugt, Dobbelsteen, Janssen, 2004

Fig.2 Janssen, 1981IO http://gdbm.com



Life Cycle Inventory 
bamboo

The life cycle inventory (LCI) shows how the 
LCA data is exactly built up. These are the 
LCI’s for ecocost and carbon of Moso layered 
bamboo board, but are quite comparable 
with the Idemat LCA data. The Idemat data is 
shown for comparison with the total outcomes 
at the bottom of the LCIs.

Ecocost and carbon footprint are compared  
for manufacturing and transport and the 
impact of intercontinental transport is shown. 

ecocost 

vs. 0.35 €/kg;
(ply bamboo, Idemat)Source: Lugt, Vögtlander et al. 2012
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ecocost 

carbon

1.7% 

1.5%

43.5% 

68.9%

54.8% 

29.6%

30.3% intercontinental

14.9% intercontinental

carbon

vs. 1.24kgCO2/kg,
(ply bamboo, Idemat)Source: Lugt, Vögtlander et al. 2012

The footprint of transport is considerable. The values of 
ecocost for the intercontinental transport are relatively 
high compared to the carbon footprint, as the shipping 
fuel is very poluting and therefore has a high ecocost. As 
mentioned, the intercontinental transport (intl. trans.) for 
bamboo has been taken out of the calculations of this 
research, as the used Idemat data is based on European 
use but in this case we are looking at use in China. The 600 
km local transport is reduced to 300 km in this research.  

20



Bamboo grows just like grass. When harvested 
it is ‘mown’ and the root grows a new shoot. 
)RU�LQGXVWULDO�SXUSRVHV�WKLV�� LV�D�ELJ�EHQHÀW��DV�
a plantation requires very little maintenance. 

7KHUH� LV� DQRWKHU� LPSRUWDQW� EHQHÀW� LQ� WKH�
carbon storage capacity of bamboo: the root 
system takes up a lot more carbon then the 
roots of a tree. 

root / shoot

The extra storage in the root system sequesters carbon for a long time. Even if above 
ground, biotic materials degrade at a rate of about 50% in 50 years (Wal, van der. 
2012, NIOO/WUR), and the carbon released will only partly go into the atmosphere 
again; the rest contributes to the local wildlife and soil quality.  Bamboo does not 
need very fertile ground to grow, its root system has the potential to stop soil erosion 
and contributes to the soil quality. Bamboo is also excellently adapted to grow on 
steep hills. 

1 kg above ground

+
2.1 kg 

under ground

(Zhou, 2004)

1 kg above ground

+
0.25 kg 

under ground

(Aalde, 2006)

factor 2.51.25 kg vs. 3.1 kg = 
3.1/1.25 



It is also important to realize that one kg of end-
product relates to many kg of above ground 
matter in the forests (Werner 2007). 
Bamboo has less waste when processed, so 
it needs less raw material to make an end 
procuct:  

The next chapter ‘space’ shows the production 
rates per m2 of different plantations.

dry matter vs.
functional unit

21

=1kg=1kg
factor 1.253 kg vs. 2.4 kg = 

3/2.4 

3kg 2.4kg



The last info needed for some impact 
calculations of 400 million Chinese dwellings 
is the size of a Chinese house and the spatial  
needs of a plantation.

The Chinese government is planning to build 
400 cities of 1 million people each in 20 years. 
However the book ‘The Chinese Dream’ (Mars, 
+RUQVE\��������REVHUYHV�´WKH�HPHUJHQFH�RI�D�
VLQJOH�PHJDORSROLVµ�RQ�WKH�HDVW�FRDVW�RI�&KLQD��
mainly between Beijing and Shanghai. 

space

http://uocfqq.com/xlbrylimg/201092110262718023.jpg



In the Netherlands the minimum living area per 
person in social housing is 25m2. In Shanghai 
the residence area per capita was 4.5m2 in 
1978, growing to an average of 10.2m2 in 1999. 
�KWWS���FKLQDKRXVLQJ�PLW�HGX�HQJOLVK�FKLQD�VSHFLÀF�VKDQJKDL�

22

KWWS���EXUE�WY�YLHZ�,QWHULRUBSHUVSHFWLYH����0DUULJMH�GH�0DDU

MK

Let’s think a bit ahead 
and assume 30m2pp.  
180kg/m2 of bamboo 
product is needed for 
the building structure, 
Thats 5400 kg bamboo 
product per person. 

