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Study on the thermal performance of the building envelope
6 Study on the thermal performance of the building envelope

6.1 Chapter overview

This chapter presents the experimental work carried out in the outdoor environment to
test the thermal response of three wall samples to naturally-varying weather conditions

during summertime.

SECTION 6.2 illustrates the scope and aims of the experiments and the thermo-physical

properties of the wall samples tested.

SECTION 6.3 documents the method followed, the configuration of the testing apparatus
and the main criteria whereby the large dataset obtained from the field observations

has been statistically analysed.

SECTION 6.4 presents the results of the experiments. In particular, SECTION 6.4.1 discusses
the values of the main thermal-inertia parameters of the walling systems tested (i.e.,
time lag and decrement factor) and thus answers research question @ SECTION 6.4.2,
instead, answers research question @, by exploring the correlation between the inertia
parameters and some climatological and constructional variables. This correlation
analysis permits a deeper insight into the thermal mechanisms that lead three wall

systems to respond differently to the same thermal inputs.

Finally, SECTION 6.5 offers a brief summary of the findings detailed in SECTION 6.4.



6.2

Study on the thermal performance of the building envelope

Scope, aim and objectives of the investigation

Thermal tests have been undertaken on wall samples constructed with different

techniques, towards the optimisation of the building envelope.

The main aims of the tests are:

Wall

to assess the thermal behaviour of the different wall panels, in terms of the
instantaneous and time-dependent response during summertime. The study
focuses on time lag and decrement factor, which define the influence of thermal
mass on thermal behaviour;

to identify the best-performing wall solution for the Scottish climate;

to identify the aspects of the Scottish climate and of the construction methods and
materials employed that most affect the time lag and decrement factor;

to provide designers, researchers and construction companies with
recommendations for the selection and use of the most appropriate methods of

construction from a thermal point of view.

systems under study

The thermal tests have been conducted on three different types of walls:

wall B1l, a closed-panel timber frame wall. This has heavy-weight cladding
(concrete blocks). On the internal side of the wall is a service void.

wall D1, a cross-laminated-timber wall. Internally, a service void is attached to
the CLT panel, while the insulation layer is fixed on the external side of the panel
itself. Acrylic render is the external finish and is supported by gypsum board.
wall F, a masonry wall. This is a double-leaf lay-up. The internal leaf has a

structural role, whereas the external leaf has a cladding function.

See SEcTION 6.3 for further information and ApPeNDIX F for detailed drawings.

The colour of the external, acrylic render was light grey, corresponding to RAL colour

code 7035, and with solar absorptivity circa 0.35.
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The wall samples had the same theoretical, overall thermal transmittance (or “U-
value”), which is below the maximum value allowed by Scottish Building Regulations for

external walls in domestic buildings. The U-value was set at 0.21 + 0.005 W/(m?K).

Due to the different lay-up of the walls, each of them has different thermal properties
(other than the U-value). Total thermal mass is one of the varying parameters. The
highest thermal mass is contained in wall F (load-bearing masonry). Both the total
thermal mass and the “effective” thermal mass (i.e., the thermal mass of the layers

within 100 mm of the internal surface of the walls) have been evaluated.

The different distribution of various intensive properties across the thickness of each

wall is shown in FIGURES 6.2 — 6.4.

TABLE 6.1 Thermo-physical properties of the building materials employed for the construction of the three
walls under investigation.

Materials Fundamental intensive properties Derived intensive Use in walls
properties
category material type thermal density mass-specific [volume- thermal Bl D1 F
conductivity heat capacity |specific heat |diffusivity
capacity
(W/(K'm)) |(kg/m?) (/(kg-K)  |/(m*K)) [(m?/s)
minerals gypsum plasterboard 0.25 927 1000 927000 2.70E-07| v v v
MD concrete blocks 0.45 1450 1050 1522500 2.96E-07| v’ v
HD concrete blocks 1.15 1950 1200 2340000 4.91E-07 4
gypsum render carrier 0.26 955 1030 983650 2.64E-07 v
mineral wool 0.04 45 1030 46350 7.55E-07| v’
wood-based softwood 0.10 390 1700 663000 1.51E-07| v v
0SB 0.13 650 1700 1105000 1.18E-07| v
CLT 0.13 390 1600 624000 2.08E-07 4
plastics PUR 0.02 31 800 24800 7.26E-07 v v
acrylic render 0.20 800 1000 800000 2.50E-07| v’ v v
air cavities vented cavity (50mm) 0.27 1 1008 1008 2.68E-04| v/ v
ventilated cavity 0.40 1 1008 1008 3.97E-04 4
unventilated cavity (25mm) 0.14 1 1008 1008 1.38E-04| v v
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6.3 Experiment methodology

The experiments were conducted following the same procedure as that of similar tests
described in the literature and using an analogous apparatus (in particular, the field

experiments by Ng (2011), Kaska et al. (2009) and Buratti and Moretti (2005)).

The tests were carried out in the summer of 2015, for four consecutive months: June to

September.
6.3.1 Experimental apparatus

The tests were conducted in the outdoor environment, in the open space of a testing

facility! located in Edinburgh.

The three wall samples were inserted in an ad-hoc enclosure, specifically-built for this
purpose, which was divided into three cells. The envelope of the enclosure and the
internal walls separating the cells were highly thermally insulated (i.e., walls, roof and
floor offered a surface-to-surface thermal resistance of 4.41 m?-K/W, equivalent to an
overall surface-to-surface thermal transmittance of 0.23 W/(m?%K)). The whole

enclosure was water- and air-tight.

The samples to be tested were constructed as small portions of full-scale walls, with real
thicknesses, and with elevational area equal to circa 2.2 m?, all East-facing. There were
no obstructions or objects in front of the wall samples or any other side of the enclosure,
so this was fully exposed to the local weather conditions and solar radiation (i.e., no
shade). The enclosure was elevated from the ground floor by approximately 400 mm, in
order to protect the wall samples and the floor construction from any rainwater run-off

on the ground surface.

Each cell was accessible by means of doors having the same thermal insulation as the
enclosure walls and good air-tightness. Each door contained an adjustable ventilator,

which could be completely closed and, if needed, also insulated on the inside. The

1 Unit 10, Baileyfield Industrial Estate, Baileyfield Crescent, Portobello area, Edinburgh, EH15 1YU.
6
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ventilators were protected externally with small overhangs, to prevent wind-driven

rainwater penetration.

FIGURES 6.5-6.10 show the configuration of the apparatus.

Wall samples B1 and D1 were partially prefabricated in a Glasgow-based factory and
completed on the testing site (with the addition of internal and external linings),
according to the specifications provided to the construction company. The present
author supervised the correct assembly of the samples on site and checked that the
components utilised (their materials, sizes and positions) corresponded to the given

specifications. Workmanship, both offsite and onsite, was of a good standard.

Wall F was completely built on site.

The cell housing wall sample D1 was delimited by the South-facing wall of the enclosure
(see FIGURE 6.10). In order to prevent lateral heat gains for wall D1 through the Southern
side of the apparatus, this side was protected by means of a synthetic-fabric sun-blind,
detached from the outer surface of the wall itself, so as to avoid direct exposure of this
wall to solar radiation.! This precautionary measure was taken in order to ensure that
wall sample D1 (and its cell) would operate under the same conditions as the other two

walls (and respective cells).

The apparatus was thermally monitored by means of several sensors. Thermocouples

(TCs) were installed in appropriate locations to measure:

e theinterior- and exterior-surface temperature of the wall samples;
e theinterior-surface temperature of the other walls of the enclosure;
e the air temperature outside (in the shade);

e the air temperature inside each cell.

The TCs installed inside the enclosure cells were also fixed in their position with adhesive

tape (at a height of approximately 1.4 m from the finished floor of the enclosure).

1 This configuration did not affect the U-value of the Southern wall; it just provided the desired level of protection
from sunlight.

7
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The 16 TCs were connected to a datalogger placed on a table inside the middle cell. The
central position of the datalogger allowed a symmetrical configuration and helped
minimise the length of the TC wires connected to it. The datalogger was connected to
the mains power supply, but also had a long-lasting battery, which would automatically
be used in case of black-out, thus guaranteeing continuous electricity supply and
uninterrupted monitoring and recording of the temperatures. The datalogger produced
very little heat and therefore should not be regarded as an internal heat source for the

middle cell.

testing facility:
office &
workshop

location of
tested wall
samples
(facing East)

FIGURE 6.5 Aerial view of the site where the tests have been conducted. Image source: Google Maps,
ca.2017.
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location of 6 channel connecting ext. plastic tubes to shield TC
ext. TCs TCs to datalogger wires from sunlight
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to protect
Southern
wall

wall D1 wall F wall B1

(CLT) (load- (closed-panel
bearing timber frame)
masonry)

FIGURE 6.10 Front view of the apparatus, showing the location of the thermocouples (TCs) placed on the
outside of the wall samples.
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6.3.2 Specification and calibration of testing equipment

TABLE 6.2 offers a description of the instruments used for these experiments.

TABLE 6.2 Inventory of the instruments used for the thermal tests.

Quan- | Device type | Product Manufacturer’s Technical properties
tity name details
2 datalogger “Squirrel Grant Instruments 16 sensor channels;
2020-1F8” (Cambridge) Ltd logging speed: 20 readings / sec on 1
29 Station Rd channel only
Shepreth int. memory: 128Mb (up to 14
Cambridgeshire million readings)
SG8 6GB, UK USB 1.1 & 2.0 compatible
working environm.: -30 to 65°C, RH
up to 95% (non-condensing)
dimensions: 235 mm x 175 mm x 55
mm
weight: 1.2 kg
enclosure material: ABS
resolution: to 6 significant digits
16 thermo- K-type Grant Instruments one wire made of nickel-manganese-
couples thermo- (Cambridge) Ltd aluminium alloy
couples (same address as one wire made of nickel-chromium
above) alloy
1 datalogging “Squirrelview” | Amber Instruments | displays up to 16 channels in real
software Ltd time
Dunston House, data downloader application
Dunston Rd customisable data export for Excel™,
Chesterfield, Lotus™ or other applications
Derbyshire, logger diagnostic
541 9QpD, UK
4 thermo- “EasylLog” Lascar Electronics temperature:
hygrometers series, “EL- Ltd measurement range: -35°C to 80°C (-
USB-2” model | Module House 31°F to 176°F)
Salisbury internal resolution: 0.5°C (1°F)
Wiltshire SP5 2SJ, accuracy (overall error): 0.55°C
UK (1.04°F) typical (5 to 60°C)
long term stability: <0.02°C (0.04°F) /
year
relative humidity:
measurement range
0to 100% RH
internal resolution: 0.5% RH
accuracy (overall error): 2.25% RH
typical (20 to 80%RH)
long term stability: <0.25% RH / year
logging rate: 10 seconds to 12 hours

12
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6.3.2.1 Thermocouples
Thermocouples consist of two thin, metal wires of different chemical composition,
which are joined at the ends (or “junctions”). Due to the Seebeck effect (occurring when
two different metals are joined), an electromotive force is generated within a TC, whose
magnitude depends upon the temperature gradient between its ends (Long, 1999). By

virtue of this phenomenon, TCs do not need external supply of electricity.

The TCs utilised were of type “K”, that is, one of the wires was made of a nickel-

chromium alloy? and the other of a nickel-manganese-aluminium3 alloy.

The TCs had been individually tested and calibrated in one of the University’s
laboratories before the apparatus was set up, for a temperature range* between 0°C
and +60°C. The calibration process led to the determination of a corrective coefficient
for each TC, which allowed correct translation of the electrical outputs recorded into

physical temperatures.

The calibration was conducted by submerging the TCs into a basin of distilled water of
known temperature (thanks to the use of a reference, calibrated thermometer). This
operation was repeated multiple times, so as to avoid systematic errors. During each
iteration, the temperature of the water containing the reference thermometer was

measured and the voltage readings from the TCs were recorded.

For each TC, a linear, parametric voltage-temperature equation was studied, which
defined the mathematical relationship between the voltage measured by the TC itself
and the known temperature. Thus, the corrective parameter could be identified for each
TC, through a least-squares fit of voltage versus temperature. Finally, all of these
corrective coefficients were uploaded onto, and saved in, the datalogger, ensuring a

correct conversion from each voltage output to its corresponding temperature.

2 This alloy is referred to as “chromel” (a registered trademark of Concept Alloys Inc.); its composition is
approximately 90% nickel and 10% chromium.

3 Alloy known as “alumel” (another registered trademark of Concept Alloys Inc.); its composition is circa 95% nickel,
2% manganese, 2% aluminium and 1% silicon.

4 Temperatures outside this interval would be very unlikely to occur during these experiments.
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The linear temperature-voltage relationship mentioned above is expressed by the

following equation:

Thor = @ - VOL

where Thot is the temperature of the “hot junction”> of the TC (°C), “a” is the corrective

coefficient (°C/V) found from calibration and VOL is the voltage output (V).

Since the temperature interval for which the calibration was conducted was relative
small, a linear relationship between voltage and temperature proved to be of sufficient

accuracy and a higher-order relationship (e.g., a quadratic polynomial) was unnecessary.

Two TCs were installed on the outer surface of each wall sample, due to their exposure
to the elements and susceptibility to being removed by strong winds. These TCs were
inserted into shallow holes (5mm deep, circa 1.5mm in diameter) drilled into the render
finish of the wall. This measure allowed protecting the metal ends from direct solar
radiation (which could have altered the recordings) and keeping them in place more
safely. Weather-resistant adhesive tape, suitable for outdoor conditions, was used to fix

the TCs to the render surface.

The external parts of the TC wires were inserted into flexible, corrugated conduits made
of plastic, in order to avoid direct contact with sun radiation and consequent

susceptibility to “lateral” thermal heating.

6.3.2.2 Datalogger
A datalogger with 16 channels was used (one channel for each thermocouple), supplied

by Grant Instruments Ltd.

5 The so-called “hot junction” of a TC is the end that measures the desired temperature.
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FIGURE 6.11 “Squirrel F-18” datalogger, by Grant Instruments Ltd. Image source: Grant Instruments,
ca.2017.

6.3.2.3 Thermohygrometers
Thermohygrometers (THGs) were also installed inside each cell and outside the
enclosure (in the shade), to provide a further means of monitoring. The internal THGs

were located at the same height as the TCs.

The TCs were set to record temperatures every 5 minutes (i.e., 12 times per hour, 288
times per day), as this was deemed to be the necessary level of accuracy for the

purposes of the experiments.

The THGs were set to record temperatures every 10 minutes (i.e., 6 times per hour, 144

times per day).

FIGURE 6.12 “EL-USB-2” thermohygrometer, by Lascar Electronics Ltd. Image source: Lascar Electronics,
ca.2017.
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6.3.3 Assessment of errors and uncertainties

6.3.3.1 Measurement errors
For the duration of the tests, the experimental apparatus was attentively monitored
through frequent inspections and maintenance work (where needed), so as to ensure

that it was functional and operating as intended.

TABLE 6.3 Description of the error types relevant to these tests.

Error definition |Error characteristics Gravity |Uncer- |Com-
tainty |ments
Randomness Source
Random |Systema- |Instrumenta- | Procedure
tic tion

inaccuracy of v v low +0.1°C

datalogger

inaccuracy of TCs v v low +0.5°C

miscalibration of TCs v v low

decalibration of TCs v v n/a 0 decalibration is
unlikely at the
operational
temperatures
occurred
during these
tests

displacement of TCs | v v high 0 observations

. when TCs had

(by wind) been displaced
are excluded
from analysis

misplacement / v 4 medium

wrong embedding of

TCs

data readings v v n/a 0

Abbreviations

TC(s) |thermocoup|e(s)

Due to occasional, very strong winds, some days’ worth of testing was lost, since the
external TCs were removed from the outer surface of the wall samples. However, the
days lost were just a small proportion of the overall duration of the tests. The recordings

from these days were excluded from the statistical analysis of the observation dataset.

The intensity of solar radiation was not measured during the tests (since it was not
strictly necessary for the experiments). However, for completeness, this parameter was
sourced from the Met Office’s database (i.e., measurements taken from its nearest

observation site, located in Edinburgh Gogarbank).
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Measurement errors can fall within two main categories: errors arising from the
inherent properties of the instruments deployed and errors arising from operational

mistakes: both types are dealt with in the following sections.

Equipment-related errors

During the calibration process, the uncertainty in TC measurement was determined to
be +0.5°C of reading values. An additional uncertainty of +£0.1°C of reading values was

considered, to account for errors in datalogger conversion (due to its resolution).
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FIGURE 6.13 Mean recording differences between pairs of TCs on the exterior side of each wall, by climatic
category.
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Operation-related errors

All equipment pieces were installed and used by rigorously following the manufacturer’s
instructions and the recommendation found in the literature, from similar experimental

studies.

In particular, great care was taken towards the correct positioning and embedding of

the TCs:

e inthe external TCs:
o the ends were located inside ad-hoc holes in the wall finish, to avoid
direct exposure to solar radiation;
o the ends were only in contact with the wall render and were detached
from the tape and silicone used to fix the wires to the walls;
o the external portions of the wires were protected by flexible, plastic
tubes (to prevent exposure to sunlight);
o the drilled holes accommodating the TC metal ends were kept dry (i.e.,
no dew or water droplets) and clean from dust or dirt;
e for the internal TCs, an appropriate type of plastic adhesive tape was used;
e for all TCs (internal and external), the central position of the datalogger (i.e.,
inside the middle cell) allowed the avoidance of long wires (for both internal and
external TCs). Short wires are indeed preferred, as they contribute towards more

reliable and accurate measurements.

6.3.3.2 Uncertainties arising from the test set-up

As regards the use of the datalogger:

e measured data was downloaded frequently, in order to prevent the logger from
stopping new recordings or overriding previous ones;
e it was often checked that its internal batteries were fully charged, so that they

would be able to supply electricity in case of mains failure.
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In order for the three cells to operate in the most similar conditions as possible:

the walls separating the middle cell from the lateral ones were highly insulated;
the Southern wall of the enclosure (belonging to cell D1) was sheltered by means
of an ad-hoc sunblind, to avoid cell D1 from being exposed to extra solar
radiation in comparison with the two other cells;

measurements of the internal-surface temperatures of all cells (except for the
ones on the inside of the tested wall samples) were attentively monitored, so as
to guarantee consistency and comparability of testing conditions across the
three cells. All such differences in temperature were minimal and thus
considered negligible for the purposes of these tests. In other words, the
different orientation of the cells did not affect their interior conditions and the
sun-blind located on the Southern side of the enclosure was successful in

protecting the cell of wall D1 (CLT) from overheating.

6.3.4 Structure of data analysis

The data measured was statistically analysed. Due to the variability of the Scottish

weather, widely differing weather conditions occurred throughout the duration of the

tests. Cold, rainy days (more typical of spring weather and not very representative of

typical summertime conditions) were discarded from the analysis. Days that were

considered typical of summertime, instead, were grouped into four different categories,

named

ou_n

a” to “d”, defined in terms of solar energy received by the walls in the morning

(until 12:30 PM), Eam.

The climatic categories are as follows:

category "a", Eam =8 MJ/m?;
category "b", 6 MJ/m? < Eam< 8 MJ/m?;
category "c", 4 MJ/m? < Eam < 6 MJ/m?;

category "d", Eam <4 MJ/m?2.
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Daily cycles were measured from 07:00 (AM) each day to 06:55 (AM) of the following
day. The times at which the outer and inner surfaces of the wall samples reached their

maximum and minimum daily temperatures were used to calculate the time lag (TL):

TL = trintmax = tr.extmax (hours)

EqQuATiON 6.1

where trext max and trinmax are the times at which the maximum temperatures

occurred on the wall’s exterior surface and interior surface, respectively.

The maximum and minimum temperatures recorded both on the internal and external

wall surfaces were used to determine the decrement factor (DF), which is dimensionless:

DF = Aint — Tint,max - Tint,min (/)

Aext Text,max - Text,min

EaquaTion 6.2

where Ainr and Aex: are the amplitudes of the daily temperature oscillations on the
interior and exterior surfaces of the wall, respectively; Tintmax and Tintmin are the
maximum and minimum temperatures, respectively, on the interior side of the wall; and
Text,max and Textmin are the maximum and minimum temperatures, respectively, on the

exterior surface.
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6.4 Results and discussion

6.4.1 Quantification of inertia parameters

For each of the climatic categories, the TL and DF values have been determined and then
statistically analysed and averaged. The results can be seen in graphic form in FIGURES

6.14 and 6.15.

Among the climatic categories defined above, “a” is particularly significant for this study,
because it includes a wide number of observations and represents the weather
conditions during which the risk of overheating inside a dwelling is highest. Thus, in the

au_n

following sections, category “a” is considered with particular attention.

“”_

6.4.1.1 Climatic category “a
In category “a”, wall B1 (timber frame) exhibits a TL of 9.14 hours: this means that the
highest temperature on the interior side of this wall occurs 9.14 hours after the peak
temperature has been reached on its outer surface, due to the external inputs
(convective heat transfer with the surrounding air and, especially, radiative heat transfer
due to sunlight). This TL-value also means that, if the maximum temperature on the
outside of the envelope is reached on average at around 09:30 hours on a summer day,
the interior peak occurs at about 18:30, when the outdoor conditions are about to
become milder (with the sun being about to set and temperature about to decrease).
The mean decrement factor of this wall, still within category “a”, is 0.25, which means
that the amplitude of temperature oscillation on the inner surface is one quarter of the

amplitude on the outer surface.

Wall D1 (CLT) shows an average TL of 8.30 hours, meaning that it takes this length of
time for the temperature wave to pass from the outside to the inside of this
construction. Wall D1’s decrement factor is 0.15: this indicates that the temperature
oscillation on the interior finish of the wall is 15% of the oscillation measured on the

rendered surface outside.

Wall F (load-bearing masonry) exhibits a mean time lag of 8.00 hours and a decrement

factor of 0.11. The latter parameter means that (within the outdoor conditions of
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category “a”) the temperature swing on the inside corresponds to the outer swing
reduced by as much as 90% circa. This occurs thanks to the wall’s high thermal mass,
concentrated in the outer leaf (medium-density concrete blocks) and especially the
inner leaf (high-density concrete blocks, which possess not just increased density, but

also increased heat capacity in comparison with the medium-density equivalents).
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FIGURE 6.14 Mean time-lags for each wall and climatic category. Error bars show # 10 (i.e., + one standard
deviation) around the mean.
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FIGURE 6.15 Mean decrement factors for each wall and climatic category. Error bars show # 10 (i.e., + one
standard deviation) around the mean.

In category “a”, all three walls show a TL ranging between 8.00 and 9.14 hours (see
FIGURE 6.14): a rather narrow interval. However, if the TLs of the two timber walls are
compared with that of the masonry alternative, it can be seen that, surprisingly, the TL
is shorter in the latter. While wall D1 (CLT) only shows a marginal change® of +4% in TL
(equivalent to +0.31 hours) relative to wall F; wall B1 (timber frame) exhibits a more
substantial increase of +14% (corresponding to +1.14 hours) with respect to F. This is
particularly interesting, considering that B1 and F share roughly the outer half” of their
build-ups: both of them, indeed, have medium-weight cladding (i.e., rendered
blockwork). This means that the inner part of the wall composition is the decisive
parameter leading to the mentioned difference in TL: in other words, the timber-frame

panel, combined with the interior service void, has greater capacity to slow down the

6 Relative differences in TL, between B1 and F, are calculated as (TLsi-TLr)/TLr and expressed in percentage terms.

Relative differences in DF are calculated as (DFsi-DF)/DFr. Analogous formulas have been applied for relative
differences between D1 and F.

7 Walls B1 and F also share the innermost layer: 15mm-thick plasterboard.
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propagation of the heat wave than the combination of rigid insulation and heavy-weight

blocks on the inside of wall F.

When the decrement factors are compared, the situation seems to reverse. In regard to
this parameter, indeed, the best-performing wall is, by far, wall F (masonry) with a
decrement factor as low as 0.11. The two timber walls offer less reduction in
temperature-swing amplitude: wall B1’s decrement factor is +139% greater than that of
wall F (a change corresponding to +0.15), whereas wall D1 shows a change of +41%

(equivalent to +0.04) relative to wall F.

Therefore, as far as the DF is concerned, CLT compares much more favourably with the
masonry alternative than does timber frame, even though timber frame and masonry
have a more similar wall build-up and, as discussed above, the comparison of TLs

showed a better result for timber frame than it did for CLT.

The reason for this type of behaviour might lie in the fact that wall D1, in comparison
with B1, has a very different mutual position of components with high thermal mass
and components with high thermal resistance. In wall D1, indeed, the insulating layer is
much closer to the outer surface than is thermal mass (the latter being provided by the
solid-timber panels). In the timber-frame wall, instead, the temperature wave finds the
thermal-mass layer first (blockwork) and then the thermal-resistance layer (mineral
wool in between the studs). This difference in lay-up between B1 and D1 seems to have
such important repercussions on the ability of the walls to reduce the magnitude of the

temperature swings on their inner surfaces.

These results also seem to agree with those obtained in previous theoretical and/or
experimental studies (such as Zhou et al., 2008 and Ozel and Pihtili, 2007). These
researchers have indeed concluded that placing most of the insulation on (or near) the
outside of the envelope results in a decrease in DF. However, as was discussed in SECTION
3.3, there is no scientific consensus on this matter, to the extent that other authors (e.g.,
Al Sanea and Zedan, 2001; Al Sanea et al., 2012), have reached opposite conclusions and
argue that placing the insulation layer on the inside of external walls yields lower, thus

preferable, DFs.
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It is also worth noticing that the innermost layers of both B1 and D1 are exactly the
same: a service void finished with plasterboard, while wall F has no such void (since
domestic services can easily be run inside ad-hoc chases created within the thickness of

the concrete blocks).
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6.4.1.2 Climatic categories “b”, “c” and “d”
If both the TL and DF results of each wall are compared across climatic categories, it
becomes evident that moving from category “a” to “d” entails a gradual reduction in
time lag and an increase in decrement factor. This is because the dynamic response of

the walls varies as a function of the climatic conditions to which they are exposed. This

aspect will be discussed in more detail in SECTION 6.4.2.

With regard to wall B1 and categories “b”, “c” and “d”, the TL assumes decreasing values
of 7.13, 5.37 and 3.24 hours, respectively; whereas the DF takes values of 0.26, 0.29 and

0.37, respectively.

A very similar trend can be observed for wall D1, whose TL varies from 8.30 to 2.49
hours corresponding to categories “a” and “d” respectively; while its DF varies from 0.15

(“a”) to 0.25 (“d”).

Finally, the parameters of wall F assume TL values ranging between 8.00 and 1.27 hours

o“n

and DF values between 0.11 and 0.17, from “a” to “d”, respectively.

on

If the TL range intervals (from category “a” to “d”) of the different walls are compared,
it can be noted that walls B1 and D1 exhibit a similar range width8 (ca. 6.0 hours),
whereas wall F shows a wider TL interval (almost 7.0 hours). As regards DF intervals,
these are again similar for walls B1 and D1, but shorter for wall F. Thus, wall F exhibits
greater variance for TL and smaller variance for DF — across the climatic categories —

than the other two walls.

By comparing the results obtained under different climatic conditions, it can then be
concluded that the DF is much less sensitive to changes in such conditions than is the TL.
This also indicates that the magnitude of the DF is mostly a function of the inherent
properties of the envelope’s construction: changes in outdoor conditions can affect this
parameter but not as much as observed for the TL. These conclusions are confirmed by

the more accurate correlation analysis carried out in SECTION 6.4.2 and are in agreement

8 Even though the upper and lower limits of these intervals differ, especially for the DF.
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with the findings of other authors, such as Sun et al. (2013), Ozel (2013) and Kaska et al.
(2009).

6.4.1.3 Optimisation of time lag and decrement factor

The data analysis reported in the previous two sections suggests that the dynamic
interaction between layers with very good thermal resistance and others with very high
thermal mass leads to a situation in which the TL and the DF are not optimised
simultaneously within the same construction method. This evidence supports the
findings from previous studies? according to which a wall that offers the best TL does
not necessarily offer the best DF too (as is often believed in the construction industry,

when transient heat conduction is overly simplified and schematised).

However, since the wall samples tested in these experiments show only modest
variation in TL and more marked disparity in DF, it can be said that, in this specific
instance, the parameter that better expresses the differences in the inertia-related

response is the DF.

6.4.2 Correlation between inertia parameters and other variables

This section aims at answering research question @ by presenting the analysis that has
been carried out to understand the variables and the thermal mechanism that, for the

walls tested, have led to the results shown in SEcTION 6.4.1.
Specifically, the analysis aims at understanding:

e which layers/materials inside the build-ups could be changed or specified
differently to improve the thermal response of the walls;

e which climatological values, in the Scottish climate, are particularly significant
and should be factored in when predicting the thermal behaviour of walls related

to their thermal inertia.

9 Kontoleon et al., 2013; Kontoleon and Bikas, 2007; Al Sanea and Zedan, 2001; Al Sanea et al., 2012.
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The correlation has been assessed between TL and DF values and other parameters,

namely:

e correlation with amount of global solar energy received per unit area, Eav;
e correlation with thermal capacity of the walls, and, in particular:
o correlation with total thermal capacity of the walls (i.e., including the
whole build-ups of the walls);
o correlation with so-called “effective” thermal capacity of the walls (i.e.,
relating to the components within 100 mm of the inner surface)
o correlation with external thermal capacity of the walls (i.e., relating to

the components within 100 mm of the outer surface).

6.4.2.1 Correlation with solar energy

Correlation between TL and solar energy

The functional relationship between TL and solar energy has been investigated by
performing regression analysis through the least-squares method. This involved defining

a linear regression model for each wall, and checking its “goodness of fit”.
The model equation has been tested by various means:

e checking the correlation coefficient, r;
e checking the coefficient of determination, r?;
e checking the adjusted coefficient of determination, r?qqj;
e checking the standard error of the estimated values;
e graphic methods, examining various types of plots of the values obtained
through regression:
o plots of the residuals (or errors) against the independent variable, Ean;

o plots of the residuals against the estimated TL-values.

APPENDIX Q provides the definitions and formulas used for the statistical and regression
analyses conducted for this thermal study, while AppenDIx R offers a summary (in

tabulated form) of the statistics of each regression analysis.
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The regression analyses show that, for all three walls, the correlation coefficients are

positive, as was expected, and are closer to 1 than they are to 0, which is an indication

of strong linear relationships between TLs and solar energy.

14

12 (a)
10
<
o 8
1)
= 6
£
E 4
2
0
0 2 4 6 8 10 12 14
AM solar energy (MJ/m?)
8
6 (b)
4 { }
— ®
Z? e %o % )
3 % . o & %N o °
ER o 'S ° ® o 5
e o ® o o o & 00 % o
2 °
& ° ° ) ° o
-4
-6
-8
0 2 4 6 8 10 12 14
AM solar energy (MJ/m?)
8
6 (c)
4 ° :
= °
K-
£ 2 o %8
« °® (4 «®
S o ...& «® P V2 L% %
2 « % ° g o & O .g e
g -2 o ol o °
°
-4
-6
-8
0 2 4 6 8 10 12 14

Estimated time lag (h)

FIGURE 6.18 Regression-analysis plots for the time lag of wall B1: TL versus solar energy with regression line
(a), residuals versus solar energy (b) and residuals versus estimated TL (c).

The regression-analysis plots for wall B1 are shown in FIGURE 6.18, those for walls D1

and F are provided in APPENDIX S.
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The coefficients of determination are very high (about 0.95 for all walls). However, it has
to be kept in mind that a high r>-value indicates a robust correlation, but not necessarily
a very good fit of the model (Madsen et al., 2011, p. 114). Indeed, in the plots of TL
versus Eam (e.g., FIGURE 6.18a for wall B1), it can be seen that not all points are extremely

close to the regression lines.

By analysis of the residual-versus-Eam plots for each wall (FIGURE 6.18b for B1), it can be
appreciated that there is no particular pattern in the point distribution: the values are
randomly scattered around the horizontal line y=0. Thus, the good functional

relationship between TL and Eam is confirmed.

Analysis of the other plots (i.e., residuals against estimated TL-values) for the three walls
leads to similar considerations (FIGURE 6.18c for B1); hence, it can be concluded that

these graphic verification confirms the strength of the correlation between TL and Eam.

EQuAaTiONS 6.3, 6.4 and 6.5 represent the regression models for B1, D1 and F,

respectively:

TLBl = 095 ) EAM

EqQuATION 6.3

TLDl = 087 * EAM

EQUATION 6.4

TLy = 0.80 - Eqp

EQUATION 6.5

Correlation between DF and solar energy

An analogous procedure to the one described above was followed to investigate the

relationship between DF and Eam.
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EQUATIONS 6.6, 6.7 and 6.8 express the regression models for B1, D1 and F, respectively:

EQUATION 6.6

EQUATION 6.7

DFy = —0.008 - E4y + 0.19

EquATION 6.8
The equations for B1 and D1 are very similar, whereas the equation for F signals the

fact that the regression line for this wall is more horizontal.
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FIGURE 6.19 shows plots of the DF-values against solar energy and the regression line for

wall B1; for buildings D1 and F, see analogous graphs in APPENDIX S.

The quality and significance of the models obtained for the DF has been assessed by

using the same analytical and graphic diagnostic tools as for the TL.

For the DF, the strength of the functional correlation with solar energy is weaker in all

walls than it is for the TL.
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The correlation coefficients for the three walls take values around -0.5, thus showing a
negative correlation that is not very strong. Accordingly, the coefficients of
determination are rather low for all walls. The plots of the data from the regression
procedure, however, are good and do not reveal any significant problem with the fitted
model (FIGURES 6.19b and 6.19c for wall B1): the plotted points, indeed, do not follow

any particular pattern and are randomly distributed about the x-axis.

It can be thus concluded that there is a functional relationship between solar energy
(Eam) and both the TL and DF, but this reaches a higher level of statistical significance for
the TL. These conclusions seem to confirm some findings from previous research
(especially the work conducted by Sun et al. (2013), Ozel (2013) and Kaska et al. (2009)),

as also mentioned above.

It is worth keeping in mind that solar energy was not measured at the experiment site,
but at the closest weather station; therefore, there is some “noise” in the values used
for this study. It seems then reasonable to assume that, if the actual values of solar-
energy received at the testing facility had been available, they would have probably

shown a stronger relationship with the TL and DF in these regression analyses.

6.4.2.2 Correlation with thermal capacity
The correlation between the overall thermal capacities of the three walls with the
inertia parameters appears very weak for both TL and DF. The same can be said of the

correlation with the thermal capacity of the outermost layers (100 mm).

The strongest correlation identified is, by far, that between TL/DF and the thermal
capacity of the interior layers of the walls: the walls with higher concentration of
thermal mass on the inside exhibit a greater capability to attenuate the amplitude of the

heat wave crossing them. FIGURE 6.20 illustrates this finding.

The comparison between walls B1 and D1 becomes particularly significant and
illustrative of how thermal mass works. Wall D1 has approx. half the total thermal

capacity of B1,10 but exhibits much better decrement factors. This is the result of a

10 The total heat capacities (per unit area) are 210 and 104 kJ/(m2:K) for B1 and D1, respectively. See FIGURE 6.1 in
SECTION 6.2.
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concentration of thermally-heavy materials towards the inside of D1’s build-up, which
leads to about double interior thermal capacity!! (FIGURE 6.20). In other words, although
D1 is a light-weight wall, with much lower overall heat capacity than B1, its (modest)
thermal mass is concentrated where it is most effective to achieve a better reduction in

temperature swing on the inside; thus, D1 outperforms heavier B1, in terms of DF.

However, it was shown that — despite the differences in the distribution of thermo-
physical properties across walls thicknesses — wall B1 achieves a better time lag than
D1, though by a small margin. If B1 and D1 did not have an equally-detailed service void
on the inside, their interior heat capacities would differ more widely;12 therefore, it

seems reasonable to envisage that D1 would achieve an even-better DF than B1.

