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definitions 
 

 embodied energy sum of the energy requirements associated, 
 directly or indirectly, with the delivery of a good or service 

 

 cradle to site embodied energy of individual building components as 
 the energy required to extract raw materials, process them, assemble them into 
 usable products and transport them to site.  does not factor maintenance or end of 
 life costs.  

 

 cradle to gate energy required to produce the finished product.  
 

 cradle to grave energy consumed by a building throughout its life: 
 

 initial embodied energy energy required to initially produce the building, 
 including energy for abstraction (“primary energy”), processing, and 
 manufacture of materials of the building + their transportation + assembly on site   
 recurring embodied energy energy needed to renovate and maintain the 
 building over its lifetime  demolition energy energy necessary to demolish 
 and dispose of the building at the end of its life 
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Fig. 3. A simplified lifecycle process flow chart showing production boundary for the case study.

Information regarding the offsite frame production process was
obtained from the manufacturing company who provided aggre-
gated production data on energy and materials. Some data were
unavailable due to commercial confidentiality, in particular per-
taining to the insulation. Data gaps were filled with published
literature references where available or best guess estimates. Allo-
cation of energy and waste from the manufacturing process was by
units of production.

All the timber materials were imported. The larch cladding was
imported by boat from the Irkutsk region of Siberia. The timber soft-
wood was imported from Scandinavia. The structural engineered
timber was produced and imported from the United States.

No detailed records on waste were kept during the construc-
tion process, with the data on waste generated during on-site
construction being limited to an aggregated volume. Therefore esti-
mates of different waste streams and disposal routes were made
based on benchmark data from The Smart Waste Scheme [18] and
from published literature [19,20,11]. Limited information on waste
management practices and material separation was obtained from
observation on site, the site operators and waste management con-
tractors.

Energy and fuels used onsite during construction, including
petrol, diesel, gas and electricity, were derived from receipts and
meter readings. It was not possible to disaggregate the energy
consumed to specific activities and, therefore, specific build compo-
nents. Onsite energy is therefore presented as an aggregated figure
for electricity and each fuel; more detailed analysis is beyond the
scope of this paper.

Carbon emissions factors and embodied energy factors for mate-
rials, processes and fuels were derived where possible from the UK

or relating to the country of production. A number of sources and
databases were used including:

• published Government carbon emission factors [21]
• The Inventory of Carbon and Energy [14]
• Ecoinvent [22]
• U.S. Life-Cycle Inventory (USLCI) [23]

Simapro V7.1 software was used in the analysis of the engi-
neered timber components using the above inventory databases.
Simapro (PRé Consultants, Amersfoort, The Netherlands) is a dedi-
cated LCA software tool for undertaking LCA studies.

5. Results: inventory analysis

5.1. Scenario 1: MMC timber frame larch cladding

The case study house requires a total of 519 GJ of primary
energy to construct, which equates to an embodied primary
energy of approximately 5.7 GJ per m2 of floor area (Table 3). The
carbon embodied in the construction of the house amounts to
34.6 tonnes CO2, approximately 405 kgCO2 per m2 of useable floor
area (Table 3). Further details of the results of the lifecycle inven-
tory and the embodied energy and carbon values of the materials
used are summarised in Table 3 and Fig. 4. The remainder of this
paper presents the results in terms of carbon as kg or tonnes of
CO2.

82% of the total embodied carbon is embodied in the materials
incorporated in the building (exclusive of waste). The remain-
der were attributed to construction activities such as transporting

simplified life cycle process flow chart.  

Source: Innovation in Low Carbon Construction Technologies 
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life cycle analysis. material profile. embodied energy 

Source: Inventory of Carbon and Energy, University of Bath 

34 main building material groups: aggregate, aluminum, asphalt, bitumen, brass, bronze, carpets, cement, ceramics, 
clay (including bricks), concrete, copper, glass, insulation, iron, lead, lime, linoleum, miscellaneous materials, paint, paper, 
plaster, rubber, sand, sealants & adhesives, soil, steel, stone, timber, tin, titanium, vinyl flooring, zinc.  
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34 main building material groups: aggregate, aluminum, asphalt, bitumen, brass, bronze, carpets, cement, ceramics, 
clay (including bricks), concrete, copper, glass, insulation, iron, lead, lime, linoleum, miscellaneous materials, paint, paper, 
plaster, rubber, sand, sealants & adhesives, soil, steel, stone, timber, tin, titanium, vinyl flooring, zinc.  
 



																																																																																									

building industry primarily uses concrete and steel. 

Source: Cement Data: USGS Minerals Yearbooks 
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metric tons cement 

 

-  between 5% - 8% of global GHG 
 

-  4th biggest emitter of global GHG 
 

steel 

  

-  4% of global GHG 
 

-  most energy intensive per volume 
 

Source: Timber Skyscrapers 
Source: U.S. Geological Survey and International Cement Review 



China’s cement consumption configured as 
a parking lot covering  
Hawaii. Between 2010-12,  
China consumed 140%  
of U.S. cement  
consumption from 
1990-99. 
 