Social structures and 

variation of the old 

neighbourhoods are 

being demolished to 

build modernistic high 

rise developments.

250x NL

Shanghai

Beijing

1000km

ĺ



landuse
after Lugt et al. 2004

Bamboo grows to its full length of about 20 - 30 meters in 2 - 3 years. At this stage it can 
already be used for low end purposes. In 5 years, the bamboo is fully grown. The last 
years it increases in thickness and hardness. Trees need much more time to grow, this 
explains why the production of bamboo is so much higher. 

This table shows the productivity of a medium intensity run plantation. Figures of up to 
120 tonnes / hectare (green) have been recorded. (Lugt, 2004)

calculation 
production 1m2 plantation = 3.6kgDM/m2/y 
1kgFU = 2.4kgDM x 180kg/m2

structure = 432kgDM/m2FU. 

432kg in 20 years: 20y-5y start-up = 15 years x 3.6kg/m2 = 54kg/m2/15y
432kg/54kg = 8m2 plantation/20 years (incl. start-up) /m2 

structure

Or in 50 years: 50-5y(start) = 432kg / (45y x 3.6kg/m2/y) = 2.75m2 plantation/m2
structure

The table shows the annual production 
rates of bamboo and wood plantations per 
hectare. As can be see bamboo is much 
more productive. The descending ratio’s show 
bamboo produces  more ‘waste’, but this is a 
good thing; the ‘waste’ is fertilizing the ground, 
meaning less fertilizer is needed relative to 
wood plantations. A bamboo plantation is 
more self sustaining.  

factor 3.33.6 kg/m2  vs.1.08 kg/m2  = 
3.6/1.08 

 Dry Matterannual production 
tons/ha (= kg/10m2) 
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100kmcomparison structure 1m2 wood vs. 1m2 bamboo

   Wood Bamboo

mechanical

strength:  0.013 0.017 (n/mm2 / kg/m3)

stiffness:  18 33 (E / kg/m3)

    
factors
landuse:   1 3.3 (kg/m2)

DM/FU:  0.33 0.42  

root/shoot:   0.25 2.1 (C storage)

It can be concluded in the context of China 
bamboo wins on every aspect. Not only does 
bamboo need less land, the carbon storage 
capacity of a bamboo plantation far exceeds 
that of wood. The only advantage of wood is 
that it grows in any climate. But bamboo can be 
culivated in the major part of the world.

30%
80%

230%
33%

740%

+
LCA / m2 landuse

This sounds like a lot, and it is. However 
on the scale of China, the picture 
shows what this could look like: 9 high 
yield plantations of 30 x 30 km, with a 
maximum distance to each location 
of only 200km. The Chinese high 
speed train needs about 6 minutes to 
cross a plantation.

8m2 plantation (20y) / m2 
house.          About 50% the size 
of the Netherlands would 
be needed to house 100 
million Chinese in bamboo 
structured houses in 20 years. 

 x3.3

3.3
1.25

2.5



Since the big rebuild after WWII concrete has 
been the material of choice for developers. 
The industry was quite heavily subsidised in 
the beginning. We almost forgot about wood 
construction since, at least in the Netherlands. 
In the USA wood is still used very often. (But they 

are still mainly using nails in stead of screws even in tornado alley; a 

guarantee to get your house blown apart.) 

    Timber, or bamboo, is everything but a cheap, 
poorman’s material, although its reputation 
hasn’t been great and it is not costly. 

Only recently timber structure have gained 
popularity, or at least, attention again. 

precedents

33m 

118m 

1934 603 - 1603

24m 

2008

tallest wooden 
structure

oldest wooden 
structure

what can be 
done today

gliwiche 
radio tower

horyu-ji murray 
grove

Ù Ù

http://fc00.deviantart.net/fs70/i/2009/362/7/8/
Gliwice_Radio_Tower_by_ravi155.jpg Green, M, Waugh, A. (2012) ‘Tall Timber’