When D1 and F are compared, one can see that their interior heat capacities differ
drastically: there is a 4:1 ratio between the capacities of F and D1. However, this is not
fully reflected in the DF results, where the differential is much narrower (with ca. a 2:3

ratio between the values of F and D1).
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FIGURE 6.20 Average DF-values of each wall, plotted against the heat capacity (per unit area) of its inner
layers (i.e., innermost 100 mm).

11 The interior heat capacities (per unit area) are 25 and 51 kJ/(m?2-K) for B1 and D1, respectively.

12p1 would have an even-greater inner thermal capacity than B1, thanks to its massive wood panel.
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6.4.2.3 Correlation between TL and DF
For all the walls, the values of TL and DF calculated for each observation (i.e., for the
same daily cycle) have been plotted against each other: see FIGURES 6.21 to 6.23. These
plots show the presence of several outliers, but also confirm that TL and DF have a

negative correlation, such that, when one increases, the other decreases.
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FIGURE 6.21 Plot of DF-values against TL-values of wall B1, for each observation of the experiments, with
trend line.
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FIGURE 6.22 Plot of DF-values against TL-values of wall D1, for each observation of the experiments, with
trend line.
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FIGURE 6.23 Plot of DF-values against TL-values of wall F, for each observation of the experiments, with
trend line.

6.4.3 Further reflections on findings and thermal optimisation of timber

walls

In SECTION 2.2, it was mentioned that the general public in Scotland — as well as in the
rest of the UK — has a marked preference for heavy-weight types of exterior wall
cladding. These can be easily achieved through blockwork, as in the case of the samples
tested, or brickwork. Such a preference leads to the frequent construction of walls that
have a higher overall thermal capacity than their light-weight counterparts, but these
experiments have shown that the amount of thermal mass located on the outside of the
walls does not significantly affect the magnitude of the inertia parameters (either time
lag or decrement factor). Thus, such an increase in weight of the construction does not
lead to enhanced thermal performance (at least within the aspects embraced in this
study) or increased adaptability of domestic buildings to climate change and the

overheating risk associated with it.

This aspect of construction becomes problematic from a thermal viewpoint, in that a
very close thermal performance would still be obtained with less consumption of

building materials.

Furthermore, it could be argued that, if the materials providing thermal capacity were
placed in a different location within the wall’s build-up, they could bring added value in

terms of response to climate change. It is possible, indeed, to construct timber-frame
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walls in which the types and quantities of materials employed are very similar to those
of B1, but the inner leaf and outer leaf are in a reverse position. In other words, the
timber-frame panels maintain their load-bearing function, but are placed on the outside
of the wall; whilst the masonry leaf is placed on the inside, where its elevated thermal-
storage capacity offers benefits in terms of thermal inertia and consequent attenuation
of outdoor temperature fluctuations. Such a novel type of construction3 has been
studied by Page et al. (2011), who have characterised it thermally under Australian
weather conditions, in summertime. The experimental campaign conducted by these
authors has demonstrated the effectiveness, in terms of thermal behaviour, of this
unconventional method of construction, thanks to the presence of internal thermal
mass. It would then be useful to test the benefits of such a walling system in the British

climate.

It has to be said that this building technique, as a variation of timber-frame construction,
would probably be more complex in terms of physical realisation, due to practicalities
such as the foreseeable difficulty of the heavy leaf being on the inside of the envelope

and the need for building operatives with adequate training.

In consideration of the LCA burdens!4 generated by the use of plastic membranes (to
protect the wood-based inner leaf and insulation layer, where applicable, so as to avoid
interstitial condensation from the water vapour produced inside a dwelling), the
inversion of the two wall skins would probably be beneficial in this respect, too. The
presence of a masonry layer on the inside of external walls, would indeed remove the
need for any vapour-control layers. This could, in turn, lower the impacts of the walls in

terms of acidification, eutrophication and photochemical creation of ozone.

At a more general level, it is noteworthy that the presence of a masonry layer (be it on
the outside or inside of the wall) coupled with a timber-frame panel inevitably reduces
the overall level of offsite construction that can be achieved (at least with mainstream

equipment or building capacity). This results in loosing some of the benefits from offsite

13 In the cited study, this wall system is referred to as “insulated reverse brick-veneer wall”. It consits of (from the
outside in): acrylic render, fibro-cement board, timber frame, brick skin, render. It is not described as one of
Australia’s standard construction systems.

14 See discussion in SEcTION 5.6.3.
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methods, due to transportation of heavy materials, resorting to “wet” techniques and
wet trades, longer duration of onsite operations, potential losses in the quality of the

working environment for the operatives, in the quality of the build, and so forth.
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6.5 Summary of findings

Three walling systems (closed-panel timber frame, B1; cross-laminated-timber panels,

D1; and load-bearing masonry, F) have been thermally monitored during summertime,

in Edinburgh. Statistical analysis of the data collected during the experiments has led to

the following findings and considerations:

a)

b)

d)

when the outdoor weather conditions are more exacting (and cause higher risk
of overheating of the interior spaces), the time lags of the three walls are all
rather good (that is, high) and while they do differ from one another, they do so
within a relatively narrow range (i.e., 1.14 hours maximum difference);

the best-performing construction in terms of TL is closed-panel timber frame
(wall B1), with a time shift of 9.14 hours. This means that the temperature wave
propagates from the outer to the inner surface in slightly over 9 hours, which is
a satisfying result for an East-facing wall, since the peak temperature on the
interior side of the wall occurs when the thermal conditions outdoors start to
become milder, as the evening approaches;

the best-performing build-up in terms of DF is that of wall F (load-bearing
masonry), thanks to its high thermal mass, both on the inside and outside of its
configuration (due to the double block skins, with a central cavity). The DF of wall
F is 0.11, meaning that the amplitude of the temperature swing on the interior
surface of this wall is 11% of the amplitude on the outer surface;

the differences in DF between the three walls are much more pronounced than
the differences in TL (within the same climatic categories);

in the comparison between different walling systems, TL and DF might not
achieve their best value simultaneously, that is, for the same wall. This is
contrary to the simplifying assumption, frequently made by professionals in the
construction industry, that the two inertia parameters are necessarily (or easily)
optimised within the same system included in the comparative judgement. This
concept is in accordance with findings from other researchers (Kontoleon et al.,
2013; Kontoleon and Bikas, 2007; Al Sanea and Zedan, 2001; and Al Sanea et al.,
2012).
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f) the positioning of thermal mass on the inside and thermal insulation on the
outside of a wall’s make-up tends to improve the DF (as is the case, within this
study, for CLT in comparison with timber frame). Thus, the present study seems
to confirm the thesis presented by other authors (Zhou et al., 2008; and Ozel and
Pihtili, 2007) that, when a single layer of insulation is incorporated in a wall (as
opposed to multiple layers), the best performance is achieved if the insulation is
placed on the outside (for a similar amount of thermal insulation and thermal
mass, as in walls B1 and D1 in this study). However, in other investigations (Al
Sanea and Zedan, 2001, and Al Sanea et al., 2012), opposite conclusions have
been drawn.

g) the DF appears to depend less on climatological conditions than the TL, as also
argued by some other researchers (Sun et al., 2013; Ozel, 2013 and Kaska et al.,
2009). The DF, indeed, seems to depend more on the physical properties of the
envelope’s build-up than on the climatological profile of the site.

h) there is a rather strong, linear positive correlation between the TL of a wall and
the thermal input that it receives (especially solar energy). Therefore, in
transient conditions, the dynamic response of a wall is commensurate with the
energy input it has received in the previous hours.

i) the DF of a wall shows a robust correlation with the amount of thermal mass
positioned in its inner layers (interior thermal capacity). The thermal capacity of
the whole thickness of a wall and the capacity of its outer layers seem to have a

limited effect on the time lag and decrement factor.

Points a) to e) answer research question @ (formulated in CHAPTER 1); points f) to i),

research question (5).
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7 Conclusions and future work

7.1 Chapter overview

This chapter provides final considerations on the findings of this research and their
implications! for the housing and timber-construction sectors. In particular, SECTION 7.2
identifies important linkages between the key findings relating to mitigation of climate
change and adaptation to it, which derive from the two strands of work on LCA and

thermal characterisation, respectively.

SecTioN 7.3 reflects on how the framework, methodology and methods of this
investigation have allowed answering the research questions and tackling the
methodological problems and criticalities identified through the literature? review. Such
criticalities include, inter alia, issues of potential comparison of the findings of this
research with past or future studies by other authors and the adequacy of their
generalisation to other building types. The advantages of carrying out a multi-impact
LCA are also discussed, as opposed to studies that solely focus on one or two impacts

(e.g., “carbon footprints”).

SECTION 7.4 embraces the wider context of this research, by discussing the implications
of the findings for various aspects and actors of the construction industry: from the
manufacturing of timber-based constructional systems, to housing-design practice and

the legislative framework at the level of building control.

Finally, SECTION 7.5 outlines some research pathways that could be followed to take this
investigation forward, overcome some of its intrinsic limitations, and augment its
contribution to knowledge by building upon its findings and continuing to use, where

appropriate, the research framework illustrated in this thesis. Such suggestions aim at

1 See SECTION 5.8 for a complete summary of the findings that answer the research questions on LCA, i.e., @, @ and
(3 as articulated in CHAPTER 1, and SEcTION 6.5 for the findings that answer the research questions relating to thermal

inertia, i.e., @ and @
2 See SECTION 3.2.
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capitalising on the experience of this research project and on the efforts and resources

that were put into it.

7.2 Response to climate change: mitigation and adaptation

The fact that, within this research, both an LCA and thermal experiments have been
carried out on three external walls (B1, D1 and F) has allowed evaluating them from
two complementary points of view: their contributions to mitigation of, and adaptation

to, climate change.

In terms of mitigation to climate change (measured in GWPexdiseq.) in the cradle-to-gate
stage, it has been seen3 that the best-performing system is the timber-frame wall (B1),
thanks to its lowest carbon emissions, followed by the masonry wall (F). When it comes
to adaptation to climate change, instead, the situation is almost reversed: the three wall
systems have shown relatively-similar time lags, but much greater variation in
decrement factors. Thus, it is deemed sensible, in this specific context, to consider the
results obtained in terms of decrement factors as those that best represent the

difference in overall thermal response of the walls.

Therefore, it can be inferred that the masonry wall contributes more strongly than the
other two walls to adaptation to a warming climate (followed by the CLT wall, D1), by
virtue of its capacity to buffer the oscillation of internal temperatures and thus provide

thermal comfort to occupants.

In addition, it should be noticed that a wall technique that allows direct benefits towards
adaptation to increasingly-warmer summers also offers indirect beneficial effects
towards mitigation. Indeed, by providing inhabitants with increased thermal comfort, a
masonry wall such as F reduces the probability that they will resort to air-conditioning
systems during the summer. Less reliance on mechanical systems, in turn, will entail

significant energy savings and reduction in the carbon emissions arising from the

3 See SECTION 5.6.2.
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production of electricity. Ultimately, these savings in carbon would constitute further

mitigation of climate change.

In other words, an effective passive cooling system for the building envelope with
elevated thermal mass and inertia can, in summertime, contribute directly to adaptation

to climate change and, indirectly, to its mitigation.

In addition, the avoided use of an air-conditioning system reduces reliance upon the
electricity mix and, consequently, dependence on monetary fluctuations and foreign

countries.

The considerations above also point out the complementarity and the multiple linkages
that can be revealed by carrying out LCAs and thermal evaluations of the building
envelope simultaneously and indicate that the research framework devised for this
study enables to capture, at least partially, the complexity of the interaction between

climate change and housing.

Furthermore, since the environmental impacts during the occupation phases of a
building are mostly related to space heating and/or cooling, it becomes vital to have an
experimental component in such studies. LCAs that solely rely on numerical simulations,
with no comparison with, or validation against, measured data, are prone to under- or
over-estimation of the building envelope’s performance. Such an error would inevitably
compromise the calculation of consumed electric energy and associated polluting
emissions. The experimental component of this investigation aims at responding to the
issue — repeatedly raised by researchers — of frequent, wide gaps between design

performance and measured performance of buildings’ thermal envelopes.

The experimental evidence gathered through this study could potentially lay the
foundations for a future study on cooling-related energy use in housing (see SECTION 7.5
on future work), that is, an LCA of the operational phase of the building. This would allow

an expansion of the boundaries of the work conducted so far.
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7.3 Reflections on the methodology used
7.3.1 Implications of using a multi-impact LCA methodology

The consideration of a wide range of environmental aspects has allowed identifying
some trade-offs (or “shifts”) of environmental burdens which are often overlooked in
the existing literature. For instance, the fact that in timber buildings the wooden
components must be carefully protected from moisture (both in the form of water and
vapour) entails a need for a larger amount of plastic than is generally the case in a
masonry building. Therefore, timber techniques are more inclined to cause higher
burdens associated with the manufacturing of plastic products, such as acidification,
eutrophication and photochemical creation of ozone. This type of findings and insight
into the environmental repercussions of timber techniques would not have been
achieved if the CML methodology* recommended by the European standards had not
been adopted and a much more common approach had been taken instead, with focus
on just one or two impact categories (e.g., energy consumption and/or carbon
emissions). In other words, a single- or double-impact assessment would have probably
allowed reaching clear-cut conclusions and making bold statements on the
environmental pre-eminence of one technique over the others, but within a very partial

and misleading approach.

The above-mentioned trade-off problems arising from plastic consumption might be
partially alleviated by employing modified-wood products, such as acetylated timber,
which are less susceptible to insect attack and fungal decay and also provide timber with
increased dimensional stability. Since acetylated timber tends to be brittle, its suitability
for structural members, within, for instance, open- or closed-panel systems, would be a

worthy area of enquiry.

The set of contribution analyses® devised for this research and systematically performed

throughout it has played an important role in the study of burden trade-offs, because

4 0n the CML methodology, see SEcTION 2.6.4 and the glossary in APPENDIX B.

5 Three contribution analyses: by structural role (structural/non-structural components), by location inside or outside
the envelope (envelope/non-envelope) and by material type.
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they have allowed identifying the major contributors to the impacts studied and thus

revealing the reasons behind the trade-offs themselves.
7.3.2 LCAresults and advancements in building-material production

The findings of this research have shown that unexpected impact results might be
obtained when comparing light-weight and heavy-weight cladding systems. Indeed, a
light-weight system might not provide as high an environmental benefit as one might
initially expect, especially if it makes use of cement-based render-carrier boards, which
have elevated embodied impacts. In a case like this, then, the advantage of having
smaller foundations is negated by the burden from the materials used for the light-
weight cladding. These findings are noteworthy, because they show that both
researchers and designers should be more cautious in their assumptions regarding light-
weight and heavy-weight systems, since the former are not necessarily “greener” than

the latter, as is often assumed a priori.

It can also be concluded from this study that designers and stakeholders should have no
prejudice towards wall solutions such as blockwork, since improvements in the
manufacturing of mineral-based products make them more sustainable than one might
think. Therefore, comparison between timber-based and masonry-based buildings

requires a high level of caution and attention to detail.

For the reasons above, when masonry techniques are considered for the design of a
building, it is key to appreciate the differences between the environmental burdens
arising from blockwork and those arising from brickwork, since the latter are likely to be

much more substantial.

In consideration of all the recent industry advancements in building-product
manufacturing, it becomes imperative for LCA practitioners to use up-to-date input
data, which truly reflects the environmental loads currently associated with the cradle-

to-gate phases.

The breadth of scope of this investigation (with numerous timber techniques analysed
within the same comparative framework) has permitted achieving unanticipated

findings, which could hardly have been predicted from analysis of the extant literature.
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For instance, this comparative study has shown that many impact results obtained for
the timber-frame variations (i.e., houses A, B1 and B2) do not apply to massive timber
techniques (D1, D2, E1 and E2) and not even to the more similar SIPs buildings (C1 and
C2). There is indeed high variation among the impacts of timber-based buildings, and
this is sometimes greater than the variation between some timber-based solutions and

the masonry system.

7.3.3 Result comparability with other LCAs in housing

It is noteworthy that this investigation lends itself to comparison with similar studies
that might be conducted in future on housing. The evaluation of the thermal response
of the envelope is independent of building type and size, and is thus intrinsically
generalizable. The results of the LCA carried out have been normalised per unit floor
area, in order to facilitate potential comparisons with future research by other authors
and also to be more easily, and meaningfully, transferred or applied to other building
types. The chosen layout of the semi-detached house, indeed, could be considered as
an intermediate solution between the two other main types of houses: detached and
terraced. Thus, it can be expected that the impact results (per unit floor area) for the
house used in this study would be, quantitatively speaking, of the same order of
magnitude as those of a detached or terraced dwelling with two or three floors above

ground.

Besides facilitating comparisons, the framework devised for this LCA could also be
applied to, and become the starting point for, future LCAs, if similar research questions
were to be answered with regard to other low-rise dwellings. Then, the scope of this

project could be extended so as to generate new contributions® to knowledge.

7.3.4 Data sources and reliability of results

The quality of input data and the consequent reliability of this LCA’s results have been
studied through an uncertainty analysis. Thanks to this, it has been possible to tackle

input-data variability, which is a recurrent, inherent problem of the LCA discipline and

6 See also SecTioN 1.5.
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constitutes one of its main methodological limitations. The uncertainty analysis has
shown that the vast majority of absolute and comparative environmental results
presented in this study are reliable and possess a high probability of being accurate. This
is because adequate input sources (i.e., relevant and recent EPDs) have been found and
used for most of the inputs needed to study the ten notional buildings. Where less good
sources had to be used, instead, these had negligible influence over the impact results.
Having chosen an analytical method (as opposed to a stochastic one) to carry out the
uncertainty evaluation has proved beneficial, in that it has allowed “tracking” how the

uncertainty of the inputs propagated to the uncertainty of the outputs.

Moreover, the framework used in this research would easily permit updating this study
(and its outputs) when necessary, by keeping the results and the input data current and
relevant, following the evolution of the manufacturing processes for building materials
and the developments of construction methods. In this way, the framework devised can

help overcome the limitations arising from input data.

7.3.5 Understanding and characterising thermal inertia

The thermal study undertaken indicates that great caution should be taken when
making assumptions on the thermal inertia of masonry buildings and especially when
comparing them with timber systems (with either light- or heavy-weight cladding, and

either deploying framed or massive panels).

The experiments have indeed shown that when timber and masonry walls with the same
level of thermal resistance are compared, the two main inertia parameters (i.e., time lag

and decrement factor) do not necessarily reach their best values in the same build-up.

Thus, due to the complex interaction between the materials offering thermal resistance
and those providing heat capacity, the wall with the greatest ability to delay inward
propagation of heat waves from the outside might not be the best at decreasing the
amplitude of such waves. This aspect should be taken into account when making
informed decisions about the build-ups of external walls, along with factors such as the
climatic conditions in which the walls will be operating; the type of room enclosed by

the walls (e.g., bedroom or living area); the orientation of the walls and the possibility
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to cross-ventilate interior spaces, particularly at night, so as to cool them during

summertime.

These experiments have demonstrated that timber walls employing framed or solid
panellised systems can exhibit slightly-longer time lags than their masonry counterpart;

but the latter shows a much-improved (i.e., lower) decrement factor.

7.4 Implications and recommendations for the construction industry
7.4.1 Offsite manufacturing of panelised systems

The constructional process whereby timber elements (such as walls or roofs) are
manufactured and erected plays a fundamental role in the magnitude of the
environmental burdens associated with them. When the zero-wastage scenario (which
only considers the quantities of materials incorporated in the completed building) is
compared with a low-wastage and a high-wastage scenario (characterised by a high level
and a low level, respectively, of offsite construction), all impacts tend to show an
increase. More specifically, the majority of impacts rise by circa 5-7% from the baseline

in the low-wastage scenario, and by 8-10% in the high-wastage scenario.

In particular, the study has shown that the way in which openings for doors, windows
and rooflights are realised within wall or roof panels has noticeable repercussions on
the overall quantity of materials used and their associated environmental costs. An
additional complication lies in the fact that the portions of massive panels that have
been removed to create openings are generally difficult to re-purpose. This leads to the
conclusion that, in offsite timber techniques, a significant proportion of environmental
impacts could be avoided by improving the operations inside the factory, while focus is
often placed on the final operations carried out onsite, when the prefabricated panels
are assembled and completed with their finishes. It is also worth mentioning that, since
companies that produce timber-based panels generally capitalise on the ecological
benefits associated with their products, improvements in the manufacturing processes

would further enhance their environmental credentials.
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For the reasons above, in terms of LCA practice, this study has highlighted the
importance of accounting for the characteristics and dynamics of the manufacturing
process when compiling the bill of quantities that constitutes the base for an LCA at the
building level (as opposed to the level of an individual material or component). SECTION

7.3 includes some suggestions for future work relating to these aspects.

7.4.2 Prediction of thermal performance at the design stage

Evidence obtained from the tests performed supports the concept that both time-lag
and decrement factor vary as a function of weather conditions, especially the thermal
radiation received by the walls during daytime. In particular, the time lag appears to be
more strongly correlated with solar radiation than the decrement factor. Such findings
are remarkable in this area of research, since scholars have not reached a consensus on

these issues and have drawn diverging conclusions from their investigations.

This has repercussions on building-design practice and construction quality, as it is
important that designers gain awareness that a wall will perform differently under
different weather conditions, in order that they can specify materials and produce
constructional details that can effectively provide end-users with thermal comfort inside

a dwelling.

On the one hand, designers tend to interpret and predict the thermal behaviour of roofs
and external walls by making various simplifying assumptions; on the other, they often
utilise thermal-simulation software that also employs simplified algorithms, which are
unable to factor in all the key parameters at play. Besides, today’s simulation programs
have become apparently straightforward? and within everybody’s grasp, and are often
adopted by designers who, lacking specialist knowledge, are unable to operate them in
a critical fashion and to exert sufficient control over the calculation methods used and
the results obtained. These circumstances together are likely to result in erroneous

modelling of complex thermal phenomena and, ultimately, in flawed prediction of the

7 Thanks to their “user-friendly” interfaces.
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building envelope’s thermal performance that will not match the real performance of

the erected building.

As an example, commercial software Cymap,8 which is used among architects and other
designers, determines values for thermal lags and decrement factors of walls as a mere
function of the build-up indicated by the user, but irrespective of important factors such
as the colour of the exterior finish (and correlated thermal absorptivity) and the solar-
energy intensity that the wall will typically receive (depending on orientation, climatic

profile of the location, etc.)

7.4.3 Building control in Scotland

The substantial variations in thermal response of different walls identified through the
tests and the influence of the climatic profile upon it seem to suggest that some changes
should be made to the current regulatory framework in Scotland. At present, indeed,
the Scottish Building regulations (last updated in 2016) do not take the effects of
thermal-energy storage into consideration and do not set any requirements for the
thermal mass incorporated in the building envelope. Thus, control of thermal
performance is, by far, dominated by the level of insulation, expressed in terms of
maximum overall thermal transmittance allowed (i.e., U-values). This problem is
exacerbated by the fact that — as this research has shown — the differences in thermal
response across wall systems that arise from thermal-mass levels become larger when
weather conditions are more adverse (i.e., hotter days in summer). This also means that,
in the context of a warming climate, such variance in thermal-inertia parameters across
wall build-ups is destined to become greater in the future, as Scottish summers gradually

become warmer.

Thus, it can be said that Scottish building regulations are strongly keeping their focus on
mitigation of climate change through elevated levels of insulation and air-tightness,
which permit conservation of energy in winter and consequent savings in carbon
emissions from the burning of fuel. It would be beneficial for the regulations to take a

different approach and devote more attention to problems such as performance in

8 Developed by Cadline Limited, version observed: 2015.
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summertime, overheating risk and adaptation to a warming climate. Besides, one should
keep in mind that thermal mass is also expected to offer advantages in thermal
performance during winter. For these reasons, the regulations should probably include
some form of prescription of minimal levels of thermal capacity® within external walls,

for the purposes of environmental protection and quality in housing.

7.5 Suggestions for future work

The study presented in this thesis could be developed in many directions to overcome

its current limitations relating both to its scope and to methodological aspects.

As regards the life-cycle assessment of constructional techniques, it would be useful to
widen the system boundaries so as to include life-cycle stages beyond the cradle-to-gate

phases. This strand of work would initially include the "construction" phase of the
notional buildings (as defined by the international standards1?), which comprises
transportation of the building materials from the factory gate to the construction site
(module A4) and erection of the building 11 (module A5). In order to do this, a
geographical area should be chosen for the building site. Within these broader
boundaries, it would be very useful to assess the effect of producing timber components
in Scotland (or in other regions of the UK), thus reducing the need for importation of
processed timber materials. This would be particularly relevant in the light of the new
manufacturing facilities for cross-laminated-timber systems that have opened in the last
few years or are expected to open in the near future, as a result of large investments,

both in Scotland and England. The opening of new manufacturing plants is also

associated with the rising interest in using UK-grown resource for engineered timber.

9 Steps in this direction were recently taken, for instance, in England. In the English building regulations, a requirement
for the thermal-mass parameter (TMP) has been introduced to regulate the minimum content of thermal mass to be
contained in a building (Approved Document L1A, Conservation of energy and fuel in new dwellings, §5.4; 2013 edition
with 2016 amendments). The TMP is defined qualitatively and quantitatively on p. 7 and p. 196, respectively, of the
Government’s Standard Assessment Procedure for Energy Rating of Dwellings, 2012 edition (“SAP 2012”).

10 Standard EN 15804 (BSI, 2014a), whose content has been discussed in SECTION 2.6.6.

11 See FIGURE 2.24.
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Another route for future work would be to carry out further sensitivity analysis, so as to
understand how changing some modelling assumptions (such as choice of building
materials) would affect the absolute and comparative impact results already obtained

and presented in this thesis.

In addition, the modelling of building-material wastage could be refined and developed
further. This might include an update of the wastage rates used in the current model
once new literature has been published on the subject and rates that are more precise
are provided by other researchers. As an alternative, a more in-depth research could be
directly carried out into the issue of wastage, in order to use new, primary data as input

parameters when re-assessing scenarios 2 and 3.

With regard to the study on thermal performance of the envelope, the work done so far
could be advanced by estimating the response of the other notional external walls (not
included in the experiment) by means of ad-hoc mathematical models, potentially based
on the finite-difference method. Such parametric models could be — at least partially, or
indirectly — validated by creating a model for each of the three walls which have already
been assessed experimentally (i.e., B1, D1 and F). This procedure would allow verifying

how accurately the model could replicate the data obtained experimentally.

In a subsequent stage, the simulation study could be further developed, in order to
estimate the operational energy that would be needed for space heating and cooling in
the notional semi-detached house, to guarantee interior hygro-thermal comfort
throughout the year. This could be achieved by implementing a dynamic thermal model
of the houses and modelling the external walls according to the build-ups of the three
walls tested in the current research. Such a study would lead to a better understanding
of how the measured thermal-inertia properties of the envelope correlate with the in-
use energy requirements for Scottish (or more in general, British) housing, either in the
current climate or in future climate scenarios (based upon the projections available in
the literature). Once energy demand is determined, the environmental impacts
associated with it could also be predicted through an LCA approach. The findings of this
research, in turn, would cast more light into the relationship between passive systems
based on thermal mass and their environmental credentials, including their

effectiveness as a measure of climate-change adaptation and mitigation.
52



Index

Index - chapters 6 to 7

CIBSE - 60, 67

A cladding - 2, 23, 36, 61

Climate Change Act - 60

absorptivity, solar - 2, 67 . . .
climatic categories (tests) - 21, 25, 26, 39

accuracy - 12, 14, 15 . . .
climatological profile - 40

acidification - 37, 44, 63, 75
CLT - 2,19, 21, 23, 24, 40, 42

Acidification - 74, 76
CML - 44

acrylic render - 2
4 coefficient of determination - 28, 30

adaptation - 41, 42, 43,51, 52, 57, 58, 62, 65, 75 . .
Committee on Climate Change - 60

additives - 67 .
comparability - 19, 46

adhesives - 71
concrete - 2, 22, 25, 64, 67, 68, 69, 71

air-conditioning - 42, 43 .
conductivity, thermal - 4, 68, 75

alloy - 12, 13 .
consequential LCA - 74

alumel - 13 L
construction industry - 57, 67, 70, 71, 74, 77

apparatus (thermal tests) - 7 .
cooling - 68, 69, 71

apparatus [thermal tests] - 1, 6, 7, 9, 10, 11, 13, 16 . -
corrective coefficient [thermal tests] - 13, 14

Approved Document L- 51 ) .
correlation coefficient - 28

architects - 50
Cymap - 50

Australia - 37

D
B

databases - 68, 74

Baileyfield Industrial Estate - 6

datalogger - 8, 12, 13, 14, 15, 16, 17, 18
bill of quantities - 49

dataset - 1, 16

blockwork - 23, 24, 36
DECC- 61

brittleness - 44
decrement factor - 1, 2, 20, 21, 24, 25, 26, 32,57, 67,

BS EN 15978 - 59
75
building envelope - 1, 2, 61
DEFRA - 61
building regulations - 50, 51
uliding regufations demolition - 71
Building Regulati -3
uficing Reglliations diffusivity, thermal - 5
build-up - 24, 36, 39, 40 . . -
dimensional stability - 44

doors - 6
o dynamic response, thermal - 26, 40
calibration - 12, 13, 14, 17 E

carbon sequestration - 68

cement - 37, 45, 62, 64, 66, 69 .
East-facing wall - 39

chromel - 13

53



Edinburgh -1, 6, 16, 57, 61, 65, 69, 73, 74
effective thermal capacity - 28
effusivity, thermal - 5

electrical outputs - 13
electromotive force - 13
emissivity - 74

enclosure (tests) - 6, 7,12, 15, 19
engineered timber - 51

engineers - 59

England - 51, 65

envelope - 6, 21, 24, 26, 40, 58, 73
errors (tests) - 17

European Union - 67
eutrophication - 37, 44, 68, 71, 75
Excel - 12

factory - 7,48, 51
foam - 66

forest - 63
formaldehyde - 70, 77

functional relationship - 28, 33

G

global warming - 75

Gogarbank - 16

goodness of fit - 28
Gothenburg protocol - 75
Government - 59, 60, 61, 71, 73
graphic diagnostic tools - 32
graphic methods - 28
greenhouse gases - 77

GWP - 69

gypsum - 2, 69

H

heat transfer - 21, 67, 69
heating - 14, 68, 69
housing stock - 64, 72, 73

54

Index

Impact categories
acidification - 133, 134, 135, 136, 137
climate change - 133, 135, 136
eutrophication - 133, 134, 135, 136, 137
ozone depletion - 134, 135, 136, 137
independent variable [regression analysis] - 28
inertia parameters - 1, 27, 33, 36, 68

intensive properties - 3

junction (thermocouple) - 14

K

Kyoto protocol - 75

LCIA - 68
least squares - 28
Life-cycle assessment (LCA)
endpoint or damage categories - 133, 134, 135,
136
impact categories - 133, 134, 135, 136, 137
life-cycle impact assessment (LCIA) - 133
midpoint impact categories - 133, 134, 135, 136,
137
other methods - 133
time horizon - 133, 134, 135, 136, 137

longwave - 74

M

maintenance - 16

mass-specific heat capacity - 4, 22
Met Office - 16, 67

mineral wool - 24, 72

mitigation - 41, 42, 43, 50, 52, 65, 72



Index

modelling assumptions - 52 regression analysis - 28
modern methods of construction - i, 64, 65, 70, 71, regression line - 30, 31, 32
76 regression model - 30, 31
monitoring - 8, 15 regression procedure - 33
Montreal protocol - 75, 76 render - 2, 14, 18, 37, 45

research question - 1, 27, 40

N research questions - 41, 46
residuals [regression analysis] - 28, 30, 32

lution - 12, 17
noise (tests) - 33, 59 resolution

roof - 6, 48
notional buildings - 47

O S

offsite - 7, 37, 48, 64, 65, 74, 76 Scotland - 36, 57, 60, 63, 65, 72, 73, 74, 76

Scottish weather - 19
operatives - 37, 38 AW

Seebeck t-13
outdoor conditions - 14, 21, 26 eebeck effec

outliers - 35 semi-detached (dwellings) - 46, 52

service void - 2, 23, 25, 34
overheating - 19, 21, 36, 39, 51, 57, 58, 59, 61, 63, vicevol

64,68, 71,72, 74, 75 services, building - 25

SETAC- 68, 74,75,76
ozone depletion - 68, 77 reT

social housing - 73

solar energy (tests) - 19, 28, 29, 30, 32, 33, 40, 65

P spring - 19
standard

panelised systems - 48 EN 15804 - 51, 59

peak temperature - 21, 39 1SO 14020 - 58

pedigree matrix - 60 ISO 14021 - 59

plasterboard - 23, 25 IS0 14025 - 59, 63

plastic membranes - 37 SO 14044 - 58, 59

plot [regression analysis] - 30 1SO 21930 - 59

pollutants - 61, 62 standard error - 28

polynomial - 14 statistical analysis - 39

Portobello - & statistical significance - 33

prefabrication - 72 summer - 6, 21

summertime - 1, 2, 19, 58, 61

R summertime conditions - 19
sun-blind [thermal tests] - 7, 19
radiation - 6, 7, 14, 16, 18, 19, 57, 60, 75 sunlight - 7, 18, 21
radiative heat transfer - 21 systematic error (thermal tests) - 13
radioactive - 61, 71
RAL colour - 2
recordings [thermal tests] - 14, 16, 18
recycling - 58, 64
55



Index

T (V)

temperature fluctuations - 37 uncertainty (tests) - 17
temperature swings - 24 uncertainty analysis - 46
terraced (dwellings) - 46 U-value- 3,7

testing facility - 6, 33

thermal comfort - 42, 49, 52, 65, 69 Y;

thermal inertia - 27, 37, 41, 47, 68
thermal mass - 2, 3, 22, 24, 33, 39, 40, 57,77 L
ventilation - 77

th | resist - 6,24
ermal resistance voltage - 13, 14

thermal response - 1, 63 . .
volume-specific heat capacity - 4

thermal-energy storage - 50

thermal-mass parameter - 51

w

thermocouples - 7, 13

thermohygrometers - 15

thermometer - 13 Wales - 51, 65, 71

time lag - 1, 2, 20, 21, 25, 26, 40, 57, 67, 75 wastage - 48, 52

TMP - See thermal-mass parameter water vapour - 37

trademark - 13 weather conditions - 1, 6, 19, 21, 39

trade-off (burdens) - 44 weather station - 33

trade-offs - 44 weighting - 59

transient conditions - 40 wet trades - 38

transportation - 38 windows - 71

type “K”, thermocouple - 13 WMO - 77

working environment - 38

56



References

References

Abbott, M.L. and McKinney, J. (2013) Understanding and applying research design. Hoboken, NJ: John Wiley and Sons.

Adalberth, K., Almgren, A., and Holleris Petersen, E. (2001) 'Life-cycle assessment of four multi-family buildings',
International Journal of Low Energy and Sustainable Buildings, 2, pp. 1-21.

Adekunle, T., and Nikolopoulou, M. (2016) 'Thermal comfort, summertime temperatures and overheating in
prefabricated timber housing', Building and Environment, 103(July), pp. 21-35.

Ajayi, S. 0., Oyedele, L. O., Kadiri, K. O., Akinade, O. O., Bilal, M., Owolabi, H. A. and Alaka, H. A. (2016)
'Competency-based measures for designing out construction waste: task and contextual attributes',
Engineering Construction and Architectural Management 23(4), pp. 464-490.

Al-Hajj, A. and Hamani, K. (2011) 'Material waste in the UAE construction industry: main causes and minimization
practices', Architectural Engineering and Design Management, 7(4), pp. 221-235.

Al-Sanea, S. A. and Zedan, M. F. (2011) 'Improving thermal performance of building walls by optimizing insulation
layer distribution and thickness for same thermal mass', Applied Energy, 88, pp. 3113-3124.