(6.4 gigatons)  
 

Source: Washington Post 



first noticeable operation is crane lifting involved in erecting structural
components, lifting precast facade, precast staircase elements and large
panel formworks in current project; (ii) excavation phase appears to be
the second noticeable process which significantly contributes to the
overall emission in this project. This phase employs plant and equip-
ment to digging holes, handling materials, lifting and placing pipes on
the construction site. In viewof this, the clientswish to reduce to overall
emissions for 10–15% (i.e. 66,900 to 100,000 kg) and the contractorwas
asked to revisit the construction programme and tried to reduce power
consumption through the unnecessary operation of tower cranes and
excavators in order to reduce construction equipment emissions and
reduce fuel costs. For example, strategies are set up to reduce the
tower crane operation for the construction of the retaining wall
(Section 2) and external works (Section 6).

The planning stage of the construction project has been regarded
as a critical process in the early project phase that determines the
successful implementation and delivery of project [18]. Project
planners are required to develop main construction strategies, to
establish path and schedules for construction and to arrange methods
and resources for execution of construction works. In fact, this stage is
also a critical period for emission control. The environment impact of
construction activities could be controlled and immediately reduced
by the careful planning of the contractors. With the development
of the virtual prototyping technology and its application on the
construction planning, the contractor can visualise the construction
processes and the resources/plant employed for each of the construc-
tion processes. However, its applications on emission estimate and
monitoring are not fully explored. In the past, the energy consump-
tion by buildings in operation was considered as the major culprit
of industry-related emissions, but the emissions produced during
the construction procedures were largely negligible. There was a
lack of proper approach of quantifying the environmental impact
of construction activities. Despite the recent advances in emission
visualisation tools, the contractors and practitioners were still
lack of effective and efficient means of estimating and quantifying
hazardous emissions produced during the construction phase. This
study presents an alternative application of construction virtual
prototyping system which has the potential to predict and visualise
the construction-related CO2 emissions.

The VP-based interface and generated graphs presented in this
study aim to provide the contractor a way to estimate and observe

the emissions of the project so as to identify the major sources of
the emissions throughout the construction process and to reveal the
emission peak in the particular phase of the project. This, in turn,
assists the construction planners to consider about the current con-
struction method and on-site plants, identify the potential idling
time of construction equipment during the construction activities
and try to reschedule the construction process/programme results
in a decrease in emissions with any delay. As maintained by [13],
reducing the idle time and unnecessary consumption of construction
plant and equipment onsite not only helps reduce the fuel use and
construction-related emissions, but it also helps extend the life of
engine, providing safer work environment for operators and workers
on site. It also helps develop a more accurate plan and equipment
operation analysis, and improve construction productivity, leading
to a significant cost saving and time reduction [24]. This enables the
construction planners to take preventive or corrective action for emis-
sion minimisation in the planning stage, to estimate the environmental
performance of the construction project, and eventually to produce
more environmentally sustainable development.

5. Conclusions and future work

The need for an efficient means of controlling CO2 emissions at
minimum cost, and an effective mechanism have been highlighted
within the academic, research and industrial communities in recent
years. This paper focuses on this neglected aspect of construction ac-
tivity as a target to explore, an area of research where significant,
original advances in our understanding are needed. The methodology
proposed in this work demonstrates how the CO2 emission level
during construction process was estimated, visualised and communi-
cated amongst project team with the support of the VP-based simula-
tion developed by the authors and the CVP Laboratory. This study
advances the knowledge in terms of the scope of study (i.e. including
all trades from the start to the end of construction activities), applica-
tion, and implementation of visualisation technologies. This virtual
simulation tool promotes the concept of MR and its application in
the management of construction emission, as well as creates a power-
ful visualisation tool for an interactive experience of the on-site
emission control. The application of emission prediction framework
in a high-rise public housing project in Hong Kong presented in this
study has the potential to identify the source of environmental

Fig. 4. CO2 emissions from plant and equipment in the TTCAE Public Rental Housing Development Project.
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Projectfiles) through theAutodesk NavisWorks, it is able tomodel the 4D
construction schedules and enables a real-time and whole-project
simulation.

The second set of data includes the information about the equip-
ment and plant used for the project, which is critical to quantifying
and forecasting the project emissions. Type and quality of the plant
and equipment adopted will considerably determine the total project
emissions. The emission model development commences with coor-
dinating the project contractor and sub-contractors in order to iden-
tify the plant and equipment to be adopted on site, calculate the
daily operation of equipment (i.e. daily equipment usage), and pre-
dict how long the equipment worked on site (i.e. the total number
of days of equipment operation). The numbers of trips or operations
are determined by the total amount of materials to be placed onto
the site or soils/rocks to be removed from the ground etc. Researchers
from CVP conduct actual on-site observations in order to understand
the environment, to collect predicted fuel consumption data from the
contractor and sub-contractors, to acquire details about estimated
fuel consumption rates of equipment from the suppliers, and also to
ensure that the equipment planned in the schedule will be used in
the actual construction activities (Table 1). After the details of all
equipment involved in the project are collected and categorized by
type, engineer tier, nature of activities involved, total number of
hours used, and the total number of equipment required were deter-
mined. Engineer tier requirement affects the emission output of the
equipment, and in general the equipment classified under higher
tier numbers requires higher emission restriction control. Then the
emission model is imported into the simulation model using the
Autodesk NavisWorks.