poland
ikaruga

japan
london

UK



The Horyu-Ji temple in Ikaruga, Japan, has withstood many earthquakes, and has been standing 
for about 1400 years. Wood and potentially bamboo perform quite well in earthquakes. There is 
a fear for ÀUH��DOWKRXJK�ZLWK�VLPSOH�VROXWLRQV��H�J��H[WUD�GLPHQVLRQLQJ�IRU�FKDUULQJ��DQG�JRRG�ÀUH�
separations this is easy to overcome. Canal houses in Amsterdam are around 500 years old, and 
VWLOO�VWDQGLQJ��$IWHU�VHYHUDO�FLW\�ÀUHV�LQ�WKH�SDVW�WKH�FDQDO�KRXVHV�ZHUH�VHSDUDWHG�E\�EULFN�ZDOOV��
7KH\�DUH�QRZ�YHU\�FRVWO\�SDUWO\�EHFDXVH�RI�WKH�¶FKDUDFWHU·�RI�WKLV�́ ROG�IDVKLRQµ��2WKHU�VXSSRVHG�
issues like sound insulation and moisture�DUH�HDVLO\�RYHUFRPH�WRR��,URQLFDOO\�WKH�ELJ�FLW\�ÀUH�LQ�
Chicago was the inauguration of innovative tall buildings. Wood had lost its credibility (mainly 
E\�IDXOW\�KXPDQ�HQJLQHHULQJ�RI�ÀUH�VHSDUDWLRQV���DQG�VWHHO�ZDV�PRUH�SURPLVLQJ��EXW�DOVR�KDV�
WR�EH�FDUHIXOO\�HQJLQHHUHG�IRU�ÀUH�SURRÀQJ��1RZ�ZRRG�LV�EHLQJ�FRQVLGHUHG�DV�DQ�DOWHUQDWLYH�
again. An advantage of wood is its relative light weight which, when the material is reused,
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Feasibility of Tall Timber Buildings
Master Thesis - Structural Engineering
TU Delft

 ing. S.G.C. Timmer

October 2011
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saves transport energy. And it is easy to adapt (drill an 
H[WUD�KROH��FXW�D�ELW�RII���7KHVH�DUH�VRPH�SRWHQWLDO�EHQHÀWV�
for reuse of the material and extention of its lifespan. 
    TIMMER (2011) has studied the ‘Feasibility of Tall Timber 
Buildings’. He comes to the conclusion that a 112m tall 
building is feasible, although he does use hardwood (K70 
class). 
    Canadian architect Michael GREEN and British architect 
Andrew WAUGH recently did a feasibility study too: ‘Tall 
Wood’ (2012). Their broad reserach also focusses on 
building regulations which are often old fashioned and 
for example simply forbid wooden structures taller the 5 
ÁRRUV�

“The combustibility of wood based 

materials is undeniable. However 

the casualties worldwide caused by 

ZDU�LQGXFHG�� RU� RWKHU� ÀUHVWRUPV� KDV�
EHHQ� VLJQLÀFDQWO\� OHVV� WKDQ� WKRVH� RI�
earthquake-collapsed reinforced 

concrete buildings that were poorly 

constructed” (Timmer, 2011, p4)

Ahmad, Zakiah. 2011. Presentation ‘Role of Timber as 
Sustainable Building Materials’

wooden beam supporting 
VRIWHQHG�VWHHO�EHDP�DIWHU�ÀUH
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���ÁRRUV
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���ÁRRUV

Green & Waugh,  Tall Wood 



or

GREEN and WAUGH (2012) have proven it is structurally possible to build XSWR����ÁRRUV in timber. 
7KH\�XVHG�&/7��FURVV� ODPLQDWHG�WLPEHU��%HFDXVH�RI� LWV�PDVVLYHQHVV�� LW�SHUIRUPV�ZHOO� LQ�ÀUH�WHVWV��
7KH�PDVVLYH�ZRRGHQ�EXLOGLQJ�SDUWV�FKDU�ZKHQ�H[SRVHG�WR�ÀUH��7KH�FKDUULQJ�DFWV�DV� LQVXODWLRQ�
preventing the wood behind it to be burned, keeping its structural strength in tact. The ‘Tall 
Wood’ research is eleborate, it has also looked at for example the status quo of world wide 
building regulations, many precedents and analysed costs of comparable structures. Wood is 
very cost competitive with other materials; they show their wooden design is actually cheaper 
then a concrete alternative. This does not yet comprehend the environmental savings value; one 
can expect the ecocost for such a building to be low. 
  Andrew Waugh has recently designed and delivered the tallest modern wooden building in 
Europe; Murray Grove in London, also known as the Stadthaus. Taller buildings are on their way.
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KWWS���IDUP��VWDWLFIOLFNU�FRP����������B
G�E�D��FD�BR�MSJ

tube in frame tube in frame, connected tube in tube tube in tube, connected

30mm/hour
10 20 300

charring effect



murray grove
case study

The Stadthaus on Murray Grove in London was 
realized in 2008. It is currently the tallest modern  
wooden structure in Europe. 