Al-Sanea, S. A., Zedan, M. and Al-Hussain, S. (2012) 'Effect of thermal mass on performance of insulated building
walls and the concept of energy savings potential' Applied Energy, 89(Special issue on Thermal Energy
Management in the Process Industries), pp. 430-442.

Andelin, M., Sarasoja, A.-L., Ventovuori, T. and Junnila, S. (2015) 'Breaking the circle of blame for sustainable
buildings - evidence from Nordic countries', Journal of Corporate Real Estate, 17(1), pp. 26-45.

Amundarain, A. (2007) Assessment of the thermal efficiency, structure and fire resistance of lightweight building
systems for optimized design. Thesis (PhD). University of Edinburgh.

Appleton, D. (2004) 'Natural radioactivity and health. The risks by exposure to ionising radiation', Earthwise, (21),
pp. 16-17.

Arbuthnott, K., Hajat, S, Heaviside, C., and Vardoulakis, S. (2016) 'Changes in population susceptibility to heat and
cold over time: assessing adaptation to climate change', Environmental Health: A Global Access Science
Source, 15 (33, Suppl 1), pp. 73-93.

Asan, H. (2000) 'Investigation of wall's optimum insulation position from maximum time lag and minimum
decrement factor point of view', Energy and Buildings, 32(2), pp. 197-203.

Asif, M., Muneer, T. and Kelley, R. (2007) 'Life cycle assessment: A case study of a dwelling home in Scotland’,
Building and Environment, 42, pp. 1391-1394.

Assem, E. (2011) 'Correlating thermal transmittance limits of walls and roofs to orientation and solar absorption’,
Energy and Buildings, 43(11), pp. 3173-3180.

Ayaz, E. and Yang, F. (2010) Zero carbon isn't really zero: Why embodied carbon in materials can't be ignored.
Available at: http://www.di.net/articles/zero_carbon/ [Accessed: 01 February 2017].

Baetu, T. (2013) Strategies of empirical justification in experimental science. Thesis (PhD). Université de Montréal.

Bais, A. F., Tourpali, K., Kazantzidis, A., Akiyoshi, H., Bekki, S., Braesicke, P., Chipperfield, M. P., Dameris, M., Eyring,
V., Garny, H., lachetti, D., Jéckel, P., Kubin, A., Langematz, U., Mancini, E., Michou, M., Morgenstern, O.,
Nakamura, T., Newman, P. A. and Pitari, G. (2011) 'Projections of UV radiation changes in the 21st
century: impact of ozone recovery and cloud effects', Atmospheric Chemistry and Physics, 11(15), pp.
7533-7564.

Baldwin, A., Poon, C., Shen, L., Austin, S. and Wong, |. (2009) 'Designing out waste in high-rise residential buildings:

analysis of precasting methods and traditional construction', Renewable Energy, 34(special issue:
Building and Urban Sustainability), pp.2067-2073.

57



References

Barker, K. (2006) A review of housing supply. Delivering stability: securing our future housing needs. Final report:
recommendations. London: Barker Review.

Barrios, G., Huelsz, G. and Rojas, J. (2012) 'Thermal performance of envelope wall/roofs of intermittent air-
conditioned rooms', Applied Thermal Engineering, 40, pp. 1-7.

Barry, R. G. and Chorley, R. J. (2010) Atmosphere, weatherand climate. London: Routledge.

Baumann, H. and Tillman, A.-M. (2004) The hitch hiker's guide to LCA: an orientation in life cycle assessment
methodology and application. Lund: Studentlitteratur.

Begum, R.A,, Satari, S.K and Pereira, J. J. (2010) 'Waste generation and recycling: comparison of conventional and
industrialized building systems', American Journal of Environmental Sciences, 6(4), pp. 383-388.

Beizaee, A., Lomas, K. and Firth, S. (2013) 'National survey of summertime temperatures and overheating risk in
English homes', Building And Environment, 65, pp. 1-17.

Bisinella, V., Conradsen, K., Christensen, T.and Astrup, T. (2016) 'A global approach for sparse representation of
uncertainty in Life Cycle Assessments of waste management systems', International Journal Of Life Cycle
Assessment, 21, 3, pp. 378-394.

Bond, D. E. M., Clark, W. W. and Kimber, M. (2013) ' Configuring wall layers for improved insulation performance’,
Applied Energy, 112, pp. 235-245.

Bossink, B. A. G. and Brouwers, H. J. H. (1996) 'Construction Waste: Quantification and Source Evaluation', Journal of
Construction Engineering and Management, 122(1), pp. 55.

Boustead, I. (1996) 'LCA - how it came about', International Journal of Life Cycle Assessment, 1(3), pp. 147.

Bovea, M. D., Ibafiez-Forés, V. and I., A.-J. (2014) 'Environmental product declaration (EPD) labelling of construction
and building materials', in Pacheco-Torgal, F., Cabeza, L.F., Labrincha, J. and de Magalh3es, A. (eds.), Eco-
efficient construction and building materials. Life cycle assessment (LCA), eco-labelling and case studies.
Cambridge: Woodhead Publishing, pp. 125-150.

Boyd, E., Street, R., Gawith, M., Lonsdale, K., Newton, L., Jonstone, K. and Metcalf, G. (2011) 'Leading the UK
adaptation agenda: a landscape of stakeholders and networked organizations for adaptation to climate
change', in Ford, J.D. and Berrang-Ford, L. (eds.), Climate change adaptation in developed nations: from
theory to practice. Cham: Springer, pp. 85-102.

Braune, A, Kittelberger, S. and Kreissig, J. (2011) The EPD 2.0 concept — a new way of integrating life cycle
management. Echterdingen: PE International.

British Standards Institution (BSI) (1998) BS EN ISO 14041:1998: Environmental management. Life cycle assessment.
Goal and scope definition and inventory analysis. London: BSI.

British Standards Institution (BSI) (2000a) BS EN ISO 14042:2000: Environmental management. Life cycle
management. Life cycle impact assessment. London: BSI.

British Standards Institution (BSI) (2000b) BS EN ISO 14043:2000: Environmental management. Life cycle
assessment. Life cycle interpretation. London: BSI.

British Standards Institution (BSI) (2001) BS EN ISO 14020:2001: Environmental labels and declarations. General
principles. London: BSI.

British Standards Institution (BSI) (2002) DD ISO/TS 14048:2002: Environmental management. Life cycle assessment.
Data documentation format. London: BSI.

British Standards Institution (BSI) (2006a) BS EN ISO 14040:2006: Environmental management. Life cycle
assessment. Principles and framework. London: BSI.

British Standards Institution (BSI) (2006b) BS EN ISO 14044:2006: Environmental management. Life cycle
assessment. Requirements and guidelines. London: BSI.

58



References

British Standards Institution (BSI) (2007) BS ISO 21930:2007: Sustainability in building construction. Environmental
declaration of building products. London: BSI.

British Standards Institution (BSI) (2010) BS EN ISO 14025:2010: Environmental labels and declarations. Type IlI
environmental declarations. Principles and procedures. London: BSI.

British Standards Institution (BSI) (2011a) BS 8905:2011: Framework for the assessment of the sustainable use of
materials. Guidance. London: BSI.

British Standards Institution (BSI) (2011b) BS EN 15942:2011: Sustainability of construction works.
Environmental product declarations. Communication format business-to-business. London: BSI.

British Standards Institution (BSI) (2011c) BS EN 15978:2011: Sustainability of construction works. Assessment
of environmental performance of buildings. Calculation method. London: BSI.

British Standards Institution (BSI) (2012a) PD ISO/TR 14049:2012: Environmental management. Life cycle
assessment. lllustrative examples on how to apply ISO 14044 to goal and scope definition and inventory
analysis. London: BSI.

British Standards Institution (BSI) (2012b) PD ISO/TR 14047:2012: Environmental management. Life cycle
assessment. lllustrative examples on how to apply ISO 14044 to impact assessment situations. London:
BSI.

British Standards Institution (BSI) (2014a) BS EN 15804:2012+A1:2013: Sustainability of construction works.
Environmental product declarations — Core rules for the product category of construction products.

London: BSI.

British Standards Institution (BSI) (2014b) BS EN 16309:2014+A1:2014: Sustainability of construction works.
Assessment of social performance of buildings. Calculation methodology. London: BSI.

British Standards Institution (BSI) (2014c) BS EN 16449:2014: Wood and wood-based products Calculation of the
biogenic carbon content of wood and conversion to carbon dioxide. London: BSI.

British Standards Institution (BSI) (2016) BS EN ISO 14021:2016: Environmental labels and declarations. Self-declared
environmental claims (Type Il environmental labelling). London: BSI.

Buchanan, A. H. and Honey, B. G. (1993) ‘Energy and carbon dioxide impacts of building construction’. Hamilton
(NZ): Institution of professional engineers New Zealand (IPENZ) Annual Conference, 5th-9th February.

Budavari, Z., Szalay, Z., Brown, N., Malmqvist, T., Peuportier, B., Zabalza, I., Krigsvoll, G., Wetzel, C., Cai, X., Staller, H.
and Tritthart, W. (2011) Indicators and weighting systems, including
normalisation of environmental profiles. Report number: FP7-ENV-2007-1. Brussels: European
Commission.

Building Research Establishment (BRE) (2014) The risks to housing from overheating. Watford: BRE.

Building Research Establishment (BRE) (2015a) BREG EN EPD No.: 000072: Environmental product declaration -
Acoustic partition roll (APR1200) 50 and 65 mm, Saint-Gobain Isover. Watford: BRE.

Building Research Establishment (BRE) (2015b) BREG EN EPD No.: 000102: Environmental product declaration - Crown
trade fastflow quick dry primer undercoat. Watford: BRE.

Building Research Establishment (BRE) (2016a) Non-traditional housing in the UK. A brief overview. Watford: BRE.

Building Research Establishment (BRE) (2016b) Construction resources and waste roadmap 2008. Available at:
https://www.bre.co.uk/filelibrary/pdf/rpts/waste/Roadmap_final.pdf [Accessed: 02 June 2016].

Building Research Establishment (BRE) (2016) BRE Academy skills gap survey. Watford: BRE.

Building Standard Division, Scottish Government (2010) The small buildings structural guidance. Livingston: Building
Standards Division.

Building Standard Division, Scottish Government (2013) Example construction and generic internal constructions for
use with section 5: noise of the technical handbook. Livingston: Building Standards Division.

59



References

Building Standard Division, Scottish Government (2015) Accredited construction details (Scotland) 2015 for the
limitation of thermal bridging and air infiltration in low and medium rise domestic buildings — introduction
and principles. Livingston: Building Standards Division.

Buildoffsite (2017) Buildoffsite review 2014-2015. Available at:
http://www.buildoffsite.com/content/uploads/2015/03/bos_yearbook_2014_Nonmembers.pdf
[Accessed: 12 February 2017].

Buildoffsite (2017) About. Available at: http://www.buildoffsite.com/about/overview [Accessed: 12 February 2017].

Cellura, M., Longo, S. and Mistretta, M. (2011) 'Sensitivity analysis to quantify uncertainty in Life Cycle Assessment:
The case study of an Italian tile', Renewable and Sustainable Energy Reviews, 15(9), pp. 4697-4705.

Cengel, Y. A. and Ghajar, A. J. (2011) Heat and mass transfer. 4t ed. New Dehli: McGraw Hill Education.

Chandrakanthi, M., Hettiaratchi, P., Prado, B. and Ruwanpura, J. (2002) 'Optimization of the waste management for
construction using simulation', in Yucesan, E., Chen, C.,H., Snowdon, J.L. and Charnes, J .M. (eds.),
Proceedings of the 2002 winter simulation conference. Piscataway, NJ: the Institute of Electrical and
Electronics Engineers (IEEE), pp. 1771-1777.

Chartered Institute of Building (CIOB) (2007) Draft strategy for suistainable construction. A consultation paper.
Available at: https://www.ciob.org [Accessed: 17/03/2016].

Chartered Institute of Building Services Engineers (CIBSE) (2006) Guide A: Environmental Design. London: CIBSE.

Cho, H.-C., Ju, H., Oh, J.-Y,, Lee, K. J., Hahm, K. W. and Kim, K. S. (2016) 'Estimation of Concrete Carbonation Depth
Considering Multiple Influencing Factors on the Deterioration of Durability for Reinforced Concrete
Structures', Advances in Materials Science and Engineering, 2016, pp. 1-18.

Ciroth, A,, Fleischer, G., and Steinbach, J. (2004) 'Uncertainty calculation in life cycle assessments', International
Journal of Life Cycle Assessment, 9(4), pp. 216-226.

Ciroth, A., Muller, S., Weidema, B., and Lesage, P. (2016) 'Empirically based uncertainty factors for the pedigree
matrix in ecoinvent', International Journal of Life Cycle Assessment, 21(9), pp. 1338-1348.

Climate Change Act 2008
Climate Change (Scotland) Act 2009

Clavreul, J., Guyonnet, D. and Christensen, T. (2012) 'Quantifying uncertainty in LCA-modelling of waste
management systems', Waste Management, 32, pp. 2482-2495

Commission Decision 2000/532/EC of 3 May 2000 replacing Decision 94/3/EC establishing a list of wastes pursuant
to Article 1(a) of Council Directive 75/442/EEC on waste and Council Decision 94/904/EC establishing a list
of hazardous waste (2000) L 226/3.

Commission Regulation (EU) 1357/2014 of 18 December 2014 replacing Annex IlI to Directive 2008/98/EC of the
European Parliament and of the Council on waste and repealing certain Directives (2014) L 365/89.

Committee on Climate Change (CCC) (2017) Carbon Budgets and targets. Available at:
https://www.theccc.org.uk/tackling-climate-change/reducing-carbon-emissions/carbon-budgets-and-
targets [Accessed: 01 December 2016].

Construction Industry Training Board (CITB) (2016) Industry insights: construction skills network forecasts 2016-
2010. Available at: https://www.citb.co.uk/documents/research/csn%202016-
2020/csn_national_2016.pdf [Accessed: 11 November 2016].

Construction Scotland Innovation Centre (CSIC) (2017) About us. Available at: http://www.cs-
ic.org/innovationcentre/about-us [Accessed: 14 October 2016].

Council Directive 96/29/EURATOM of 13 May 1996 laying down basic safety standards for the protection of the
health of workers and the general public against the dangers arising from ionizing radiation (1996) L
159/1.

Council Directive 1999/31/EC f 26 April 1999 on the landfill of waste (1999) L 182/1.

60


https://www.theccc.org.uk/tackling-climate-change/reducing-carbon-emissions/carbon-budgets-and-targets
https://www.theccc.org.uk/tackling-climate-change/reducing-carbon-emissions/carbon-budgets-and-targets

References

Crawford, R. H., Treloar, G. J., llozor, B. D. and Love, P. E. D. (2003) 'Comparative greenhouse emissions analysis of
domestic solar hot water systems', Building Research and Information, 31(1), pp. 34-47.

Cuéllar-Franca, R. M. and Azapagic, A. (2015) 'Review Article: Carbon capture, storage and utilisation technologies:
A critical analysis and comparison of their life cycle environmental impacts', Journal of CO2 Utilization,
9(March), pp. 82-102.

Curran, M. A. (2013) 'Life Cycle Assessment: a review of the methodology and its application to sustainability', Current
Opinion in Chemical Engineering, 2, pp. 273-277.

Dajadian, S. A. and Koch, D. C. (2014) ' Waste Management Models and Their Applications on Construction Sites',
International Journal of Construction Engineering and Management, 3(3), pp. 91-98.

Davies, I. (2013) Moisture conditions in external timber cladding: field trials and their design implications. Thesis
(PhD). Edinburgh Napier University.

De Baan, L., Mutel, C. L., Curran, M., Hellweg, S. and Koellner, T. (2013) 'Land Use in Life Cycle Assessment: Global
Characterization Factors Based on Regional and Global Potential Species Extinction', Environmental
Science and Technology, 47(16), pp. 9281-9290.

Del Borghi, A. (2013) 'LCA and communication: Environmental Product Declaration’, International Journal of Life
Cycle Assessment, 18(2), pp. 293-295.

Dekking, F. M., Kraaikamp, C., Lopuhaa, H. P., Meester, L. E. (2005) A modern introduction to probability and
statistics. London: Springer-Verlag.

de Oliveira Fernandes, E. (2016) 'The built environment and its policies', in Boemi, S.N., Irulegi, O. and Santamouris,
M. (eds.), Energy Performance of Buildings. Cham: Springer, pp. 1-15.

Department for Business and Innovation (BIS) (2013) UK construction: an economic analysis of the sector. Report
number: BIS/13/958. London: BIS.

Department for Communities and Local Government (DCLG) (2012) Investigation into overheating in homes. London:
DCLG.

Department of Energy and Climate Change (DECC) and Department for Environment Food and Rural Affairs (DEFRA)
(2009) 'UKCP09'. Available at: http://ukclimateprojections.metoffice.gov.uk

Department of Energy and Climate Change (DECC) (2015) Updated energy and emissions projections 2015, London:
Department for Energy and Climate Change (DECC)URN 14D/198). Available at:
https://www.gov.uk/government/publications/updated-energy-and-emissions-projections-2015
[Accessed: 01 February 2017].

Department for Environment Food and Rural Affairs (DEFRA) (2011) Guidance on the scope of and exemptions from
the radioactive substances legislation in the UK. London: DEFRA.

Department for Environment Food and Rural Affairs (DEFRA) (2012) UK climate change risk assessment: government
report. Report number: PB13698. London: DEFRA.

Department for Environment Food and Rural Affairs (DEFRA) (2014) National Atmospheric Emissions Inventory
(NAEI). Available at: http://naei.defra.gov.uk [Accessed: 01 February 2017].

Department for Environment Food and Rural Affairs (DEFRA) (2015) Emissions of air pollutants in the UK, 1970 to
2014. London: DEFRA.

Department for Environment Food and Rural Affairs (DEFRA) (2016a) Defra National Statistics Release: Air quality
statistics in the UK 1987 to 2015. London: DEFRA.

Department for Environment Food and Rural Affairs (DEFRA) (2016b) Digest of waste and resource statistics, 2016
edition. London: DEFRA.

Di Perna, C., Stazi, F., Casalena, A. U. and D’Orazio, M. (2011) 'Influence of the internal inertia of the building
envelope on summertime comfort in buildings with high internal heat loads', Energy and Buildings, 43(1),
pp. 200-206.

Dickie, I. and Howard, N. (2000) Assessing environmental impacts of construction: industry consensus, BREEAM and

61



References

UK Ecopoints. Watford: BRE.

Dimitriou, V. (2016) Lumped Parameter thermal modelling for UK domestic buildings based on measured
operational data. Thesis (PhD). Loughborough University.

Ding, G. K. C. (2014) 'Life cycle assessment (LCA) of sustainable building materials: an overview', in Pacheco-Torgal,
F., Cabeza, L.F., Labrincha, J. and de Magalhaes, A. (eds.), Eco-efficient construction and building materials.
Life cycle assessment (LCA), eco-labelling and case studies. Cambridge: Woodhead Publishing, pp. 178-
201.

Directive (EU) 2016/2284 of 14 December 2016 on the reduction of national emissions of certain atmospheric
pollutants, amending Directive 2003/35/EC and repealing Directive 2001/81/EC (2016) L 344/1.

Directive 2003/87/EC of 13 October 2003 establishing a scheme for greenhouse gas emission allowance trading
within the Community and amending Council Directive 96/61/EC (2003) L 275/32.

Directive 2008/98/EC of 19 November 2008 on waste and repealing certain Directives (2008) L 312/3.

Directorate-General for Environment, European Commission (2002) Evaluation of environmental product
declaration schemes. Final report. Report number: B4-3040/2001/326493/MAR/A2. Brussels: Directorate-
General for Environment European Commission.

Directorate-General for Environment, European Commission (2012) Study on different options for communicating
environmental information for products. Report number: 07.0307/2011/600601/ETU/C1. Brussels:
Directorate-General for Environment European Commission.

Dixit, M. K., Fernandez-Solis, J. L., Lavy, S. and Culp, C. H. (2010) 'ldentification of parameters for embodied energy
measurement: a literature review', Energy and Buildings, 42(8), pp. 1238-1247.

Dunk, R.M., Satyal, P., and Bonaventura, M. (2016) 'A novel impact assessment methodology for evaluating
distributional impacts in Scottish climate change adaptation policy', in Leal, W., Adamson, K., Dunk, R.M.,
Azeiteiro, U.M., lllingworth, S. and Alves, F (eds.), Implementing climate change adaptation in cities and
communities. Cham: Springer, pp. 75-98.

Dylewski, R. and Adamczyk, J. (2014) 'Life cycle assessment (LCA) of building thermal insulation materials', in
Pacheco-Torgal, F., Cabeza, L.F., Labrincha, J. and de Magalh3es, A. (eds.), Eco-efficient construction and
building materials. Life cycle assessment (LCA), eco-labelling and case studies. Cambridge: Woodhead
Publishing, pp. 267-286.

Eco Platform (2013) Regulations and by-laws. Available at: http://www.eco-platform.org/the-organization.html
[Accessed: 01 November 2016].

Environdec (EPD International) (2014) S-P-00528: Environmental product declaration — Aggregates for cement,
Holcim. Stockholm: EPD International.

Environdec (EPD International) (2015a) S-P-00682: Environmental product declaration — Enviroblock dense,
Aggregates STD. Stockholm: EPD International.

Environdec (EPD International) (2015b) S-P-00683: Environmental product declaration — Enviroblock lightweight,
Aggregates STD. Stockholm: EPD International.

Environdec (EPD International) (2016) S-P-00388: Environmental product declaration — Gyproc normal and standard
plasterboard 12.5mm. Stockholm: EPD International.

Environmental Data Centre on Natural Resources (EDCNR) (2017) Energy resources. Available at:
http://ec.europa.eu/eurostat/web/environmental-data-centre-on-natural-resources/natural-
resources/energy-resources [Accessed: 20 November 2016].

Environmental Protection Act 1990.

EPD Denmark (2016) MD-16001-EN: Environmental product declaration — Cement carrier board, Cembrit. Aalborg:
EPD Denmark.

EPD Norge (2014) NEPD-00290-E: Environmental product declaration — Weber base KC 50/50 dry mortar. Oslo: EPD
Norge.

62



References

EPD Norge (2016) NEPD-409-288-EN: Environmental product declaration — Kebony character (Scots pine) cladding.
Oslo: EPD Norge.

Eriksson, E., Gillespie, A. R., Gustavsson, L., Langvall, O., Olsson, M., Sathre, R. and Stendahl, J. (2007) 'Integrated
carbon analysis of forest management practices and wood substitution', Canadian Journal of Forest
Research, 37(3), pp. 671-681.

Estokova, A. and Porhincak, M. (2015) 'Environmental analysis of two building material alternatives in structures
with the aim of sustainable construction', Clean Technologies and Environmental Policy, 17(1), pp. 75-83.

Eurostat (2016) Consumption of energy. Available at: http://ec.europa.eu/eurostat/statistics-
explained/index.php/Consumption_of energy [Accessed: 03 January 2017].

Evola, G. and Marletta, L. (2013) 'A dynamic parameter to describe the thermal response of buildings to radiant
heat gains', Energy and Buildings, 65(2), pp. 448-457.

Faber, M. H. (2012) Statistics and probability theory. In pursuit of engineering decision support. Dordrecht: Springer.

Faniran, O. O. and Caban, G. (1998) 'Minimizing waste on construction project sites', Engineering, Construction and
Architectural Management, 5(2), pp. 182-193.

Farman, J. C., Gardiner, B. G. and Shanklin, J. D. (1985) 'Large losses of total ozone in Antarctica reveal seasonal
CIOx/NOx interaction', Nature, 315(6016), pp. 207-214.

Ferrari, S. and Zanotto, V. (2012) 'Adaptive comfort: analysis and application of the main indices', Building and
Environment, 49, pp. 25-32.

Fet, A. M. and Skaar, C. (2006) 'Eco-labeling, Product Category Rules and Certification Procedures Based on ISO
14025 Requirements', International Journal of Life Cycle Assessment, 11(1), pp. 49-63.

Finnveden, G., Hauschild, M. Z., Ekvall, T., Guinée, J., Heijungs, R., Hellweg, S., Koehler, A., Pennington, D. and Suh,
S. (2009) 'Review: Recent developments in Life Cycle Assessment', Journal of Environmental Management,
91(1), pp. 1-21.

Fletcher, M., Johnston, D., Glew, D. and Parker, J. (2017) 'An empirical evaluation of temporal overheating in an
assisted living Passivhaus dwelling in the UK', Building and Environment, 121, pp. 106-118.

Forestry Commission (2016) Forestry statistics. Available at: https://www.forestry.gov.uk/forestry/infd-7aqdgc
[Accessed: 01 January 2017].

Forestry Commission Scotland (2016) Forestry facts and figures. Available at:
https://www.forestry.gov.uk/PDF/FCFS216.pdf/SFILE/FCFS216.pdf [Accessed: 01 January 2017].

Forster, A., Fernie, S., Carter, K., Thomson, D. and Walker, P. (2015) 'Innovation in low carbon construction
technologies: an historic analysis for obviating defects', Structural Survey, 33(1), pp. 52-72.

Gattuso, J-P. and Hansson, L. (2011) Ocean acidification. Oxford: Oxford University Press.

Gazulla Santos, C. (2014) 'Using life cycle assessment (LCA) methodology to develop eco-labels for construction and
building materials.', in Pacheco-Torgal, F., Cabeza, L.F., Labrincha, J. and de Magalhdes, A. (eds.), Eco-
efficient construction and building materials. Life cycle assessment (LCA), eco-labelling and case studies.
Cambridge: Woodhead Publishing, pp. 84-97.

Gillian, F. M., Mohamad Monkiz, K. and Phillip, F. G. B. (2009) 'Life-cycle assessment and the environmental impact
of buildings: a review', Sustainability, 1(3), pp. 674-701.

Givoni, B. (1981) 'Conservation and use of integrated-passive energy systems in architecture', Energy and Buildings,
3(3), pp. 213-257.

Gloria, T. P., Lippiatt, B. C. and Cooper, J. (2007) 'Life Cycle Impact Assessment Weights to Support Environmentally
Preferable Purchasing in the United States', Environmental Science and Technology, 41(21), pp. 7551-
7557.

Goedkoop, M. and Spriensma, R. (2000) The Eco-indicator 99. A damage oriented method for
life-cycle impact assessment. Methodology Report. Amersfoort: PRé Consultants.

63



References

Goodier, C. and Gibb, A. (2007) 'Future opportunities for offsite in the UK', Construction Management and
Economics, 25(6), pp. 585-595.

Google Maps (ca.2017) Unit 10, Baileyfield Industrial Estate, Baileyfield Crescent, Edinburgh, EH15 1YU. Available at:
https://www.google.co.uk/maps/@55.952455,-3.1237212,16.25z [Accessed: 02 February 2017].

Goulding, J. and Arif, M. (2013) Offsite production and manufacturing: research roadmap report. Report number:
CIB 372. Rotterdam: CIB General Secretariat.

Grant Instruments (ca.2017) Squirrel f-18. Available at: www.grantinstruments.com [Accessed: 10 February 2017].

Greenwood, R. (2003) Construction waste minimisation. Good practice guide. Cardiff: CriBE.

Guardigli, L. (2014) 'Comparing the environmental impact of reinforced concrete and wooden structures', in
Pacheco-Torgal, F., Cabeza, L.F., Labrincha, J. and de Magalhdes, A. (eds.), Eco-efficient construction and
building materials. Life cycle assessment (LCA), eco-labelling and case studies. Cambridge: Woodhead
Publishing, pp. 407-433.

Guinée, J. B. (2002) Handbook on life cycle assessment. Dordrecht: Springer.

Guinée, J. B. (2015) 'Selection of impact categories and classification of LCI results to impact categories', in
Hauschild, M.Z. and Huijbregts, M.A.J. (eds.), Life-cycle impact assessment. Dordrecht: Springer, pp. 17-38.

Gupta, R. and Gregg, M. (2011) 'Adapting UK suburban neighbourhoods and dwellings for a changing climate',
Advances In Building Energy Research, 5(1), pp. 81-108.

Gupta, R. and Gregg, M. (2013) 'Preventing the overheating of English suburban homes in a warming climate',
Building Research and Information, 41(3), pp. 281-300.

Gupta, R., Gregg, M. and Williams, K. (2015) 'Cooling the UK housing stock post-2050s', Building Services
Engineering Research and Technology, 36(2), pp. 196-22.

Gustavsson, L., Pingoud, K. and Sathrie, R. (2006) 'Carbon dioxide balance of wood substitution: comparing
concrete- and wood-framed buildings', Mitigation and Adaptation Strategies for Global Change, 11(3), pp.
667-682.

Gustavsson, L. and Sathre, R. (2006) 'Variability in energy and carbon dioxide balances of wood and concrete
building materials', Building and Environment, 41, pp. 940-951.

Guthrie, P.M., Coventry, S.J. and Woolveridge, A.C., 1999 Waste minimization and recycling in construction:
technical review. London: CIRIA.

Habert, G. (2014) 'Assessing the environmental impact of conventional and ‘green’ cement production', Eco-
efficient construction and building materials, pp. 199-238.

Hacker, J. and Twinn, C. (2005) Heavyweight Vs Lightweight Construction. London: Arup Research and Development.

Hairstans, R. (2010a) Offsite and modern methods of timber construction: a sustainable approach. High Wycombe:
TRADA.

Hairstans, R. (2010b) 'Timber offsite modern methods of construction'. Riva del Garda (IT): World Conference on
Timber Engineering - WCTE 2010, 20th-24th June.

Hairstans, R. and Sanna, F. (2017) 'A Scottish perspective on timber offsite construction’, in Smith, R.E. and Quale,
J.D. (eds.), Offsite architecture: constructing a post-industrial future. Abingdon: Routledge, ch. 15.

Hajek, P., Fiala, C. and Kynclova, M. (2011) 'Life cycle assessments of concrete structures - a step towards
environmental savings', Structural Concrete, 12(1), pp. 13-22.

Hall, M. and Allinson, D. (2008) 'Assessing the moisture-content-dependent parameters of stabilised earth materials
using the cyclic-response admittance method', Energy and Buildings, 40(11), pp. 2044-2051.

64



References

Hamilton-MacLaren, F. (2013) Alternative, more sustainable, wall construction techniques than brick and block, for
new housing in England and Wales. Thesis (PhD). Loughborough University.

Hamilton-MacLaren, F., Loveday, D. and Mourshed, M. (2009) 'The calculation of embodied energy in new build UK
housing', in A. R. J. (ed.), Proceedings of the 25th annual ARCOM (Association of Researchers in
Construction Management) Conference. Reading: ARCOM, pp. 1011-1020.

Hamilton-Maclaren, F., Loveday, D. L. and Mourshed, M. (2013) 'Public opinions on alternative lower carbon wall
construction techniques for UK housing', Habitat International, 37, pp. 163-169.

Hammond, G. P. and Jones, C. I. (2008) 'Embodied energy and carbon in construction materials', Proceedings of the
Institution of Civil Engineers - Energy, EN2, pp. 87-98.

Hauschild, M. Z. and Huijbregts, M. A. J. (2015) 'Introducing life cycle impact assessment', in Hauschild, M.Z. and
Huijbregts, M.A.J. (eds.), Life Cycle Impact Assessment. Dordrecht: Springer, pp. 1-16.

Hazardous Waste (England and Wales) Regulations (2005), SI 2005/894.

Heijungs, R. and Kleijn, R. (2001) 'Numerical approaches towards life cycle interpretation five examples',
International Journal of Life Cycle Assessment, 6(3), pp. 141.

Heijungs, R. and Rolf, F. (2005) 'Representing Statistical Distributions for Uncertain Parameters in LCA: Relationships
between mathematical forms, their representation in EcoSpoldand their representation in CMLCA',
International Journal of Life Cycle Assessment, 10(4), pp. 248-256.

Heim, D. (2010) 'lsothermal storage of solar energy in building construction', Renewable Energy: An International
Journal, 35(4), pp. 788-796.

Henderson, A. D. (2015) 'Eutrophication’, in Hauschild, M.Z. and Huijbregts, M.A.J. (eds.), Life cycle impact
assessment. Dordrecht: Springer, pp. 50-68.

HM Goverment (2013) The national adaptation programme — Making the country resilient to a changing climate.
London: HM Goverment.

Holmes, M., and Hacker, J. (200) 'Climate change, thermal comfort and energy: Meeting the design challenges of the
21st century', Energy and Buildings, 39(7), pp.802-814.

Homes and Communities Agency (HCA) (2016) Shared ownership and affordable homes programme 2016 to 2021:
prospectus. London: HCA.

Homes for Scotland (2015) Research into mainstreaming offsite modern methods of construction (MMC) in house
building. Edinburgh: Homes for Scotland.

Hong, J., Shaked, S., Rosenbaum, R. and Jolliet, O. (2010a) 'Analytical uncertainty propagation in life cycle inventory
and impact assessment: application to an automobile front panel', International Journal of Life Cycle
Assessment, 15, 5, pp. 499-510.

Hong, J., Shaked, S., Rosenbaum, R. and Jolliet, O. (2010b) 'Analytical uncertainty propagation in life cycle inventory
and impact assessment: application to an automobile front panel' [electronic supplementary materials].,
International Journal of Life Cycle Assessment, 15, 5. Available at:
http://link.springer.com/article/10.1007%2Fs11367-010-0175-4 [Accessed: 30 January 2017].

Housing Act 1980.

Housing (Scotland) Act 2014.

Howell, R.A., Capstick, S., and Whitmarsh, L. (2016) 'Impacts of adaptation and responsibility framings on attitudes
towards climate change mitigation', Climatic Change, 136(3-4), pp. 445-461.

Hoxha, E., Habert, G., Lasvaux, S., Chevalier, J. and Le Roy, R. (2017) 'Influence of construction material uncertainties

on residential building LCA reliability', Journal of Cleaner Production, 144, pp. 33-47.

Huijbregts, M. (1998) 'Application of uncertainty and variability in LCA', International Journal of Life Cycle
Assessment, 3(5), pp. 273.

65



References

Hunt, R., Franklin, W. and Hunt, R. (1996) 'LCA - How it came about', International Journal of Life Cycle Assessment,
1(1), pp. 4-7.

Huppes, G. and Curran, M. A. (2012) 'Environmental life cycle assessment: background and perspective', in Curran,
M.A. (ed.), Life cycle assessment handbook: a guide for environmentally sustainable products. Hoboken,
NJ: Wiley and Scrivener, pp. 1-14.

Hurley, J., Adams, K., McMinn, A. and Thorpe, W. (2003) Best practice of timber waste management. Watford: BRE.

Ibn-Mohammed, T., Greenough, R., Taylor, S., Ozawa-Meida, L. and Acquaye, A. (2013) 'Operational vs. embodied
emissions in buildings—A review of current trends', Energy and Buildings, 66, pp. 232-245.

Iddon, C. R. and Firth, S. K. (2013) 'Embodied and operational energy for new-build housing: A case study of
construction methods in the UK', Energy and Buildings, 67, pp. 479-488.

Innes S. (2004) 'Developing tools for designing out waste pre-site and on-site', in Proceedings of Minimising
Construction Waste Conference: Developing Resource Efficiency and Waste Minimisation in Design and
Construction. London: New Civil Engineer.

Inside Housing (2003) 24-hour party walls people. Available at: http://www.insidehousing.co.uk/24-hour-party-
walls-people/453994.article [Accessed: 25 November 2015].