Fig. 2 shows four different stages of the construction activities of
this project in virtual reality environments, which is presented in a
4D model (i.e. 3D plus time). The predicted CO2 emission data for
the whole construction project in a tabular format are imported into
the 4D model. The simulation displays the process of construction
activities and the movement of the construction plant/equipment
together with a table over the corner of the screen to summarise
the details of the equipment involved in this particular construction
activities at that moment and the emissions information (i.e. amount
of emissions). The variations of the emissions in the project will
display while the planner evaluates and visualises the construction
process. The amounts of CO2 emissions would be presented in graphic
format (Fig. 2(a) to (d)). In general, there are two noticeable emission

peaks identified in the simulation for this project: the first emission
peak appears when the construction of the typical residential floor
in the forth level and the piling work in the site area commences
concurrently. The second emission peak to happen is during the
construction of the upper floor and rooftop of the residential block,
and the execution of the external work activities.

The simulation can also be regarded as anAR systemused to visually
present the operation of the equipment or plant at a particular stage or
construction activities. As an example, Fig. 3 indicates the location and
detailed activity of the excavator during the excavation and underpin-
ning around the site area. The 3D virtual environment combined with
2D real image can interactively display the on-site construction activity.
One of the principal problems is that the viewpoint can usually be
defined from any direction in the virtual environments, whereas the
perspective of 2D images data cannot be changed. Visualising the oper-
ations of the equipment/plant at different times of the construction
processes togetherwith the associated emission rates allows the project
team to identify activities that have high rates of generated emissions
and to reduce idling time of construction equipment during the
construction activities. The simulation acts as a communication tool
for the client, the contractors and the sub-contractors to discuss how
to reduce excess emissions, for example by replacing old equipment
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Fig. 1. VP-based emission prediction framework.

Table 1
Examples of the equipment and plant used for Tung Tau Public Housing Project.

Summary of Equipment

Type of
equipment/
plant

Manufacturer Series Year Power
source

Power
[diesel
(hp)]
[electric
(kw)]

Total
operation
hour

Vibrator
rammer/
plate

compactor Xingchen HCR80K 2009

Diesel 5.0 hp
5200

Compaction
roller

Wacker RD-7H 2003 Diesel 7.5 hp
(5.5 kw)

1840

Generator Wantong WT6500SD 2009 Diesel 5.5 kw 1120
Excavator/
backhoe

Sumitomo SH125X 2002 Diesel 87 hp
(64.9 kw)

3000

Concrete
vibrator

Kezhuwang ZXR 2008 Diesel 5 hp 17,040
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two phases as major sources of the emissions 
 

     1. crane lifting involved in erecting structural      
      components, lifting precast facade, precast      
      staircase elements and large panel formworks;  
 

      2. excavation phase, employing plant and     
      equipment to digging holes, handling materials,     
      lifting and placing pipes on the site.  
 

life cycle analysis. construction 

Source: Toward	Low-Carbon	Construc1on	Processes		
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symmetries. It is used to map the causal conditions for defects chronologically, first
through an understanding of those pressures placed on the industry to innovate and
what are considered to be the broader problems. Second, the “pre-construction response”
highlights areas of innovations placed centre stage as those prioritised in order to
address broader problems and placate those applying political and social pressure for
change. Third, “pre- and on-site construction precaution” portrays the process by which
specific innovations achieve legitimacy and provide innovators with the confidence to
diffuse them in practice. At this point, the risks of defects are considered to have been
mitigated if only hypothetically. Fourth, “on site and post-construction defects” attempts
to paint a picture of how and to some extent “how and where” defects emerge. The fifth
and last aspect of the figure presents a litany of consequences arising from risks poorly
mitigated and thought through. From top to bottom, there is an assumption in the model
that certainty of innovation performance and propensity for defects are reduced.
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representation of
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Innovation in
low carbon
construction
technologies

-  4.6 million 
buildings; 

-  33% 
cheaper; 

-  50% 
quicker;  

-  50% 
reduction in 
green-house 
gas 
emissions  

  
(Source: HM Government, 
2013)  

1945, 2013. housing shortage 

Source: Innovation in Low Carbon Construction Technologies 

Estimated 
232,000 
dwellings per 
year by 2033 
required in 
England alone.  
 
(Source: Office for National 
Statistics, 2010a) 

 



owner 
 
 

- Capital sourcing 
- Financing  
- Leasing 
- Geotechnical (site) 
- Surveyor (record what is) 
- Lawyer (contracts) 
- Lawyer  (permitting) 
- Partnering Consultant 
- Broker/Public Relations 
- Advertising/Marketing 
- Landscape Architect 
- Civil Engineer 
- Owner’s Representative 
- Appraiser 
- Market Researcher 
- Insurance 
- Commissioning Agent 
- Testing 

contractor 
 
 

- Excavator/Site Work/ 
 Geotechnical Engineer 

- Surveyor (layout new) 
- Door & Door Hardware 
- Concrete 
- Masonry 
- Steel 
- Framer/Carpenter 
- Glass & Glazing/Curtain Wall 
- Mechanical 
- Electrical 
- Paint 
- Drywall (taper) 
- Floor – Carpet 
- Elevator 
- Miscellaneous Metals 
- Fire Protection 
- Waterproofing 
- Curtain Wall 

architect 
 
 

- Landscape 
- Programmer 
- Structural 
- Mechanical/HVAC 
- Electrical 
- Plumbing 
- Fire Protection 
- Civil Engineering 
- Sustainability 
- Lighting 
- Daylighting 
- Acoustics 
- Interior Design 
- Exterior Envelope 
- Security/Access 
- Spec Writer 
- Code (accessibility) 
- Cost Estimator 
- Door Hardware 
- Food Service 

planning, design, construction roles 
and responsibilities (56) 

high degree of separation between 
design and construction process 
increases communication 
complexity and confusion.  
 
problems between designer and 
operative (architect does not tell 
the builder how to construct it): 
 
“the client, via the designer, tells 
the builder what is required – he 
does not tell the contractor how to 
go about it.” 
 
process also reversed: inadequate 
feedback between installer and 
designer. 
 
further exacerbated by unique 
nature of products as every project 
is different.  
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high rise apartment buildings, eight stories, 2009  
low-energy building. southern portvaken, växjö, sweden 
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Figure 8. Use of primary energy, including 60 years of operation MJ/m2. 