The building weight in total is 240kg/m2, 
LQFOXGLQJ� VWUXFWXUDO�ZHLJKW�DQG� ÀQLVK��:LWK� LWV�
massive cross laminated timber (CLT) frame 
disc structure it’s not even very light weight. 
  
The carbon stored in the building is about 243 
tonnes. (2250m2 x 240kg/m2 x 45% carbon content)

2250m2

30 appartments

��ÁRRUV

240kgwood/m2

VWUXFWXUH���ÀQLVK

KWWS���EORJ�HPDS�FRP�IRRWSULQW�ÀOHV���������VWDGWKDXV��KFZLOOSU\FH�MSJ

TRADA, 2010. A case study of 
Murray Grove.



assembly

27 days - 3.5 manhours / m2

(9 weeks, 3 days a week,

3 workers, + 1 small crane + driver)

ÀQLVKLQJ (electrical + plumbing)

1/3 (2 weeks instead of foreseen 6 weeks)

disassembly 
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So far we have assumed 200 - 180kg/m2, for the structure 
only and 200kg/m2� IRU� WKH�ÀQLVK�� ,W�FDQ�EH�FRQFOXGHG�
that there might be more built with 180kg/m2 then only 
the structure. 

$VVHPEO\� DQG� ÀQLVKLQJ�DFFRUGLQJO\�ZHQW� YHU\� IDVW�� $OO�
building parts were easy to handle by hand, with the 
help of a small crane. Screw-on steel corner clamps 
were used to connect the CLT building parts. The general 
contractor estimated the plumbing and electrical 
work at 6 weeks, as was usual for similar sized buildings. 
However, work progressed considerably faster because 
instead of heavy machinery to drill holes in concrete, in 
WKLV�EXLOGLQJ�D�EDWWHU\�SRZHUHG�GULOO�VXIÀFHG��

The building parts were prefabricated in Austria, and 
trucked to London weekly. Taking the building apart 
and relocating it should be easy; at least compared to 
a concrete stucture, and because of its relative high 
weight steel would be more of a challenge too.  KWWS���WHFKQLNHU�RL�GHY�RUJ�ÀOHV�DVVHWV

��������������������BVFDOHB���[�����MSJ TRADA, 2010. A case study of Murray Grove.



conclusions
research

Besides bamboo’s good performance in the 
LCA, its high grow rate makes it an interesting 
industrial alternative for building structures. 

,W� LV�GLIÀFXOW� WR�GUDZ�DQ\�GHÀQLWH�FRQFOXVLRQV��
as there are many points that have to be 
taken in account. This chapter will sum up 
these point again followed by a ‘Discussion’ 
chapter, where some nuances are given and 
implication is analysed futher. 

KWWS���WHGFRQIEORJ�ÀOHV�ZRUGSUHVV�FRP���������������BJUHHQBVFKRRO����ODEHO�MSJ
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In this analysis, both engineered wood and bamboo have a positive LCA outcome, compared 
to concrete and steel structural equivalents. The LCA database values for plybamboo are high 
compared to plywood. These values included the intercontinental transport which has been 
taken out in the calculation of this research for a comparison in the context of China. Also 
bamboo is stronger than wood, so less material is needed: something that cannot be seen 
when only looking at the LCA databases.  
  As laminated bamboo is engineered from smaller pieces it costs slightly more energy to 
produce then laminated wood. But looking at ecocost the outcomes are quite similar.

However the high growth rate�VLJQLÀFDQWO\�HIIHFWV�WKH�DPRXQW�RI�ODQG�XVHG��DQG�LI�WKLV�LV�WDNHQ�
in account, per m2 of plantation bamboo outperforms wood.
   This also goes for carbon. But the LCA data does not take in account the extra carbon 
bamboo stores in the root system compared to wood. It could be complicated to reward this 
in an LCA, however as bamboo can grow on poor quality soil the root-system carbon improves 
the soil quality. Leaving a more fertile ground behind when the plantation is discontinued: 
ground which now can be used for agriculture.  