Institut Bauen und Umwelt (IBU) (2012a) EPD-KLH-2012111-E: Environmental product declaration — KLH solid timber
panels. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2012b) EPD-KEI-2012111-E: Environmental product declaration — Silicate internal
paint systems, Keimfarben. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2012b) EPD-KEI-2012211-E: Environmental product declaration — Silicate external
paint systems, Keimfarben. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2013) EPD-ERF-2013311-EE: Environmental product declaration — Polyvinyl chloride
floor coverings with foam layer, European Resilient Flooring Manufacturers’ Institute. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2014a) EPD-PAV-2014197-CBG2-EN: Environmental product declaration - Woodfibre
insulation materials produced in the dry process 110-210 kg/m?3, Pavatex.SA. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2014b) EPD-PUE-20130285-CBE-EN: Environmental product declaration - PU
thermal insulation board with multi-layer facing, PU Europe. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2014c) EPD-MPA-20140025-CAG1-EN: Environmental product declaration - UK
average Portland cement, Mineral Products Association (MPA). Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2014d) EPD-KRO-20150067-I1BD2-EN: Environmental product declaration — Swiss
Krono OSB panels. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2014e) EPD-EGG-20140003-IBD1-EN: Environmental product declaration —
Eurospan raw chipboard. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2014f) EPD-SHL-2012211-EN: Environmental product declaration — Cross-laminated
timber (X-Lam), Studiengemeinschaft Holzleimbau e.V.Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2015) EPD-KRO-20150067-I1BD2-EN: Environmental product declaration — Swiss
Krono OSB panels. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2016a) EPD-ETE-20150348-CBA1-EN: Environmental product declaration - Wood
fibre insulation materials, Steico SE. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2016b) EPD-STE-20150327-I1BD1-EN: Environmental product declaration - Eternit
tiles. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2016c) EPD-DUP-20150237-IBE1-EN: Environmental product declaration - DuPont
Tyvek 2507B HDPE membranes. Berlin: IBU.

Institut Bauen und Umwelt (IBU) (2016d) EPD-BAL-20150204-CCA1-EN: Environmental product declaration - Serenite
Dalle Sonic Confort and Serenite Dalle & Ligne Sonic Confort tufted carpet. Berlin: IBU.

66



References

Institut Bauen und Umwelt (1BU) (2016¢) EPD-MAR-20160004-1BC2-EN: Environmental product declaration - Marazzi
glazed porcelain tiles. Berlin: IBU.

Institut Bauen und Umwelt (1BU) (2016d) EPD-EGG-20140247-IBA1-EN: Environmental product declaration - EGGER
sawn timber dried. Berlin: IBU.

Intergovernmental Panel on Climate Change (IPCC) (2008) Climate change 2007: synthesis report. Report number:
IPCCAR4.Geneva: IPCC.

lonita, ., Ciobanu, D., Tulbure, M. and Tantos, |. (2009) 'research on the use of environmentally friendly additives in
the building industry', Environmental Engineering and Management Journal (EEMJ), 8(2), pp. 297-299.

Jayamathan, J. and Rameezdeen, R. (2014) 'Influence of labour arrangement on construction material waste
generation', Structural Survey, 32(2), pp. 76-88.

Jenkins, G. J., Murphy, J. M., Sexton, D. M. H., Lowe, J. A,, Jones, P. and Kilsby, C. G. UK Climate Projections: Briefing
report. Exeter: Met Office.

Jin, X., Zhang, X., Cao, Y. and Wang, G. (2012) 'Thermal performance evaluation of the wall using heat flux time lag
and decrement factor', Energy and Buildings, 47, pp. 369-374.

John, S. and Peter, W. (2004) 'Attitudes towards waste minimisation amongst labour only sub-contractors',
Structural Survey, 22(3), pp. 148-162.

Joint Research Centre (JRC) and Institute for Environment and Sustainability (IES) (2010) International reference life
cycle data system (ILCD) handbook — general guide for life cycle assessment - detailed guidance.
Luxembourg: Publications Office of the European Union.

Jolliet, O., Saade-Sbeih, M., Shaked, S., Jolliet, A. and Crettaz, P. (2015) Environmental life cycle assessment. Boca
Raton: CRC Press.

Kaltenbach, H.-M. (2012) A concise guide to statistics. Heidelberg: Springer.

Kaska, O. and Yumrutas, R. (2008) 'Comparison of experimental and theoretical results for the transient heat flow
through multilayer walls and flat roofs', Energy, 33(12), pp. 1816-1823.

Kaska, O., Yumrutas, R. and Arpa, O. (2009) 'Theoretical and experimental investigation of total equivalent
temperature difference (TETD) values for building walls and flat roofs in Turkey', Applied Energy, 86(5), pp.
737-747.

Kendrick, C., Ogden, R., Wang, X. and Baiche, B. (2012) 'Thermal mass in new build UK housing: A comparison of
structural systems in a future weather scenario', Energy and Buildings, 48, pp. 40-49.

Keys, A., Baldwin, A. and Austin, S. (2000) 'Designing to encourage waste minimisation in the construction industry'.
Dublin: Chartered Institution of Building Services Engineers (CIBSE) National Conference, 14th-16th June.

Khalifa, A. J. N. and Marshall, R.H. (1990) 'Validation of heat transfer coefficients on interior building surfaces using
a real-sized indoor test cell', International Journal of Heat Mass Transfer, 33(10), pp. 2219-2236.

Khasreen, M. M., Gillian, Banfill, P. F. G. and Menzies, G.F. (2009) 'Life-cycle assessment and the environmental
impact of buildings: a review', Sustainability, 1(3), pp. 674-701.

Kim T. and Chae C.U. (2016) 'Evaluation analysis of the CO, emission and absorption life cycle for precast concrete in
Korea', Sustainability, 8(7), pp. 663-674.

Kjellsen, K. O., Guimaraes, M. and Nilsson, A. (2005) CO; uptake during the concrete life cycle: the CO2 balance of
concrete in a life cycle perspective. Oslo: Nordic Innovation Centre.

Klopffer, W. and Grahl, B. (2014) Life cycle assessment (LCA): a guide to best practice. Weinheim: Wiley-VCH.

Kontoleon, K. J. and Bikas, D. K. (2007) 'The effect of south wall's outdoor absorption coefficient on time lag,
decrement factor and temperature variations', Energy and Buildings, 39(9), pp. 1011-1018.

Kontoleon, K. and Eumorfopoulou, E. (2008) 'The influence of wall orientation and exterior surface solar absorptivity
on time lag and decrement factor in the Greek region', Renewable Energy, 33(7), pp. 1652-1664.

67



References

Kontoleon, K. J., Theodosiou, T. G. and Tsikaloudaki, K. G. (2013) 'The influence of concrete density and conductivity
on walls’ thermal inertia parameters under a variety of masonry and insulation placements', Applied
Energy, 112(December), pp. 325-337.

Krzaczek, M. and Kowalczuk, Z. (2011) 'Thermal Barrier as a technique of indirect heating and cooling for residential
buildings', Energy and Buildings, 43(4), pp. 823-837.

Kagi, T., Dinkel, F., Frischknecht, R., Humbert, S., Lindberg, J., Mester, S., Ponsioen, T., Sala, S. and Schenker, U.
(2016) ‘Midpoint, endpoint or single score for decision-making?'. Barcelona: SETAC Europe 25th Annual
Meeting, May 5th, 2015.

Lane, J. L. (2015) 'Stratospheric ozone depletion', in Hauschild, M.Z. and Huijbregts, M.A.J. (eds.), Life cycle impact
assessment. Dordrecht: Springer.

Langston, Y. L. and Langston, C. A. (2008) 'Reliability of building embodied energy modeling: an
analysis of 30 Melbourne case studies.', Construction Management and Economics, 26(2), pp. 147-160.

Larsen, H. F. (2011) 'Review on methodology for LCIA of marine eutrophication'. Milan: 21st SETAC Europe Annual
Meeting, 15t-19th of May.

Lascar Electronics (ca.2017) EL-USB-2. Available at: https://www.lascarelectronics.com [Accessed: 10 February
2017].

Lasvaux, S., Habert, G., Peuportier, B. and Chevalier, J. (2015) 'Comparison of generic and product-specific Life Cycle
Assessment databases: application to construction materials used in building LCA studies', International
Journal of Life Cycle Assessment, 20(11), pp. 1473-1490.

Lebow, S. T. (2010) 'Wood preservation', in Ross, R.J. (ed.), Wood handbook. Wood as an engineering material.
Madison: Forest Products Society, pp. 15.1-15.28.

Lessaveur, A. (2015) 'Climate change', in Hauschild, M.Z. and Huijbregts, M.A.J. (eds.), Life cycle impact assessment.
Dordrecht: Springer, pp. 39-50.

Li, L., Spoelstra, J., Robertson, W. D., Schiff, S. L. and Elgood, R. J. (2014) 'Nitrous oxide as an indicator of nitrogen
transformation in a septic system plume', Journal of Hydrology, 519(Part B), pp. 1882-1894.

Ling, H., Chen, C., Qin, H., Wei, S., Lin, J., Li, N., Zhang, M., Yu, N. and Li, Y. (2016) 'Indicators evaluating thermal
inertia performance of envelops with phase change material', Energy and Buildings, 122(June), pp. 175-

184.

Linnanen, L., Bostrom, T. and Miettinen, P. (1995) 'Life cycle management: integrated approach towards corporate
environmental issues', Business Strategy and the Environment, 4(3), pp. 117-127.

Lippiatt, B. C. (2002) BEES® 3.0 Building for Environmental and Economic Sustainability. Technical manual and user
guide. Report number: NISTIR 6919. Gaithersburg : National Institute of Standards and Technology.

Lippke, B., Wilson, J., Perez-Garcia, J., Bowyer, J. and Meil, J. (2004) 'CORRIM: Life-Cycle Environmental Performance
of Renewable Building Materials', Forest Products Journal, 54(6), pp. 8-19.

Lippke, B., Wilson, J., Meil, J. and Taylor, A. (2010) 'Characterizing the importance of carbon stored in wood
products', Wood And Fiber Science, 42, pp. 5-14.

Liski, J., Pussinen, A., Pingoud, K., Kip, R. M. and Karjalainen, T. (2001) 'Which rotation length is favourable to carbon
sequestration?', Canadian Journal of Forest Research, 31(11), pp. 2004.

Liu, C., Kershaw, T., Eames, M., and Coley, D. (2016) 'Future probabilistic hot summer years for overheating risk
assessments', Building and Environment, 105 (August), pp. 56-68.

Liu, Z., Osmani, M., Demian, P. and Baldwin, A. (2015) 'A BIM-aided construction waste minimisation framework',
Automation in Construction, pp.591-623.

Lomas, K.J., Eppel, H., Martin, C. and Bloomfield, D. (1997) 'Empirical validation of building energy simulation
programs', Energy and Buildings, 26(3), pp. 253-275.

68


https://www.lascarelectronics.com/

References

Lomas, K. J. and Kane, T. (2013) 'Summertime temperatures and thermal comfort in UK homes', Building Research
and Information, 41(3), pp. 259-280.

Lomas, K.J. and Porritt, S.M. (2017) 'Overheating in buildings: lessons from research', Building Research and
Information, 45(1-2), pp. 1-18.

Long, C. A. (1999) Essential heat transfer. Edinburgh: Pearson Education.

Lu, N. and Liska, R. (2008) 'Designers’ and General Contractors' Perceptions of Offsite Construction Techniques in
the United State Construction Industry’, International Journal of Construction Education and Research,
4(3), pp.177-188.

Lundholm, P. and Sundstrém, G. (1985) Resource and environmental impact of Tetra Brik carton and refillable and
non-refillable glass bottles. Malmo: G. Sundstrom AB.

Ma, P. and Wang, L.-S. (2012) 'Effective heat capacity of exterior Planar Thermal Mass (ePTM) subject to periodic
heating and cooling', Energy and Buildings, 47(April), pp. 394-401.

Madlool, N. A., Saidur, R., Hossain, M. S. and Rahim, N. A. (2011) 'A critical review on energy use and savings in the
cement industries', Renewable and Sustainable Energy Reviews, 15(4), pp. 2042-2060.

Madsen, B. (2011) Statistics for non-statisticians. Heidelberg: Springer.

Mandilaras, |., Stamatiadou, M., Katsourinis, D., Zannis, G. and Founti, M. (2013) 'Experimental thermal
characterization of a Mediterranean residential building with PCM gypsum board walls', Building and
Environment, 61(March), pp. 93-103.

Manzini, R., Noci, G., Ostinelli, M. and Pizzurno, E. (2006) 'Assessing environmental product declaration
opportunities: a reference framework', Business Strategy and the Environment (John Wiley and Sons, Inc),
15(2), pp. 118-134.

Marcum, J. (2013) Tampering with nature: empirical methodology and experimental onto-epistemology. Hauppauge,
NY: Nova Science Publishers.

Marin, A. and Tobler, M. (2003) The purpose of LCA in environmental labels and concepts of products. Report
number: 09483349. Available at:
http://search.ebscohost.com/login.aspx?direct=trueanddb=edbandAN=49817684andsite=eds-
liveandscope=site [Accessed: 15 October 2016].

Marinkovié, S. B., MalesSev, M. and Ignjatovi¢, I. (2014) 'Life cycle assessment (LCA) of concrete made using recycled
concrete or natural aggregates.', in Pacheco-Torgal, F., Cabeza, L.F., Labrincha, J. and de Magalhaes, A.
(eds.), Eco-efficient construction and building materials. Life cycle assessment (LCA), eco-labelling and case
studies. Cambridge: Woodhead Publishing, pp. 239-266.

Marsh, R. (2016) 'LCA profiles for building components: strategies for the early design process', Building Research
and Information, 44(4), pp. 358-372.

Maté, J. and Kanter, D. (2011) The benefits of basing policies on the 20-year GWP of HFCs. Available at:
http://www.greenpeace.org/international/Global/international/publications/climate/2011/F-
gases/GWP20_HFCs.pdf [Accessed: 15 January 2017].

Mathews, E., Rousseau, P., Richards, P. and Lombard, C. (1991) 'A procedure to estimate the effective heat storage
capability of a building', Building and Environment, 26(2), pp. 179-188.

Mavromatidis, L. E., EI Mankibi, M., Michel, P. and Santamouris, M. (2012) 'Numerical estimation of time lags and
decrement factors for wall complexes including Multilayer Thermal Insulation, in two different climatic
zones', Applied Energy, 92(April), pp. 480-491.

Mayo, D. (1996) Error and the growth of experimental knowledge. Chicago: University Of Chicago Press.

McGill, G., Sharpe, T., Robertson, L., Gupta, R. and Mawditt, I. (2017) 'Meta-analysis of indoor temperatures in new-
build housing', Building Research and Information, 45(1-2), p. 19- 39.

Meadows, D. H., Meadows, D. Randers, J. and Behrens Ill, W.W., (1972) The limits to growth: a report for the Club of
Rome's project on the predicament of mankind. New York: Universe Books.

69



References

Menzies, G. F., Banfill, P. F. G. and Turan, S. (2007) 'Life-cycle assessment and embodied energy: a review',
Construction Materials: Proceedings of the Institution of Civil Engineers, 160(4), pp. 135.

Metzger, J. O. and Eissen, M. (2004) 'Account / Revue: Concepts on the contribution of chemistry to a sustainable
development. Renewable raw materials', Comptes rendus - Chimie, 7(6), pp. 569-581.

Miles, J. and Whitehouse, N. (2013) Offsite Housing Review. London: Construction Industry Council.

Minkov, N., Schneider, L., Lehmann, A. and Finkbeiner, M. (2015) 'Review: Type Ill Environmental Declaration
Programmes and harmonization of product category rules: status quo and practical challenges', Journal of
Cleaner Production, 94(May), pp. 235-246.

Mitchell, P. and Hurst, R.R. (2009) Technology assessment of automation trends in the modular home industry.
Report number: FPL-GTR—-188. Washington D.C.: United States Department of Agriculture.

Mlakar, J. and Strancar, J. (2011) 'Overheating in residential passive house: solution strategies revealed and
confirmed through data analysis and simulations', Energy and Buildings, 43(6), pp. 1443-1451.

Molina, M. J. and Rowland, F. S. (1974) 'Stratospheric sink for chlorofluoromethanes: chlorine atom-catalysed
destruction of ozone', Nature, 249(5460), pp. 810.

Monahan, J. (2013) Housing and carbon reduction: can mainstream 'eco-housing' deliver on its low carbon
promises? Thesis (PhD). University of East Anglia.

Monahan, J. and Powell, J. C. (2011) 'An embodied carbon and energy analysis of modern methods of construction
in housing: A case study using a lifecycle assessment framework', Energy and Buildings, 43(1), pp. 179-
188.

Moncaster, A. and Song, J. (2012) 'A comparative review of existing data and methodologies for calculating
embodied energy and carbon of buildings', International Journal Of Sustainable Building Technology And
Urban Development, 3(1), 26-36.

Montgomery, D. C. (2013) Design and analysis of experiments. 8t edition. Hoboken, NJ: Wiley and Sons.

Moubarik, A., Pizzi, A., Allal, A., Charrier, F. and Charrier, B. (2009) 'Cornstarch and tannin in phenol-formaldehyde
resins for plywood production', Industrial Crops and Products, 30(2), pp. 188-193.

Morgan, M. S. (2005) 'The experiments versus models: new phenomena, inference and surprise', Journal of Economic
Methodology, 12(2), pp. 317-329.

Morgan, C., Foster, J.A., Poston, A., and Sharpe, T.R. (2017) 'Overheating in Scotland: contributing factors in occupied
homes', Building Research and Information, 45(1-2), pp. 143-156.

Morgan, C., Foster, J.A., Sharpe, T.R. and Poston, A. (2015) 'Overheating in Scotland: lessons from 26 monitored low
energy homes'. Lausanne (CH): CISBAT 2015 International Conference "Future Buildings and Districts -

Sustainability from Nano to Urban Scale, 9th-11th June.

Morgan, M.G. and Henrion, M. (1990) Uncertainty: a guide to dealing with uncertainty in quantitative risk and policy
analysis. Cambridge: Cambridge University Press.

Morrison, M. (2009) 'Models, measurement and computer simulation: the changing face of experimentation’,
Philosophical Studies, 143, pp. 33-57.

Nadim, W. and Goulding, J. S. (2010) 'Offsite production in the UK: the way forward? A UK construction industry
perspective', Construction Innovation, 10(2), pp. 181-202.
Nannei, E. and Schenone, C. (1999) 'Thermal transients in buildings: development and validation of a numerical

model', Energy and Buildings, 29(3), pp. 209-215.

National Audit Office (NAO) (2005) Using modern methods of construction to build homes quickly and efficiently.
London: NAO.

National Institute for Health Research (2015) London smog: just how bad is the air in the UK capital? Available at:
http://hieh.hpru.nihr.ac.uk/media/london-smog-just-how-bad-air-uk-capital [Accessed: 24 March 2017].

70



References

Natural Resources Wales (2012) Survey of construction and demolition waste generated in Wales. Cardiff: Natural
Resources Wales.

Neeper, D. A. (2000) 'Thermal dynamics of wallboard with latent heat storage', Solar Energy, 68(5), pp. 393-403.

Nemry, F., Uihlein, A., Colodel, C. M., Wittstock, B., Braune, A., Wetzel, C., Hasan, |., Niemeier, S., Frech, Y., KreiR3ig,
J. and Gallon, N. (2008) Environmental improvement potentials of residential buildings (IMPRO-Building).
Seville: European Commission Joint Research Centre (JRC).

NHBC (2012) Overheating in new homes — A review of the evidence. Milton Keynes: NHBC Foundation.

Nicol, J. F., Hacker, J., Spires, B. and Davies, H. (2009) 'Suggestion for new approach to overheating diagnostics',
Building Research and Information, 37(4), pp. 348-357.

Ng, S., Low, K. and Tioh, N. (2011) 'Thermal inertia of newspaper sandwiched aerated lightweight concrete wall
panels: experimental study', Energy and Buildings, 43(10), pp. 2956-2960.

Norberg-Bohm, V. (1992) International comparisons of environmental hazards: development and evaluation of a
method for linking environmental data with the strategic debate management priorities for risk
management. Report number: CSIA discussion paper: 92-09. Cambridge, Mass.: Center for Science and
International Affairs, John F. Kennedy School of Government, Harvard University.

Norris, G. A. and Yost, P. (2001) 'A transparent, interactive software environment for communicating life-cycle
assessment results: an application to residential windows', Journal of Industrial Ecology, 5(4), pp. 15-28.

Nuclear Decommissioning Authority (NDA) (2015) Understanding activities that produce radioactive wastes in the
UK. Moor Row: NDA.

OpenlLearn (2017) Eutrophication. Milton Keynes: Open University. Available at:
http://www.open.edu/openlearn/science-maths-technology/science/environmental-

science/eutrophication/content-section-0 [Accessed: 15 January 2017].

Ortiz, O., Castells, F. and Sonnemann, G. (2009) 'Review: Sustainability in the construction industry: A review of
recent developments based on LCA', Construction and Building Materials, 23(1), pp. 28-39.

Osmani, M., Glass, J. and Price, A. D. F. (2008) 'Architects’ perspectives on construction waste reduction by design’,
Waste Management, 28(7), pp. 1147-1158.

Ozel, M. (2012) 'Cost analysis for optimum thicknesses and environmental impacts of different insulation materials',
Energy and Buildings, 49(June), pp. 552-559.

Ozel, M. (2013) 'Determination of optimum insulation thickness based on cooling transmission load for building
walls in a hot climate', Energy Conversion and Management, 66(February), pp. 106-114.

Ozel, M. and Pihtili, K. (2007) 'Optimum location and distribution of insulation layers on building walls with various
orientations', Building and Environment, 42(8), pp. 3051-3059.

Owen, J. (2007) Kit and modern timber frame homes: the complete guide. Marlborough: Crowood Press.

Pacheco Torgal, F. and Jalali, S. (2011) Eco-efficient construction and building materials. London: Springer.

Packham, D. E. (2014) 'The environmental impact of adhesives', in Pacheco-Torgal, F., Cabeza, L.F., Labrincha, J. and
de Magalhdes, A. (eds.), Eco-efficient construction and building materials. Life cycle assessment (LCA), eco-

labelling and case studies. Cambridge: Woodhead Publishing, pp. 338-367.

Page, A., Moghtaderi,B., Alterman, D. and Hands, S. (2011) A study of the thermal performance of Australian
housing. Callaghan, Australia: University of Newcastle.

Pan, W., Gibb, A. and Dainty, A. (2005) Offsite modern methods of construction in housebuilding: perspectives and
practices of leading UK housebuilders. Loughborough: Loughborough University.

Paquet, A. N., Mutton, J. and Lee, S. P. (2010) 'A Discussion on the Impact of CFC12 Emission Rate from XPS
Insulation on Atmospheric Banks', Journal of Cellular Plastics, 46(1), pp. 31-42.

Parke, E. C. (2014) 'Experiments, simulations and epistemic privilege', Philosophy of Scienc', 81(October), pp. 516-536.
71



References

Passer, A. A, Lasvaux, S. A., Allacker, K. A., De Lathauwer, D. A., Spirinckx, C. A., Wittstock, B. A., Kellenberger, D. A.,
Gschosser, F. A., Wall, J. A., Wallbaum, H. A., Chalmers tekniska hogskola, I. (2015) 'Environmental product
declarations entering the building sector: critical reflections based on 5 to 10 years experience in different
European countries', The International Journal of Life Cycle Assessment, 20(9), pp. 1199.

Pathan, A., Mavrogianni, A., Summerfield, A,. Oreszczyn, T., and Davies, M. (2017) 'Monitoring summer indoor
overheating in the London housing stock', Energy and Buildings, 141, pp. 361-378.

Peacock, A., Jenkins, D. and Kane, D. (2010) 'Investigating the potential of overheating in UK dwellings as a
consequence of extant climate change', Energy Policy, 38(7), pp.3277-3288.

PE International (2012) Environmental product declaration of mineral wool produced in Europe. Leinfelden
Echterdingen: PE International.

Peck, S. L. (2004) ' Simulation as experiment: a philosophical reassessment for biological modeling', Trends in Ecology
and Evolution, 19(10), pp. 530-534.

Pérez-Lombard, L., Ortiz, J. and Pout, C. (2008) 'A review on buildings energy consumption information', Energy and
Buildings, 40(3), pp.394-398.

Peuportier, B. L. P. (2001) 'Life cycle assessment applied to the comparative evaluation of single family houses in the
French context', Energy and Buildings, 33(5), pp. 443-450.

Phillipson, M. (2001) Defining the sustainability of prefabrication and modular process in construction. Report
number: 203032. Glasgow: BRE Scotland.
Plastics Europe (2011) Environmental product declaration of low-density polyethylene (LDPE). Brussels: Plastics

Europe.

Pomponi, F. (2015) Operational performance and life cycle assessment of double skin facades for office
refurbishments in the UK. Thesis (Phd). University of Brighton.

Pomponi, F. and Moncaster, A. (2016) 'Embodied carbon mitigation and reduction in the built environment — What
does the evidence say?', Journal of Environmental Management, 181(October), pp. 687-700.

Poon, C.S., Yu, A. T. W. and Jaillon, L. (2004) 'Reducing building waste at construction sites in Hong Kong',
Construction Management and Economics, 22(5), pp. 461-470.

Porritt, S., Cropper, P., Shao, L. and Goodier, C. (2012) 'Ranking of interventions to reduce dwelling overheating
during heat waves', Energy and Buildings, 55, pp. 16-27.

Prager, C., Kdhl, M., Heck, M. and Herkel, S. (2006) 'The influence of the IR reflection of painted facades on the
energy balance of a building', Energy and Buildings, 38(12), pp. 1369-1379.

Preiss, P. (2015) 'Photochemical ozone formation', in Hauschild, M.Z. and Huijbregts, M.A.J. (eds.), Life cycle impact
assessment. Dordrecht: Springer, pp. 115-138.

Rajagopalan, N., Bilec, M. and Landis, A. (2012) 'Life cycle assessment evaluation of green product labelling systems
for residential construction', International Journal of Life Cycle Assessment, 17(6), pp. 753-761.

Rauland, V. and Newman, P. (2015) Decarbonising cities. Cham: Springer.
Ravishankara, A. R., Daniel, J. S. and Portmann, R. W. (2009) 'Atmospheric science: Stealth ozone destroyer', Nature,
462(7276), pp. 960-960.

Rebitzer, G. (2015) 'Introduction: life cycle management', in Sonnemann, G. and Margni, M. (eds.), Life cycle
management. Dordrecht: Springer, pp. 3-6.

Rodrigues, L., Sougkakis, V. and Gillott, M. (2016) 'Investigating the potential of adding thermal mass to mitigate

overheating in a super-insulated low-energy timber house', International Journal of Low Carbon
Technologies, 11(3), pp. 305-316.

72



References

Ross, P., 2011. 'The practicalities of designing with hardwoods', in Designing with timber. Belfast: Forestry
Commission, pp. 39-40.

Ruivo, C. R., Ferreira, P. M. and Vaz, D. C. (2013) 'Prediction of thermal load temperature difference values for the
external envelope of rooms with setback and setup thermostats', Applied Thermal Engineering, 51(1-2),
pp. 980-987.

Rgnning, A. and Brekke, A. (2014) 'Life cycle assessment (LCA) of the building industry: strengths and weaknesses',
in Pacheco-Torgal, F., Cabeza, L.F., Labrincha, J. and de Magalhdes, A. (eds.), Eco-efficient construction and
building materials. Life cycle assessment (LCA), eco-labelling and case studies. Cambridge: Woodhead
Publishing, pp. 63-83.

Ross, S, Evans, D, and Webber, M 2002, 'How LCA studies deal with uncertainty', International Journal of Life Cycle
Assessment, 7, 1, pp. 47-52.

Royal Institution of Chartered Surveyors (RICS) (2008) Breaking the vicious circle of blame. Making the business case
for sustainable building. London: RICS.

Saastamoinen, J. J. (1994) 'Integrated energy saving applications of energy storage in buildings in northern climates',
in Kangas, M.T. and Lund, P.D. (eds.), Calorstock '94: Thermal energy storage: better economy,
environment, technology. Helsinki: Helsinki University of Technology, 153-162.

Sakka, A., Santamouris, M., Livada, I., Nicol, F. and Wilson, M. (2012) 'On the thermal performance of low income
housing during heat waves', Energy and Buildings, 49, pp. 69-77.

Sartori, |. and Hestnes, A. G. (2007) 'Energy use in the life cycle of conventional and low-energy buildings: A review
article', Energy and Buildings, 39(3), pp. 249-257.

Sathre, R. and Gonzalez-Garcia, S. (2014) 'Life cycle assessment (LCA) of wood-based building materials', in Pacheco-
Torgal, F., Cabeza, L.F., Labrincha, J. and de Magalhaes, A. (eds.), Eco-efficient construction and building
materials. Life cycle assessment (LCA), eco-labelling and case studies. Cambridge: Woodhead Publishing,
pp. 311-337.

Saunders, J. and Wynn, P. (2004) 'Attitudes towards waste minimisation amongst labour only sub-contractors',
Structural Survey, 22(3), pp. 148-145.

Scottish Government (2010a) Affordable housing and housing land audits, planning advice note 2/2010. Edinburgh:
Scottish Government.

Scottish Government (2010b) A low carbon economic strategy for Scotland. Edinburgh: Scottish Government.

Scottish Government (2011a) Homes fit for the 215t century. The Scottish Government’s strategy and action plan for
housing in the next decade: 2011-2020. Edinburgh: Scottish Government.

Scottish Government (2011b) A tenant’s guide to the Scottish Housing Quality Standard. Edinburgh: Scottish
Government.

Scottish Government (2013a) Scotland’s sustainable housing strategy. Edinburgh: Scottish Government.

Scottish Government (2013b) Creating Places: a policy statement on architecture and place for Scotland. Available
at: http://www.gov.scot/resource/0042/00425496.pdf [Accessed: 17 November 2016].

Scottish Government (2014) Energy efficiency standard for social housing (EESSH). Available at:
https://www.scottishhousingregulator.gov.uk/energy-efficiency-standard-social-housing-eessh [Accessed:
01 February 2017].

Scottish Government (2016a) Housing statistics for Scotland: housing lists. Available at:
http://statistics.gov.scot/data/dwellings-type [Accessed: 01 February 2017].

Scottish Government (2016b) Housing statistics for Scotland: public-sector housing stock. Available at:
http://www.gov.scot/Topics/Statistics/Browse/Housing-Regeneration/HSfS/StockPublicSector [Accessed:
01 February 2017].

Scottish Government (2017) Dwellings by type. Available at: http://statistics.gov.scot/data/dwellings-type
[Accessed: 01 February 2017].

73



References

Schmincke, E. and Grahl, B. (2007) 'The part of LCA in ISO type Il environmental declarations', International Journal
of Life Cycle Assessment, 12(Special Issue 1), pp. 38-45.

Sedlacek, S. and Maier, G. (2012) 'Can green building councils serve as third party governance institutions? An
economic and institutional analysis', Energy Policy, 49, pp. 479-487.

Sharpe, T., Porteous, C., Foster, J. and Shearer, D. (2014) 'An assessment of environmental conditions in bedrooms of
contemporary low energy houses in Scotland', Indoor and Built Environment, 23(3), p. 393-416.

Shelter Scotland (2012) Shelter Scotland 2012 commitment briefing. Available at:
http://scotland.shelter.org.uk/professional_resources/policy_library/policy_library_folder/shelter_scotlan
d_2012_commitment_briefing [Accessed: 12 January 2017].

Shi, Z. and Zhang, X. (2011) 'Analyzing the effect of the longwave emissivity and solar reflectance of building
envelopes on energy-saving in buildings in various climates', Solar Energy, 85(1), pp. 28-38.

Smith, S., Hairstans, R., MacDonald, R. and Sanna, F. (2013) Strategic review of the offsite construction sector in
Scotland. Summary report. Edinburgh: Institute for Sustainable Construction, Edinburgh Napier University.

Soares, N., Costa, J. J., Gaspar, A. R. and Santos, P. (2013) 'Review of passive PCM latent heat thermal energy
storage systems towards buildings’ energy efficiency', Energy and Buildings, 59(April), pp. 82-103.

Society of Environmental Toxicology and Chemistry (SETAC) (1993) Guidelines for life-cycle assessment. A code of
practice. Brussels: SETAC.

Solomon, S., Garcia, R. R., Rowland, F. S. and Wuebbles, D. J. (1986) 'On the depletion of Antarctic ozone', Nature,
321(6072), pp. 755-758.

Sonneman, G., Vigon, B., Baitz, M., Frischknecht, R., Krinke, S., Suppen, N., Weidema, B. and Wolf, M.-A. (2011) 'The
context for global guidance principles for life cycle inventories', in Sonnemann, G. and Vigon, B. (eds.),
Global guidance principles for life cycle assessment databases. A basis for greener processes and
products. ‘Shonan guidance principles’. Nairobi: United Nations Environment Programme (UNEP), pp. 41-
52.

Sonnemann, G., Vigon, B. and (eds.), (2011) Global guidance principles for life cycle assessment databases. A basis
for greener processes adnd products. ‘Shonan guidance principles’. Nairobi: UNEP.

Stajanca, M., Porhincak, M., Estokova, A. and Kapalo, P. (2012) 'The environmental based selection of building
materials in office building', Chemical engineering transactions, 29, pp. 559-564.

Steger, U. (1996) 'Managerial issues in closing the loop', Business Strategy and the Environment 5(4), pp. 252-268.

Suh, S. and Yang, Y. (2014) 'On the uncanny capabilities of consequential LCA', International Journal of Life Cycle
Assessment, 19(6), pp. 1179-1184.

Sun, C., Shu, S., Ding, G., Zhang, X. and Hu, X. (2013) 'Investigation of time lags and decrement factors for different
building outside temperatures', Energy and Buildings, 61, pp. 1-7.

Tae Hyoung, K. and Chang, U. C. (2016) 'Environmental Impact Analysis of Acidification and Eutrophication Due to
Emissions from the Production of Concrete', Sustainability, 8(6), pp. 578-590.

Taylor, J., Davies, M., Mavrogianni, A., Shrubsole., C, Hamilton, I., Das, P., Jones, B., Oikonomou, E., and Biddulph, P
(2016) 'Mapping indoor overheating and air pollution risk modification across Great Britain: A modelling
study', Building and Environment, 99, pp. 1-12.

Taylor, A., Dessai, S., and Bruine de Bruin, W. (2017) 'Public priorities and expectations of climate change impacts in
the United Kingdom', Journal of Risk Research [published online].

Teo, M. M. M. and Loosemore, M. (2001) 'A theory of waste behaviour in the construction industry', Construction
Management and Economics, 19(7), pp. 741-751.

Tham, Y. and Muneer, T. (2011) 'Sol-air temperature and daylight illuminance profiles for the UKCP09 data sets',
Building and Environment, 46(6), pp. 1243-1250.

74



References

Tham, Y., Muneer, T., Levermore, G. J. and Chow, D. (2011) 'An examination of UKCIP02 and UKCPQ9 solar radiation
data sets for the UK climate related to their use in building design', Building Services Engineering Research
and Technology, 32(3), pp. 207-228.

Thomas, D.S.G, Twyman, C., Osbahr, H. and Hewitson, B. (2007) 'Adaptation to climate change and variability:
farmer responses to intra-seasonal precipitation trends in South Africa’, Climatic Change 83, pp. 310-322.

Tillson, A., Oreszczyn, T., and Palmer, J. (2013) 'Assessing impacts of summertime overheating: some adaptation
strategies', Building Research and Information, 41(6), pp. 652-661.

Timbertrends (2013) Structural Timber Association: Market report 2012. Available at:
http://timbersystems.stewartmilne.com/media/122624/Market_Report_by Timbertrends.pdf [Accessed:
21 January 2016].

Tiwari, P. (2001) 'Energy efficiency and building construction in India', Building and Environment, 36(10), pp. 1127-
1135.

Treloar, G. J. (1994) Embodied energy analysis of the construction of office buildings. Thesis (March). Deakin
University.

Trigui, A., Karkri, M., Boudaya, C., Candau, Y. and lbos, L. (2013) 'Development and characterization of composite
phase change material: Thermal conductivity and latent heat thermal energy storage', Composites Part B,
49(June), pp. 22-35.