 

When analyzing the GWP, the tendency is the same as for primary energy. The increased 
environmental impact for the extra material needed to achieve an energy-efficient building is 
negligible; see Figure 9. At Portvakten, the materials used for the heating installations have less 
impact, since there is no need for radiators or floor heating installations, as compared to if 
technologies, as in Limnologen or the conventional building, where used.  

Figure 9. Potential contribution to global climate change, including 60 years of  
operation, kg CO2-eq/m2. 
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Source: Energy Performance of Two Multi-Story Wood-Frame Passive Houses in Sweden 
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low-energy building. southern portvaken, växjö, sweden 

Source: Energy Performance of Two Multi-Story Wood-Frame Passive Houses in Sweden, 2015  
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low-energy building. southern portvaken, växjö, sweden 

Multi-story wood-framed passive houses are relatively new to Sweden, as well as to Europe. 
 
Question:  Is it possible to build renewable-material-based buildings with low energy use and climatic impact? 
 
Answer:  Yes. 
 
Energy Performance of Buildings Directive (EPBD) directive for all new buildings in the EU Member States 
be nearly zero-energy buildings by 31 December 2020. 

Source: Energy Performance of Two Multi-Story Wood-Frame Passive Houses in Sweden 
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Figure 1. Cross section of the outer wall elements, with concrete-bearing wall at the 
ground floor and the timber-bearing wall at all upper floors. 

 

The slab-on-ground is insulated with 300 mm of expanded polystyrene and has a U-value of  
0.097 W/m2K. The attic floor, of the unheated attic, has 500 mm of insulation and a U-value of  
0.075 W/m2K. All intermediate timber prefabricated floors have 170 mm of insulation (mineral wool) 
between the timber joists and an additional 70 mm of insulation (mineral wool) continuously below the 
joists and above the suspended ceiling. There is no insulation between the ground floor and the first 
floor. The roof is pitched in two sides, with inclinations of 40° towards the south and 15.6° towards the 
north. The roof construction is prepared for installing solar cells for electricity production, which, due 
to the costs, have not been installed.  

All windows are operable, triple glazed, with krypton filling in both gaps between the glasses, one 
low-emissivity coating and one solar control glass coating. The windows have a light transmittance of 
approx. 54% and total solar energy transmittance of approx. 31%. There are no other sun shadings 
installed. The most common window size at Southern Portvakten is 988 × 1288 mm, with a U-value  
0.98 W/m2K, while the balcony doors have a total U-value of 1.08 W/m2K. The high U-value of the 
windows can be explained by the large cost for specially produced, better performing windows on the 
Swedish market during the project’s development stage. Due to an average U-value of the windows 
higher than 0.9 W/m2K, the research object does not meet the voluntary criteria for passive houses in 
Sweden. A summary of the U-value of the building envelope and structure can be found in Table 2. 

Table 2. Summary of the U-value of the building envelope and structure. 

Heat transfer coefficient (U-value) W/m2K  
Exterior wall 0.11  

Roof (last intermediate floor towards the unheated attic) 0.075  
Windows  0.98  

Balcony doors  1.08  
Slab-on-ground 0.097  

Airtightness of the building’s envelope was targeted to be 0.2 L/(s m2), building envelope area at  
+/−50 Pa. Special attention was paid to developing good solutions for securing high airtightness of 
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Fig. 1. The MED  in Italy house prototype in Madrid.

At the consumer level, due to the very recent changes provided
by the austerity policy, Europeans are modifying their behavior
turning from traditionally – not green – to more conscious behav-
ior. The indirect effect of such changes consists in the spreading of
more social and green behavior aimed first at saving money, but
consequently at preserving the environment.

In such a context, projects that find sustainable solutions for
housing represent important factors for improving both the envi-
ronment condition and the standards of living of the population.

This renewed interest in efficient energy buildings, where it is
possible to live healthy with reduced costs, is demonstrated by the
increase of timber structure buildings in the real estate building
sector. Although from 2008 to 2011 investments made in the con-
struction sector have decreased by 17.8%, which is indicative of a
very serious crisis, the market for wooden houses (excluding houses
built as after the earthquake of 2010 in Abruzzo) is constantly grow-
ing in contrast to the market for buildings made of other materials,
going from a market share of 0.50% in 2006 to an anticipated 4.50%
expected in 2015 [1] (see Figs. 2 and 3).