The fast rate of renewability makes bamboo an excellent choice for industrial purposes. One of 
the downsides of wood is a plantation for industrial purposes has to be planned as far ahead as 
���WR����\HDUV��:KHUH�EDPERR�GHOLYHUV�LWV�ÀUVW�\LHOG���\HDUV�DIWHU�VWDUWLQJ�WKH�SODQWDWLRQ�DQG�ZLOO�
continue to deliver much higher yields then wood plantation. 

http://upload.wikimedia.org/wikipedia/commons/d/d6/
6XEVLVWHQWB)DUPLQJB6RXWKHUQB&KLQD�MSJ
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Bamboo has a further improvement potential as it could be grown (very) locally. The steel 
and concrete industries have virtually reached the end of their evolution. Concrete plants are 
conveniently located, close to their aggregate sources and not much further then 1 hour drive 
away from where the concrete is needed. Aggregate arlready starts to deplete locally, forcing 
more transport in the process which negatively effects the LCA outcomes. The steel industries 
DUH�XVXDOO\�FRQYHQLHQWO\�ORFDWHG�LQ�RU�QHDU�KDUERXUV��WR�HIÀFLHQWO\�LPSRUW�WKH�YDVW�DPPRXQWV�RI�
coal needed in the processing, a boattrip from the source. A visit to Tata Steel in IJmuiden during 
the TU Delft Boatweek of autumn 2011 revealed their research focussed mainly on creating a 
VOLJKWO\�PRUH�HIÀFLHQW�EODVW�IXUQDFH��
   The proposed idea of distributing 9 bamboo plantations evenly in the planned area of 
urbanisation ensures a maximum transport distance of about 200 km. Lets call this the CEPO-
initiative; Chinese Environmentally-friendly Plantation-bamboo Organisation. The distance 
assumed in the LCA calculation for bamboo in this research is 300 km, meaning the CEPO 
plan would perform better already then the outcomes of this research. The LCI for bamboo 
included 600 km transport to transport the bamboo from plantation to harbor (see Material 
properties chapter; p.19). This trip alone is responsible for 18% of the ecocost, and 10.8% of 
the carbon footprint. A saving of another 100 km (from the assumed distance in this reseach 
to the proposed CEPO distance) would lead to a further reduction of 3% in ecocost. Imagine 
growing the bamboo in the city’s backyard, if available; e.g. Shanghai Environmentally-friendly 
Plantation-bamboo Organisation, SEPO.
    The yield used in this reseach is 3.6 kg Dry Matter / m2  / year. Higher yields are possible when 
plantations are run on higher intensity and for example fertilizer is used. The values used are for 
‘clumping’ species of bamboo, which does not overgrow too much. ‘Runners’ have a higher 
yield, but need to have their roots isolated in order to avoid uncontrollable overgrow. 

CEPO 
Chinese Environmentally-friendly 
Plantation-bamboo Organisation



The precedents chapter has shown the assumption of 180 kg/m2 for the building structure only 
is quite high, as the Murray Grove building needed only 240 kg/m2 for the entire structure and 
ÀQLVKLQJ��7KH�DVVXPHG�EXLOGLQJ�ZHLJKW�IRU�FRQFUHWH�VWUXFWXUHV�LV�PRUH�DFFXUDWH��3UHIDE�LV�XVHG�
in the comparison but in China in-situ concrete is used more regularly. In-situ concrete buildings 
are heavier, according to the NIBE data used for the building weight estimates, and thus would 
have a higher impact. 

2QH�LPSRUWDQW�IDFWRU�UHPDLQV�D�GLIÀFXOW�LVVXH��Carbon storage. In the LCA databases this cannot 
be taken in account, and thus has not been taken in account in the LCA calculations of this 
research. But the potential to quickly store large amounts of carbon is relevant. Throughout 
its material life the carbon remains stored. Storage in the soil through roots, in which bamboo 
seems to perform very well compared to wood *, is also relevant. The storage could be given a 
value. But how, remains the question.