Tsilingiris, P. T. (2002) 'Technical note: On the transient thermal behaviour of structural walls — the combined effect
of time varying solar radiation and ambient temperature', Renewable Energy, 27(2), pp. 319-336.

Tuckett, R. P. (2009) 'The role of atmospheric gases in global warming', in Letcher, T.M. (ed.), Climate change:
observed impacts on planet Earth. Amsterdam: Elsevier.

Udo de Haes, H. A. (2006) 'Life-Cycle Assessment and the Use of Broad Indicators', Journal of Industrial Ecology,
10(3), pp. 5-7.

UK Commission for Employment and Skills (UKCES) (2013) Technology and skills in the construction
industry. Report number: 74. Rotherham: UKCES.

Ulgen, K. (2002) 'Experimental and theoretical investigation of effects of wall’s thermophysical properties on time
lag and decrement factor', Energy and Buildings, 34(3), pp. 273-278.

Underwood, A. J. (1997) Experiments in ecology. Their logical design and interpretation using analysis of variance.
Cambridge: Cambridge University Press.

Underwriters Laboratories (UL) (2010) The sins of greenwashing. Available at:
http://sinsofgreenwashing.com/findings/greenwashing-report-2010 [Accessed: 15 January 2017].

United Nations Framework Convention on Climate Change (UNFCC) (1995) Global Warming Potentials. Available at:
http://unfccc.int/ghg_data/items/3825.php

United Nations Framework Convention on Climate Change (UNFCC) (1997) Kyoto protocol to the United Nations
framework convention on climate change. Kyoto: UNFCC.

United Nations Economic Commission for Europe (UNECE) (1999) The Gothenburg protocol to abate acidification,
eutrophication and ground-level ozone. Gothenburg: UNECE.

United Nations Economic Commission for Europe (UNECE) (1991) The convention on environmental impact
assessment in a transboundary context. Geneva: UNECE.

United Nations Environment Programme (UNEP) (1987) The 1987 Montreal protocol on substances that deplete the
ozone layer. Montreal: UNEP.

United Nations Environment Programme (UNEP) and Society of Environmental Toxicology and Chemistry (SETAC)
(2005) Life cycle approaches. The road from analysis to practice. Nairobi: UNEP

75



References

United Nations Environment Programme (UNEP) and Society of Environmental Toxicology and Chemistry (SETAC)
(UNEP) (2016) What is life cycle thinking?. Available at: http://www.lifecycleinitiative.org/starting-life-
cycle-thinking/what-is-life-cycle-thinking [Accessed: 15 January 2017].

United Nation Environment Programme (UNEP) (2016) Handbook for the Montreal protocol on substances that
deplete the ozone layer. 10th ed. Nairobi: UNEP.

United Nations Framework Convention on Climate Change (UNFCC) (2015) Paris agreement. Paris: UNFCC.

University of California, Museum of Palaeontology, Berkeleyand the Regents of the University of California (2007)
An undeniable problem in Antarctica. Available at:
http://undsci.berkeley.edu/article/0_0_0/ozone_depletion_09 [Accessed: 23 January 2017].

University Corporation for Atmospheric Research (UCAR) (2017) Stratospheric ozone, the protector. Available at:
https://www.ucar.edu/learn/1_6_1.htm [Accessed: 15 January 2017].

van QOers, L. and Guinée, J. (2016) 'The abiotic depletion potential: background, updatesand future', Resources, 5(1),
pp. 16-21.

van Qers, L., de Koning, A., Guinée, J. B. and Huppes, G. (2002) Abiotic resource depletion in LCA. Delft: Road and
Hydraulic Engineering Institute of the Directorate General of Public Works and Water Management

van Zelm, R., Roy, O. P., Hauschild, M. Z. and Huijbregts, M. A. J. (2015) 'Acidification’, in Hauschild, M.Z. and
Huijbregts, M.A.J. (eds.), Life cycle impact assessment. Dordrecht: Springer.

Vezzoli, C. and Manzini, E. (2008) Design for environmental sustainability. London: Springer London.

Vogtlander, J., Velden, N. and Lugt, P. (2014) 'Carbon sequestration in LCA, a proposal for a new approach based on
the global carbon cycle; cases on wood and on bamboo', International Journal of Life Cycle Assessment,
19(1), pp. 13-23.

von der Assen, N., Lampe, M., Miiller, L. and Bardow, A. (2015) 'Life-Cycle Assessment Principles for the Integrated
Product and Process Design of Polymers from CO2', Computer Aided Chemical Engineering, 37, pp. 1235-
1240.

Waste and Resources Action Programme (WRAP) (2007) Current practices and future potential in modern methods
of construction. Report number WAS003-001. Available at:
http://www.wrap.org.uk/sites/files/wrap/Modern%20Methods%200f%20Construction%20-
%20Summmary.pdf [Accessed: 25 September 2016].

Waste and Resources Action Programme (WRAP) (2008) Waste minimisation through offsite timber frame
construction. Report number WAS003-003. Available at:
http://www.wrap.org.uk/sites/files/wrap/Timber%20Frame%20-%20Full%20case%20study.pdf [Accessed:
25 September 2016].

Waste and Resources Action Programme (WRAP) (2009) Benefits of off site manufacture : Jocelyn Park, Somerset.
Available at: http://www.wrap.org.uk/sites/files/wrap/APS%20-%20FINAL.pdf [Accessed: 25 September
2016].

Waste and Resources Action Programme (WRAP) (2010) The true cost of waste: an online tool to help reduce waste
from the construction sector. Banbury: WRAP.

Waste (Scotland) Regulations (2012), SSI 2012/148

Weidema, B. P. and Wesnaes, M. S. (1996) 'Data quality management for life cycle inventories—an example of using
data quality indicators', Journal of Cleaner Production, 4(3), pp. 167-174.

Welsh School of Architecture (2008) Construction waste minimisation in housing. Available at:
http://www.cardiff.ac.uk/archi/research/cost8/case/waste/constructionwaste.html [Accessed: 21

December 2016].

Westkamper, E., Alting and Arndt (2000) 'Life cycle management and assessment: approaches and visions towards
sustainable manufacturing (keynote paper)', CIRP Annals - Manufacturing Technology, 49(2), pp. 501-526.

76



References

Whitehead, B. andrews, D. and Shah, A. (2015) 'The life cycle assessment of a UK data centre', International Journal
of Life Cycle Assessment, 20(3), pp. 332-349.

Williams, I.D. and Turner, D. (2011) 'Waste management practices in the small-scale construction
industry’, in Cossu, R., He, p., Kjeldsen, P., Matsufuji, Y., Reinhart, D. and Stegmann, R. (eds.), Sardinia

2011 thirteenth international waste management and landfill symposium proceedings. Padua: Cisa.

Wilson, J. B. (2010) 'Life-cycle inventory of formaldehyde-based resins used in wood composites in terms of
resources, emissions, energy and carbon', Wood And Fiber Science, 42, pp. 125-143.

Wilson, R. and Young, A. (1996) 'The embodied energy payback period of photovoltaic installations applied to
buildings in the U.K', Building and Environment, 31(4), pp. 299-305.

Winiwarter, W. and Muik, B. (2010) 'Statistical dependence in input data of national greenhouse gas inventories:
effects on the overall inventory uncertainty', Climatic Change, 103(1-2), pp. 19-36.

World Business Council for Sustainable Development and World Resources Institute (2013) The greenhouse gas
protocol. Revised edition. Geneva: World Business Council for Sustainable Development. Available at:
http://www.ghgprotocol.org/standards/corporate-standard [Accessed: 18 November 2016].

World Meteorological Organization (WMO) (2006) Scientific assessment of ozone depletion. Geneva: WMO.

World Meteorological Organization (WMO) (2014) The assessment for decision makers (ADM) of the scientific
assessment of ozone depletion: 2014. Geneva: WMO.

World Meteorological Organization (WMO) (2016) WMO Greenhouse Bulletin. The state of greenhouse gases in the
atmosphere based on global observation through 2015. Geneva: WMO.

Wood for Good (2013a) Environmental product declaration — Galvanised steel sheet. Aberdeen: Wood for Good.

Wood for Good (2013b) Environmental product declaration — Cross-laminated timber. Aberdeen: Wood for Good.

Zabalza Bribian, 1., Valero Capilla, A. and Aranda Uson, A. (2011) 'Life cycle assessment of building materials:
Comparative analysis of energy and environmental impacts and evaluation of the eco-efficiency

improvement potential', Building and Environment, 46(5), pp. 1133-1140.

Zackrisson, M., Rocha, C., Christiansen, K. and Jarnehammar, A. (2008) 'Stepwise environmental product
declarations: ten SME case studies', Journal of Cleaner Production, 16(17), pp. 1872-1886.

Zero Carbon Hub (2015) Overheating in homes: the big picture. Full report. London: Zero Carbon Hub.

Zhang, Y., Zhou, G, Lin, K., Zhang, Q. and Di, H. (2007) 'Application of latent heat thermal energy storage in
buildings: State-of-the-art and outlook', Building and Environment, 42(6), pp. 2197-2209.

Zhang, Y., Chen, Q., Zhang, Y. and Wang, X. (2013) 'Exploring buildings’ secrets: The ideal thermophysical properties
of a building’s wall for energy conservation', International Journal of Heat and Mass Transfer, 65, pp. 265-
273.

Zhou, J., Yang, Y. and Xu, H. (2011a) 'Performance of shape-stabilized phase change material wallboard with
periodical outside heat flux waves', Applied Energy, 88(6), pp. 2113-2121.

Zhou, J., Zhang, G., Lin, Y. and Li, Y. (2008) 'Coupling of thermal mass and natural ventilation in buildings', Energy

and Buildings, 40(6), pp. 979-986.

Zhou, J., Zhang, G., Lin, Y. and Wang, H. (2011b) 'A new virtual sphere method for estimating the role of thermal mass

in natural ventilated buildings', Energy and Buildings, 43(1), pp.75-81.

77



Appendix A

Appendices

A List of publications by the author
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Quenneville, P. (ed.), World Conference on Timber Engineering — WTCE 2012. Red
Hook, NY: Curran Associates, pp. 368-377.
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Smith, S., Hairstans, R., MacDonald, R. and Sanna, F. (2013) Strategic review of the offsite
construction sector in Scotland. Edinburgh: Scottish Government.

ISBN: 9781782561712

Smith, S., Hairstans, R., MacDonald, R. and Sanna, F. (2013) A strategic review of the
offsite construction sector in Scotland. Summary report. Edinburgh: Scottish
Government.

ISBN: 9781782563945
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B Glossary of life-cycle assessment

Commonly-used terms relating to LCA studies are presented in this appendix.

Acidification: “deposition of airborne acids on lakes, (bare) soil, trees (leaves, roots, etc.)

and other vegetation” (Klopffer and Grahl, 2014, p. 73).

Allocation: “partitioning the input or output flows of a process or a product system
between the product system under study and one or more other product systems” (BSI,

200643, § 3.17).

Attributional LCA: “attributional modelling depicts the system as it can be
observed/measured, linking the single processes within the technosphere along the

flow of matter, energy, and services” (JRC and IES, 2010, p. 158).
Burden shift: see Trade-off.

Carbon sequestration: natural process whereby wood-based products are considered

to contain a storage of CO,.

Characterisation: “the calculation of indicator results”, which “involves the conversion
of LCI results to common units and the aggregation of the converted results within the

same impact category” (BSI, 2006b, § 4.4.2.4).

Characterisation factor: “factor derived from a characterization model which is applied
to convert an assigned life cycle inventory analysis result to the common unit of the

category indicator” (BSI, 2006a, § 3.37).

Classification: “assignment of LCl results to the selected impact categories” (BSI, 2006b,

§4.4.2.3).

Climate change: “climate change is defined here as the impact of human emissions
on the radiative forcing (i.e., heat radiation absorption) of the atmosphere” (Guinée,

2002, p. 59)
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CML method: impact assessment tool from the University of Leiden’s Institute of
Environmental Science (Centrum voor Milieuwetenschappen or CML). This is the

preferred method for EPDs.

Consequential LCA: “the ‘consequential’ LCI modelling framework aims at identifying
the consequences of adecision in the foreground system on other processes and
systems of the economy and builds the to-be-analysed system around these

consequences” (JRC and IES, 2010, p. 164).

Cradle-to-gate EPD: EPD that only covers the product stage (information modules A1-

A3), until a product is ready to leave a factory (BSI, 2014a).

Cradle-to-site EPD: EPD that covers the product and the transport to the construction

site (information modules A1-A4), (BSI, 2014a).

Cradle-to-grave EPD: “EPD covering all life-cycle stages” (BSI, 2014a, § 6.2.1).

Declared unit: “quantity of a construction product for use as a reference unit in an EPD
for an environmental declaration based on one or more information modules” (BSI,

2014a, § 3.8).

Endpoint impact category: “attribute or aspect of natural environment, human health,
or resources, identifying an environmental issue giving cause for concern” (BSI, 20063,

§ 3.36).

Eutrophication: “excessively-high environmental levels of macronutrients, the most

important of which are nitrogen (N) and phosphorus (P)” (Guinée, 2002, p. 66).

Eutrophication potential (EP): “eutrophying emission to air, water and soil (in kg POa

equivalents/kg emission)” (Guinée, 2002, p. 66).

Global-warming potential (GWP), see also Climate change: “global-warming potential
for a 100-year time horizon (GWP1g0) for each greenhouse gas emission to the air

(in kg carbon dioxide equivalent/kg emission” (Guinée, 2002, p. 60).

Goal: “the goal of an LCA states the intended application, the reasons for carrying out
the study, the intended audience, i.e., to whom the results of the study are intended to
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be communicated, and whether the results are intended to be used in comparative

assertions intended to be disclosed to the public” (BSI, 2006a, § 5.2.1.1).

Grouping: “assignment of impact categories into one or more sets as predefined in the
goal and scope definition”, which “may involve sorting and/or ranking” (BSI, 2006b, §

4.4.3.3).

Environmental product declaration (EPD), also known as type-lll environmental
declaration: “environmental declaration providing quantified environmental data using
predetermined parameters and, where relevant, additional environmental information”

(BSI, 20144, § 3.32).

Functional unit: “quantified performance of a product system for use as a reference

unit” (BSI, 2006a, § 3.20).

Impact category: “class representing environmental issues of concern to which life cycle

inventory analysis results may be assigned” (BSI, 20064, § 3.39).

Information module: “compilation of data to be used as a basis for a Type-lll
environmental declaration covering a unit process or a combination of unit processes

that are part of the life cycle of a product” (BSI, 201443, § 3.8).

Interpretation: “phase of life cycle assessment in which the findings of either the
inventory analysis or the impact assessment, or both, are evaluated in relation to the
defined goal and scope in order to reach conclusions and recommendations” (BSI,

20063, § 3.5).

Life-cycle assessment (LCA): “compilation and evaluation of the inputs, outputs and the
potential environmental impacts of a product system throughout its life cycle” (BSI,

200643, § 3.2).

Life-cycle impact assessment (LCIA): “phase of life cycle assessment aimed at
understanding and evaluating the magnitude and significance of the potential
environmental impacts for a product system throughout the life cycle of the product”

(BSI, 20064, § 3.4).
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Life-cycle inventory (LCI): “phase of life cycle assessment involving the compilation and
quantification of inputs and outputs for a product throughout its life cycle” (BSI, 200643,
§3.3).

Normalization: “the calculation of the magnitude of the category indicator results

relative to some reference information” (BSI, 2006b, § 4.4.3.2.1).

Ozone depletion: “thinning of the stratospheric ozone layer as a result of anthropogenic

emissions” (Guinée, 2002, p. 60).

Ozone-depletion potential (ODP): “ozone depletion potential in the steady state (ODP
steady state) for each emission to the air (in kg CFC-11 equivalent/kg emission)”

(Guinée, 2002, p. 60).

Photochemical ozone creation: “formation of reactive chemical compounds such as

ozone by the action of sunlight on certain primary air pollutants” (Guinée, 2002, p. 65).

Photochemical-ozone-creation potential (POCP): potential of photochemical creation
of ozone in the troposphere, “for each emission of VOC or CO to the air (in kg ethylene

equivalents/kg emission” (Guinée, 2002, p. 66).

Product system: “collection of unit processes with elementary and product flows,

performing one or more defined functions”, “which models the life cycle of a product”

(BSI, 200643, § 3.28).

Product category rules (PCR): “set of specific rules, requirements and guidelines for
developing Type-lll environmental declarations for one or more product categories”

(BSI, 2014a, § 3.20).

Programme operator: “body or bodies that conduct a Type-lll environmental

declaration programme” (BSI, 2014a, § 3.22).

Scope: aspect of an LCA that “includes the following items: the product system to be
studied; the functions of the product system or, in the case of comparative studies, the
systems; the functional unit; the system boundary; allocation procedures; impact

categories selected and methodology of impact assessment, and subsequent
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interpretation to be used; data requirements; assumptions; limitations; initial data
quality requirements; type of critical review, if any; type and format of the report

required for the study” (BSI, 2006a, § 5.2.1.2).

Sensitivity analysis: “systematic procedures for estimating the effects of the choices

made regarding methods and data on the outcome of a study” (BSI, 2006a, § 3.31).

System boundary: “set of criteria specifying which unit processes are part of a product

system” (BSI, 20064, § 3.32).

Time horizon: “period of validity of the calculation [of emissions]” (KI6pffer and Grahl,

2014, p. 236).

Trade-off: situation in which the results of an LCA suggest that the product system
analysed offers disadvantages in terms of contribution to an environmental impact that

are offset by some benefits (e.g., in terms of other environmental aspects).

Type-Ill environmental label: see Environmental product declaration (EPD).

Uncertainty analysis: “systematic procedure to quantify the uncertainty introduced in
the results of a life-cycle inventory analysis due to the cumulative effects of model

imprecision, input uncertainty and data variability” (BSI, 2006a, § 3.33).

Weighting: “the process of converting indicator results of different impact categories by

using numerical factors based on value-choices” (BSI, 2006b, § 4.4.3.4.1).
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C Environmental improvements for concrete- and timber-based
building products

The following figures give a schematic representation of new developments and

strategies to improve the environmental performance of concrete and timber-based

materials. These improvements are discussed in CHAPTER 3.
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Figure C.1 Strategies that can be adopted to improve the environmental impacts associated with the
manufacture of concrete products.
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T~
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furfuryl alcohel

borate compeounds

FIGURE C.2 Strategies that can be adopted to improve the environmental impacts associated with the

manufacture of timber products.
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D Maximum U-values allowed (Scottish Building Regulations)

The following tables offer a summary of Scottish Building Regulations in relation to U-
values. These regulations have informed the design of the notional buildings, as
discussed in CHAPTER 4.

TABLE D.1 Maximum U-values allowed by the Scottish Building Regulations 2013. Source: Table 6.3 of the Technical
Handbook — Domestic, version 2013.

Wall [1] 0.25 0.70

Floor [1] 0.20 0.70
Roof 0.18 0.35
Windows, doors and 1.8 3.3
rooflights

Additional information

1. Excluding separating walls and separating floors between heated areas where
thermal transmittance need not be assessed, provided measures to limit heat
loss arising from air movement within the cavity separating wall (see below).

TABLE D.2 Maximum U-values allowed by the Scottish Building Regulations 2016. Source: Table 6.3 of the
Technical Handbook — Domestic, version 2016.

‘Wall [1] 022 0.70

Floor [1] 0.18 0.70
Roof 015 0.35
'Windows, doors and 16 33
rooflights ‘

Cavity separating wall 02

Notes:

1. Excluding separating walls and separating floors between heated areas where thermal
transmittance need not be assessed, beyond measures to limit heat loss arising from air
movement within any cavity separating wall.
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E Pre-sizing of foundations (notional buildings)

Appendix E

Example of a table used to pre-size the foundations of the notional buildings, in order to

estimate the quantity of the concrete constituents to be considered in the LCA.

TABLE E.1 Determination of the uniformly-distributed load (UDL) acting on Building A’s foundation footing.

LOAD LOAD LOAD TYPE LOAD UNIT WIDTH/LENGTH |COMMENTS RESULTING LOAD UNIT
VARIATION IN CLASSIFICATION MAGNITUDE of INFLUENCE
TIME AREA (m)
permanent construction roof weight 0.69 kN/mz 2.23 1.54 kN/m
works
permanent construction interm. floor 0.33 kN/mz 1.43 0.47 kN/m
works weight
permanent construction ext. wall weight |12.73 kN/m n.a. 12.73 kN/m
works
permanent construction ground floor 0.35 kN/m? 1.43 0.50 kN/m
works weight
permanent construction foundation wall |5.55 kN/m n.a. 5.55 kN/m
works
variable imposed loads |load on ground |2.00 kN/m? 1.43 2.85 kN/m
floor
variable imposed loads |load on iterm. ]2.00 kN/mZ 1.43 2.85 kN/m
floor
variable imposed loads |load on roof 1.00 kN/m? 1.43 1.43 kN/m
variable snow load snow load on  [0.50 kN/m? 1.43 neglected (not ]0.00 kN/m
roof combined with
load on roof)
total load on footing 27.91 kN/m
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F Constructional details (notional buildings)

Constructional details of the buildings analysed under the LCA study (the description of
the notional buildings can be found in CHAPTER 4 and the results of the LCA study can be

found in CHAPTER 5).

F.1 Foundations
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FIGURE F.1 Foundation A (heavy-weight external cladding), vertical section.
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F.2 Walls

F.2.1 External walls
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FIGURE F.5 Wall A (traditional, open-panel timber frame), horizontal section.
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FIGURE F.6 Wall B1 (closed-panel timber frame, external solution: render on blockwork), horizontal section.
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FIGURE F.7 Wall B2 (closed-panel timber frame, external solution: render on boards), horizontal section.
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FIGURE F.8 Wall C1 (structural insulated panels (SIPs), external solution: render on blockwork), horizontal

section.
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FIGURE F.9 Wall C2 (structural insulated panels (SIPs), external solution: render on boards), horizontal

section.
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FIGURE F.10 Wall D1 (cross-laminated timber (CLT), external solution: render on boards), horizontal section.
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FIGURE F.11 Wall D2 (cross-laminated timber (CLT), external solution: timber cladding), horizontal section.
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FIGURE F.12 Wall E1 (nail-laminated timber (NLT), external solution: render on boards), horizontal section.
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FIGURE F.13 Wall E2 (nail-laminated timber (NLT), external solution: timber cladding), horizontal section.
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F.2.2 Internal walls

F.2.2.1 Party walls
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FIGURE F.15 Party wall A (traditional, open-panel timber frame), horizontal section.
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FIGURE F.18 Party wall D (cross-laminated timber (CLT)), horizontal section.
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F.2.2.2 Partition walls
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FIGURE F.19 Partition wall E (nail-laminated timber), horizontal section.
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FIGURE F.20 Partition wall F (load-bearing masonry), horizontal section.
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F.3 Floors

F.3.1 Ground floors
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FIGURE F.21 Ground floor TF (timbre frame), cross-section.
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FIGURE F.22 Ground floor B (timber frame, cassetted floor), cross-section.
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FIGURE F.23 Ground floor D1 (ground-supported concrete floor), cross-section.
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cross-laminated-timber panels  (34+22+34 mm = 90 mm)

FIGURE F.24 Ground floor D2 (suspended, cross-laminated timber (CLT) floor), cross-section.
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315 mm

floorlng (= 10 mm)

t&g cﬁipbmard deck (15 mm)

service cavlly (50 mm)

softwood battens at 400 mm centres (50 x 50 mm)

vapour-control layer (0.7 mm)

rlgld, wood-flbre Insulating boards (120 mm)

OSB sheathing layer (11 mm)

nail-laminated-timber panels (120 mm)

0 005 g4

FIGURE F.25 Ground floor E (suspended, nail-laminated timber (NLT) floor), cross-section

F.3.2 Intermediate floors

flooring (= 10 mm)

1&g chipboard deck (15 mm)

solld timber jolst (240 x 50 mm)

acoustle, mineral-wool Insulant (50 mm)

plasterboard (12.5 mm)

0 o 0.2 03 0.4

FIGURE F.26 Intermediate floor TF (timber frame, constructed in situ), cross-section
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flooring (= 10 mm)

t&g chlpboard deck (15 mm)

softwood battens (50x50 mm)

service cavlty (50 mm)

0SB sheathlng (15 mm)

acoustic, mineral-wool insulant

(56 mm)

solld timber jolst (300 x 50 mm)

gypsum plasterboard (9 mm)

FIGURE F.27 Intermediate floor B (timber frame, cassetted floor), cross-section.

flooring (= 10 mm)

cement screed (70 mm)

separating layer (0.2 mm)

cross-laminated-timber panels

(34+22+34 mm = 90 mm)
timber battens at 400 mm centres (50 x 50 mm)

acoustic, mineral-wool insulant

(50 mm)
plasterboard (12.5 mm)

¢ 9% 01 02

FIGURE F.28 Intermediate floor D1 (cross-laminated timber (CLT) with cement screed), cross-section.
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flooring (= 10 mm})

t&g cHIpboard deck (15mm)

service cavlty (15 mm)

timber battens at 400 mm centres (50 x 50 mm)

(34+22+34 mm = §0 mm)

cross-laminated-timber panels

timber battens at 400 mm centres ({50 x 50 mm)
& acoustic, minera-wool insulant (50 mm)

plasterboard (12.5 mm)

0.3 0.4 0.5m

FIGURE F.29 Intermediate floor D2 (cross-laminated timber (CLT) without cement screed), cross-section.

flooring (= 10 mm)

&g chipboard deck (15 mm)

service cavity (50 mm)

softwood battens at 400 mm centres (50 x 50 mm)

0SB sheathing layer (11 mm)
nail-laminated-timber panel (120 mm)
(50 mm)

mineralwool, acoustlc Insulant

plasterboard  (72.5 mm)

0 0% g1 0.2

FIGURE F.30 Intermediate floor E (nail-laminated timber), cross-section.
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F.4 Roofs

outside
=T T =T
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£
oy Y WV VVVVVVVIVVEVY I VYV E
Vinmasananasmsasasg\[amaasosman i
. f e
Ki\v\ o \rarsananmsasmansd [\ [aamasssd
| ey ) ity
Inside
Interlocking, concrete tles
(18 mm)

softwoed tlling battens & ventllated cavity
(25 mm)

oftwood tling counterbattens & ventliated cavity
(25 mm)

breathable rocfing underiay
(0.1 mm)

flgld, polyurethane boards (40 mm)

0SB sarking
(12 mmj

glass-wool Insulation (200 mm)

trussed rafters

(200 mm)
polythene WCL
(0.1 mm)

gypsum plasterooard
(15 mm)

0901 02 03 04 08m

FIGURE F.31 Roof TF (trussed rafters), cross-section.

outslde

533335,

334 mm

Inslde

Interlocking, concrete tlles
(18 mm)

softwood lling battens & vent|lated cavity
(25 mm)

softwood tlling counterbattens & ventllated cavity
(25 mm)

breathable roofing underlay
(0.1 rmm)

0SB shealng
(15 mm)

glass-wool Insulant (30 mm)

solld rafters
(30 mm)

palythene VCL
0.1 mm)

0SB layer
(@ mm)

FIGURE F.32 Roof B (pre-fabricated and pre-insulated cassettes), cross-section.
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outslde
=1 — —d v E
s e o
\ﬁy s «?ﬁ»\mm&m% bef 32%@ )

/ Inslde

Interlocking, concrete tles
(18 mm)

softwood tlling battens & ventlialed cavlty

(25 mm)

softwaod tlling counterbattens & ventllated cavlty
(25 mm)

breathable rooflng underlay
(0.4 mim)

addldonal polyurethane Insulation
(25 mim)

structural Insulated panel, OSB (8 mm) + polyurethane foam (200 mm})
+ 0SB (3 mm)

tot. 216 mm)

spruce, structural spline (with siffening function)

(200 rm)

gypsum plasterboard
(15 mm)

04 0sm

FIGURE F.33 Roof C (structural insulated panels (SIPs)), cross-section

outside

3 = 3\‘11 T T, >
4 L B, AL A
| | [ | | [ [ | 1 {
| | [ | | | [ | [
|

375 mm

1M
I8!

/ Inside

Interlocklng, concrate tles
{18 mm)

saftwood lling battens & vantllatad cavity
{25 mm)
softwood {lling counterbattens & venllated cavity

{25 mm)

breathable rooflng underkay
(0.1 mm)

flgld, PUR Insulatlng boards

(145 mm)

spruce, cross<aminated=timber panels
{34+13+34+18+34 =140 mm)

plastsrboard
(15 mm)

FIGURE F.34 Roof D (cross-laminated timber(CLT)), cross-section.
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outside

> &X
477 mm

Inslde

Interlocking, concrete tles

(18 mm)

softwood tlling batiens & ventllated cavity
5 mm)

(2
softwood tlllng countarbattens & ventllated cavity

(25 mm)
breathable roofing underlay
(0.1 mm)
rlgld, wood-flbre Insulating boards

(220 mm)

pelythene VCL
(0.1 mm)

08B sheatng
(11 mm)
nall-laminated-timber panels (spruce)

(160 mm)

plasterboard
(15 mm)

0 %804 02

FIGURE F.35 Roof E (nail-laminated timber (NLT)), cross-section.

114



Appendix G

G Inventory of building components (notional buildings)

The following tables provide details of the components used for the notional buildings,

based on information gathered from the Environmental Product Declarations (EPDs)

used in the LCA study (CHAPTER 5).

TABLE G.1 Inventory of building components.
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TABLE G.2 Inventory of building components.
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TABLE G.3 Inventory of building components.
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TABLE G.4 Inventory of building components.
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TABLE G.5 Inventory of building components.
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TABLE G.6 Inventory of building components.
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TABLE G.7 Inventory of building components.
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TABLE G.8 Inventory of building components.
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H Bills of quantities (notional buildings)

Appendix H

The bills of quantities for the notional buildings (except for building A, whose bill of

quantities is presented in CHAPTER 4) are offered below. The quantities of building

materials per m2gea (the functional unit for the LCA study) form the basis for the

calculation of the environmental scores, as discussed in CHAPTER 5.

TABLE H.1 Bill of quantities for building B1.

building material scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
(baseline, zero
category item lower bound middle value upper bound lower bound middle value upper bound
absolute absolute [relative  |[absolute [relative  |absolute |relative  [absolute |relative  [absolute |relative
value difference  |value difference  |value difference  [value difference  [value difference  [value difference
[a] [a] [b] [b]
kg /m’cea kg /mcea ke /m’cen |% kg /m’cen |% ke /m’cen |% kg /m’cea |% ke /m’cen
wood- softwood components (excl. 51.37| 52.07 1%| 52.39 2%| 52.70 3% 52.07 1%| 52.39 2%| 52.70 3%
based cladding)
softwood cladding / / / / / / /| / / / /| / /
CLT panels /| / / / / / /| / / / /| / /
OSB-3 sheathing 38.35 39.11 2% 39.30] 2% 39.50 3% 39.11 2% 39.30 2% 39.50 3%
chipboard decking 14.85 15.14 2% 15.22 3% 15.29 3% 15.96 8% 16.33 10% 16.70 13%
wood-fibre thermal insul. Vi /| / / /| /| / / /| /| / / /|
minerals  |cement & lime blocklaying or 27.02| 28.78 6%| 29.05 8%| 29.32 9%| 2893 7%| 29.05 8%| 29.32 9%
screed mortar
cement & lime rendering 30.48| 32.46 7%| 32.77 8%| 33.07 9%| 32.46 7%| 3277 8%| 33.07 9%
mortar
cement board / / / / / / / / / / / / /
Portland cement (for 22.27) 23.72 7%| 23.94 8%| 24.16 9%| 23.45 5%| 23.67 6%| 23.90, 7%
concrete)
aggregrate 149.68| 155.67 4%| 157.16 5%| 158.66 6%| 155.67 4%| 157.16 5%| 158.66 6%
HD concrete blocks 156.52| 162.78 4%| 164.35 5%| 165.91 6%| 162.78 4%| 164.35 5%| 165.91 6%
MD concrete blocks 136.69| 142.16 4%| 143.53 5%| 144.90 6%| 142.16 4%| 143.53 5%| 144.90, 6%
concrete roof tiles 24.00] 25.92 8%| 26.40, 10%| 26.88 12%| 25.92 8%| 26.40 10%| 26.88 12%)|
ceramic wall/floor tiles 37.17| 40.15 8%| 40.89 10% 41.64 12%| 40.15 8% 40.89 10%| 41.64 12%)|
gypsum plasterboard 48.79] 50.49 4%| 51.23 5%| 51.96 6%| 50.49 4%| 51.23 5% 51.96 6%)
glass-fibre acoustic insul. 1.05 1.06 1% 1.07 1% 1.07 2% 1.06) 1% 1.07 1% 1.15 9%
glass-fibre thermal insul. 8.76| 8.85 1% 8.89 1% 8.93 2% 8.85 1% 8.89 1% 9.59 9%
metals galvanised steel 4.61 4.80 4% 4.84] 5% 4.89 6% 4.80 4% 4.84 5% 4.89 6%
plastics PP & HDPE breather 0.22 0.23 4% 0.23 5% 0.24 6% 0.23 4% 0.23 5% 0.24 6%
membrane
LDPE vapour barrier 0.31 0.33 4% 0.33 5% 0.33 6% 0.33 4% 0.33 5% 0.33 6%
LDPE damp-proof course 0.28 0.30 7% 0.30 8% 0.31 10% 0.30] 7% 0.30 8% 031 10%)
LDPE damp-proof membrane 0.10 0.11 7% 0.11 8% 0.11 10% 0.11 7% 0.11 8% 0.11 10%|
PVC flooring 1.49 1.55 4% 1.56 5% 1.58 6% 1.55 4% 1.56 5% 1.58 6%
PUR insulation / / / / / / / / / / / / /
hybrid undercoat paint 1.38 1.44 4% 1.45 5% 1.46 6% 1.44] 4% 1.45 5% 1.46) 6%)
internal paint 0.99] 1.03 4% 1.04 5% 1.05 6% 1.03 4% 1.07 9% 112 14%)
external paint 0.42 0.44 4% 0.45 5% 0.45 6% 0.44] 4% 0.45 5% 0.45 6%
carpet flooring 1.08 112 4% 1.14 5% 1.15 6% 112 4% 1.14 5% 1.15 6%
Notes
a difference relative to scenario 1 (baseline), calculated as: Quantitysceny — Quantitysceny
Quantitysceny
b difference relative to scenario 1 (baseline), calculated as: Quantitygcenz — Quantityscent
Quantityscen;
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TABLE H.2 Bill of quantities for building B2.

