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Highlights
e Green and living facades can improve the thermal performance of existing buildings.
e There is a lack of empirical data on effects of living wall to building insulation.
e Findings demonstrate a 31% improvement to traditional masonry wall U-values.

Abstract

Living wall systems are a relatively new form of facade cladding treatment on buildings. Bringing a
host of benefits such as added biodiversity, they also have the potential to aid the thermal efficiency
of a wall construction by offering an extra layer of thermal resistance. Yet few studies have been
conducted to ascertain the thermal influence of living wall systems can have on existing buildings.

This study reviews the impact of living walls upon the thermal and environmental performance of
buildings and isolates a lack of research that directly measures associated retrofitted living wall
thermal performance. A case study then monitors the heat flux through a pre 1970s uninsulated
cavity masonry wall construction that has been retrofitted with an external living wall system face.
Results are compared with an identical wall build-up on the same elevation without the living wall
cladding.

Results found that the calculated thermal transmission value for the pre 1970s wall with an additional
Living wall facade cladding was 31.4% lower than that of the same wall without the living wall.
Furthermore, diurnal fluctuations in heat flux were lower over the study period for the wall with the
living wall system cladding. These findings demonstrate that a living wall fagade offers a viable
solution for helping to minimise heat loss from existing buildings of this construction.

Keywords
U-value, Living wall systems, Green walls, Heat flux, Insulation, Energy Conservation, Sustainable
Buildings, Space Heating, Cladding.

Abbreviations
Green Facade (GF), Living wall systems (LWS), Root mean square (RMS).
U-value presented in watts per meters squared, Kelvin (W/m?K)
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1. Introduction

In Britain, buildings directly account for 17% of UK Greenhouse Gas Emissions (85 MtCO,e in 2019)
[1], and space heating accounts for over 60% of all energy used in buildings [2]. Whilst modern policy
and construction methods strive to minimise energy use, it is acknowledged that there is a correlation
between the age of buildings and increased energy in use [3], with older buildings being the largest
contributors to carbon emissions.

Within England, approximately 57% all domestic [4] and non-domestic [5] buildings were built before
1964. Many other existing conurbations across the globe have similar rates of pre-existing buildings
and therefore are likely to have associated thermal standards within their existing building fabric.
Therefore if the UK is to reach its target of net zero carbon emission by 2050 [6, 7], and other global
targets it will be critical to address the energy use of existing building stock.

One of the most common forms of construction in the UK, some parts of Europe, North America and
Asia since the 1920s are masonry walls, with cavity systems accounting for around 70% of UK
dwellings [8]. The thermal performance of this form of construction is relatively poor, with measured
thermal transmission values in the region of 1.3 to 1.1W/m?K [9] and 1.56W/m?3K [10] for masonry
cavity walls built before 1990. This date is significant, since the England and Wales building
regulations changed in 1990 to lower the thermal transmission value with nominal U-values for
external walls falling from 1.0W/m?K in 1976 to 0.45W/m2K in 1990 [11]. This led to increased use of
cavity fill insulation to meet the regulations. To date there are around 5.3 million UK properties (30%
of the total building stock) that do not have cavity insulation, many of which are perceived as being
hard to treat* [8]. *(Hard to treat infers associated difficulties in installing either cavity, internal or
external wall insulation to lower the wall’s thermal transmission value).

Strategies to improve the thermal performance of existing walls includes the use of cavity fill, internal
or external wall insulation [12]. Each method has unique practical benefits and limitations. The unique
features often alter the time related response of walls, leading to specific thermal performance
characteristics that can not only reduce heat loss but result in more comfortable interior spaces in
extended periods of high external temperatures [13, 14]

Whilst insulation will reduce wall heat loss, it is estimated that wind driven convection can increase
heat loss from building surfaces by 50% [15]. This issue is recognised by Anderson [16] and BS EN
6946 [17], who estimate that exposed walls with a surface resistance of 0.04m?K/W can be improved
to between 0.1m?K/W and 0.13m?K/W (for high emissivity surfaces) if using some form of external
ventilated cladding / rain screen protecting the exposed surface. This could include the incorporation
of a container system used to provide the growing medium for housing plants close to an existing
wall.

Yet there is great complexity in estimating the flow of heat through a ventilated cavity due to a range
of factors such as conduction within still air, convection from air movement and radiation from the
inner cavity surface. Sanders [18] suggest that the estimated U-value for a traditional timber framed
wall with a ventilated cavity to its cladding could vary by between 3% and 7% dependent on the
emissivity of the materials used and the degree of ventilation. Whilst much work has been
undertaken to consider the complexities of cavity resistances, Davies [19] comments on the limited
work that has been undertaken to verify the assumptions made for thermal resistances of ventilated
cladding cavities.