$�ÀQDO�YHU\�LPSRUWDQW�IDFWRU�LV�glue. ‘Regular’ glue is quite bad and as far as it was retrieveable, 
the glue used in the LCA and LCI data for bamboo is ‘regular’. Good glues are still expensive, 
but especially on an industrial scale like this 400M housing project, development of good glue 
should become economically feasible. 

* whether for bamboo 2.1 kg underground (vs. 0.25 for wood) for every 1 kg above ground is accurate is not sure. 
The Dutch bamboo expert Pablo van der Lugt was consulted on this question; according to him it was more feasable 
bamboo has about 1.2 - 1.5 kg roots per 1 kg roots of wood. However, the research of Zhou (2004) can not be 

disregarded. 28
http://ikeda-lab.sfc.keio.ac.jp/home/wp-content/up-
loads/timberize01.jpg



The research has led to many discussion 
points. As there are many aspects to take in 
DFFRXQW�LW�LV�FRPSOLFDWHG�WR�GUDZ�DQ\�GHÀQLWH�
conclusions or make a proper statement.

This LCA has been very rough, to keep it simple.
This chapter will give an oversight of the before 
mentioned nuances that are relevant to the 
large scale implication of bamboo. 

discussion

KWWS���PXSSHW�ZLNLD�FRP�ZLNL�6WDWOHUBDQGB:DOGRUI
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The proposed 100 million Chinese housed in 20 years, including 5 year plantation start-up, would 
mean 8m2 of plantation is needed for every 1m2 house. If one would take 50 years to realise 
the 100 million dwellings, which is closer to the average lifespan of a house, 2.75m2 plantation is 
needer per m2 of dwelling. The Dry Matter ‘culm only’ plantation production values are used in 
this research. And 2.4 kg of it is needed to get 1 kg of bamboo product. On this scale, it might be 
SRVVLEOH�WR�LQFUHDVH�HIÀFLHQF\��IRU�H[DPSOH�WKH�6WUDQG�:RYHQ�%RDUG�XVHV�WKH�ÀEUHV�RI�EDPERR��
which theoretically could mean less material is wasted. Also the 30m2 per person is a relatively 
large area: the average in Shanghai is around 10m2. 15m2 per person would already be a quite 
nice goal. This would mean the CEPO could be used for 200M structures, or only needs half the 
SODQWDWLRQV��RU� WKHUH�ZLOO�EH�HQRXJK�EDPERR�WR�XVH� IRU�ÀQLVKLQJ�WRR��:KHQ�WKH�VWUXFWXUH�FRXOG�
weigh less then the assumed 180 kg, which would be feasible at least up to 9 stories judging the 
Murray Grove building in London, also more can be built from the CEPO.  

Of course the CEPO is just an idea. The production of 100 million dwellings, let alone 400 million, is 
an increadibly large undertaking. The CEPO plan shows what efforts would be needed for 100M 
bamboo dwellings. And it does not seem too rediculous. However the east coast of China is 
already densly populated, an extensive google earth trip will show you. 

Zooming into the world forestry map (see right), it can be seen vast woodlands are just north 
of China; this could also be an interesting source for wood, which also performs very good in 
the LCA. Part of China’s 400M could be housed in wooden structures - especially in the north. 
However, transport does cost a lot of energy which will adversely effect the LCA perfomance 
of wood. Keep in mind road transportation (by truck) cost about 10 times more energy then sea 
WUDQVSRUW��0DF.D\��������6(:7+$��S�������7UDLQV�DOVR�SHUIRUP�VLJQLÀFDQWO\�EHWWHU�WKHQ�WUXFNV��TXLWH�
similar to sea transport actually. 1000km

http://library.thinkquest.org
/08aug/01323/reg.html



Use of bamboo in the West can still be interesting, according to Pablo van der Lugt’s research. 
Of course transport has to be taken in account, but an interesting perspective is the social value 
of supporting local (3rd world) economies. Africa is much closer to Europe and could be a good 
source for bamboo for use in the Europe. If after 20 years the plantations of CEPO are kept running, 
lots of bamboo can be exported. The use of bamboo can give China’s industry a technological 
head start. It can put China even more on the map when it comes to the international sustainability 
debates. Economically bamboo is much cheaper then steel and concrete, but of course this is very 
much in relation to the scale of the implication. And health wise a bamboo industry contributes 
greatly compared to the steel and concrete industries; just look at the LCA outcomes. 