2.1. Thermal inertia for a new real estate market of timber
buildings

Despite the great success of timber constructions in Italy, our
opinion is that, in warm temperate climates as Mediterranean one,
these solutions can meet in the long run frustration for users. This
will be mostly due to the fact that lightweight structures behave in
an unsuitable way in summer, failing to dissipate the heat that has
been accumulated. We  also know how difficult it is for a building
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to acquire structures that can vary according to the fluctuation of
temperature recorded on a summer day. Therefore our belief is that
a layer of mass could be added in the stratigraphy of a wooden
building. This mass can act as a thermal stabilizer for indoor climatic
conditions, providing a new concept of sustainable building. The
identification of the key success factors at the basis of our value
proposition arises from the following considerations:

• the prefabricated structures, being more reliable for the respect of
time and costs than the traditional heavy wall structures, which
are distinctive of Mediterranean vernacular, are now more and
more chosen;

• the greatest part of sustainable houses is projected and built to
maximize comfort and savings of households, as well as minimize
environmental impacts.

The target of the majority of companies operating in the green
building sector is people living in the Central and Northern regions
of Europe. Far more limited seems to be the offering of houses
designed for warmer climates, such as Southern European areas,
where it is important to optimize the building passive behavior for
the intermediate and summer seasons. This requires special atten-
tion to the management of their internal loads in order to improve
the free contributions of energy by reducing the need of air con-
ditioning system. In this framework, the light structure of timber
prefabricated buildings, with its very low mass, is a major problem
for the market trend of export.

Consequently in multi-layer walls to weight the inner layers of
the envelope can help to neutralize the excess of internal heat loads,
optimizing the needs of thermal HVAC system throughout the year.
Such positioning could be strategically exploited to appeal contrac-
tors willing to widen their product lines, entering a new real estate
market.

3. The MED  in Italy envelope solution

MED  in Italy, the housing prototype that took part to the Solar
Decathlon International competition, and was awarded with the

Source: Timber in the City 
Source: Timber Buildings and Thermal Inertia 
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to acquire structures that can vary according to the fluctuation of
temperature recorded on a summer day. Therefore our belief is that
a layer of mass could be added in the stratigraphy of a wooden
building. This mass can act as a thermal stabilizer for indoor climatic
conditions, providing a new concept of sustainable building. The
identification of the key success factors at the basis of our value
proposition arises from the following considerations:

• the prefabricated structures, being more reliable for the respect of
time and costs than the traditional heavy wall structures, which
are distinctive of Mediterranean vernacular, are now more and
more chosen;

• the greatest part of sustainable houses is projected and built to
maximize comfort and savings of households, as well as minimize
environmental impacts.

The target of the majority of companies operating in the green
building sector is people living in the Central and Northern regions
of Europe. Far more limited seems to be the offering of houses
designed for warmer climates, such as Southern European areas,
where it is important to optimize the building passive behavior for
the intermediate and summer seasons. This requires special atten-
tion to the management of their internal loads in order to improve
the free contributions of energy by reducing the need of air con-
ditioning system. In this framework, the light structure of timber
prefabricated buildings, with its very low mass, is a major problem
for the market trend of export.

Consequently in multi-layer walls to weight the inner layers of
the envelope can help to neutralize the excess of internal heat loads,
optimizing the needs of thermal HVAC system throughout the year.
Such positioning could be strategically exploited to appeal contrac-
tors willing to widen their product lines, entering a new real estate
market.

3. The MED  in Italy envelope solution
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mass timber. cross-laminated timber (CLT) 
-  invented in 1970s 
	

-  cross-laminated	1mber	panels	are	formed	using	planed	“lamellas”	(planed	boards	from	1”	thick	x	5”-7”	
wide)	laid	and	glued	using	formaldehyde-free,	food-grade	glue	in	a	vacuum	press	in	alternate	layers,	at	
90	degrees	to	each	other,	crea1ng	panels	that	are	from	3	to	11	layers	thick	(jumbo	ply)	

 

-  young trees 10, 12, 15 years old  

-  8ft wide x 64ft long, various thicknesses (Europe); 10ft wide x 24ft long (U.S.) 
 

-  carbon sink  (1 ton of carbon sequestered/1m3 of wood) 
 

-  renewable 
 

-  thermal efficiency: CLT	buildings	can	double	the	energy	efficiency	of	conven1onal	buildings		
 

-  quick, cost efficient construction: 18-month conventional to 1 year mass timber construction  
 

-  responsible	cul1va1on	prac1ce	maintains	and	even	enhances	the	long-term	produc1vity	and	health	of	
the	forest		

Source: Solid Timber Construction Report 



mass timber. cross-laminated timber (CLT) 

Source: Solid Timber Construction Report 

																																																																																																																				
														
											

Glue Laminated Timber; Structured Composite Lumber, Cross-Laminated Timber; Dowel Laminated Timber, Nail 
Laminated Timber, Cross and Nail Laminated Timber, Interlocking Cross-Laminated Timber 



Perceived risks 
 

     fire 
     deforestation 
     earthquakes 
     weather 
     durability 
     longevity 
     high winds 
     termites 
     building codes  
     market acceptance 
     cost & value 
  
-  “For a 20 story building, North American forests grow enough wood 

every 13 minutes.” 
  
-  Building a 20 story building out of cement and concrete, emissions 

are 1,215 tons of CO2. 

-  Building out of wood sequesters 3,150 tons.   

-  Net difference:  4,360 = 900 cars removed from the roads in one 
year. 