There are many options available for external claddings on buildings, however a relatively new form
of external wall covering are ‘green walls’. These green walls also known as ‘vertical greening systems’
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are typically categorised into Green Facade (GF) and living wall systems (LWS). Whilst GF use plants
directed to grow from a single point (usually at ground level) up a trellis or framework, LWS differ by
growing plants from multiple pockets of soil and other medium across the entire area of the facade
[20].

The aim of this paper is to investigate the potential for an external LWS to improve the fabric U-value
of existing cavity walls. This shall be investigated through these objectives:
1. Review existing academic literature on GF and LWS.
2. Investigate the change in fabric U-value to an existing uninsulated masonry cavity wall
example case study when retrofitted with an external LWS fagade cladding treatment.

2. Theory

Green wall systems offer a wide range of unique benefits [21] that more traditional inert fagade
claddings such as timber or cementitious materials cannot provide. Benefits include enhanced sound
absorption [22], pollution mitigation and improvement in air quality [23], increased biodiversity [24],
added value from biodiversity [25], and psychological improvements from perceived organic aesthetic
(26, 27].

In the context of more traditional cladding / rain screens offering some improvement in surface
resistance, several studies have been conducted to explore the benefits that green walls can have on
the thermal behaviour of buildings.

One area of previous research has focused on the reduction in the urban heat island effect in warm
climates, where foliage from such facades minimises the direct solar exposure on more traditional
thermally massive construction materials such as masonry [28],lowering the risk from re-emitted
thermal radiation to the urban realm. By minimising the solar gains on buildings, green walls have also
been found to lower the indoor air temperature of buildings in warm climates through foliage offering
shading to the facade [21]. Ottele et al., [15] explain how solar energy is used by the vegetation, with
5-30% being reflected, 5-20% used for photosynthesis, 10-50% turned into heat and 5-30%
transmitted through the leaf. They also add that 20-40% of the solar exposure is used for
evapotranspiration, which is the process of drawing heat through evaporated moisture from the leaf
[21]. The net result is that the ventilated air gap between the green wall and the adjoining
construction is cooled by the foliage restricting the path of solar energy to the building. This is
supported by Di & Wang [29] who found that peak cooling loads could be reduced by 28% for west
facing ivy covered walls when exposed to direct sunlight. Adding to this, Wong et al., [30] found that
wall surface temperatures could be reduced by over 11°C when using a vertical greenery system.
Work by Safikhani & Baharvand [31] explored the effect of increasing the ventilated cavity on
lowering wall surface temperatures, and found that a 30cm cavity on western located walls provided
the most optimal solution when utilising a green wall for cooling. Also work by Cameron et al., [32]
has explored the effect that different forms of foliage have on cooling.

Plant geometry varies according to the growth form with the majority of living wall plants consisting
of evergreen, perennial, herbaceous species. This reflects the requirement for dense, low growing
plants with attractive foliage all year round [33]. Dense foliage growth in evergreen perennials is most
often associated with plants with meristems (growth points) occurring at ground level and typically
have tussock forming or clumped growth forms. In addition to being aesthetically pleasing, dense
foliage of clump forming grasses, ferns and flowering plants have the added ecosystem services of
sequestering relatively large amounts of carbon in their foliage, plant tissues, and as soil organic
carbon [34]. As well as wall cover and shade this dense plant biomass may provide additional thermal
insulation for buildings [35]. Tangjuank [36] found that the thermal insulation of particleboards
produced from pineapple leaves, which has a similar clumped growth form to a living wall staple,
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Luzula spp. was 0.035 W/m.K with density of 210 kg/m3, which was closed to the commercial
insulator.

In addition to work undertaken on the cooling effects that can be gained from green walls, there is
some research into the insulative benefits that such a system can bring. There is evidence that an
external layer of foliage can lower the rate of heat loss from a building, particularly as it minimises
wind driven convective cooling by providing a buffer to wind [21]. Work by Eumorfopoulou &
Kontoleon [37] discuss the buffering of wind, suggesting that foliage creates pockets of still air
amongst the leaves, which reduce the heat transfer coefficient. The effect of this though is dependent
on the density of the foliage. Indeed, evidence from a green wall study in UK winter conditions
suggests the variation between recorded green fagade energy saving of 21% and 37% compared to
bare walls was explained by plant establishment and foliage factors [38]. Cameron et al., [38] suggests
energy savings with this system could be as high as 40 — 50% in UK winter settings during periods of
extreme weather (strong rain and wind, cold). Further research by Yoshimi [39] show how a green
wall can provide an insulating effect by helping the external wall behind the green wall to maintaining
a higher and more stabilised surface temperature when compared with surface temperatures of an
external wall without a green wall. It is not just the external wall surface temperature that is reduced,
the air in the gap between the foliage and the wall is also warmer due to the buffering effect of the
leaves. Riley [33] indicates a 38% cost reduction in winter energy use resulting from the installation of
green walls