building material scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
zero
category item lower bound middle value upper bound lower bound middle value upper bound
absolute [relative  [absolute  [relative  [absolute [relative |absolute |relative  [absolute |relative [absolute |relative
value difference  |value difference  [value difference  [value difference  [value difference  [value difference
[a] [a] [a] [b] [b] [b]
kg /m’cea kg /m’ea |% kg /m’ e |% kg /m’Gea |% kg /m’ges % kg /m’ea |% kg /m’ ey %
'wood- softwood components (excl. 51.75 52.66 2% 53.04 2% 53.41 3% 52.66) 2% 53.04 2% 53.41 3%
based cladding)
softwood cladding /i /| / / /I / / / /| /| / / /|
CLT panels /| / / / /| / / / /| / /| / /
0SB-3 sheathing 37.75| 38.51 2%| 38.70, 2%| 38.89 3%| 3851 2%| 38.70 2%| 38.89 3%
chipboard decking 14.85] 15.96 8%| 16.33 10%| 16.70 13%| 15.96 8%| 16.33 10%| 16.70 13%)
wood-fibre thermal insul. /| /| / / /| /| / / /| /| / / /|
I & lime blocklaying or 9.68| 10.31 6%| 10.41 8%| 10.50 9% 1031 6%| 10.41 8%| 10.50| 9%
screed mortar
cement & lime rendering 24.49] 26.08 7%| 26.33 7%| 26.57 9%| 26.08 7%| 26.33 7%| 26.57 9%
mortar
cement board 25.83] 27.51 7%| 27.77 8%| 28.03 8%| 27.51 7% 27.77 8%| 28.03 8%
Portland cement (for 16.96] 18.06 7%| 18.23 8%| 18.40 9%| 18.06 7%| 18.23 8%| 18.40, 9%
concrete)
aggregrate 115.41] 120.03 4%| 121.19 5%| 122.34 6%| 120.03 4%| 121.19 5%| 122.34 6%
HD concrete blocks 125.22| 130.23 4%| 131.48 5%| 132.73 6%| 130.23 4%| 131.48 5%| 132.73 6%
MD concrete blocks /i /| / / /I /| / / /| /| / / /|
concrete roof tiles 23.10] 24.95 8%| 2541 10%| 25.87 12%| 24.95 8%| 25.41 10%| 25.87 12%)
ceramic wall/floor tiles 37.10f 40.07 8%| 40.81 10%| 41.55 12%| 40.07 8%| 40.81 10%| 41.55 12%)
gypsum plasterboard 48.37 50.07 4%| 50.79 5% 51.52 6%| 50.07 4% 50.79 5%| 51.52 6%
glass-fibre acoustic insul. 1.05 1.06 1% 1.07 1%, 1.07 2% 1.06 1%, 1.07 1% 1.07 2%
glass-fibre thermal insul. 9.16 9.25 1% 9.30] 2%, 9.34 2% 9.25 1%, 9.30 2% 9.34] 2%
metals galvanised steel 3.92 4.08 4% 4.12 5% 4.15 6% 4.08 4% 4.12 5% 4.15 6%
plastics PP & HDPE breather 0.22 0.23 4% 0.23 5% 0.23 6% 0.23 4% 0.23 5% 0.23 6%
membrane
LDPE vapour barrier 0.31 0.32 4% 0.32 5% 0.33 6% 0.32 4% 0.32 5% 0.33 6%
LDPE damp-proof course 0.28] 0.30 7% 0.30] 8% 0.31 10%) 0.30] 7% 0.30 8% 031 10%)
LDPE damp-proof membrane 0.10] 0.11 7% 0.11 8% 0.11 10%) 0.11 7% 0.11 8% 0.11 10%)
PVC flooring 1.49 1.55 4% 1.56 5% 1.58 6% 1.55 4% 1.56 5% 1.58 6%
PUR insulation /| / / / /| / / / /| / / / /|
hybrid undercoat paint 1.36 1.42 4% 1.43 5% 1.45 6% 1.42 4% 1.43 5% 1.45 6%
internal paint 1.06 1.10 4% 111 5% 1.12 6% 1.10 4% 1.15 9% 1.21 14%)|
external paint 0.42 0.43 4% 0.44 5% 0.44 6% 0.43 4% 0.44 5% 0.44] 6%
carpet flooring 1.08 112 4% 1.14 5% 1.15 6% 112 4% 1.14 5% 1.15 6%
Notes
a difference relative to scenario 1 (baseline), calculated as: Quantitygcens — Quantitysceny
Quantitysceny
b difference relative to scenario 1 (baseline), calculated as: Quantityscenz — Quantitysceny
Quantitysceng
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TABLE H.3 Bill of quantities for building C1.

building material scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
(baseline, zero
category |item o lower bound middle value upper bound lower bound middle value upper bound
absolute |relative  |absolute |relative  |[absolute |relative  |absolute |relative  |absolute |relative |absolute |relative
value i value ifference |value diffi value difference |value difference |value difference
[a] [a] [a] (b] [b] (b]
kg n"mZGFA ka/mzm % k!/mzcra % kg n"mzsm % kg fmlam % kgjmzem % kg/mzcm %
wood- softwood components 19.31] 20.76 8%| 21.24 10%| 21.73 13%| 20.76 8%| 21.24 10%| 21.73 13%
based (excl. cladding)
softwood cladding / / / / /| / / / / / /| / /
CLT panels / / / / / / / / / / / / /
05B-3 sheathing 45.74( 50.68 11%| 50.92 11%| 51.17 12%| 50.68 11%| 50.92 11%| 51.17 12%
chipboard decking 14.85] 15.96 8%| 16.33 10%| 16.70 13%| 15.96 8%| 16.33 10%| 16.70 13%
wood-fibre thermal insul. / / / / /| / / / / / / / /
L & lime blocklaying 26.59( 28.32 6%| 28.59 8%| 28.85 9%| 28.32 6%| 28.59 8%| 28.85 9%
or screed mortar
cement & lime rendering 29.60( 31.52 6%| 31.82 8%| 32.11 8%| 31,52 6%| 31.82 8%| 32.11 8%
mortar
cement board / / / / / / / / / / / / /
Portland cement (for 22,72] 24.20 7%| 24.43 8%| 24.65 9%| 24.20 7% 24.43 8%| 24.65 9%
concrete)
aggregrate 152,61 158.71 4%| 160.24 5%| 161.76 6%| 158.71 4%| 160.24 5%| 161.76 6%
HD concrete blocks 156.52| 162.78 4%| 164.35 5%| 165.91 6%| 162.78 4%| 164.35 1%| 165.91 6%
MD concrete blocks 132.74( 138.05 4%| 139.38 5% 140.71 6%| 138.05 4%| 139.38 1%| 140.71 6%
concrete roof tiles 23.67 25.56 8%| 26.03 10%| 26.51 12%| 25.56 8%| 26.03 2%| 26.51 12%
ceramic wall/floor tiles 37.06| 40.02 8%| 40.76 10%| 41.50 12%| 40.02 8%| 40.76 2%| 41.50 12%
gypsum plasterboard 55.36] 57.30 4%| 58.13 5%| 58.96 7%| 57.30 4%| 58.13 1%| 58.96 7%
|g|ass-ﬁl:re acoustic insul. 0.70 0.75 7% 0.77 9% 0.79 12% 0.75 7% 0.77 2% 0.79 12%
|51m—ﬁhreﬂ|ermal insul, 1.62 1.72 7% 1.76 9% 1.80 12% 1.72 7% 1.76 2% 1.80 12%
metals galvanised steel 4.56 4.75 4% 4.79 5% 4.84 6% 4.75 4%, 4.79 1% 4.84 6%
plastics PP & HDPE breather 0.22 0.23 7% 0.24 8%, 0.24 10% 0.23 7%| 0.24 1% 0.24 10%
membrane
LDPE vapour barrier 0.22 0.23 6% 0.24 8% 0.24 9% 0.23 6% 0.24 1% 0.24 9%
LDPE damp-proof course 0.28 0.30 7%, 0.30 8%, 0.31 10% 0.30 7%| 0.30 1% 0.31 10%
LDPE damp-proof 0.10 0.11 7%, 0.11 8% 0.11 10% 0.11 7%| 0.11 1% 0.11 10%
membrane
PVC flooring 1.49 1.55 4% 1.56 5% 1.58 6% 1.55 4% 1.56 1% 1.58 6%
PUR insulation 10.90] 11.80 8%| 11.86 9%| 11.92 9%| 11.80 8%| 11.86 0%| 11.92 9%
hybrid undercoat paint 1.36 1.42 4%, 143 5% 1.44 6% 1.42 4%, 1.43 1% 1.44 6%
internal paint 1.06 1.10 4% 111 5% 1.12 6% 1.10 4% 1.16 5% 1.21 14%
external paint 0.41 0.43 4% 0.43 5% 0.44 6% 0.43 4% 0.43 1% 0.44 6%
carpet flooring 1.08 1.12 4% 1.14 5% 1.15 6% 1.12 4% 1.14 1% 1.15 6%
Notes
a difference relative to scenario 1 (baseline), calculated as: Quantityscens — Quantitysceny
Quantityscen1
b difference relative to scenario 1 (baseline), calculated as: Quantityseens — Quantitygeeny
Quantitysceny
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TABLE H.4 Bill of quantities for building C2.

building material scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
(baseline, zero
category |item o lower bound middle value upper bound lower bound middle value upper bound
absolute |relative  |absolute |relative  |[absolute |relative  |absolute |relative  |absolute |relative |absolute |relative
value i value ifference |value diffi value difference |value difference |value difference
[a] [a] [a] (b] [b] (b]
kg n"mZGFA ka/mzm % k!/mzcra % kg n"mzsm % kg fmlam % kgjmzem % kg/mzcm %
wood- softwood components 2041 2194 8%| 22.45 10%| 22.96 13%| 21.94 8%| 22.45 10%| 22.96 13%
based (excl. cladding)
softwood cladding / / / / /| / / / / / /| / /
CLT panels / / / / / / / / / / / / /
05B-3 sheathing 45.02 49.93 11%| 50.18 11%| 50.42 12%| 49.93 11%| 50.18 11%| 50.42 12%
chipboard decking 14.85] 15.96 8%| 16.33 10%| 16.70 13%| 15.96 8%| 16.33 10%| 16.70 13%
wood-fibre thermal insul. / / / / /| / / / / / / / /
L & lime blocklaying 9.68| 10.31 6%| 10.41 8%| 10.50 9%| 10.31 6%| 10.41 8%| 10.50 9%
or screed mortar
cement & lime rendering 23.78( 25.33 6%| 25.57 8%| 25.80 9%| 2533 6%| 25.57 8%| 25.80 9%
mortar
cement board 25.08] 26.71 7%| 26.96 8%| 27.21 9%| 26.71 7%| 26.96 8%| 27.21 9%
Portland cement (for 16.39| 17.45 6%| 17.62 8% 17.78 8%| 17.45 6%| 17.62 8%| 17.78 8%
concrete)
aggregrate 111.70( 116.17 4%| 117.29 5%| 118.40 6%| 116.17 4%| 117.29 5%| 118.40 6%
HD concrete blocks 125.22( 130.23 4%| 131.48 5%| 132.73 6%| 130.23 4% 131.48 5%| 132.73 6%
MD concrete blocks / / / / / / / / / / / / /
concrete roof tiles 2277 24.60 8%| 25.05 10%| 25.51 12%| 24.60 8%| 25.05 10%| 25.51 12%
ceramic wall/floor tiles 36.98| 39.94 8%| 40.68 10%| 41.42 12%| 39.94 8%| 40.68 10%| 41.42 12%
gypsum plasterboard 54.95| 56.87 4%| 57.70 5%| 58.52 7%| 56.87 4%| 57.70 5%| 58.52 7%
|g|ass-ﬁl:re acoustic insul. 0.70 0.75 7% 0.77 9% 0.79 12% 0.75 7% 0.77 9% 0.79 12%
|51m—ﬁhreﬂ|ermal insul, 1.62 1.72 7% 1.76 9% 1.80 12% 1.72 7% 1.76 9% 1.80 12%
metals galvanised steel 3.89 4.05 4% 4.09 5% 4.13 6% 4.05 4%, 4.09 5% 4.13 6%
plastics PP & HDPE breather 0.21 0.23 7% 0.23 8%, 0.23 9% 0.23 7%| 0.23 8% 0.23 9%
membrane
LDPE vapour barrier 0.21 0.23 7% 0.23 8% 0.23 10% 0.23 7% 0.23 8% 0.23 10%
LDPE damp-proof course 0.28 0.30 7%, 0.30 8%, 0.31 10% 0.30 7%| 0.30 8% 0.31 10%
LDPE damp-proof 0.10 0.11 7%, 0.11 8% 0.11 10% 0.11 7%| 0.11 8% 0.11 10%
membrane
PVC flooring 1.49 1.55 4% 1.56 5% 1.58 6% 1.55 4% 1.56 5% 1.58 6%
PUR insulation 11.12] 12.09 9%| 12.15 9%| 12.21 10%| 12.09 9%| 12.15 9%| 12.21 10%
hybrid undercoat paint 1.35 1.40 4%, 141 5% 143 6% 1.40 4%, 1.41 5% 1.43 6%
internal paint 1.05 1.09 4% 1.10 5% 111 6% 1.09 4% 1.14 9% 1.20 14%
external paint 0.40 0.42 4% 0.42 5% 0.43 6% 0.42 4% 0.42 5% 0.43 6%
carpet flooring 1.08 1.12 4% 1.14 5% 1.15 6% 1.12 4% 1.14 5% 1.15 6%
Notes
a difference relative to scenario 1 (baseline), calculated as: Quantityscens — Quantitysceny
Quantityscen1
b difference relative to scenario 1 (baseline), calculated as: Quantityseens — Quantitygeeny
Quantitysceny
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TABLE H.5 Bill of quantities for building D1.

scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
(baseline, zero
o lower bound middle value upper bound lower bound middle value upper bound
bsol relative  |absolute [relative  [absolute [relative  [absolute |[relative  [absolute |relative  [absolute |relative
value difference |value difference |value difference |value difference |value difference |value difference
[a] [a] [a) (b] [b] (b]
kg /mca kg /s % kg /rm’ces| % kg /m’cea % kg /m’cea % g /m’Gea| % kg fm’cza| %

7.56 7.64 1%| 7.68 2% 7.71 2% 8.13 8%) 8.32 10% 8.51 13%

/ / / / / / / / / / / / /
168.52| 169.36) 1% 170.21 1%| 171.05|  2%| 181.84|  8%| 182.75|  8%| 183.65| 9%
/ / / / / / / / / / / / /
/ / / / / / / / / / / / /
/ / / / / / / / / / / / /
131.49] 140.03)  6%| 141.35|  8%| 142.66|  9%| 140.03)  6%| 141.35]  8%| 142.66| 9%

32,10 34.19 6%| 34.51 8%| 34.83 8%| 34.19 6%| 34.51 8%| 34.83 8%

24.88 26.49 7%| 26.74 8%| 26.99 9%| 26.49 7%| 26.74 8%| 26.99 9%
21.44| 22.84 7%| 23.05 8%| 23.27 9%| 22.84 7%| 23.05 8%| 23.27 9%

270.59| 281.41)  4%| 284.11 S5%| 286.82|  6%| 281.41)  4%| 284.11| 5% 286.82 6%
125.22] 130.23 4%| 131.48 5%| 132.73 6%)| 130.23 4%| 131.48 5%| 132.73 6%
/ / / / / / / / / / / / /
23.24 25.10 8%| 25.56| 10%| 26.03| 12%| 25.10 8%| 25.56) 10%| 26.03) 12%
36.95| 39.91|  8%| 40.65 10%| 41.38] 12%| 39.91|  8%| 40.65 10%| 41.38) 12%
43.25| 44.76|  4%| 4541 5%| 46.06|  7%| 44.76] 4% 4541  5%| 46.06| 7%
0.85| 093] 9% 093 9% 095 12% 091 7% 093 9% 095 12%
/ / / / / / / / / / / / /
295 3.07 4wl 310 5% 3.13| 6% 3.07 4% 310 5% 313 6%

0.21 0.23 7%| 0.23 8%| 0.23 10%| 0.23 7% 0.23 8% 0.23 10%

0.30( 0.32 7%| 0.33 8% 0.33 9%| 0.32 7%| 0.33 8% 0.33 9%
0.28] 0.30 7%| 0.30 8%| 031 10%| 0.30 7% 0.30 8% 0.31 10%
0.10] 0.11 7%| 0.11 8%| 0.11 10%| 0.11 7% 0.11 8% 0.11 10%

1.49 1.55 4%, 1.56 5% 158 6% 155 4%) 156 5%) 1.58 6%
5.26 5.61 7%| 5.65 8%, 5.69 8% 6.05 15% 6.31 20% 6.57 25%
1.34] 1.40 4% 141 5% 143 6% 1.40 4% 141 5% 143 6%
1.05 1.09 4%, 1.10 5% 111 6% 1.09 4%) 1.14 9%, 1.20 14%
0.40 0.42 4%|  0.42 5%| 0.43 6% 0.42 4% 0.42 5%) 0.43 6%
1.08 1.12 4%, 1.14 5% 1.15 6% 1.12 4%) 1.14 5% 1.15 6%

Notes

a difference relative to scenario 1 (baseline), calculated as: Quantityscens — Quantitygeeny
Quantitysceny

b difference relative to scenario 1 (baseline), calculated as: Quantityseens — Quantitygeeny
Quantitysceny
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TABLE H.6 Bill of quantities for building D2.

Appendix H

building material

scenario 1
(baseline, zero

scenario 2 (low wastage)

scenario 3 (high wastage)

category item lower bound middle value upper bound lower bound middle value upper bound
relative absolute [relative absolute  [relative absolute absolute  [relative absolute  [relative
difference  [value difference  |value difference  [value difference  |value difference  |value difference
[a] (a] [a] [b] [b]
kg /mIGFA % kg /mZGFA % kg /mZGFA % kg /szFA kg /szFA % kg /mZGFA %
wood- softwood components (excl. 12.31 1%| 12.49 2%| 12.56 2%| 13.23 7% 13.54 10%| 13.85 13%
based cladding)
softwood cladding 8.51 1% 8.64 1% 8.68 2% 9.15 7% 9.36 10% 9.58 13%)
CLT panels 184.80 1%| 186.65 1%| 187.57 2%| 198.20 7%| 199.19 8%| 200.18 8%)
0SB-3 sheathing 3.61 2% 3.70 3%, 3.72 3% 3.88 8% 3.97 10% 4.06 13%)
chipboard decking 14.85 2%| 15.22 3%| 15.29 3%| 15.96 8%| 16.33 10%| 16.70 13%)
wood-fibre thermal insul. / /| / / / /| / / / /| / /
minerals  (cement & lime blocklaying or 9.68 6%| 10.41 8%| 10.50 9%| 10.31 6%| 10.41 8% 10.50 9%)
screed mortar
cement & lime rendering / i / /| /| /| / /| / /| / /
mortar
cement board / /| / / / / / / / /| / /
Portland cement (for 16.28 6%| 17.50 8%| 17.67 9%| 17.34 6%| 17.50 8%| 17.67 9%
concrete)
aggregrate 111.03 4%| 116.58 5%| 117.69 6%| 115.47 4%| 116.58 5%| 117.69 6%
HD concrete blocks 125.22 4%| 131.48 5%| 132.73 6%| 130.23 4%| 131.48 5%| 132.73 6%
MD concrete blocks / / / / / / / / / / / /|
concrete roof tiles 23.08 8% 25.39 10%| 25.85 12%| 24.93 8%| 25.39 10%| 25.85 12%)
ceramic wall/floor tiles 36.93 8%| 40.62 10%| 41.36 12%| 39.88 8%| 40.62 10%| 41.36 12%)
gypsum plasterboard 51.68 4% 54.26 5% 55.04 6%) 53.49 4%, 54.26 5% 55.04 6%
glass-fibre acoustic insul. 0.85] 7% 0.93 9% 0.95 12% 0.91 7% 0.93 9% 0.95 12%
glass-fibre thermal insul. / i / / / / / / / /| / /
metals galvanised steel 3.18 4% 3.34 5% 3.37 6% 3.30 4%, 3.34 5% 3.37 6%
plastics PP & HDPE breather 0.21 7% 0.23 8%) 0.23 10% 0.23 7% 0.23 8% 0.23 10%)
membrane
LDPE vapour barrier 0.21 7% 0.23 8%) 0.23 10%) 0.23 7%| 0.23 8% 0.23 10%)
LDPE damp-proof course 0.28] 7% 0.30 8% 031 10% 0.30 7%) 0.30 8% 0.31 10%
LDPE damp-proof membrane 0.10 7% 0.11 8%) 0.11 10% 0.11 7% 0.11 8% 0.11 10%)
PVC flooring 1.49 4% 1.56 5% 1.58 6% 1.55 4% 1.56 5% 1.58 6%
PUR insulation 5.11 7% 5.49 8% 5.53 8% 5.88 15% 6.13 20% 6.39 25%
hybrid undercoat paint 1.34 4% 1.41 5% 1.42 6% 1.39 4% 1.41 5% 1.42 6%
internal paint 1.05] 4% 1.10 5% 1.11 6% 1.09 4% 1.14 9% 1.19 14%)
external paint 0.40 4% 0.42 5% 0.42 6% 0.41 4%, 0.42 5% 0.42 6%
carpet flooring 1.08 4% 1.14 5% 1.15 6%)| 1.12 4%, 1.14 5% 1.15 6%
Notes
a difference relative to scenario 1 (baseline), calculated as: Quantitygeens — Quantityseens
Quantityscen
b difference relative to scenario 1 (baseline), calculated as: Quantitygcenz — Quantitygcens
Quantitysceny
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TABLE H.7 Bill of quantities for building E1.

scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
(baseline, zero
o lower bound middle value upper bound lower bound middle value upper bound
bsol relative  |absolute [relative  [absolute [relative  [absolute |[relative  [absolute |relative  [absolute |relative
value difference |value difference |value difference |value difference |value difference |value difference
[a] [a] [a) (b] [b] (b]
kg /mca kg /s % kg /rm’ces| % kg /m’cea % kg /m’cea % g /m’Gea| % kg fm’cza| %

225.11| 228.09 1%| 229.44 2%| 230.79 3%| 228.09 1%| 229.44 2%| 230.79 3%

/ / / / /| / / / / /! /| / /|

/ / / / / / / / / / / / /
2416 24.64]  2%| 24.76]  2%| 24.88)  3%| 24.64] 2% 24.78] 2%| 2488 3%

14.85] 15.14 2%| 15.22 3%| 15.29 3%| 15.96 8%| 16.33 10%| 16.70 13%
47.80| 51.01 7%| 51.39 8%| 51.77 8%| 54.97 15%| 57.36] 20%| 59.75| 25%

9.68| 10.31 6%| 10.41 8%| 10.50 9%| 10.31 6%| 10.41 8%| 10.50 9%

32.67| 34.79 7%| 35.12 7%| 35.44 9%| 34.79 7%| 35.12 7%| 35.44 9%

25.32| 26.96 7% 27.21 8%| 27.47 8%| 26.96 7%| 27.21 8%| 27.47 8%
16.60( 17.68 7%| 17.84 7%| 18.01 9%| 17.68 7%| 17.84 7%| 18.01 9%

113.05| 117.57|  4%| 118.70|  5%| 119.83|  6%| 117.57)  4%| 118.70|  5%| 119.83| 6%
125.22] 130.23 4%| 131.48 5%| 132.73 6%)| 130.23 4%| 131.48 5%| 132.73 6%
/ / / / / / / / / / / / /
23.67 25.56 8%| 26.03| 10%| 26.51| 12%| 25.56 8%| 26.03) 10%| 26.51 12%
37.02| 39.98|  8%| 40.72| 10%| 41.46| 12%| 39.98|  8%| 40.72) 10%| 41.46| 12%
46.11| 47.72|  4%| 48.42 5%| 49.11|  6%| 47.72] 4% 48.42) 5% 49.11) 6%
085 091 7% 093] 9% 095 12% 091 7% 093 9% 095 12%
/ / / / / / / / / / / / /
481 500 4% 5.05 s%| 510 6% 500 4% 505 5% 510 6%

0.22 0.23 7%| 0.23 8%| 0.24 10%| 0.23 7% 0.23 8% 0.24 10%

0.22( 0.23 6%| 0.23 8% 0.24 10%| 0.23 6%| 0.23 8% 0.24 10%
0.28] 0.30 7%| 0.30 8%| 031 10%| 0.30 7% 0.30 8% 0.31 10%
0.10] 0.11 7%| 0.11 8%| 0.11 10%| 0.11 7% 0.11 8% 0.11 10%

149| 155  4%| 156) 5% 1.58| 6% 155 4% 156 5% 1.58 6%
/ / / / / / / / / / / / /
1.36) 141 4% 143 5%| 144 6% 1.41] 4% 1.43] 5% 1.44) 6%
1.06| 110 4% 1.11 5% 112 6% 110] 4% 115 9% 121 14%
041 042 4% 043 S%| 043 6% 042 4% 043 5% 043 6%
1.08 1.12 4% 114 5% 1.15 6% 112 4% 114 5% 1.15 6%

Notes

a difference relative to scenario 1 (baseline), calculated as: Quantityscens — Quantitygeeny
Quantitysceny

b difference relative to scenario 1 (baseline), calculated as: Quantityseens — Quantitygeeny
Quantitysceny

129



Appendix H

TABLE H.8 Bill of quantities for building E2.

scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
(baseline, zero
o lower bound middle value upper bound lower bound middle value upper bound
bsol relative  |absolute [relative  [absolute [relative  [absolute |[relative  [absolute |relative  [absolute |relative
value difference |value difference |value difference |value difference |value difference |value difference
[a] [a] [a) (b] [b] (b]
kg /mca kg /s % kg /rm’ces| % kg /m’cea % kg /m’cea % g /m’Gea| % kg fm’cza| %

225.11| 228.09 1%| 229.44 2%| 230.79 3%| 228.09 1%| 229.44 2%| 230.79 3%

871| 9.36| 8% 958 10%| 9.80 13%| 936 8% 958 10%| 980 13%
/ / / / / / / / / / / / /
2416 24.64]  2%| 24.76]  2%| 24.88)  3%| 24.64] 2% 24.78] 2%| 2488 3%
14.85| 15.14|  2%| 1522  3%| 15.29| 3% 1596/ 8%| 16.33) 10%| 16.70| 13%
47.80| 51.01 7%| 51.39 8%| 51.77 8%| 54.97 15%| 57.36] 20%| 59.75| 25%

9.68| 10.31 6%| 10.41 8%| 10.50 9%| 10.31 6%| 10.41 8%| 10.50 9%

/ / / / / / / / / / / / /
16.28( 17.34 6%| 17.50 8%| 17.67 9%| 17.34 6%| 17.50 8%| 17.67 9%

111.03| 115.47)  4%| 116.58|  5%| 117.69|  6%| 115.47|  4%| 116.58)  5%| 117.69| 6%
125.22] 130.23 4%| 131.48 5%| 132.73 6%)| 130.23 4%| 131.48 5%| 132.73 6%
/ / / / / / / / / / / / /
23.67 25.56 8%| 26.03| 10%| 26.51| 12%| 25.56 8%| 26.03) 10%| 26.51 12%
37.02| 39.98|  8%| 40.72| 10%| 41.46| 12%| 39.98|  8%| 40.72) 10%| 41.46| 12%
46.11| 47.72|  4%| 48.42 5%| 49.11|  6%| 47.72] 4% 48.42) 5% 49.11) 6%
085 091 7% 093] 9% 095 12% 091 7% 093 9% 095 12%
/ / / / / / / / / / / / /
481 500 4% 5.05 s%| 510 6% 500 4% 505 5% 510 6%

0.22 0.23 7%| 0.23 8%| 0.24 10%| 0.23 7% 0.23 8% 0.24 10%

0.22( 0.23 6%| 0.23 8% 0.24 10%| 0.23 6%| 0.23 8% 0.24 10%
0.28] 0.30 7%| 0.30 8%| 031 10%| 0.30 7% 0.30 8% 0.31 10%
0.10] 0.11 7%| 0.11 8%| 0.11 10%| 0.11 7% 0.11 8% 0.11 10%

149| 155  4%| 156) 5% 1.58| 6% 155 4% 156 5% 1.58 6%
/ / / / / / / / / / / / /
1.36) 141 4% 143 5%| 144 6% 1.41] 4% 1.43] 5% 1.44) 6%
1.06| 110 4% 1.11 5% 112 6% 110] 4% 115 9% 121 14%
041 042 4% 043 S%| 043 6% 042 4% 043 5% 043 6%
1.08 1.12 4% 114 5% 1.15 6% 112 4% 114 5% 1.15 6%

Notes

a difference relative to scenario 1 (baseline), calculated as: Quantityscens — Quantitygeeny
Quantitysceny

b difference relative to scenario 1 (baseline), calculated as: Quantityseens — Quantitygeeny
Quantitysceny
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TABLE H.9 Bill of quantities for building F.

building material scenario 1 scenario 2 (low wastage) scenario 3 (high wastage)
(baseline, zero
category |item o lower bound middle value upper bound lower bound middle value upper bound
absolute |relative  |absolute |relative  |[absolute |relative  |absolute |relative  |absolute |relative |absolute |relative
value i value ifference |value diffi value difference |value difference |value difference
[a] [a] [a] (b] [b] (b]
kg n"mZGFA ka/mzm % k!/mzcra % kg n"mzsm % kg fmlam % kgjmzem % kg/mzcm %
wood- softwood components 21.08 21.36 1% 21.48 2% 21.61 3% 21.59 2% 21.79 3% 21.99 1%
based (excl. cladding)
softwood cladding / / / / / / / / / / / / /
CLT panels / / / / / / / / / / / / /
05B-3 sheathing 4.33 4.65 8% 4.76 10% 4.87 13% 4.65 8% 4.76 10% 4.87 13%
chipboard decking 14.85 15.14 2% 15.22 3% 15.29 3% 15.96 8% 16.33 | 10% | 16.70 | 13%
wood-fibre thermal insul. / / / / / / / / / / / / /
L & lime blocklaying 62.12 66.16 6% 66.78 8% 67.40 8% 66.16 6% 66.78 8% 67.40 8%
or screed mortar
cement & lime rendering 38.86 41.38 7% 41.77 8% 42.16 9% 41.38 7% 41.77 8% 42.16 9%
mortar
cement board / / / / / / / / / / / / /
Portland cement (for 22,95 24.44 6% 24.67 7% 24.90 9% 24.44 6% 24.67 7% 24,90 9%
concrete)
aggregrate 142.49 147.01| 3% |148.14| 4% |149.27| 5% |[147.01| 3% |148.14| 4% |149.27| 5%
HD concrete blocks 335.09 342.23| 2% |344.01| 3% |345.80| 3% |342.23| 2% |344.01| 3% |345.80| 3%
MD concrete blocks 325.43 338.44| 4% |[341.70| 5% |[344.95| 6% |338.44| 4% [341.70| 5% |[344.95| 6%
concrete roof tiles 23.85 25.75 8% 26.23 | 10% | 26.71 | 12% | 25.75 8% 2623 | 10% | 26.71 | 12%
ceramic wall/floor tiles 37.06 40.02 8% 40.76 | 10% | 41.50 | 12% | 40.02 8% 40.76 | 10% | 41.50 | 12%
gypsum plasterboard 43.22 44.74 4% 45.39 5% 46.03 7% 44.74 4% 45.39 5% 46.03 7%
|g|ass-ﬁl:re acoustic insul. 0.85 0.91 7% 0.93 9% 0.95 12% 0.91 7% 0.93 9% 0.95 12%
|51m—ﬁhreﬂ|ermal insul. 2.59 2.76 7% 2.82 9% 2.88 12% 2.76 7% 2.82 9% 2.88 12%
metals galvanised steel 3.13 3.25 4% 3.28 5% 331 6% 3.25 4% 3.28 5% 331 6%
plastics PP & HDPE breather 0.09 0.09 7% 0.09 8% 0.09 10% 0.09 7% 0.09 8% 0.09 10%
membrane
LDPE vapour barrier 0.11 0.12 7% 0.12 8% 0.12 10% 0.12 7% 0.12 8% 0.12 10%
LDPE damp-proof course 0.28 0.30 7% 0.30 8% 0.31 10% 0.30 7% 0.30 8% 0.31 10%
LDPE damp-proof 0.10 0.11 7% 0.11 8% 0.11 10% 0.11 7% 0.11 8% 0.11 10%
membrane
PVC flooring 1.49 1.55 4% 1.56 5% 1.58 6% 1.55 4% 1.56 5% 1.58 6%
PUR insulation 3.15 3.62 15% 3.78 20% 3.93 25% 3.62 15% 3.78 20% 3.93 25%
hybrid undercoat paint 1.36 1.42 4% 1.43 5% 1.45 6% 1.42 4% 1.43 5% 145 6%
internal paint 1.06 1.10 4% 1.12 5% 1.13 6% 1.10 4% 1.16 9% 1.21 14%
external paint 0.41 0.43 4% 0.43 5% 0.44 6% 0.43 4% 0.43 5% 0.44 6%
carpet flooring 1.08 1.12 4% 1.14 5% 1.15 6% 1.12 4% 1.14 5% 1.15 6%
Notes
a difference relative to scenario 1 (baseline), calculated as: Quantityscens — Quantitysceny
Quantityscen1
b difference relative to scenario 1 (baseline), calculated as: Quantityseens — Quantitygeeny
Quantitysceny
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I List of EPD programmes

Appendix |

This appendix provides a list and a description of all the programmes-holders whose

EPDs have been used as a source of information for the LCA study. The inventory codes

refer to the inventory presented in APPENDIX G.

TABLE 1.1 List of EPD programmes used in this study.

PROGRAMME COUNTRY ADDRESS WEBSITE INVENTORY COMMENTS
NAME CODE
BRE UK Bucknalls Lane Homepage: 107,931
Watford www.bre.co.uk
WD25 9XX
EPD database:
www.greenbooklive.com
EPD Danmark Denmark Teknologiparken Homepage: 452
Kongsvang www.epddanmark.dk
Allé 29
DK-8000 EPD database:
Aarhus C www.epddanmark.dk/site/
download_eng.html
EPD Norway P.0. Box 5250 Homepage: 551, 651, 652
Norge Majorstuen epd-norge.no
N-0303
Oslo EPD database:
epd-norge.no/epder/
Institut Bauen Germany PanoramastraRe 1 Homepage: 106, 152, 203,
und Unwelt e.V. 10178 ibu-epd.com 441,501, 531,
Berlin 561,571, 851,
EPD database: 861, 932, 935,
ibu-epd.com/en/epd- 990
program/published-epds
Intermational Sweden EPD International Homepage: 251, 402, 403,
EPD® system AB www.environdec.com 601
Box 210 60
SE-100 31 EPD database:
Stockholm www.environdec.com/en/
EPD-Search
Plastics Europe Belgium Avenue Homepage: 800, 995, 996 EPDs carried
E.Van http://www.plasticseurop out before
Nieuwenhuyse 4/3 e.org BS EN 15804
1160 Brussels
Belgium
Thinkstep UK Euston Tower - Homepage: 103, 381 formerly
(PE International) | International Level 33, www.thinkstep.com known as PE
286 Euston Road, international
London
NW1 3DP ‘Wood for good’ EPD used for EPDs
database: for Wood for
woodforgood.com/lifecycl Good and
e-database/ EURIMA
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Appendix J

J Overview oflife-cycle impact assessment (LCIA) methodologies

The main principles of different LCIA methodologies are laid out in the tables below. As
explained in CHAPTERS 2 and 4, CML is the method required by LCA standards; however,

this overview reveals the theoretical debate between endpoint and midpoint

approaches to life-cycle studies.