The research has focussed on m2 values, where only C2G + EOL are compared. As concrete and 
steel are heavier, it takes more energy to assemble and disassemble a building. The Murray Grove 
FDVH�VWXG\�KDV�VKRZQ�WKH�EHQHÀW�RI�WKH�ZHLJWK�VDYLQJ��$OVR�WKH�KHDYLHU�PDWHULDOV�ZLOO�QHHG�PRUH�
energy for transportation, and are more complicated to reuse. The bamboo structural material 
industry does not yet exist on a large scale. However the technology and knowledge is there. 

When looking at the life span of buildings, usually the material’s life is subordinate to the building 
function. Concrete for example can last for a very long time. But in order for it to ‘live’ that long, 
it has to be generously applied: As buildings are usually only designed to last 50 or 70, maybe 100 
\HDUV��D�PLQLPXP�DPRXQW�RI�FRQFUHWH�LV�XVHG�EHFDXVH�LW�XVXDOO\�VXIÀFHV�WKH�SXUSRVH��7KH�UHEDU�LQ�
concrete is usually only covered with 3cm concrete as 3cm is enough to protect the rebar from 
oxidizing for 70 years. A longer life needs more concrete, but usually we don’t want a longer life as 
the building will be ‘out of fashion’and not upto modern standards anymore. 

health
A recent study on old data has shown in 
the part of China that had more pollution 
people lived 5.5 years shorter then the 
people in cleaner parts of the country.  
(http://www.pri.org/stories/health/new-research-
discovers-vast-impact-on-lifespan-from-china-s-
pollution-14402.html)

See also video: http://www.bbc.co.uk/news/
world-asia-china-23247803
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With wood and bamboo is is quite simple to reuse and if nessecary refurbish. The materials lifespan 
could therefore be very long when applied correctly, futher reducing the impact of the industry. 
But keep in mind the transport needed for recycling; transporting the material 3000 km to the other 
side of the country would probably mean that (from an LCA perspective) you’re better of burning 
it and growing new material on the new location. Time it takes to grow new material might be the 
deciding factor to transport anyway (as is now done with wood from North America, and Russia). 
When rail transport is used instead of road transport the impact is minimal; certainly if the power 
for the train comes from wind mills for example in stead of from coal.  

A ‘cascading’ life also means that the carbon which the biotic materials store during growth 
is stored longer. 45-50% of the material weight of bamboo and wood carbon. This can be very 
valuable, especially when stored for a long time. This carbon is basicly the ‘atmospheric pollution’ 
society has produced and can be taken out of the system for a while. Note that this stored carbon 
far exeeds the industrial carbon footprint already. And if the material is not burned at the end of its 
(several) lives, it can be left to decay. This decay will take a while (probably another 50 years) and 
additionally this contributes to the ecology: much of the carbon will be metabolised by bacteria, 
fungi and insects to create new life and better soil. Mind that good glue is used though! 

7KH�QH[W�FKDSWHU��9LVLRQ��ZLOO�ÀUVW�RI�DOO�VKRZ�WKH�HIIHFW�RI�VHYHUDO�scenarios. What is the impact of 
100 million dwellings made from bamboo, compared to concrete which is now mainly used? And 
the idea of growing your material on site is evaluated. 

cascading



The impact of 400 million constructions will be 
evaluated. 7KLV� ÀQDO�FKDSWHU� VKRZV�ZKDW� WKH�
application of different scenarios could mean 
in practice.  And utopia. 

Some calculations are given as an invitation for 
the reader to play around with, philosophise 
and dream about a better future for the 
building industy.  

vision
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The top scenario is, let’s say, the status quo. 
Concrete is a preferred structural material 
today. Its carbon footprint is 32kgC/m2. 

The carbon footprint of Bamboo is - 9kgC/m2 

in this research. A bigger share of bamboo 
VWUXFWXUHV� VLJQLÀFDQWO\� LPSURYHV� WKH� HQWLUH�
country’s building industry impact. The 
footprint is reduced by 30% if only 25% of the 
structures are made of bamboo. 

Because of the ‘negative’ impact of bamboo, 
it actually makes up a bit for the pollution of 
bad performing materials. This could also be 
interesting to keep in mind when using hybrid 
constructions: bamboo has the potential to 
‘offset’ a part of the bad impact of other 
materiasl used.  