The insulating effect of foliage is found to be greater at night, when larger variations in air
temperature might be expected. This factor is supported by Nan et al. [40], who found LWS provide
an insulating effect during the evening and early morning. Riley [33] also reports that the greatest
benefits can be gained from green walls at the times of lowest and highest temperatures of the
heating and cooling season. By protecting the exposed wall during the coldest times of the day, there
is some levelling of diurnal wall temperatures, which will minimise heat flow through a structure.
Additional findings from Nan et al. [40] found that soil temperatures were greater than air
temperatures and that LWS helped to raise internal temperatures by between 0.4°C and 1.7°C
compared with walls without greenery. However, in winter the soil in the pockets of LWS is likely to
be wetter than summer, which Charoenkit & Yiemwattana [41] argue could lead to greater heat loss
in winter due to increased evaporative cooling. Dependent on the plant species, there is also an issue
related to the shedding of foliage in winter. Such loss of foliage might lower the insulating effect
suggested by others, though could lead to benefits from added solar exposure of the wall behind [42].

If the more biologically orientated research linked to green and living walls is assessed, it is clear that
much can be learnt from natural systems where there is empirical data on how plant geometry and
leaf morphology is a determining factor for thermal performance in plants [43]. At present there is
limited work applying knowledge from natural habitats to options for different plant types in living
wall systems [38].

Leigh et al., [44] has shown that leaf morphology and anatomy has a significant influence on leaf
surface thermal dynamics. Smaller leaves with increasing leaf dissection (pinnate or bipinnate) were
found to have higher levels of heat dissipation [44] and reduce water loss [45]. Smaller, thicker more
dissected leaves can be an advantage to plants growing on water stressed vertical surfaces of
buildings but provide lower levels of shading from solar radiation [44]. Larger leaves provide higher
levels of shade [46] and could be important in minimizing excessively high heat loads on building
surfaces. Rupp and Gruber [43] model heat transfer for different leaf shapes and found that shape-
driven transfer enhancements were higher for models with small leaves with finely toothed edges,
with local cooling up to 10 °C below air temperature. Leaf surface is also important, increased leaf
surface pubescence (hair cover) and leaf margin complexity increase boundary layer thickness,
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reducing leaf surface heating [43]. Pubescence and lighter-coloured leaves reflect more light
providing added leaf surface cooling and water conservation [45, 47]. When assessing all of these
variables Bau-Show Lin & Yann-Jou Lin [46] found that foliage density followed by leaf thickness, leaf
texture, and leaf colour had the greatest contribution to surface-soil cooling. Further work on living
wall systems is required to test these factors. There were some aspects that the review did not
provide definite answers to, such as the impact the type of organic matter has on thermal
performance. Similarly investigating the effect that irrigation has on soil and conductivity, whether
different plant species offer varied improvements in performance and exploring the effect that annual
growth has on overall performance. In some instances, this empirical data can be used to
model/simulate the possible building performance outcomes associated with different
plant/layout/substrate and existing walling options.

Many studies have focused on modelling [48, 49], simulation [42, 50-54],multi-layer temperatures
[30, 37, 55] and humidity [40] monitoring; however, few have used in-situ heat flux to assess thermal
conductivity through LWS. Of those who have used heat flux methodologies, Mazzali et al., [56] have
investigated the rate of heat flux through foliage to the masonry wall behind. This was to assess the
cooling properties of a LWS. In another study, Manso & Gomes [57] investigated a cork-based LWS
attached to an insulated metal building in Portugal. Over three 14-day periods, they utilised
temperature and heat flux monitoring. Results were promising and found that minimum internal
surface temperatures could be increased by 7°C during winter periods with the addition of the cork
based LWS. Additional work using heat flux investigations on LWS in a winter period was conducted
by Tudiwer & Korjenic [58]. In this study, two types of living wall were investigated and compared
with un-covered sections of wall. Results found that the LWS monitored gave between 0.13m2K/W
and 0.68m2K/W improvement in thermal resistance over non-greened walls. These findings are also
promising and suggest that further work on different types of LWS is needed to better understand the
winter period improvements that can be made by installing these systems to an existing building.

Despite previous work in this field, there remains a lack of research investigating the thermal
performance improvement that could be made to a traditional masonry cavity wall. In the UK, this is
significant, given the large number of existing masonry cavity walls present. Whilst traditional
strategies for improving the thermal resistance of such walls might have added insulation, literature
suggests that LWS could offer an alternative solution for thermal improvement, whilst also providing
other unique benefits such as biodiversity, aesthetic and air quality improvements. Furthermore,
understanding the scale of the thermal improvement offered in this setting will help define the
sustainability potential of this approach given the potentially high environmental lifecycle and overall
energy burden this system may exert [15].

Due to the limited research on thermal performance improvement from LWS on masonry cavity walls,
a practical development from this theory was deemed necessary.

The following sections present an investigation into the thermal performance of an externally applied
LWS facade cladding treatment placed over an existing uninsulated masonry cavity wall. The setting
for this is Plymouth, UK, which is sited in a maritime climate. The objective will be to compare two
identical sections of existing walling (one covered with the living wall) using heat flux sensors to
determine whether any improvement can be made with the selected living wall system.