TABLE J.1 Eco-indicator 99 overview.

contact person(s)
(affiliation)

M. Goedkoop and
R. Spriensma
(PRé)

characteristics

endpoint and
midpoint approach

spatial reference
global and regional
(Europe)

time horizon
short (c. 100 year)
for individualist
perspective,
long/indefinite for
other perspectives

impact categories included

midpoint

climate change (38)

ozone layer depletion (24)
acidification/eutrophication (combined) (3)
carcinogenic (61)
respiratory organic (11)
respiratory inorganic (121)
ionizing radiation (48)
ecotoxicity (52)

land-use (12)

mineral resources (12)
fossil resources (9)

impact categories
human health
ecosystem quality
resource depletion
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TABLE J.2 EDIP 2003 overview.

contact person(s)
(affiliation)
Michael
Hauschild

(DTU, Technical
University of
Denmark)

characteristics

midpoint approach

spatial reference
global and regional
(Europe)

time horizon
infinity

TABLE J.3 EPS 2000 overview.

contact person(s)
(affiliation)
Bengt Steen
(Chalmers
University of
Technology)

characteristics

endpoint approach

spatial reference
global and local
(Sweden)

time horizon
present time

impact categories included

global warming
ozone depletion
acidification

terrestrial eutrophication

aquatic eutrophication

aquatic eutrophication

ozone formation (human)

human toxicity (exposure route via air)

Appendix J

human toxicity (exposure route via water)
human toxicity (exposure route via soil)

ecotoxicity (water acute)
ecotoxicity (water chronic)
ecotoxicity (soil chronic)

hazardous waste
slags/ashes

bulk waste
radioactive waste
resources

impact categories included

human health [pers.yr]

life expectancy

severe morbidity and suffering

morbidity
severe nuisance

nuisance natural environment [kg]
crop production capacity

wood production capacity

fish and meat production capacity
base cation capacity [h+]

production capacity for water (drinking water)

share of species extinction [nex]
natural resources [kg]

depletion of element reserves (element)

depletion of fossil reserves (gas)
depletion of fossil reserves (oil)
depletion of fossil reserves (coal)
depletion of mineral reserves (ore)
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TABLE J.4 IMPACT 2002+ overview.

contact person(s) characteristics impact categories included
(affiliation)
Olivier Jolliet midpoint and midpoint
(University of endpoint approach  human toxicity
Michigan) respiratory effects
spatial reference ionizing radiation

regional (Europe) ozone depletion
photochemical oxidant formation
time horizon aquatic ecotoxicity
infinity terrestrial ecotoxicity
aquatic eutrophication
terrestrial eutrophication and acidification
land occupation
global warming
non-renewable energy
mineral extraction

endpoint
human health

ecosystem quality
climate change (as life supporting function)
resources
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TABLE J.5 ReCiPe overview.

contact person(s)
(affiliation)

M. Goedkoop
(PRé)

M. Huijbregts
(Rabdoud
University)
R.Heijungs
(University of
Leiden),

J. Struijs (RIVM)

characteristics

midpoint and
endpoint approach

spatial reference
global and regional
(Europe)

time horizon

20 years, 100 years
or indefinite,
depending on the
cultural
perspective

Appendix J

impact categories included

midpoint

climate change

ozone depletion

terrestrial acidification
freshwater eutrophication
marine eutrophication

human toxicity

photochemical oxidant formation
particulate matter formation
terrestrial ecotoxicity
freshwater ecotoxicity

marine ecotoxicity

ionising radiation

agricultural land occupation
urban land occupation

natural land transformation
depletion of fossil fuel resources
depletion of mineral resources
depletion of freshwater resources
endpoint

human health

ecosystem quality

resources (surplus cost)
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TABLE 1.6 MEEuP overview.

contact person(s) characteristics impact categories included
(affiliation)
René Kemna midpoint approach energy
total gross energy requirement
(VHK) spatial reference primary electricity
global and regional water
(EV) process water
cooling water
time horizon waste
20 years, 100 years hazardous solid waste
or indefinite, non-hazardous waste

emissions to air
global warming
global warming potential for a time horizon of 100
years
stratospheric ozone depletion
depletion potential
acidification potential
pop. persistent organic pollutants, in this case
only dioxins and furans
volatile organic compounds
heavy metals
emissions to water:
e eutrophication potential
e heavy metals
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Appendix K

K Pedigree matrices for LCA uncertainty analysis

Below are the details of the scores used for the uncertainty analysis within the LCA

study, as described in CHAPTER 5.

TABLE K.1 Pedigree matrix applied to the data sources of wood-based products used for the LCA.
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Appendix K

TABLE K.2 Pedigree matrix applied to the data sources of mineral products used for the LCA.
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Appendix K

TABLE K.3 Pedigree matrix applied to the data sources of metal and plastic products used for the LCA.
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Appendix K

TABLE K.4 Pedigree matrix applied to the data sources of hybrid products used for the LCA.
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Appendix L

L LCAresults: contribution analysis

The graphs below accompany CHAPTER 5 and, in particular, SECTION 5.6.1. They illustrate,
in a detailed manner, the results of the contribution analyses carried out for each
building, in terms of environmental impacts caused, primary energy consumed and

waste produced.
For each building, the analysis consists of:

e a bar chart showing the contributions by building element (with sub-totals for
envelope and non-envelope) with a further distinction in terms of material type;
e a pie chart showing the contributions by structural role of the components (i.e.,
structural versus non-structural components). Here, the “insulation” category
refers to thermal insulation, the “finishes” category refers to products such as

paint, tiles and flooring, and “hybrid” refers to other non-structural components.

L.1 Building A
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I o non-structural components 8.88E+01
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=]
2 40%
=
s
S 34%
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-~ _ 13%
o
Q 20%
2 finishes 3.01E+01;
< - | 4% 20%
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ad 2\ ot e) \00¢ 2\ 00 e) 3.79E+01; 25%
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5\1“‘0‘ oV 2%

Building elements

wood-based metals ® plastics minerals ® hybrid
FIGURE L.1 GWP (excluding sequestration) of building A: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO -
eq./m%cra.
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FIGURE L.2 ODP of building A: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?gea).
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FIGURE L.3 AP of building A: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg SOz-eq./m?ea.
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FIGURE L.4 EP of building A: contribution analysis by building element and material (left) and by structural
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FIGURE L.8 Hazardous waste of building A: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in kg/m2sra.
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FIGURE L.9 Non-hazardous waste of building A: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?cra.
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FIGURE L.11 GWP (excluding sequestration) of building B1: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO2-
eq./mcra.
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FIGURE L.12 ODP of building B1: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?gea).
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FIGURE .13 AP of building B1: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg SOz-eq./m?cea.
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FIGURE .14 EP of building B1: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg PO4-eq./m3Gea.
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FIGURE L.15 POCP of building B1: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.16 Renewable PE of building B1: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE L.17 Non-renewable PE of building B1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE .18 Hazardous waste of building B1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?3gra.
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FIGURE L.21 GWP (excluding sequestration) of building B2: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO2-
eq./m%cra.
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FIGURE L.22 ODP of building B2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?gea).
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FIGURE .23 AP of building B2: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg SO2-eq./m?cea.
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FIGURE .24 EP of building B2: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg PO4-eq./m?3Gea.
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FIGURE L.25 POCP of building B2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.26 renewable PE of building B2: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?cea.
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FIGURE L.27 Non-renewable PE of building B2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.

70%
— non-structural components
§ 60% 2.94E-01
98%

§ so%
S
s —
.g 40% insulation
2 6.57E-02; 22%
]
S 80% ol b %
: finishes
2 20% o2, S——  J— . stuctural - 5.086-02; 17%
© components P i
;' 11 e T s BEEE 7.10E-03
N
£ 1% B hybrid

0% — = 1% 1% 1.78E-01; 59%

%
o\)ﬂmeas o » PR em.g\ow\ w\“‘e(\w‘ e (oof \a“‘emw\
o orv o TR
ot 08t
e

Building elements

® wood-based = metals ® plastics © minerals ® hybrid

FIGURE .28 Hazardous waste of building B2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m3gra.
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FIGURE L.29 Non-hazardous waste of building B2: contribution analysis by building element and material
(left) and by structural role (right). The absolute values in the pie chart are expressed in kg/m?2cra.
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FIGURE .30 Radioactive waste of building B2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?3cra.
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FIGURE L.31 GWP (excluding sequestration) of building C1: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO_-
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FIGURE L.32 ODP of building C1: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?gea).
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FIGURE .33 AP of building C1: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg SO2-eq./m?cea.
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FIGURE .34 EP of building C1: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg POs-eq./m?3Gea.
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FIGURE .35 POCP of building C1: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.36 Renewable PE of building C1: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?cea.
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FIGURE L.37 Non-renewable PE of building C1: contribution
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FIGURE L.40 Radioactive waste of building C1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?2gra.
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FIGURE L.41 GWP (excluding sequestration) of building C2: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO2-
eq./m%ra.
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FIGURE L.42 ODP of building C2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?cra).
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FIGURE .43 AP of building C2: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg SOz-eq./m?gea.
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FIGURE .44 EP of building C2: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg PO4-eq./m?Gea.
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FIGURE L.45 POCP of building C2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE .46 Renewable PE of building C2: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE L.47 Non-renewable PE of building C2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE .48 Hazardous waste of building C2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?cra.
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FIGURE L.49 Non-hazardous waste of building C2: contribution analysis by building element and material
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FIGURE L.50 Radioactive waste of building C2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m3sra.
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FIGURE L.51 GWP (excluding sequestration) of building D1: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO2-
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FIGURE L.54 EP of building D1: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg POs-eq./m?3Gea.
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FIGURE L.55 POCP of building D1: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.56 Renewable PE of building D1: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE L.57 Non-renewable PE of building D1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE .58 Hazardous waste of building D1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?cra.
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FIGURE L.59 Non-hazardous waste of building D1: contribution analysis by building element and material
(left) and by structural role (right). The absolute values in the pie chart are expressed in kg/m?cra.
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FIGURE .60 Radioactive waste of building D1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m3sra.
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FIGURE L.61 GWP (excluding sequestration) of building D2: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO,-

eq./mcra.
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FIGURE L.62 ODP of building D2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?cra).
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FIGURE .63 AP of building D2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg SO2-eq./m?cra.
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FIGURE L.64 EP of building D2: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg PO4-eq./m?Gea.

100%
- 90% non-structural components
L~ 7.576-01
c 96%
2
5 7% insulation
2 60% 1.736-02; 2%
€
S 50% finishes
1.02€-02; 1!
S 0% 02€-02; 1%
[=]
& 30% stuctural
hybrid
20% »
3.10E-02 7.30E-01; 93%
10% 4%
0%
0% wa' 000 Aop® f100¢ wa' oot A0e®
jound® Wt e 8 \\“o“_,me g‘o\m‘\ et OTpx\me
y(R e

Building elements

= wood-based = metals ® plastics © minerals ® hybrid

FIGURE L.65 POCP of building D2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.66 Renewable PE of building D2: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?cea.

40%

30%

ren. PE contribution (%)

20%

10%

0%
S QN 0% 00 000¢ NS oot 00 tuctural
P A @0 o L ¢ ! stuctural com
o0 A o™ Lo ooV @ <ot a e 4.35E403
Bt g 81%

Buidllng elements

= wood-based = metals ® plastics  minerals ® hybrid

167



Appendix L

60%
non-structural components
1.48+03
50% 63%

40%

30%

insulation 3.94E+02;
17%

20%

finishes 5.55E+02;
24%

non-ren. PE contribution (%)

" ™ © A oot s o 08 stuctural co gy:oriscioz- 2%
" “d,v.\o“ e o 00 ‘e‘\“g\cv ond oW O e 8.69E+0. - !
fo! e or © o\
o e 37%
X

Building elements

= wood-based = metals ® plastics © minerals ® hybrid

FIGURE L.67 Non-renewable PE of building D2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in MJ/m?cea.
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FIGURE .68 Hazardous waste of building D2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?cra.
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FIGURE L.69 Non-hazardous waste of building D2: contribution analysis by building element and material
(left) and by structural role (right). The absolute values in the pie chart are expressed in kg/m?3cra.
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FIGURE .70 Radioactive waste of building D2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?3sra.
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FIGURE L.74 EP of building E1: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg POs-eq./m?3Gea.
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FIGURE L.75 POCP of building E1: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.76 Renewable PE of building E1: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE L.78 Hazardous waste of building E1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?3gra.
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FIGURE L.79 Non-hazardous waste of building E1: contribution analysis by building element and material
(left) and by structural role (right). The absolute values in the pie chart are expressed in kg/m?cra.
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FIGURE .80 Radioactive waste of building E1: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?2gra.
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FIGURE L.81 GWP (excluding sequestration) of building E2: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO,-
eq./mcra.
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FIGURE L.82 ODP of building E2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?gea).
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FIGURE .83 AP of building E2: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg SO2-eq./m?cea.
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FIGURE .84 EP of building E2: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg PO4-eq./m?3sea.
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FIGURE .85 POCP of building E2: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.86 Renewable PE of building E2: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE L.87 Non-renewable PE of building E2: contribution analysis by building element and material (left)
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FIGURE L.90 Radioactive waste of building E2: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?2gra.
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FIGURE L.91 GWP (excluding sequestration) of building F: contribution analysis by building element and
material (left) and by structural role (right). The absolute values in the pie chart are expressed in kg CO2-
eq./m%ra.

100%

ODP contribution (%)
3
]

stuctural com,

J00° s 00® 00 200¢ 2\ 00t 00

ot T 8 e quedt T e 3.14-06
510" e s 4%

"
[iox

Building elements

= wood-based = metals ® plastics

minerals ® hybrid

non-structural components
1.92€-05
86%

insulation
1.68E-05; 75%

finishes
6.07€-07; 3%

hybrid
1.85E-06; 8%

FIGURE L.92 ODP of building F: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg CFC 11-eq./m?gea).
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FIGURE L.94 EP of building F: contribution analysis by building element and material (left) and by structural
role (right). The absolute values in the pie chart are expressed in kg PO4-eq./m?gea.
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FIGURE L.95 POCP of building F: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in kg ethene-eq./m?gea.
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FIGURE L.96 Renewable PE of building F: contribution analysis by building element and material (left) and by
structural role (right). The absolute values in the pie chart are expressed in MJ/m?2gea.
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FIGURE L.97 Non-renewable PE of building F: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in MJ/m?gea.
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FIGURE L.98 Hazardous waste of building F: contribution analysis by building element and material (left) and
by structural role (right). The absolute values in the pie chart are expressed in kg/m?2gra.
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FIGURE .99 Non-hazardous waste of building F: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?cra.
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FIGURE L.100 Radioactive waste of building F: contribution analysis by building element and material (left)
and by structural role (right). The absolute values in the pie chart are expressed in kg/m?3sra.
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Appendix M

impact analysis (absolute values for each building)

LCA results:

M

The following tables present the absolute results for environmental impacts,

consumption of primary energy and production of waste, in tabulated and graphic form.

These results have been discussed in CHAPTER 5.

TABLE M.1 Impact results and associated uncertainties (in terms of GSD?) for all buildings.
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TABLE M.2 Primary-energy consumption and associated uncertainties (in terms of GSD?) for all buildings.

Building | Renewable primary Non-renewable
energy primary energy
energy GSD? energy GSD’
MJ / m%gea () M / m’gea )
A 1.51E+03 1.15 1.92E+03 1.06
|Bt 2.36E+03 1.17 2.07E+03 1.07
Is2 2.46E+03 1.16 2.08E+03 1.07
C1 1.94E+03 1.17 2.69E+03 1.07
C2 2.06E+03 1.16 2.69E+03 1.07
|p1 4.60E+03 1.28 2.39E+03 1.09
IDZ 5.39E+03 1.26 2.35E+03 1.10
[e1 6.68E+03 121  2.30E+03 1.08
IEZ 6.75E+03 1.20 2.17E+03 1.08
IF 1.04E+03 1.14 1.96E+03 1.05
Abbreviations
GFA gross (internal) floor area
GSD geometric standard deviation
Notes
value not available for this impact (since negative emissions are not
a accounted for by method employed for uncertainty estimation)

TABLE M.3 Waste production and associated uncertainties (in terms of GSD?) for all buildings.

Building| Hazardous waste Non-hazardous Radioactive waste
waste
waste GsD® waste GsD® waste GsD®
kg mias 0 kg M " kg mic, "
A 3.21E-01 115 5.68E+01 1.14| 2.55E-02 1.06]
B1 3.05E-01 1.14ff 5.84E+01 1.14" 2.92E-02 1.07
B2 3.01E-01 1.15 6.11E+01 1.14 3.44E-02 1.09
C1 2.75E-01 1.13] 1.79e+01 1.09 2.97E-02 1.08
C2 2.68E-01 1.18[ 1.83E+01 1.09| 3.46E-02 1.09
D1 2.74E-01 115 9.73E+01 1.30| 8.98E-02 1.23
D2 3.04E-01 1.16( 1.06E+02 1.30| 8.77e-02 1.25
E1 2.34E-01 118 9.89E+00 1.08| 1.44E-01 1.19
E2 2.44E-01 117 1.03E+01 1.08| 1.34E-01 1.21]
F 2.44E-01 116 2.33E+01 111 3.22E-02 1.07|
Abbreviations
GFA gross (internal) floor area
GED geometric standard deviation
Notes
R valuz nat available for thisimpact [since negative emissians ar not accounted for by method
employed for uncertainty estimation)
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FIGURE M.1 Global-warming potentials, estimated including and excluding biogenic carbon sequestration:
results by building.
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FIGURE M.2 Ozone-depletion potential: results by building
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FIGURE M.3 Acidification potential: results by building.
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FIGURE M.4 Eutrophication potential: results by building.
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FIGURE M.5 Photochemical-ozone-creation potential: results by building
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FIGURE M.6 Primary-energy consumption: results by building.
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FIGURE M.8 Non-hazardous waste produced: results by building.
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Appendix N

N LCAresults: impact analysis (values normalised with respect to

building F)

The following tables present the absolute results for environmental impacts,
consumption of primary energy and production of waste, in tabulated form. The same

results have been provided in graphic form in CHAPTER 5.

TABLE N.1 Primary-energy consumption normalised with respect to building F and measures of comparative
uncertainty (GSD? and probability) for buildings A-E2.

Building Renewable primary energy | Non-renewable primary energy
relative GsD> P(PE,<PE;) |relative GSD* P(PE,<PE;)
difference difference
[al [a]

(%) () (%) (%) (/) (%)
A 45% 1.03 0% -2% 1.03 90%)
B1 126% 1.08 0% 6% 1.05 1%
B2 136% 1.08 0% 6% 1.06 1%
c1 87% 1.14 0% 37% 1.05 0%
c2 97% 1.13 0% 37% 1.06 0%
D1 342% 1.32 0% 22% 1.08 0%
D2 A418% 1.29 0% 20% 1.09 0%
E1 541% 1.10 0% 18% 1.07 0%
E2 548% 1.10 0% 11% 1.08 0%
Abbreviations
G5D geometric standard deviation PE primary energy
P probability
Notes
a difference relative to building F, calculated a:j.JEMﬁdin‘gx _ PEb“ﬁdingF

PEyuitding
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TABLE N.2 Impact results normalised with respect to building F and measures of comparative uncertainty

(GSD? and probability) for buildings A-E2.
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TABLE N.3 Waste production with respect to building F and measures of comparative uncertainty (GSD? and
probability) for buildings A-E2.

Building Hazardous waste Non-hazardous waste Radioactive waste
relative GsD® P(W,<W,) [relative GSD® P(W,<W;) [relative GSD® P{W,<W;)
difference difference difference
[a] [a] [a]

(%) () (%) (%) (/) (%) (%) (/) (%)
A 31% 1.02 0% 144% 1.04 0% -21% 1.03 100%
B1 25% 1.03 0% 151% 1.04 0% 9% 1.06 100%
B2 23% 1.03 0% 162% 1.04 0% 7% 1.09 7%,
c1 13% 1.02 0% -23% 1.02 100% 8% 1.06 100%
c2 10% 1.02 0% -22% 1.02 100% 8% 1.09 6%
D1 12% 1.05 0% 318% 1.32 0% 179% 1.23 0%
D2 25% 1.05 0% 354% 1.32 0% 172% 1.26 0%
E1 -4% 1.02 100% -58% 1.11 100% 347% 1.20 0%
E2 0% 1.02 53% -56% 1.12 100% 316% 1.22 0%
Abbreviations
GSD geometric standard deviation W waste
P probability
Notes
Wastey, siging x — Wastepysgmg r
a difference relative to building F, calculated as : Waste. -
building F
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O LCA results: uncertainty analysis

0.1 Uncertainty analysis: absolute results
The following graphs show the estimated absolute uncertainties (for each building and
each environmental impact) that have been discussed in CHAPTER 5. The graphs for

buildings A and B1 have been shown in SECTION 5.6.5.

GsD? (/)

GWPexc.  ODP AP EP POCP  ren.PE non-ren. haz.W non-haz. radio.W
seq. PE w

Environmental aspects

FIGURE 0.1 Estimated absolute uncertainties relating to the impact results of building B2, expressed in terms
of squared geometric standard deviations, GSD? (i.e., variance).

GSD? (/)

GWPexcl.  ODP AP EP POCP  ren.PE non-ren. haz.W non-haz. radio.W
seq. w

Environmental aspects

FIGURE 0.2 Estimated absolute uncertainties relating to the impact results of building C1, expressed in terms
of squared geometric standard deviations, GSD? (i.e., variance).
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GSD? (/)

GWPexc.  ODP AP P POCP  ren.PE nonren. haz.W non-haz. radio. W
seq. PE w

Environmental aspects

FIGURE 0.3 Estimated absolute uncertainties relating to the impact results of building C2, expressed in terms
of squared geometric standard deviations, GSD? (i.e., variance).

GSD? (/)

GWPexcl. ODP AP EP pocep ren.PE  non-ren. haz.W non-haz. radio. W
seq. w
Environmental aspects

FIGURE 0.4 Estimated absolute uncertainties relating to the impact results of building D1, expressed in
terms of squared geometric standard deviations, GSD? (i.e., variance).

GSD? (/)

GWPexc. ODP AP EP POCP  ren.PE non-ren. haz.W non-haz. radio. W
seq. w

Environmental aspects

FIGURE 0.5 Estimated absolute uncertainties relating to the impact results of building D2, expressed in
terms of squared geometric standard deviations, GSD? (i.e., variance).
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GsD? (/)

GWP excl. opP AP EP POCP ren.PE non-ren. haz.W non-haz. radio. W
seq. PE w
Environmental aspects

FIGURE 0.6 Estimated absolute uncertainties relating to the impact results of building E1, expressed in terms
of squared geometric standard deviations, GSD? (i.e., variance).

GSD? (/)

GWP excl. obpP AP EP POCP ren.PE non-ren. haz.W non-haz. radio. W
seq. PE w
Environmental aspects

FIGURE 0.7 Estimated absolute uncertainties relating to the impact results of building E2, expressed in terms
of squared geometric standard deviations, GSD? (i.e., variance).

GSD? (/)

GWP excl. oobp AP EP POCP ren.PE  non-ren. haz.W non-haz. radio. W
seq. PE w
Environmental aspects

FIGURE 0.8 Estimated absolute uncertainties relating to the impact results of building F, expressed in terms
of squared geometric standard deviations, GSD? (i.e., variance).
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0.2 Uncertainty analysis: comparative results

The following graphs accompany CHAPTER 5 and show the probability values and relative
contributions to comparative uncertainty, for all buildings and for each environmental
aspect. The graphs for three aspects (GWPexci.seq, hazardous and radioactive waste) have

been shown in SECTION 5.6.5.2.

Percentage contribution to uncertainty.

Probability
48.4% 6.0% 45.5%
28.6% 0.6% 70.7%
25.5% 1.1% 73.4%
11.5% 16.6% 71.8% 0.1%
oo 19.5% 64.4% 0.1%
228% 18.7% 56.8%
21.6% 65.5%
25.1% 0.9% 74.0%
28.0% 0.9% 71.0%
I 0DP;/ ODP;
0% 25% 50% 75% 100% 0% 20% 40% 60% 80% 100%
B p(l,<ly) ® P(l2l,) plastics W minerals W metals Bwood-based M other /hybrid

FIGURE 0.9 Estimated uncertainties associated with the comparisons of timber buildings with reference
building F, for ODP. Indication of probability (left) and relative contribution to uncertainty (right).
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FIGURE 0.10 Estimated uncertainties associated with the comparisons of timber buildings with reference
building F, for AP. Indication of probability (left) and relative contribution to uncertainty (right).
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FIGURE 0.11 Estimated uncertainties associated with the comparisons of timber buildings with reference
building F, for EP. Indication of probability (left) and relative contribution to uncertainty (right).

1

Yo}

4



Probability

g
&
K

50% 75%

= P(l<l) B P(l, 1)

g

POCP, / POCP,

POCP,, / POCP,

POCP,, / POCP,

POCP,, / POCP;

POCP,,/ POCP,

POCP,, / POCP,

POCP,,/ POCP,

POCP,, / POCP ,

POCP,,/ POCP

Appendix O

Percentage contribution to uncertainty

99.3% 0.6% 0.1%

99.6% 0.3% 0.2%

99.3% 0.5% 0.2%

98.7% 0.6%0.7%

98.0% 0.8% 1.3%

98.1% 0.3%0.9%

91.2% 1.5%8.6%

90.1% 1.1% 8.8%

89.6% 1.4% 91%

g

20% 40% 60% 80% 100%
W plastics M minerals W metals Mwood-based M other/ hybrid

FIGURE 0.12 Estimated uncertainties associated with the comparisons of timber buildings with reference
building F, for POCP. Indication of probability (left) and relative contribution to uncertainty (right).
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FIGURE 0.13 Estimated uncertainties associated with the comparisons of timber buildings with reference
building F, for renewable PE. Indication of probability (left) and relative contribution to uncertainty (right).
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FIGURE 0.14 Estimated uncertainties associated with the comparisons of timber buildings with reference
building F, for non-renewable PE. Indication of probability (left) and relative contribution to uncertainty

(right). See also FIGURE O.15.
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FIGURE 0.15 Comparative uncertainty: non-renewable primary energy. Probability-density functions
representing the ratio between the non-renewable PE of each timber building (X) and that of the masonry
building (F). The area of the shaded region (bounded by the curve for house A and vertical line x=1)
represents the probability that the non-ren. PE needed for A is less than that needed for F.
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FIGURE 0.16 Estimated uncertainties associated with the comparisons of timber buildings with reference
building F, for non-hazardous waste. Indication of probability (left) and relative contribution to uncertainty

(right).
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Appendix P

P LCAresults: sensitivity analysis (wastage scenarios 2 and 3)

TaBLES P.1 to P.3 offer the results of wastage scenarios 1 (no wastage), 2 (low wastage)
and 3 (high wastage) in tabulated form (these have been presented in graphic form in

CHAPTER 5).

TABLE P.1 Wastage scenarios: waste production for all buildings (including differences relative to the
baseline, i.e., scenario 1).

Waste [ Building [Scenario 1 Scenario 2 (low ) Scenario 3 (high
categ. (baseline, zero lower bound average upper bound lower bound average upper bound
wastage) waste value  |relative diff. wastevalue  |relative diff. |wastevalue |relative diff. |waste value |relative diff. |wastevalue |relative diff. |wastevalue |relative diff.
[a] [a] [a] [b] [b] [b]
ke/m’sra kg /mice [(%) ke /m’sea (%) ke / mice |(%) ke / mice (%) ke /mea  |(%) ke /m’sea |(%)
A 3.21E-01]  3.33E-01 4%|  3.37E-01 5%| 3.42E-01 7%|  3.36E-01 5%| 3.42E-01] 7%|  3.48E-01 8%|
B1 3.05e-01]  3.17E-01 4%| 3.21E-01 5%| 3.25E-01 6%| 3.17E-01 4%| 3.21E-01 5%| 3.30E-01 8%)
B2 3.01E-01] 3.13E-01 4%| 3.17E-01 5%| 3.21E-01 6%| 3.13E-01 4%| 3.17E-01 5%| 3.21E-01 6%)
g |a 2.75E-01]  2.87E-01 5%| 2.92E-01 6%| 2.96E-01 8%| 2.87E-01 5%| 2.92E-01] 6%| 2.96E-01 8%
-g c2 2.68E-01]  2.80E-01 5%| 2.85E-01 6%| 2.89E-01 8%| 2.80E-01 5%| 2.85E-01] 6%| 2.89E-01 8%
S (b1 2.74E-01] 2.85E-01 4%|  2.89E-01 5%| 2.93E-01 7%|  2.89E-01 5%| 2.92E-01] 7%|  2.96E-01 8%)
& [m2 3.04E-01]  3.15E-01 4%| 3.19E-01 5%| 3.23E-01 6%] 3.19E-01 5%| 3.24E-01 7%| 3.28E-01 8%)
El 2.34E-01]  2.44E-01 5%| 2.48E-01 6%| 2.52E-01 8%| 2.45E-01 5%| 2.48E-01] 6%| 2.52E-01 8%)
E2 2.44E-01] 2.55E-01 5%| 2.59E-01 6%| 2.63E-01 8%| 2.55E-01 5%| 2.59E-01] 6%| 2.63E-01 8%
F 2.44E-01] 2.56E-01 5%) 2.60E-01 6% 2.64E-01 8% 2.56E-01 5%) 2.60E-01 7% 2.64E-01 8%
A 5.68E+01| 5.77E+01 2%| 5.80E+01 2%| 5.84E+01 3%| 6.04E+01 6%| 6.17E+01] 9%| 6.30E+01 11%)
B1 5.84E+01] 5.93E+01 2%| 5.96E+01 2%| 6.00E+01 3%| 5.93E+01 2%| 6.15E+01] 5%| 6.38E+01 9%|
4 [B2 6.11E+01] 6.21E+01 2%| 6.24E+01 2%| 6.28E+01 3%| 6.21E+01 2%| 6.25E+01 2%| 6.28E+01 3%
8 |a 1.79E+01] 1.89E+01 6%| 1.93E+01 8%| 1.96E+01 10%] 1.89E+01 6%| 1.93E+01] 8%| 1.97E+01 10%)
E c2 1.83E+01] 1.93E+01 6%| 1.97E+01 8%| 2.00E+01 10%| 1.93E+01 6%| 1.97E+01] 8%| 2.01E+01 10%
2 D1 9.73E+01] 9.82E+01 1%| 9.88E+01 2%| 9.93E+01 2%| 1.05E+02 8%| 1.05E+02 8%| 1.06E+02 9%
g D2 1.06E+02| 1.07E+02 1%| 1.07E+02 1%| 1.08E+02 2%| 1.13E+02 7%| 1.14E+02] 8%| 1.15E+02 8%)
c |E1 9.89E+00] 1.03E+01 5%| 1.05E+01 6%| 1.06E+01 7%| 1.03E+01 5%| 1.05E+01] 6%| 1.06E+01 7%)
E2 1.03E+01] 1.08E+01 5%| 1.10E+01 6%| 1.11E+01 7%| 1.08E+01 5%| 1.10E+01 6%| 1.12E+01 8%)
F 2.33E+01]  2.47E+01 6%| 2.51E+01 8%| 2.56E+01 10%] 2.47E+01 6%| 2.52E+01] 8%| 2.57E+01 10%)
A 2.55E-02]  2.67E-02 5%|  2.70E-02 6%| 2.73E-02 7%|  2.69E-02 5%| 2.73E-02] 7%|  2.76E-02 8%|
B1 2.92E-02]  3.04E-02 4%|  3.07E-02 5%| 3.10E-02 6%| 3.05E-02 5%| 3.08E-02] 6%| 3.12E-02 7%|
B2 3.44E-02] 3.62E-02 5%| 3.66E-02 6%| 3.70E-02 8%| 3.62E-02 5%| 3.66E-02] 6%| 3.70E-02 8%)
.g c1 2.97E-02] 3.17E-02 7%|  3.20E-02 8%| 3.24E-02 9%| 3.17E-02 7%|  3.20E-02 8%| 3.24E-02 9%
E 2 3.46E-02] 3.70E-02 7%|  3.74E-02 8%| 3.78E-02 9%|  3.70E-02 7%|  3.74E-02] 8%| 3.78E-02 9%
% D1 8.98E-02] 9.17E-02 2%|  9.23E-02 3%| 9.29E-02 4%| 9.63E-02 7%| 9.70E-02] 8%| 9.77E-02 9%|
© [D2 8.77E-02|  8.90E-02 1%| 8.96E-02 2%|  9.01E-02 3%| 9.38E-02 7%|  9.44E-02 8%| 9.51E-02 8%)
E1 1.44E-01] 1.53E-01 6%| 1.54E-01 7%| 1.55E-01 8%| 1.62E-01 13%| 1.68E-01 18%| 1.74E-01 21%
E2 1.34E-01]  1.42E-01 6%| 1.43E-01 7%| 1.45E-01 8%| 1.51E-01 13%| 1.57E-01 17%| 1.63E-01 22%)
F 3.22E-02] 3.36E-02 4% 3.39E-02 5% 3.43E-02 6% 3.37E-02 5%) 3.41E-02] 6% 3.44E-02 7%)
Notes
Wastegeen, — Wastesceny
a difference relative to scenario 1 (baseline), calculated as : Wastescen:
Wastescens — Wastesceny
4 difference relative to scenario 1 (baseline), calculated as : Wastescens
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Appendix P

TABLE P.2 Wastage scenarios: impact results for all buildings (including differences relative to scenario 1).