-  Wood building requires skills of the carpenter:  from slabs and 
columns to flat pieces of timber, which work as beams, which work 
as floor slabs. 

-  “Timber as a carbon store is only really effective for the first half of 
the tree's life.  A sixty-year-old tree soaks up carbon from the 
atmosphere for the first 25-30 years; the rest of the time is actually 
just in a cycle.  So, when you cut a tree down and grow another, 
you're soaking up more CO2 from the atmosphere into the tree.”  

mass timber. murray  
grove 

Source: Timber in the City 
Source: Timber Skyscrapers 



mass timber. murray grove 

Source: Timber in the City 
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Source: Timber in the City 



mass timber. 52 whitmore road 

Source: Timber in the City 



Figure 8. Solid wood building, design and construction by author. 

Figure 9. Different modes of heat transfer in a solid wood building. 1.) Solar radiation, 2.)
Absorptivity of wood wall, 3.)Thermal diffusivity of wood, 4.) Effusivity of wood , 5.) Effusivity and
absorptivity of human body. (by author)
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Figure 8. Solid wood building, design and construction by author. 

Figure 9. Different modes of heat transfer in a solid wood building. 1.) Solar radiation, 2.)
Absorptivity of wood wall, 3.)Thermal diffusivity of wood, 4.) Effusivity of wood , 5.) Effusivity and
absorptivity of human body. (by author)
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mass timber. heat transfer 

Source: Insulating North America 
																								



regeneration of a harvested area through to logging as

thinning and final felling and timber transport. The

harvested area, thinning and final felling together, was

14,600 ha in the north, 6300 ha in the central region,
and 5500 ha in the south.

Collected data were classified into four groups
depending on origin:

A Specific measurement from follow-up routine,
treated with a measured factor, e.g. area multiplied
with consumed amount of fuel per hectare.

B Specific measurement treated with other constant,
e.g. calculation of used quantity of engine oil based
on measured fuel consumption with the aid of a
technical specification for engine oil per litre of fuel.

C Local averages based on measurements, e.g. mean
transportation distance in a region. Technical speci-
fications (for machinery used) such as energy con-
sumption per unit (e.g. ton km).

D General averages, e.g. total energy use for transpor-
tation by railway.

The data are presented in Table 1.
The forest management’s needs in terms of forest

tree seedlings were met by nurseries. Data for forest
seedling production are outlined by Aldentun [16] in a
study of four forest tree nurseries in Sweden. The seed-
lings produced were containerized forest tree seedlings

Fig. 1. Unit processes (boxes and text in bold) and their comprising forest operations. Internal transports are allocated to unit processes.

Fig. 2. Locations of the regions.

S. Berg, E.-L. Lindholm / Journal of Cleaner Production 13 (2005) 33–42 35

																																											

mass timber. carbon sink 

Source: Energy Use and Environmental Impacts of Forest Operations in Sweden 



																																	

mass timber. carbon sink 

Source: Food and Agriculture Organization of the United Nations 



mass timber. carbon sink 

Source: World Resources Institute 



Table 2 – Characterisation of the forest management and wood use scenarios.

Reference
year 2000

Optimized increment Kyoto-optimized Business-as-usual Reduced forest
maintenance

Construction Energy

Forest management
Aim Harvesting of maximum

increment performance
Harvesting of higher
increment performance;
use of Kyoto ‘cap’

Continuation of actual
forest management
principles

Maximum C sinks
in forests

Principles Reduced thinning, optimized
regional rotation periods,

even-aged class distribution

Reduced tending, optimized
regional rotation periods,
even-aged class distribution,
stock increase to ‘cap’

Continuation of forest
management principles
between the national
forest inventories NFI I
and NFI II

Minimal forest
management,
particularly in
protective forests

Extracted wood 5.4 mio. m3 a +70% +60% +10% !45%

Wood use

Principles Increased construction use
of long-living wood products
and subsequent energetic use

Increased use
of biofuels

Construction use of
long-living wood
products and
subsequent energetic
use

Extrapolation of actual
consumption patterns

Significant reduction of
wood use for products
and energy

Wood products 2.5 mio. m3 +80% +/!0% +80% +20% !25%
Fuel wood 1.3 mio. m3 +120% +340% +65% +20% !80%

Foreign trade
Import 1.4 mio. m3 +/!0% +/!0% +/!0% +/!0%
Export 2.2 mio. m3

a Extrapolation from the Swiss forestry statistics (BfS/BUWAL, 2000), including merchantable timber (d > 7 cm); stumps, bark and 14% of the mortality remain unused.
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The comparison of the Optimized Increment, Energy and
Business-as-usual scenarios shows that both scenarios perform
more or less equally up to 2065. After this, the Business-as-usual

trend is clearly worse, particularly in the long term. This
shows that in the forestry sector a strategic change towards
increased harvesting is definitely required.

In net terms, the Reduced Forest Maintenance scenario gives
rise to additional CO2 emissions from as early as 2065. The
unfavourable trend begins around 2015 and lasts until the end
of the period under consideration. Moreover, the same
restrictions apply as already discussed above (renunciation
of use or use of non-wood products and fossil fuels). As
opposed to this, the substitution scenarios give rise to
constantly lower levels of CO2 emissions.

These results are derived under two key assumptions (see
Section 3): constant imports/exports of wood products and the
non-consideration of market leakage due to changes in global
demand and supply of roundwood and energy wood, fossil

fuels, conventional and wooden building products, etc.
Implications of these assumptions for the interpretation of
the results are discussed in Section 5.