3. Material and Methods
3.1 The case study building

The building investigated under this study is a relatively small two storey detached office located on
the University of Plymouth campus. The original building was constructed as a timber workshop in the
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18th Century and has since been extended over the years to convert into an office building. Reflecting
this historic development, the construction comprises of a variety of materials, though the external
walls were a mixture of rendered solid stone and uninsulated rendered brick / block (Masonry) cavity
walling.

In 2019 this building received extensive internal and external renovation. Whilst this regime of
improvements did not include additional insulation to the external walls, one major intervention was
the installation of an externally planted living wall.

The living wall used for this building is the modular ‘Fytotextile’ system, which was supplied by
Scotscape [59]. This flexible felt fabric sheet system is made up of waterproof synthetic layer,
absorbent moisture layer (middle layer) and porous outer felt layer and makes use of these to form
pockets for soil and planting. The tested LWS uses a mixture of evergreen plant types including sedges
(Carex spp), ferns (e.g. Dryoteris spp), rushes (e.g. Luzula spp) and flowering shrubs (e.g. Sarcocca
confusa). Plants were installed with a standard multi-purpose potting compost. These fytotextile
sheets are fixed to the wall via a frame and plants are watered using a tubular drip-irrigation system
from above the sheets. Figure 1 shows a photograph of the system used in this study.

¥ *'e“'

Figure 1. Photo of the Fytotextile living wall system.
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275  Figure 2. Cross section through the wall showing diagrammatic location of sensors.
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277  The living wall was installed on the west and south elevations to the building. These elevations were
278  selected for their ease of retrofit and comprised of masonry cavity wall construction. Figure 2

279 presents a section through the cavity wall, showing the attachment of the Fytotextile living wall

280  system. Figure 3 shows a photo of the case study building, which illustrates the extent of the living
281  wall system.
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284  Figure 3. Photo of case study building, showing locations of monitoring setup.
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To verify the inner wall construction of the masonry cavity wall, an invasive inspection was carried out
using a borescope inserted into a small drill hole in the wall. It was deemed through the identification
of the constituent materials that the masonry wall was constructed before the 1970s.

lllustrated in figure 2, the existing wall comprised of an inner leaf of dense concrete block (125mm)
and an outer leaf of brick (105mm). These layers were separated by a 50mm uninsulated cavity. The
internal face of the wall was finished with a gypsum plaster (13mm). The external face of the wall was
finished with a painted render finish (25mm). The render had a rough cast finish. The exact physical
properties of these materials were not known due to the limited access for destructive investigation,
however it is possible to estimate the theoretical U-value, calculated from data provided by CIBSE
[60]. Using a medium density concrete block at 0.77W/mK and external leaf brick at 0.84W/mK, with
a cementitious render (1.13W/mK) and gypsum plaster (0.18W/mK), a predicted U-value for the wall
could be calculated to be 1.37W/mK.

3.2 Monitoring methodology

To investigate the difference in thermal transmission between an existing cavity wall covered with an
outer layer of living wall vegetation and one without, two sets of heat flux sensors were installed to
monitor the thermal conductivity of the two wall locations:

e |ocation 1. Uninsulated masonry wall.
e |ocation 2. Uninsulated masonry wall with external living wall facade.

Figure 4 shows a plan of the building, indicating the locations of the monitoring setup locations and
the living wall locations.

Location 2 Location 1

Figure 4. Building plan showing location of monitoring locations (red) and extent of living walling
(Green).

It is important to note that these two locations were in separate room zones. For each zone, the air
temperature was monitored. The results from each zone would be used in part to calculate the in-situ
U-value for the wall. As illustrated in figure 4, the design of the case study meant that it was not
possible to monitor the two different wall states in the same space.
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There are several methods for measuring and calculating the in-situ U-value of an existing building
construction. Hukseflux [61] outline a method of monitoring a construction build-up using internally
wall mounted heat flux sensors alongside thermocouples, which attached to the internal and external
surfaces of the construction. A variation to this method is presented by the Building Research
Establishment (BRE) [62], who utilise a similar method derived from BS ISO 9869-1:2014, which is
known as the ‘average method’ [63]. Within the average method, surface temperatures are replaced
with measurements of internal and external air temperatures. The average method of in-situ U-value
calculation is discussed by others in relation to monitoring existing wall constructions [64-67]. For the
case study in this paper, the average method of in-situ U-value measurement was chosen.

Monitoring was undertaken from 18:00 on 7" November 2019 to 18:00 on 12" December 2019. This
five-week period was selected due to its forecast of seasonally cool external temperatures, and with
knowledge that the internal heating system would be on throughout the investigation period.