Impact [Building [Scenario 1 Scenario 2 (low wastage) Scenario 3 (high wastage)
zero lower bound average upper bound lower bound average upper bound
impactvalue |relative diff. |impactvalue |relative diff. |impactvalue |relative diff. |impactvalue |relatiive diff. [impactvalue |relatiive diff. [impactvalue |relatiive diff
[a] [a] [a] [b] [b] [b]
Gwe kg CO,eq./ |kg COreq./ |(%) kg CO,-eq./ |(%) kg CO,-eq./ |(%) kg COy-eq./ |(%) kg CO-eq./ |(%) kg CO-eq. / |(%)
e i e e e e ' I
A 1.54E+02| 1.61E+02 4%| 1.63E+02 6%| 1.64E+02 7%| 1.63E+02 6%| 1.65E+02 7%| 1.68E+02 9%
B1 1.66E+02| 1.73E+02 4%| 1.74E+02 5%| 1.76E+02 6%| 1.73E+02 4%| 1.75E+02 6%| 1.79E+02 8%
B2 1.58E+02| 1.66E+02 5%| 1.67E+02 6%| 1.69E+02 7%| 1.66E+02 5%| 1.68E+02 6%| 1.69E+02 7%
C1 1.84E+02| 1.97E+02 7%| 1.99E+02 8%| 2.02E+02 9%| 1.97E+02 7%| 1.99E+02 8%| 2.02E+02 9%|
C2 1.76E+02| 1.89E+02 7%| 1.91E+02 8%| 1.93E+02 10%| 1.89E+02 7%| 1.91E+02 8%| 1.93E+02 10%|
D1 2.89E+02| 2.98E+02 3%| 3.01E+02 4%| 3.03E+02 5%| 3.11E+02 8%| 3.14E+02 9%| 3.18E+02 10%)
D2 2.76E+02|  2.83E+02 2%| 2.85E+02 3%| 2.87E+02 4%|  2.96E+02 7%| 2.99E+02 9%| 3.03E+02 10%)
E1 2.16E+02|  2.26E+02 5%| 2.28E+02 6%| 2.30E+02 7%| 2.30E+02 7%| 2.34E+02 9%| 2.39E+02 11%)
E2 1.95E+02|  2.03E+02 4%| 2.05E+02 5%| 2.07E+02 6%| 2.08E+02 7%| 2.12E+02 9%| 2.16E+02 11%)
F 1.71E+02| 1.80E+02 5%| 1.83E+02 7%| 1.85E+02 8%| 1.81E+02 6%| 1.84E+02 7%| 1.87E+02 9%
Gwp kg CO,eq./  |kg COreq./ |(%) kg COy-eq./ |(%) kg CO,-eq./ |(%) kg CO,-eq./ |(%) kg CO,-eq. / |(%) ke CO,-eq. / |(%)
i ' n i n e e ' n e s
A 3.85E+01| 4.35E+01 13%| 4.47E+01 16%| 4.58E+01 19%| 4.28E+01 11%| 4.37E+01 14%| 4.46E+01 16%)
B1 -2.36E+01| -2.08E+01 12%| -2.05E+01 13%| -2.01E+01 15%| -2.20E+01 7%| -2.12E+01 10%| -2.04E+01 13%)
B2 -3.08E+01| -2.99E+01 3%| -3.02E+01 2%| -3.06E+01 1%| -2.99E+01 3%| -3.02E+01 2%| -3.05E+01 1%
C1 4.10E+01] 4.03E+01 -2%| 4.05E+01 -1%| 4.06E+01 -1%| 4.03E+01 -2%| 4.05E+01 -1%| 4.07E+01 -1%|
C2 3.17E+01| 3.09E+01 -2%| 3.09E+01 -2%| 3.09E+01 -2%| 3.09E+01 -2%| 3.10E+01 -2%| 3.10E+01 -2%)
D1 -1.64E+02| -1.57E+02 4%| -1.57E+02 4%| -1.57E+02 4%| -1.78E+02 -8%| -1.77E+02 -8%| -1.76E+02 -8%)
D2 -2.76E+02| -2.73E+02 1%| -2.74E+02 1%| -2.74E+02 1%| -2.96E+02 -7%| -2.97E+02 -8%| -2.98E+02 -8%)
E1 -3.66E+02| -3.69E+02 -1%| -3.71E+02 -1%| -3.73E+02 -2%| -3.75E+02 -2%| -3.79E+02 -4%| -3.83E+02 -5%|
E2 -4.36E+02( -4.42E+02 -1%| -4.44E+02 -2%| -4.46E+02 -2%| -4.47E+02 -3%| -4.52E+02 -4%| -4.57E+02 -5%]
F 9.44E+01|  1.02E+02 8%| 1.04E+02 10%| 1.06E+02 12%| 1.01E+02 7%| 1.02E+02 8%| 1.03E+02 10%)
opp kg CFC 11-eq. |kg CFC11- |(%) kg CFC 11- kg CFC11- |(%) kg CFC11- |(%) kg CFC11- |(%) kg CFC11- |(%)
/M 6ea eq. / m'cea eq. / m'cea eq. / m'cea eq. / m'cea eq. / m'cea eq. / m'cea
A 1.10E-05 1.18E-05 7% 1.20E-05 9% 1.22E-05 11%) 1.20E-05 9% 1.23E-05 12%) 1.27E-05 15%)
B1 1.31E-05 1.34E-05 2% 1.35E-05 3% 1.36E-05 4% 1.34E-05 2% 1.35E-05 3% 1.37E-05 5%
B2 1.20E-05 1.23E-05 2% 1.23E-05 3% 1.24E-05 4% 1.23E-05 2% 1.23E-05 3% 1.24E-05 4%
c1 7.01E-05] 7.61E-05 8%| 7.65E-05 9%|  7.69E-05 10%|  7.61E-05 8%| 7.65E-05 9%|  7.69E-05 10%)
C2 7.01E-05 7.63E-05 9%| 7.67E-05 9%| 7.71E-05 10%| 7.63E-05 9%| 7.67E-05 9%| 7.71E-05 10%)
D1 3.24E-05 3.43E-05 6% 3.46E-05 7% 3.49E-05 8%l 3.68E-05 14%| 3.82E-05 18%| 3.96E-05 22%|
D2 3.29E-05, 3.48E-05 6%|  3.50E-05 7%| 3.53E-05 7%| 3.73E-05 13%| 3.87E-05 18%| 4.01E-05 22%)
E1 7.59E-06|  7.81E-06 3%| 7.86E-06 4%|  7.92E-06| 4%| 7.83E-06 3%| 7.90E-06| 4%| 7.97E-06 5%
E2 8.24E-06  8.51E-06 3%| 8.59E-06 4%|  8.66E-06 5%| 8.53E-06 3%| 8.62E-06 5%| 8.71E-06 6%
F 2.24E-05) 2.51E-05 12%|  2.60E-05 16%|  2.69E-05 20%|  2.51E-05 12%|  2.60E-05 16%|  2.69E-05 20%)
AP kg SO,.-eq./  |kg SO,.-eq. |(%) kg SO,.-eq. [(%) kg SO,.-eq. [(%) kg SO,.-eq. (%) kg SO,.-eq. (%) kg SO,.-eq. (%)
M [/ men [/ men [/ men /e [/ mcea [/ mcea
A 5.22E+00| 5.55E+00 6%| 5.62E+00| 8%| 5.70E+00| 9%| 5.55E+00| 6%| 5.63E+00| 8%| 5.71E+00| 9%
B1 6.00E+00|  6.32E+00 5%| 6.39E+00| 6%| 6.47E+00| 8%| 6.32E+00| 5%| 6.39E+00 6%| 6.48E+00| 8%
B2 5.93E+00| 6.25E+00 5%| 6.32E+00| 7%|  6.40E+00| 8%| 6.25E+00 5%| 6.32E+00 7%|  6.40E+00| 8%
C1 5.27E+00| 5.61E+00 7%|  5.69E+00 8%| 5.77E+00| 9%| 5.61E+00 7%|  5.69E+00| 8%| 5.77E+00| 9%
C2 5.19E+00| 5.53E+00 7%| 5.61E+00| 8%| 5.69E+00 10%| 5.53E+00 7%| 5.61E+00 8%| 5.69E+00 10%)
D1 5.89E+00|  6.26E+00 6%| 6.35E+00 8%| 6.43E+00 9%| 6.28E+00 7%| 6.37E+00 8%| 6.45E+00 10%)
D2 5.18E+00| 5.50E+00| 6%| 5.57E+00 8%| 5.65E+00 9%| 5.52E+00 7%| 5.59E+00 8%| 5.67E+00 10%]
E1 5.27E+00| 5.60E+00 6%| 5.67E+00| 8%| 5.75E+00| 9%| 5.61E+00| 6%| 5.69E+00| 8%| 5.77E+00| 10%)
E2 5.25E+00| 5.58E+00 6%| 5.66E+00| 8%| 5.73E+00| 9%| 5.59E+00 6%| 5.67E+00| 8%| 5.75E+00 10%)
F 4.42E+00[  4.70E+00| 6%| 4.76E+00| 8%| 4.83E+00| 9%| 4.70E+00| 6%| 4.76E+00| 8%| 4.83E+00| 9%
EP kg PO,.-eq./ |kg PO4.-eq. |(%) kg PO,.-eq. [(%) kg PO,.-eq. [(%) kg PO,.-eq. ((%) kg PO,.-eq. ((%) kg PO,.-eq. |(%)
M [/ men [/ men [/ msen [/ mcea [/ mcea [/ mcea
A 4.59E-01]  4.85E-01 6% 4.91E-01 7%| 4.97€-01 8%|  4.86E-01 6%| 4.93€-01 7%|  4.99€-01 9%]
B1 5.16E-01 5.41E-01 5%| 5.47E-01 6%| 5.53E-01 7%| 5.41E-01 5%| 5.47E-01 6%| 5.55E-01 8%
B2 5.06E-01 5.31E-01 5%| 5.37E-01 6%| 5.43E-01 7%| 5.31E-01 5%| 5.37E-01 6%| 5.43E-01 7%)
C1 4.66E-01|  4.94E-01 6%| 5.01E-01 7%| 5.07E-01 9%| 4.94E-01 6%| 5.01E-01 7%| 5.07E-01 9%
c2 4.56E-01|  4.84E-01 6%| 4.90E-01 8%| 4.96E-01 9%| 4.84E-01 6%| 4.90E-01 8%| 4.96E-01 9%
D1 5.04E-01 5.33E-01 6% 5.40E-01 7% 5.47E-01 8% 5.35E-01 6% 5.43E-01 8% 5.50E-01 9%
D2 4.59E-01 4.84E-01 5% 4.90E-01 7% 4.96E-01 8%l 4.87E-01 6%| 4.94E-01 8%| 5.01E-01 9%|
E1 4.80E-01 5.07E-01 6% 5.13E-01 7% 5.20E-01 8% 5.09E-01 6%| 5.17E-01 8%| 5.24E-01 9%
E2 4.78E-01 5.05E-01 6%| 5.11E-01 7%| 5.17E-01 8%| 5.07E-01 6%| 5.14E-01 8%| 5.21E-01 9%
F 4.15E-01|  4.39E-01 6%| 4.44E-01 7%| 4.50E-01 8%| 4.39E-01 6%| 4.45E-01 7%| 4.51E-01 9%
POCP kg ethene-eq. |kg ethene- ((%) kg ethene- (%) kg ethene- |(%) kg ethene-  |(%) kg ethene-  ((%) kg ethene- (%)
/ m’een eq. / maea eq. / m’eea eq. / m’eea eq. / m’aea eq. / m’gea eq. / m’gea
A 7.86E-01 8.36E-01 6% 8.48E-01 8% 8.59E-01 9% 8.37E-01 6%| 8.49E-01 8%| 8.61E-01 9%|
B1 9.06E-01 9.54E-01 5%| 9.65E-01 7%| 9.77E-01 8%| 9.54E-01 5%| 9.66E-01 7%| 9.78E-01 8%
B2 8.96E-01 9.43E-01 5%| 9.55E-01 7%| 9.66E-01 8%| 9.43E-01 5%| 9.55E-01 7%|  9.66E-01 8%
C1 8.21E-01 8.75E-01 7%| 8.87E-01 8%| 8.99E-01 9%| 8.75E-01 7%| 8.87E-01 8%| 8.99E-01 9%
c2 8.11E-01 8.65E-01 7%| 8.76E-01 8%| 8.88E-01 10%| 8.65E-01 7%| 8.76E-01 8%| 8.88E-01 10%)
D1 9.27E-01 9.86E-01 6%| 9.99E-01 8%| 1.01E+00| 9%|  9.89E-01 7%|  1.00E+00| 8%| 1.02E+00| 10%)
D2 7.89E-01 8.38E-01 6% 8.49E-01 8% 8.61E-01 9% 8.41E-01 7% 8.54E-01 8% 8.66E-01 10%)
E1 8.29E-01 8.80E-01 6% 8.92E-01 8% 9.03E-01 9% 8.82E-01 6% 8.95E-01 8%| 9.07E-01 9%|
E2 8.19E-01 8.69E-01 6%| 8.81E-01 8%| 8.93E-01 9%| 8.71E-01 6%| 8.84E-01 8%| 8.96E-01 9%
F 6.73E-01 7.17E-01 7%| 7.27E-01 8%| 7.37E-01 10%| 7.17E-01 7%| 7.27E-01 8%| 7.38E-01 10%)
Notes
a difference relative to scenario 1 (baseline), calculated as Impactseeny — Impactseeny
Impactscen;
b difference relative to scenario 1 (baseline), calculated as : Impactscens — Impactscent
Impactgceny
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Appendix P

TABLEP
.3 Wastage j
) ge scenarios: primary-energy c
onsumption for all buildings (includ
cluding differen
ces relative to

Ener
cat. & :::::: Building [Scenario 1
b i lower bound enario 2 (low
primary relative di avera
\ diff. - ge
energy value |[a] € dil.fprimary relati upper b
di 2 ound =
w1/ min MO/ — sl ive diff. :"‘mary relative diff. [ori lower bound Scenario 3 (high
& || M/ mPgea |(%) nergy value (2] B o relative diff. [pri average
2 2 o MU/ Mo | [ ey e o upper bound
5 "95£+02|  3.06E402 mgea |(%) T e eR ] diff. [primary e
5 3.73e+02] 3.85E+02 4%| 3.09E+02 = mgea |(%) Nt % energy value |(b] ive diff.
_::"_. & 4.70E+02]  4.90E+02) 3%| 3.89E+02 40/° 3.12E+02 =15 aea (%) M1/ miers (%)
5 o 3.326+02] 3.58E+02] 4%| 4.96E+02 0/° 3.92E+02 o .10E+02 =53
& [b1 :?sz 4.60E+02| 2% 3.63E+02 g;’ 5.01E+02 70/: 2‘37502 4% 351?32 7%| 3.19E+02
g L11E+02] %| 4.6 6| 3.68E+0 .90E+02 -91E+02 ™ BEY 8%
£ |p2 3.28E+02 .66E+02 2 11% 4%| 4 5%| 3.97E. o
2.98E+02 5%| 3 9%| 4.72E 6| 3.58E+02 .96E+02 .97E+02 o
£ 3.09E+02 31E+02 72E402 109 8% 5% 5.01E %
1.26E+03 e 7% 3.35E %| 4.60E+02 3.63E+02 01E+02 79
E2 1.31E+03 L12E+02 -35E+02 8% 8%| 4 9%| 3.68E %
> 1.20E+03] 2% 1 5%| 3.15E 6| 3.34E+02 6| 4.66E+02 .68E+02 119
& F 1.256+03 1326403 % 3.156+02 6% 8% 3 9%| 4.72¢ %
= 2.44E+02] 2% 1 5%| 1.33E 6| 3.21E+02 .39E+02 \72E+02 109
@ A 2.576+02 26E+03 +03 o 8% 9%| 3.4 %
= BL 9.90E+02] 1.01E+03 5%| 2.61E+02 3:;0 1.278+03 ;’f }34&03 G%i ié;?oz 10%) 3 32&:3; 11%
> 1.78E+03) 2%| 1.0 6| 2.64E+0 6| 1.28E+03 -37E+03 ™ BN 12%
- B2 1.81E+03 .01E+03 > 2 8% 6%l 13 8%| 1.40F )
5| 2 1.796+03] 1 2% 1.81E 2% 1.01E+03 §_2.59E+02 S1E403 8% L o 10%
£ 5 = 1.38E 83E:03 29 L +03 2% 1 2%| 1.01E 6%| 2.64E+02 6| 1.33E+03
= 5 |2 386+03] 1.51E+ o| 1.836+03 .81E+03 -01E+03 2% 3%l 2.6 11%|
5| £ |; 1.40E403| 1 53£+g§ 10%| 1.51€+03 13% 1.83E403 ;:f 1.81E+03 o 1-21&03 2% 1 02?32 10%
o 3 4116403 4. 10%] 1.5 %| 1.51E+0 6| 1.83E+03 -81E+03 A i 2%
-] g [p2 " 4.14E+03 -53E+03 1ol 1 3 10% 2%| 18 2%| 1.81E+0 -
88E+03 1% 4 0%| 1.53E 6| 1.51E+03 -83E+03 3 29
[} E1 4.91E+03 .14E+03 +03 109 10% 2% 18 %
3 5.22E+03 1%| 4 1%| 4.14E 0%| 1.53E+03 6l 1.51E+03 -83E+03 29
2 E2 5.33E+03 -91E+03 % _4.14E+03 1% 10%| 15 10%| 151+ %
2 5366403 2%| 53 1%| 401 6| 4.14E+03 .53E403 % 1.51E+03 10%
F 5 48E+0. .33E+03 +03 9 1% 10%| 1 0
o 6.1, 3 9 2% 1% 4.9 6| 4.14E+ .53E+03
L .16E+02 2%] 5.4 6| 5.33E+0. .91E+03 03 9 10%
A 6.326+02) A48E+03 3 2% 1% 4 19%| 4.14€ 0
1.51E+03 3%| 6.3 2%| 5.48E+ 6| 5.33E+03 .91E+03 e — +03 %
Bl 1.55E+03 .32E+02 9 03 2% 2%| 5.3 1%| 4.91E t
2.36E+03] 2% 1.5 3%| 6.32E+0 6| 5.48E+03 .33E+03 - .91E+03 1%
B2 2.41E+03 56E+03 0 2 3% 2%| 5.4 2%| 5.33E40 e
2.46E+03) 2% 2 3%| 157E+ 6| 6.32E402 -ABE+03 9 3 2%
1 2.53E+03 A2E+03 ” 03 2% 3% 63 2%| 5.48E+0 d
- 1.946+03 39| 2 3%| 2.44€ 6| 1.57€+03 326402 ) 3 2%
T | 2.11E+03 .55E+03 +03 4% 4%| 1.5 3%| 6.32E+0, &
] 2.06E+03] 9% 2 4%| 2.57E 6| 2.42E+03 .59E+03 - 2 3%
2 |p1 2.23E+03 .14E+03 S +03 5% 3%| 2 5%| 1.61E+ 2
4.606+03 9| 2 10%| 2.16E 6| 2.536+03 44E+03 5 03 7%
D2 4.65E+03 .26E+03 " +03 11% 3%| 2 3%| 2.46E °
5.39E+03 1% 4 10%| 2.28E 6f 2.11E+03 -55E403 -46E+03 4%
E1 5.44E+03 .68E+03 +03 11% 9%| 2 4%| 2.57E 0
6.68E+03) 1%] s 2%| 4.71E 6| 2.23E+03 .14E+03 .57E+03 59
E2 6.85E+03 A7E+03 +03 2% 9%| 2 10%| 2.16E %
6.75E+03 3% 6 1%| 5.50E 6| _4.96E+03 -26E403 -16E+03 119
F 6.93E+03 .89E+03 +03 29 8% 10%| 2.28 %
1.04E+03 3% 6 3%| 6.94E %| 5.78E+03 4.99E+03 .28E+03 PTn
A 1.08E+03 98E+03 +03 2% 79| 5 8%| 5.02E %
1.75E403 3%| 1.0 3%| 7.03E+ 6| 6.95E+03 .83E+03 .02E+03 0%
B1 1.836+03 (09E+03 5 03 4% 2%| 7.0 8%| 5.87E o
1.90E+03 5% 1 4%| 1.10E+ 6| 7.03E+03 .05E+03 % 587E+03 0%
B2 1.97€+03 -85E+03 . 03 6% a%| 7 6%| 7.14€ 4
= 1.89E+0: 4% 6%| 1.88E 6| 1.09E+03 13E+03 .14E+03 79
5 [a 3| 1.97e+03 6| 1.99€+03 +03 > 59| 1 6%| 7.23E %
£ 2.24E+0 4% 5%| 2.01 %| 1.86E+03 11E+03 236403 7%
§ [ 3| 2.40e+03 1.99E+03 -01E+03 5 6% 6%| 11 d
5% 6%| 1.98 6| 1.89E+03 .12E+03
% [p1 2.226+03| 2.39E+ 7% 2.42€ 6| 2.02E+03 -98E+03 3% 8%
2 .39E+03 +03 5 7% 4%| 2.0 6 1.92E+0
g 1.47E+03] 7% 2 8%| 2.45€ 6| 1.97E+03 .00E+03 3 10%
g [p2 1.56E+03 A1E+03 +03 o 4% 5%| 2.0 i
¢ 1.34E+0 6% 9%] 2 9%| 2.40€ 6| 1.99E+03 -05E+03
. 3| 6| 1.58E .44E+03 +03 o 59 8%
E1 1.42E+03 +03 vy 10% 7%| 2.4 %| 2.02E+
= 2.08E+03 6%| 1.4 8%| 1.60E+0 6| 2.39E+03 42E+03 % 2.026+03 2o
B2 2.19E403 A4E+03 3 9% 7%| 2 8%| 2.45E d
= 1.96E+ 5% 7%| 146 6| 1.58E+03 A1E+03 45E+03 9
] F 03] _2.06E+0 o 221E+03 A6E+03 o 8% o%| 244 9%
< T7ae+03| L. 3 5% 6%| 2.24 8%| 1.456+03 6] 1.61E+03 A4E+403 10%
(] A 3| 1.85€+03 6 2.08E+03 248403 9 8% 10%| 1.64 e
6%| 2 8%| 2.23E 6| 1.48E+03 .64E+03 129
> = 11802 L1.25E70 6%| 1.88E+03 L11E+03 +03 = 10% 2%
: 2 9 8% %| 2.28E 1.51E+03
© 1.28E+02) 6% 1.27¢ 8%] 1.91E+03 6| 2.11E+03 +03 109 13%
£ N 3 1.336+02 -27€+02 % 10%] 1 8%| 2.15E %| 2.32E+03
= - .38E+02 4%| 1.3 6| 1.29E+0 .85E+03 +03 109 12%
= 3 |a 1.45E+02 .34E+02 . 2 % 6%| 1.8 0%| 2.20E+0 0
s T 4.02E+02 5% 1 5%| 1.35E+ 6| 1.27€+02 -88E+03 v BER 3 12%
g [ 4.35E+02 L46E+02 02 59 8% 8%| 192E 0
[} 3 4.17E 8% 6% 1 %| 1.34E 6| 1.30E+02 :92E+03 9
= £ 02| 4 6| 4.38E 48E+02 +02 ’ 10% 10%)
i D1 .52E+02 +02 9 7% 5%| 1 6| 1.33E+
z 7.51E+ 8% 9%| 4.41 6| 1.45€+0: -36E+02 02 129
© 2 o2 02| 7.67E+ 4.55E+02 A1E+02 2 5% 6% 1 2%
E N 8.13E+0 02 2% %] a5 10%| 4.35€+0 6 146E+02 386402 2
2 EL 13E+02|  8.29E+02 6| _7.71E+02 %l 4588402 10% 2 8%| 4 6%l 1.48E 7
e 1.75E+02 2%| 83 3%| 7.76E+0. 6| 4.52E+02 .38E+02 S +02 7%
S E2 1.84E+02] -34E+02 5 2 3% 8% 4.5 9%| 4.41E d
o 1.66E+02) 5% 1 3%| 8.39E 6 8.17E+02 -55E+02 +02 10%
T F 1.74E+0, .85E+02 +02 9 9% 9%| 4.5 0
£ n 1.67E+02 1.335,,02 5%| 1.756+02 23’ 1.876+02 ;; ?.81E+02 o z-;zimz o4l 8 3233; 10%
c 1.92E+03] 9%| 1.8 6| 1.77E+0 6| 1.89E+02 -92E+02 i BEY 12%
B1 2.01E+03 -87E+02 ) 2 7% 8%| 1 10%| 9.03E .
2.076+03 5%| 2.0 12%| 1.92E+0 5| 1.80E+02 .94E+02 % 9.03+02 11%
B2 2156403 L03E+03 = 2 15% 8% 18 11%| 1.98E+ o
2.08E+03) = 2 6%| 2.06E 5| 1.84E+02 -B4E+02 % 198E+02 13%
c1 2.17E+03 -18E+03 +03 7% 10%| 1.8 119%| 1.88E+ o
= 2.69E+03 4%| 2 5%| 2.20E 6| 2.03E+03 .89E+02 - - 02 14%
5 |@ 2.88E+03 .19E+03 +03 6% 6%| 2.0 14%| 1.95E+0 .
£ 2.69E+03 7%| 2 5%| 2.21E 6| 2.16E+03 .07E+03 2 199E+02 17%
2 |p1 2.89E+03 91E+03 +03 7% 4%] 2 8%| 2.11E -
2.39E+03] 7% 2 8%| 2.94E 6| 2.17E+03 .18E+03 -11E+03 10%
D2 2.51E+03 .92E+03 +03 99 4%) 5%| 2.23| 0
2.35E+03) 5% 2 9%| 2.95E %| 2.88E+03 2.19E+03 .23E+03 &
E1 2.44E+03 53E+03 +03 109 7% 6%| 2.22 %
2.30E+03 2% 2 6%| 2.56E %| 2.89E+03 2.91E+03 .22E+03 79
E2 2.42€+03 LA7E+03 -56E+03 79 7%| 2 8%| 2.94E %
2.17E+03] 5%| 2 5%| 2.49E; %| 2.59E+03 6l 2.92E+03 -94E+03 99
3 2286403 45E+03 -49E+03 o 3% 9%| 2.9 %
- 1.96E+03| 2.08E+03 59| 2316403 ol 247603 el 253603 5 263603 10w 2 e
3.43E+03 6% 2.1 6| 2.33E+0; o| 2.47E+03 -58E+03 v BEY 12%
Bl 3.55E+03 12E+03 o 3 8% 7% 2.5 10%| 2.62E+ .
— 4.43E+03 4%| 3.5 8%| 2.15E+0: 6] 2.33E+03 .52E+03 > - 03 12%
o B2 4.56E+ .59E+03 3 109 8% 10%| 2.5 0
g = 4.54E403 4.70E+g: 3%| 4.60E+03 Z"f 3.636403 2;7 ;09903 7‘;; ;ig?% ol 2 415:32 12%
et 4.63E+03 a%| 47 %| 4.64E+ 6| 3.61E+03 -12E+03 v DR 12%
- 2 4.99E+03 .74E+03 ” 03 5% 5% 3.6 9%| 2.16E+0 0
4.74E+ 8% 5%| 4.7 5| 4.57E+0 -66E+03 3 119
c = 03| 5.126+ 6| 5.05E+03 .79E+03 3 3% 7%| 3 1%
© 7.00E 126403 8% 9% 5 6%| 4.70€ 6| 4.62E+03 72E+03 5
o +03| 7 6| 5.18E+ .10E+03 +03 o 49 8%
7y D2 3 .16E+03 03 99 10% 4%| 474 %| 4.69E+0
74£403 2% 7 %| 5.23E+ 6| 4.99€+03 -74E+03 3 6%
E1 7.88E+03 .21E+03 03 109 8% 5%| 4.79E 0
8.08E+03 2% 7 3%| 7.26E %| 5.12E+03 6| 5.05E+03 .79E+03 &9
B2 9.27E+03 .94E+03 v BET +03 2% 8% 5 9%| 5.10E %
8.92E+03 3% o 3%| 7.99€ 5| _7.54E+03 -18E+03 -10E+03 109
F 9.21E+03 .34E+03 +03 o 8% 9%| 5.2 %
Notes 3.00E+03] 3.16E+03 3%| 9.29€+03 2"//0 9.41£+03 g;’ 2431&03 7%“) ;-Zgaos o B 735:3; 10%
5%| 3.20 %| 9.36E: 6] 9.42E+03 -40E+03 o - 10%
a " .20E+0: +03 o, 9% %)
difference relative to scenari 3 7%| 3.25€+03 5%| 9.37E+03 5%| 9.57E+03 7; 8.50E+03 0%
scenario 1 (baseline), calculated a P 9%| 3.18E+03 5%| 9.52E+03 7; 9.72E+03 %
S : o
b [aiference relative PBycenz = Picont 6% 3.23£:03 5 676403 =
to scenario 1 (baselin PE, 8%| 3.29E+03 -
o), calculated as : FER 10%)
PEscens = PEscen1
P

200



Appendix Q

Q Thermal study: mathematical definitions and formulas

This appendix accompanies CHAPTER 6 and provides information on the formulas that
have been used to carry out the statistical analysis of the experimental data and the
regression analyses.

TABLE Q.1 Formulas for statistical and regression analysis relating to thermal tests. Notes are located at the
end of the table.

Parameter |Parameter Symbol | Unit of Comments References
type designation measurement
for time for
lag decrem.
factor
measure of | arithmetic mean x h / calculated as: Madsen,
location N 2011;
i i Mills and
X = N Xi Chang, 2004
=1 (p-26)
measure of | standard deviation |g h / calculated as: Madsen,
dispersion of the arithmetic 2011;
mean 1 N Mills and
— )2 Chang, 2004
o= |[—/—— X; — X ’
- Z[( (=07 chan
i=1
relative standard Orel % % calculated as: Madsen,
deviation of the o 201; Faber,
arithmetic mean (or Orer = =+ 100% 2012 (p.25)
- X
coefficient of
variation)
statistical U h / calculated as: Madsen,
uncertainty of the U= +¢ 2011 (p.51,
mean (shown by - 144); Mills
each error bar in and Chang,
graphs) Error bars show upper and lower limits of the 2004 (p.25);
68.3% confidence interval for the mean: Faber, 2012
interval=x+U=Xx + o (p.65)
regression observed value of y Vi h /
arameters - -
P predicted or fitted J’; h / Calculated by method of least squares
values of y t
calculated (least- A h/MJ %) Dekking et
square) estimate of 'B / / 'B N N N al., 2005
the slope B. _ NYiz1xiyi — Qizg X)) Ci=1 Y1) |0:331);
Regression - N 2 N 2 Underwood,
coefficient. N Zi=1 X — (Zi=1 Xi) 1997 (p.422)
estimate of the y- N h N—o_ Pz Dekking et
intercept © o / g y ﬁx al., 2005
(p.331);
Kaltenbach,
2012 (p.80)
error (or residual ) — 5. Montgome-
( ) lerr; |h / err; =y, — i n s
(p.453)
error (or residual) SSerr h? / N N Montgome-
sum of squares _ 2 _ ~\2 ry, 2013
SSerr - § erry = § (yi - yi) (p.453);
i=1 i=1 Kaltenbach,
2012 (p.87)
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Parameter |Parameter Symbol | Unit of Comments References
type designation measurement
for time for
lag decrem.
factor
regression regression sum of SSreg h? / in terms of y‘i and yi:
parameters | squares (or model 2
sum of squares) N 1 N
_ 2 _ . Montgome-
SSreg = E Vi N § Yi ry, 2013
i=1 i=1 (p-463)
N
52
- E i =9
i=1
or, in terms of y; and ¥:
N Kaltenbach,
z : _ 2012 (p.86)
— 5 2
SSreg - (yi - y)
i=1
total sum of SStot  |P? / SStot = SSreg + SSerr Mo;;glgme-
squares ry,
— VWV 2 _ l N 2 463
=Lz ¥i — 5 @iz v (p.463)
or, in terms of y; and y:
N Kaltenbach,
_ _=\2 2012 (p.86
SStot = § i—¥) (p.86)
i=1
unbiased estimator | A2 h? / N Montgome-
of variance of the o ~2 SSeTT _ 1 ~\2 ry, 2013
error G2 °C =EN_2"N_-2 Vi =9)° | (pas3)
i=1 Kaltenbach,
2012 (p.80)
estimator of 6 h / Faber, 2012
standard error of y 1 N (p.101 &
S Sy p.103)
6= |y 5 E (i —3)
i=1
variance of x 6‘)2( MJZ / 1 N gglicczer;bascr),
A2 _ p.
Ox = 7+ E (x; — X)?
N-1
i=1
- ——— & ~2
variance ofA Var(ﬁ hZ/MJ / . 5 gglicczer;bascr),
estimator [ 2 Var(ﬁ) = 5IN P
o
X
standard error of ~(p = Kaltenbach,
5 Se(ﬁ) h/MJ- |/ A( ”) 2 ( A) ° 2012 (p.81)
estimator [ se ,B = |Var '3 == .
oxV N
variance ofA \7:;1‘(9) h2 / A 82 N ;gl;;rzbascr),
estimator O Var(Q) E x.z P-
AZNZ i
o
X =
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Parameter | Parameter Symbol | Unit of Comments References
type designation measurement
for time for
lag decrem.
factor
standard error of ~ ( ") h / Kaltenbach,
o se( 0 PR
estimator 6 se(@) = Var(H) 2012 (p.81)
correlation N = 5 Dekking et
r v J— . —
coefficient / / r = l_l(xl X) (yl y) al., 2005
(p.142)
N _ A2 VN — 52
(EG - DL 01— )
emeers |oemmmaten |||/ |2 = 25reg _y _ SSerr a0
ré=—== ry,
SStOt SStOt (p.464)
adjusted cpefﬂuent rzadj / / 5 SSerr/(N — 2) Montgome-
of determination Tad ., = — = ry, 2013
! SStot/ (N — 1) (p.464)
{ (N - 1) a 2)
=1—=—\T—F —-Tr
N-—-2

Symbols (other than those defined above)

N

sample size (i.e.,, number of observations)

Xi

value of x measured during the i*" observation
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R Thermal study: summaries of regression analyses

Appendix R

This appendix contains a statistical summary of each regression analysis carried out for

the thermal tests (CHAPTER 6).

TABLE R.1 Summary of regression analysis, regarding the correlation between solar energy and time lag, for

wall B1.

Regression summary: statistics

parameter
designation

symbol

value

observations

65

correlation
coefficient

0.832

coefficient of
determination

0.958

adjusted
coefficient of
determination

2
r adj

0.957

standard error
ofy

[=}]

1.55

Regression equation

TLg, = 0.95- E,py

Parameter description

designation

symbol

value

standard
error

slope

0.954

0.0259

y-intercept

D

n.a.

Analysis of variance

source of degrees of [sum of squares |mean square |F-ratio probability
variation freedom

regression 1 3247 3247 1427 0.19
residual 63 143 2

total variation 64 3391

204



Appendix R

TABLE R.2 Summary of regression analysis, regarding the correlation between solar energy and decrement
factor, for wall B1.

Regression summary: statistics

parameter
designation

symbol

value

observations

65

correlation
coefficient

-0.362

coefficient of
determination

0.131

adjusted
coefficient of
determination

2
r adj

0.117

standard error
ofy

=)

0.

09

Regression equation

Parameter description

designation

symbol

value

standard
error

slope

-0.012

0.0040

y-intercept

T T

0.3687

0.0308

Analysis of variance

source of degrees of [sum of squares mean square |F-ratio probability
variation freedom

regression 1 0 0 10 >>0.95
residual 63 0 0

total variation 64 1
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TABLE R.3 Summary of regression analysis, regarding the correlation between solar energy and time lag, for

wall D1.

Regression summary: statistics

parameter
designation

symbol

value

observations

65

correlation
coefficient

0.853

coefficient of
determination

0.9

62

adjusted
coefficient of
determination

0.9

61

standard error
ofy

1.

34

Regression equation

TLpy = 0.87 - Eypy

Parameter description

designation

symbol

value

standard
error

slope

0.870

0.0225

y-intercept

Dy T

n.a.

Analysis of variance

source of degrees of [sum of squares |mean square |F-ratio probability
variation freedom

regression 1 2706 2706 1578 0.51
residual 63 108 2

total variation 64 2814

206



Appendix R

TABLE R.4 Summary of regression analysis, regarding the correlation between solar energy and decrement
factor, for wall D1.

Regression summary: statistics

parameter
designation

symbol

value

observations

correlation
coefficient

-0.541

coefficient of
determination

0.292

adjusted
coefficient of
determination

2
r adj

0.281

standard error
ofy

=]

0.05

Regression equation

Parameter description

designation

symbol

value

standard
error

slope

-0.012

0.0025

y-intercept

4
5

0.270

0.0025

Analysis of variance

source of degrees of sum of squares mean square |F-ratio probability
variation freedom

regression 1 0 26 >>0.95
residual 63 0

total variation 64
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TABLE R.5 Summary of regression analysis, regarding the correlation between solar energy and time lag, for

wall F.

Regression summary: statistics

parameter
designation

symbol

value

observations

65

correlation
coefficient

0.875

coefficient of
determination

0.9

50

adjusted
coefficient of
determination

0.949

standard error
ofy

1.42

Regression equation

Parameter description

designation

symbol

value

standard
error

slope

0.798

0.0237

y-intercept

Dy T

n.a.

Analysis of variance

source of degrees of [sum of squares |mean square |F-ratio probability
variation freedom

regression 1 2275 2275 1191 0.20
residual 63 120 2

total variation 64 2396
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TABLE R.6 Summary of regression analysis, regarding the correlation between solar energy and decrement
factor, for wall F.

Regression summary: statistics

Regression equation

DF, = —0.008- E,,, + 0.19

parameter symbol value

designation

observations N 65

correlation r

coefficient -0.441

coefficient of 2

determination 0.195

adjusted andj

coefficient of

determination 0.182

standard error ©

ofy 0.05

Parameter description

designation symbol value standard
error

slope 3 -0.008 0.0022

y-intercept 5 0.187 0.0169

Analysis of variance

source of degrees of sum of squares mean square |F-ratio probability
variation freedom

regression 1 0 0 15 >>0.95
residual 63 0 0

total variation 64 0
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S Thermal study: plots of regression analyses

This appendix contains the regression-analysis plots regarding the functional
relationships between TL and solar energy or DF and solar energy. These plots refer to

walls D1 and F (the equivalent plots for wall B1 have been presented in SECTION 6.4.2).
Each figure contains three parts:

a) TL (or DF) values versus solar energy received in the morning, with regression
line in red;
b) TL (or DF) residuals versus solar energy received in the morning;

c) TL (or DF) residuals versus estimated TL (or DF) values.
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TL vs radiation --- wall D1
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FIGURE S.1 Regression-analysis plots for the time lag of wall D1: TL versus solar energy and regression line
(a), residuals versus solar energy (b) and residuals versus estimated TL (c).

211



Appendix S

TL vs radiation --- wall F
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FIGURE S.2 Regression-analysis plots for the time lag of wall F: TL versus solar energy and regression line (a),
residuals versus solar energy (b) and residuals versus estimated TL (c).
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DF vs radiation --- wall D1
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FIGURE S.3 Regression-analysis plots for the decrement factor of wall D1: DF versus solar energy and
regression line (a), residuals versus solar energy (b) and residuals versus estimated DF (c).
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DF vs radiation --- wall F
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FIGURE S.4 Regression-analysis plots for the decrement factor of wall F: DF versus solar energy and
regression line (a), residuals versus solar energy (b) and residuals versus estimated DF (c).
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