4.2. Annual net-effects in Switzerland

The net-effects of the scenarios in Switzerland show the same
results as before but on a lower level (Fig. 5).

In terms of the sum of all effects, thanks to the significant
forest sink effect (to 2045), the Reduced Forest Maintenance

scenario provides the highest CO2 saving effect on the short- to
medium term in Switzerland. However, this does not take into
account the fact that under the currently applicable Kyoto
provisions only a small part of this increase in the forest sink
may be officially accounted for. Furthermore, from around
2070, this scenario generates increasing emissions as the
scenario Business-as-usual does. This is mainly due to the
source-effect of the forest. Because the risk of forest collapse is
most significant with this scenario, this effect could also arise
far earlier. In addition, it must also be taken into account that
in this scenario the future consumption of wood in the
construction and energy sectors is significantly scaled back,

leading to a reduced material and energetic substitution effect.
Against this background, the building scenarios emerge as

more sustainable variants for Switzerland. Thus, in spite of

Fig. 5 – Annual net GHG effects of the scenarios in Switzerland (2000–2100).

Fig. 4 – Annual global net GHG effects of the scenarios (2000–2100).
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temporally less GHG emissions reductions, the substitution
scenarios – and particularly the Optimized Increment, building

scenario with an increase material use of wood, shows a
sustainable long-term trend of about 3 mio. tons of CO2-
reduction. This corresponds about 6% of the recent annual

Swiss GHG emissions.

4.3. Relevance of different GHG effects

To analyse the relevance of the different GHG effects related to
forest management and wood use, the scenario Kyoto-

Optimized is analysed in more detail (Fig. 6).
The stock changes in the forest and in the civilizational

cycle initially give rise to the most significant CO2 savings. The
joint maximum is attained between 2015 and 2020. From
around 2060 (in the Optimized Increment, Building scenario as
early as 2035!), the material substitution and the energetic

substitution effects overtake the stock effects: the declining
stock changes in both the forest and the civilizational cycle
indicate the trend towards a new steady-state flow equili-
brium with no further increase of C stocks. The substitution
effects, on the contrary, are perpetually contributing as long as
wood products are used instead of more energy-intense
materials.

From around 2080, the wood stocks in the forest remain
constant; the observable negative effect (net emissions) is due
to the decomposition of logging slash.

5. Discussion and conclusions

The comparison of the scenarios clearly shows that different
strategies produce very different effects. Moreover, the short-
term effects can differ significantly from the long-term effects.

The Reduced Forest Maintenance scenario shows that large
volumes of CO2 can be sequestered initially. In the medium to
long term, the effect is reversed, however, as the forest’s C pool
becomes full and decomposition gradually commences.
Furthermore, this scenario poses the greatest risks to forest

stability. The large sink effect of this scenario is, moreover, of
little use for C accounting in accordance with the KP as the
amount of sequestered carbon lies much beyond the cap that
Switzerland is allowed to account in the first commitment
period.

A forest conservation scenario means that less domestic
wood is available for construction and energy production.
Assuming a given demand, the missing volumes of wood
would have to be replaced by more energy-intense non-wood
products and fossil fuels with their associated CO2 emissions.
This effect could eventually be tempered by the fact that an
increased demand for fossil fuels for the production of non-
wooden products or for thermal energy production could lead
to an increase in prices for fossil fuels, ultimately reducing
their global demand and associated CO2 emissions. Given the
scale of the Swiss economie, this effect is, however, expected
to be insignificant.

Alternatively, decreasing volumes of domestic wood could
be compensated by an increase of imports and/or a reduction
of exports. As a consequence, forests abroad can be expected
to be used more intensely as a result of increased international
demand and prices (e.g. Bolkesjø et al., 2005), and even lead to
the deforestation of tropical forests in a global perspective (e.g.
Gan and McCarl, 2007; Sohngen et al., 1999). Thus, it must be
assumed that the carbon storage effect in the forest – the key
strategy underlying the Reduced Forest Maintenance scenario – is
largely off-set by decreases in carbon pools of forests abroad.

The Optimized Increment, Energy scenario performs consis-

tently and significantly worse than the Optimized Increment,
Building scenario. The material use of wood followed by its use
in energy generation represents a far better option than its
direct use for energy generation. To provide the same volume
of construction products, additional non-wood products
would have to be manufactured in the energy scenario which,
in turn, would result in greater CO2 emissions.

The Business-as-usual scenario performs worst in the short
and medium term and second worst in the long term.
Increased wood use should definitely be adopted as an
objective.

Fig. 6 – Temporal sequence of individual global annual stock and material effects based on the Kyoto-Optimized scenario
(2000–2100).
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entire life cycle – i.e. raw material extraction, processing, use
and waste disposal including transport – are compared with

those of a functionally equivalent substitute component
(Werner et al., 2006). Due to their different time of occurrence,
emissions from production have been distinguished in this
study from the emission from disposal.

Table 1 provides an overview of the substituting products.
A detailed description of the products considered in this study
can be found in Hofer et al. (2002); the substitution factors
distinguishing in-country effects and effects abroad can be
consulted in either Werner et al. (2006) or Taverna et al. (2007).