For this experiment two sets of calibrated HFPO1 HFM sensors were used for these experiments [61].
A T620bx thermal camera [68] was used to help determine the most appropriate location for
measurement [63], which avoided thermal bridges and known defects. Sensors were also placed away
from room corners and window jambs to minimise the effects of thermal bridging [64]. All sensors
were positioned at equal heights from floor level and equal horizontal distances from masonry wall
ends to limit the variability of the masonry walling between the two measurement locations. This
would also help to minimise the variability in external climatic conditions and their effect on the two
wall locations. For example, wind driven convection, precipitation and solar radiation.

For each of the two setups, two heat flux sensors were taped to the internal face of the wall to be
measured using a heat sink compound applied between the sensor and wall. An average reading was
calculated between the two sensors and used in later analysis.

Each set of heat flux sensors were connected to a calibrated Campbell Scientific CR1000 data logger
[69], which were used to collect data for the experimental period. At the end of the experiment, the
data was downloaded and analysed to determine the in-situ U-value.

To aid comparison between the two data sets, sensors were placed on the same external wall, less
than 10m apart and faced the same orientation, therefore being exposed to the same climatic
conditions.

The methodology for the heat flux experiment was developed in accordance with ISO 9869-1:2014
[63], and previous work by Asdrubali et al. [70] and Baker [9, 64]. For the monitoring period a 15-
minute temporal resolution for data collection was selected. All the apparatus was coordinated so
that measurements were recorded at the same time. In selecting the duration of the experimental
period, Biddulph et al. [71] recommend a three week data collection period, while Baker [64]
recommends monitoring for 27 days. Because the building being inspected would be in constant use
during the experiment, it was decided that a five-week data collection period would be used.

For the internal and external air temperatures four Hobo MX1101 data loggers [72] were used. Each
wall state had a pair of data loggers, where one was located on the outside close to the monitoring
location and the other was located inside close to the heat flux sensor setup. The data from these was
validated by further collecting air temperature data using a wireless weather station, which was used
to monitor external climatic conditions prior to and during the experimental period.

3.3 Analysis equation
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Data from all sources of apparatus was downloaded at the end of the monitoring period and collated
in excel where it was reviewed to calculate the moving average thermal transmission for each section
of walling. [61-63]. The equation used was taken from the BRE average method for in-situ U-value
calculation [62]:

9
T,—T, AT

Equation 1. In-situ U-value equation [62]

In order to evaluate the thermal transmission over time, this equation can be modified to take
account of consecutive data in a moving average equation:

Qi  XQi
Y(T;—T)i XATi

Ut=

Equation 2. Moving average in-situ U-value equation [64].

Where:

Ue = Average U-value over t hours (W/m?2K)

¥Qj = Heat flux at interval of i hours (W/m?)

2ATi = Temperature difference between internal and external space at interval of i hours (K)

4. Results
4.1 Monitoring results
Data from each of the monitoring tools was collected at the end of the five-week study period.

Internal air temperature results presented a pattern that clearly showed when the space heating
turned on and off during a daily cycle. Weekends were distinguishable due to the absence of space
heating during this two-day period. The average internal air temperature for this study period was
17.2°C (+4.2°C fluctuations). External air temperatures varied from between 5°C and 12°C during the
study period, with a high of 15°C and low of 1.5°C. The average external air temperature was 8.9°C
(£6.8°C fluctuations).

The 15-minute spaced data interval was calculated using U-value
Equation 1 as a first step to analysis. The results from this are presented in Figure 5.

10
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Figure 5. 15-minute data interval U-value results for 5-week study period.

Uninsulated masonry wall without living facade
e Highest measured U-value: 4.67W/m?K
e Lowest measured U-value: 0.07W/m?K
e Spread between values: 4.60W/m?K

Uninsulated masonry wall with living facade
e Highest measured U-value: 2.26W/m?K
e Lowest measured U-value: 0.22W/m?K
e Spread between values: 2.05W/m?2K

10/12/2019

Figure 6 takes a five-day period from Monday 25" to Friday 29" November and focuses in more detail

to observe the fluctuations of each wall state over a shorter period. This shows the difference in
measurement fluctuations between the two wall states.