400 million bamboo structures would literally 
turn the building industry’s footprint into a 
positive one: 130% better then ‘currently’.



80%�ÁRRUV

20% columns

The use of hybrid structures can be interesting, e.g. for very tall buildings. If only columns were made of steel 
RU�FRQFUHWH��WKH�PDWHULDOV�IRRWSULQW�FDQ�EH�HDVLO\�¶RIIVHW·�E\�XVLQJ�ZRRGHQ�RI�EDPERR�ÁRRUV��2U�WKH�ORZHU�
ÁRRUV�RI�D�EXLOGLQJ�FRXOG�EH�PDGH�RI�VWHHO�RU�FRQFUHWH��VR�WKH�EXLOGLQJ�FDQ�EH�WDOOHU�WKHQ����ÁRRUV���VR�IDU�
the maximum achieveable with a wooden structure only. Although bamboo is a bit stronger and might be 
FDSDEOH�RI�FDUU\LQJ�PRUH�WKHQ����ÁRRUV���

Since transport� LV� VXFK� DQ� LQÁXHQWLDO� IDFWRU� RQ� WKH� /&$�JURZLQJ� WKH� QHHGHG�PDWHULDO�on site would be 
the optimal way to reduce the footprint. One could imagine ‘growing’ cities, graduately expanding and 
increasing in density slowly as the plantations achieve their production goal. 
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If the building industry is responsible for 
about 50% of the world’s carbon emissions, 
and China’s industry about 25% of the world 
industry, then 12.5% of the global carbon 
emissions can be related directly to China’s 
building industry. 

In the beginning of the research it was argued 
that about 11% of the world carbon footprint 
is related to the building structures alone. And 
China’s building industry accounts for about 
half of the world’s building industry according 
to Liu et al. (2013).  

However you put it, there is a big potential 
for reneweable materials to turn around the 
building industry. From being the greatest 
polluter to maybe even being of positive 

effect to the environment, by chosing the 
source of the material carefully.



Calculation
400M x 30m2 x [LCA outcome] (kgC/m2)

Concrete LCA: 32 kgC/m2   =  384.000 MkgC
     = 0,384 GtC  ( / 20 years =  19,2 MtC annually) 

Bamboo LCA: -9 kgC/m2      =  - 108.000 MkgC
     = - 0,108 GtC  ( / 20 years =  - 5,4 MtC annually)
� � � � � � � � � BBBBBBBBBBBBBBBBBB����

Annual saving using bamboo instead of concrete structures: 24.6 MtC 

carbon stored in bamboo
400M x 30m2 x 180kg/m2 x 45%      = 972.000 MkgC
(Bamboo = 45% carbon content)  = 0,972 GtC  ( / 20 years =  48,6 MtC annually) 
� � � � � � � � � BBBBBBBBBBBBBBBBBB���
         73,2 MtC

China’s annual footprint is 2.1 GtC; 2100 MtC. 
73,2 MtC / 2100 MtC x 100% = 3,5% reduction in footprint. Over 20 years this counts up to 
1.46GtC (73.2 MtC x 20y), about 2/3 of an annual Chinese footprint. And that is a lot. 

This is a utopic calculation of course, however 
it still only considers the building structure. And 
it shows it is not just the smaller, or in bamboo’s 
case, positive footprint, but also the ‘double’ 
positive result of just not using concrete. 

Many varieties on these calculations are 
possible: the outcome will be very different 
when 10m2 dwellings are designed for 
example.

Using only bamboo and no concrete for 
the structures might be unlikely. But it has a 
potential 130% improvement, compared to 
continuing the large scale use of concrete. This 
could turn around the building industry from 
polluting to  contributing. Using anthropogenic 
carbon emissions, now considered an industrial 
‘waste’, as a resource for buildings.  



This research is a product of the Architectural Engineering studio. In addition to this research an 
architectural design is made. 

,Q�2FWREHU������WKLV�GHVLJQ�ZDV�SUHVHQWHG��<RX�FDQ�ÀQG�WKH�ÀQDO�GHVLJQ�RQ�WKH�78�'HOIW�UHSRVLWRU\�
(www.repository.tudelft.nl) by searching the authors name.
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