To separate emissions within Switzerland from emissions
occurring abroad, we conducted a dominance analysis for
each of the life cycle inventories to determine the most

significant processes. Knowledge of the production patterns,
import–export statistics of finished and ancillary products,
inquiries with industrial sector representatives, etc. were used
to attribute these processes to the categories ‘emissions in CH’
and ‘emissions abroad’. Further, we assumed that exclusively
Swiss wood is used and that primary production processes for
wood products are located in Switzerland. For each life cycle
inventory, more than 95% of the emissions were attributed to
the two data categories; the rest was accounted for as Swiss
emissions.

The GHG effects are indicated in CO2 equivalent. This

means that all GHG emissions are weighted by the greenhouse
gas potential in relation to CO2 (IPCC, 1996). To avoid double-
counting with the wood flow data, biogenic CO2 is disregarded
in the calculation of the material substitution effect.

Transport emissions from imports are attributed to the
exporting country and vice versa.

2.7. Substitution effects of energy recovery from wood

The effects of the substitution of fossil fuels by fuel wood,
industrial wood residues and waste wood are also taken into

account. Various substitution effects are identified in the
generation of energy from wood:

- fuel wood from forestry, industrial residual wood and post-
consumer wood originating from domestic forests. In this
instance, substitution effects arise both in Switzerland and
abroad (e.g. through the avoidance of the emissions
generated in the supply of fossil fuels);

- domestic use of wood residues from production which arise
in the processing of imported roundwood and semi-finished
products; as in the above case, substitution effects arise both
in Switzerland and abroad;

- foreign use of exported Swiss wood whereby the substitu-
tion effect only arises abroad;

- foreign use of wood residues abroad arising from the pre-
processing of wood products for importation.

In line with the statistical source referred to in Section
2.4, it is assumed that during wood processing 40% of the
logs end as industrial residual wood; in the case of imports
and exports of wood products, this percentage is allocated
to the production site (in-country or abroad) depending
on the degree of pre-processing. According to current
export statistics, 40% of post-consumer waste wood are
exported, whereas 60% are used thermally in-country (see

also Fig. 3).
We assume that the wood destined to incineration is

chipped and incinerated in adequate facilities to recover
thermal energy; the recovered energy replaces heat from oil
and gas-based heating systems relative to the share of these
fuels in total energy consumption used for heat production.
The respective life cycle inventory data of these energy
systems was taken from ecoinvent 2000 (Jungbluth, 2003; Faist
and Heck, 2003; Bauer, 2003). Furthermore, in the case of the
energy substitution effects, the emissions in other countries
(e.g. from the extraction, refining and transport of crude oil)

Table 1 – Material substitution: wooden products and their non-wooden substitutes.

Use Wood product Non-wooden product

Structure

Exterior walls Solid wood panel Brick cavity masonry
Columns Glulam column Steel column
Storey ceiling/floor Wood joist ceiling/floor Reinforced concrete ceiling/floor
Insulation Wood fibre insulation boarda Rockwoolb

Roof Exposed beam structure Aerated concrete steep roof
Structural engineering Wood palisade Concrete palisade

Finish
Wall and ceiling covering Spruce panelling Interior plastering
Stairs Oak staircase Precast concrete stairs
Floor coverings 3-Layer parquet Glazed ceramic tiles
Façades Raw wood siding including latha Exterior plasteringb

Fittings Architrave from derived timber products Architrave frame
Furniture Wood furniture Steel furniture

Other wood products
Packaging Raw wood siding including latha Same volume of plastic (polypropylene)
Wood products Raw wood siding including latha Same volume of plastic (polypropylene)
Auxiliary construction materials Formwork panels (3-layer spruce panel) Aluminium formwork
Do-it-yourself Spruce panelling Interior plastering

a In solid wood panel construction.
b In brick cavity masonry.
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 design leaner structures and material optimization  
 

  - minimizing quantity of materials reduces energy used to make the building in the first place.  
 

 design for deconstruction, reuse and recovery  
 

  - buildings often have a service life far less than the materials they are made of 
  - building with deconstruction in mind enhances reuse of materials, effectively increasing lifespan 
   and energy efficiency of the buildings 

 

 design for future use, adaptability and flexibility  
 

  - designing to make buildings suited to different uses increases their life-span and reduces need 
   for new construction materials.  

 
 minimize waste  

 

  - construction industry responsible for +/-120m tons of construction, demolition and excavation 
   waste every year – around a third of all waste arising in the UK – what accounts for 22%  
  of all construction embodied energy and 19% of embodied carbon. 

recommendations 

Source: Inventory of Carbon and Energy, University of Bath 



canopia. bordeaux 
Sou Fujimoto and laisné roussel  
Canopia, 2016 
wooden mixed-use tower  
Bordeaux 

-  silver fir and spruce beams and posts 
-  cross-laminated timber floors, silver fir or spruce 
-  glu-lam post-and-beam timber frame 

Source: Archdaily 



North America  
$3.2T 

MEA: 
$874B 

ANZ 
$470B 

China 
$7T 

E. Europe  
(Ex. RU) 
 $767B 

South America  
(ex BR) 
$433B 

W. Europe 
$2.5T 

Russia 
$390B 

Brazil 
$390B 

India 
$713B 

Source: Infrastructure Stock and Spend Database 43 

Total current $7+T 
2030 forecast total = $18T 

global forecasted infrastructure spending. mckinsey 