11



U-value Comparison - 25/11/2019 to 29/11/2019

5.00
——U-value with Living Wall Facade
4.50 . o
——U-value without Living Wall
Facade
4.00
3.50
<
¥ 3.00
£
s
< 2.50
Q
=}
g
1
% 2.00
1.50
1.00
0.00
OO NOWMLOMOWMOMO LM ONMOWLOMOWL OWMOWLMOWNMOWMLOWNMOWOWMWOWOWmOoOLWwOoWm
OY NI OYT NI OY AN OTNIOTNUOAOTNUOTNCOLTAUOTNLOT AT @ o
oOoN WM EAMOAAOANOMUOVOATNOANCDTTNAOANINMOOVOMANLINOMWOW—OMLUO—AT OO N
OO0 00 - 1 =" NOOOO - 1 N NOOOO- 1 N NOOO™W w1 NOOOO™™ v « N
(2o ) I« ) Ie ) I e ) N @) @ ) M@ ) N @ ) @ ) B @ ) @ ) N @ ) @ ) I @ ) @ ) M@ ) I @ ) B @ ) N @ ) M @ ) I @ ) I @ ) I @ ) I @ ) M @ ) I @ ) T @ ) B @ ) I @ ) M @ ) @ ) I @ ) T @ ) I @ ) I @ ) @ ) I @ ) N @ ) I @ ) I @ ) I @ ) B @ ) B ) ]
e B = b = = = I o B = O e B = = = I k. Y R = = = = L I = R R I e B e I B B e B IR e BB I B I = B
O 0O 0O 0000000000000 00D00D0D000D000D0D0D0O00D0D0DO0DO0D0DO0O00 OO0 O0OOo
AN AN AN N AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN NN AN AN NN AN AN AN NN ANANANN
e S0 Ve B e o B B B Te e e B e, s Be B B0 o . S, S i, i T Wi M e Joer Filer e T Tt Tite S Hte i, e, N N e Moa
L B o e R R o L D R BB B B e PR B B B B B R B B o R R R R R R e B e IR IR R R |
(el il e e e e T e K e IO e B e B o ™ B e O e O O O O O B O e O e O e B e B e B e B e B e B e B e I e B e e e e el e e e
T N, Nay CNAS SRS ey Ny Ny ey ey ey ey T M TSaalEINS TRy Ny ONa T g R i e iy iy TS Oy iy ey My N Ny iy T T e TR, T, N, N e, RO, Mg,
NwmwmLwmuwmwmwmuwmmwuwwwuwuwuwwuwONSNNNNNNSNINDNDIDRNODOOOO0 00000 O O OO O O
N AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN NN NN AN AN NN AN AN AN NN AN NN NN NN NN NN NN
426 Date
427  Figure 6. 15-minute data interval U-value results for 5-day study selection.

429 Following initial analysis on the 15-minute interval data, the data set was next calculated using

430 Equation 2 to determine the moving average U-value for the two wall states. Results for each wall
431  state are plotted in Figure 7 and show the moving average values plotted against the internal and
432  external air temperatures. These results show how the moving average U-values began to level out
433  after the first week of monitoring. This is likely due to the low variance in internal and external air
434  temperature fluctuations. The most significant fluctuation being the drop in external air temperature
435  to 1.5°C on the morning of Monday 2"¢ December.

436
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Figure 7. Moving average U-value results for 5-week study period. Also showing internal and external
air temperatures.

At the end of the moving average calculation period a final U-value was recorded, which accounts for
the full monitoring period. These were:

e Final U-value for cavity masonry wall with the living wall facade: 0.77W/m?K
e Final U-value for cavity masonry wall without the living wall facade: 1.12W/m?K

When compared with literature benchmarks, the measured U-value for the uninsulated masonry
cavity wall compares well, as similar measurements by Baker [9] found U-values in the region of 1.3 to
1.1W/mK. This therefore places the study wall within Bakers’ lower range for similar wall
constructions. Furthermore, the existing walling performs better than estimated when calculated
using theoretical data. This last point also serves to highlight the challenge when seeking to predict
as-built / existing fabric U-values on existing buildings.

An alternative method to calculate a given wall’s U-value is to undertake a desktop calculation in
accordance with Anderson [16] per BS EN ISO 6946 [17]. Yet difficulties in ascertaining information
such as the pre-existing brick and block types, and their specific thermal conductivity values could
limit the accuracy and significance of such an exercise.

4.2 Uncertainty analysis

Measurements from heat flux analysis will contain a degree of inaccuracy, largely due to variables
within the surrounding environment and monitoring equipment [73]. For this reason, uncertainty
analysis of the in-situ U-value calculations were undertaken to better understand the potential for
error. The method of uncertainty analysis used for these experiments was the ‘root mean square’
(RMS) method, which followed the approach used by Baker [9].
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The sensitivity of each part of each equation was determined before conducting a RMS uncertainty
equation. The resultant product indicated the uncertainty (+) of the calculated U-value.

For each measurement, an uncertainty, 8U, can be introduced:

2.0 £60Q

Ut 6U, = Y((T; £ 6T;) — (T, + 6T,))

Equation 3. Uncertainty analysis equation.

To begin with, measurement errors were determined for each part of the applied equations and for
the apparatus used. Accuracy data for the hardware gives uncertainties of +5 % for 6Q, recorded by
the heat flux sensor [61] and £0.21°C in the range of 0°C to 50°C for 6T, and 8Tj;, recorded by the
data loggers [74].

To perform the uncertainty analysis, each U-value equation was re-run, though this time each error
was factored in, one at a time. Once all of the errors had been processed through the U-value
equations, a RMS equation was conducted to derive the overall uncertainty of the U-value.

It should be noted that a greater degree of result uncertainty is to be expected from unknown
constructions, or those with limited information. Ficco et al. [75] report on this issue, estimating an

uncertainty of between 14% and 33% for constructions where material properties are unknown.

Table 1. Uncertainty analysis for both wall states.

Final moving U-value Percentage

average calculated uncertainty + uncertainty + from
Wall State U-Value (W/m2K) (W/m2K) calculated (%)
Masonry Cavity Wall with 0
Living Wall Fagade 0.77 0.07 8.70%
Masonry Cavity Wall without 112 0.10 8.71%

Living Wall Facade

Table 1Error! Reference source not found. shows that for each wall states the uncertainty in final
moving average calculated U-value results were no more than +0.10W/m2K. This degree of
uncertainty corresponds with similar findings by [9], who calculate a £0.11W/m2K (£8%) uncertainty
for walls with a temperature difference between inside and outside of at least 8.3K. The temperature
difference in this study was on average 8.26K.

5. Discussion

Initial comparison between the indoor air temperatures of the two separate rooms found that the
larger room, which had the external living facade, presented narrower fluctuations in temperature
variation compared with the room which did not have a living wall facade (figure 7). Whilst it is
possible that the in-situ U-value for the two scenarios could be influenced by the different room
temperatures, on closer analysis, the temperature difference between the two rooms was on average
0.3°C, and never exceeded a 2.5°C difference. The close similarity between room air temperatures
was deemed to be of limited significance to the overall results.
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Another factor that should be considered with the results is the location of the sensors in relation to
the surrounding built forms. As previously discussed, care was taken to place all sensors in both
locations with minimal variation in location differences. Whilst it was not possible to completely
mitigate for variation, it is important to consider the un-controllable effects of such variations with
this case study building. One example was the location of the non-living wall sensor close to an
intersecting external wall. The effect of this external feature might have led to increased air
turbulence at the corner. Lower air movement at this point might have resulted in an increased
surface boundary layer and therefore variation in measured U-value.

As the review section of this paper indicates, a number of authors working in various fields suggest
that green and living walls have the potential to provide a wide range of benefits both to the building
occupants, and the local environment. Unfortunately, the review showed that there was less reliable
information to guide a designer that might wish to assess how much an existing masonry building
could be thermally improved in real conditions. Smaller scale results in more controlled environments
can provide some precise measurement and associated themes that the study of a real building can
then reflect and often substantiate.

From the case study findings it was found that by applying

Equation 1 to each logged data interval, presented in Figure 5, it was clear that the U-value for the
wall without the LWS cladding was greater than the wall which had the external living wall system.
Analysing this further it became apparent that this was the case for 86.4% of all measurements. These
initial findings suggest that the addition of a LWS could help to lower the heat loss from an external
wall.

Figure 6 focuses in on a narrower 5-day band, presenting the difference in calculated results for each
logged interval in greater clarity. It can also be seen from this graph how the diurnal temperature
fluctuations for the wall with the LWS cladding is more gradual than the wall without the LWS
cladding, which shows greater fluctuation over the same period. The patterns in heat loss at night for
the two walls appears closer than experienced during the daytime. While this could be said to
contradict findings by Nan et al. [40], who suggest that the insulating benefits from LWS might be
expected in the evening or early morning, it might be explained by the use of the building. For
instance, the heating period for this office building was during the day, with the heating system
turned off during the evening, night and weekend periods. This is quite different to a domestic
heating regime. The results therefore show that the greatest insulating benefit is had when the
heating system is at its highest, which correlates with findings by Riley [33].

By reviewing the moving average results over the five-week study period (Figure 7), it became even
more apparent that the final U-value for the wall with the addition of an external LWS facade was
lower than the U-value for the wall without the LWS. This is significant, since it represents a
0.35W/m?K improvement by simple addition of substrate and plant layer to the outside of the wall.
This equates to a 31.4% improvement over the original wall state. Further investigations are planned
that include assessments of the impact of different substrates and planting regimes upon the
measured U value alongside connected variables such as irrigation schedules and variances in living
wall moisture retention.

Comparisons can be made between the final U-value for the masonry wall with the LWS facade
cladding and alternative insulation treatments, which could be applied to this masonry cavity wall
construction. In a report for SAP, the BRE [76] present several options for cavity wall improvements.
Starting with an average measured U-value for an un-insulated cavity wall of 1.43W/m?K, for similar
aged cavity walls (walls built before 1976), the BRE estimate that filling the empty cavity with
insulation could bring the U-value down to 0.7W/m?K.
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A range of additional measures were presented in the BRE report, which brought the theoretical U-
value down further, such as adding cavity insulation and internal or external insulation. However, the
findings from this study have demonstrated that by adding a LWS facade to a similar aged masonry
cavity wall, improvements in fabric U-value could match those expected from fully filling the cavity.

6. Conclusion

This paper has examined existing thermally related green and living wall research and in response to a
lack of real building-based studies, explored the difference in thermal transmission between a pre
1970s uninsulated brick and block cavity wall and the same wall construction with a living wall system
facade cladding fixed to the external face of the wall.

Overall findings from this study led to the calculation of a U-value for this LWS facade location, which
was a 31.4% improvement over the original as built state of the same wall. Furthermore, analysis of
the results showed that the diurnal fluctuations in U-value results were less varied over the study
duration, with results varying by 2.05W/m?K for the wall with the LWS facade compared with the
standard state wall, which varied by 4.60W/m?K over the same period.

Whilst this study is not representative of all situations and wall types, the findings suggest that adding
a LWS to the facade of an uninsulated cavity masonry wall could be used to lower heat losses in
addition to bringing many other benefits, such as increased biodiversity, sound absorption and
reductions in air pollution.

The findings of this study suggest that there is a lack of empirical data on effects of living wall planting
substrate on building insulation. The choice of planting substrate is potentially more significant to the
insulation properties of living wall systems than plant choice. Substrates such as low-density soils with
a high volume of air spaces and organic matter potentially provide increased thermal insulation in
living wall systems. Research by O’Donnell et al. [77] on arctic permafrost show clearly that the
thermal conductivity of organic rich soils is typically lower than that of mineral soils. O’Donnell et al.
[77] also show that thermal conductivity of soils is closely linked to moisture content, bulk density,
and water phase within the soil.

The aspects that are highlighted alongside the work presented in this paper forms the basis for a
larger study that will investigate the insulative benefits that an external living wall can deliver for
existing buildings. As part of the larger study, future works shall explore the effect that organic matter
has on thermal performance. Investigating the effect that irrigation has on soil conductivity, whether
different plant species offer varied improvements in performance. Repeat investigations to this study
will explore the effect that annual growth has on overall performance.

Further work is also required on the effect of plant type on building insulation and whether mixed
species plantings are more or less effective in providing shade and thermal insulation than single
species plantings. It is important that plant choice in living wall systems reflects not only the aesthetic
requirements but maximises wider environmental and ecosystem service needs such as biodiversity
enhancement, carbon sequestration as well as increasing building energy efficiency.

In addition, future work will monitor the temperatures at material boundaries throughout the entire
construction to investigate the fluctuations throughout the layers. Investigations of the building’s
morphology shall also be investigated to better understand the positive or negative effects that wind
movement might have on external walls with or without a living wall. Studies shall also be conducted
on other buildings, construction types, different orientations and at different times of year to
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ascertain whether a living wall can deliver similar performance benefits to other buildings and in both
heating and cooling seasons.

7. References

[1] CCC. The Sixth Carbon Budget — Buildings. In: Change CoC, editor. London, UK: UK
Government; 2019.

[2] Palmer J, Cooper I. Great Britain’s housing energy fact file 2011. In: Department of
Energy and Climate Change (DECC), editor.: Cambridge Architectural Research, Cambridge
Econometrics and Eclipse, with data provided by BRE; 2011.

[3] DCLG. English Housing Survey. Housing stock report 2008. In: Communities and Local
Government & National Statistics, editor. London, UK: Crown Copyright; 2010.

[4] DCLG. English Housing Survey. Headline Report 2012-13. In: Department for
Communities and Local Government, editor. London, UK: Department for Communities and
Local Government; 2014.

[5] VOA. Stock of Property by region, sector and building age as at 31 March 2015. In:
Valuation Office Agency, editor.: Gov.uk; 2015.

[6] DECC. The Carbon Plan: Delivering our low carbon future. In: Department of Energy &
Climate Change (DECC), editor. London: Crown Copyright, Department of Energy & Climate
Change; 2011. p. p 220.

[7] CCC. Net Zero: The UK'’s contribution to stopping global warming. In: Change CoC, editor.
London, UK: UK Government; 2020.

[8] DECC. Statistical Release: Experimental Statistics: Estimates of Home Insulation Levels in
Great Britain: April 2013. In: DECC, editor. London: Department of Energy & Climate Change;
2013.

[9] Baker P. 9dj-values and traditional buildings. In situ measurements and their
comparisons to calculated values: Historic Scotland 2011.

[10] SAP. Consultation Paper: CONSP:16: Review of default U-values for existing buildings in
SAP. SAP Supporting Document: Building Research Establishment Ltd; 2016.

[11] Lowe R, Bell M. Towards Sustainable Housing: building regulation for the 21st century.
A report prepared for the Joseph Rowntree Foundation. Leeds, UK: Centre for the Built
Environment,Leeds Metropolitan University; 1998.

[12] Paraschiv L, Spiru P, lon I. Increasing the energy efficiency of buildings by thermal
insulation. Energy Procedia. 2017;128:393-9.

[13] Sujanova P, Rychtarikova M, Sotto Mayor T, Hyder A. A Healthy, Energy-Efficient and
Comfortable Indoor Environment, a Review. Energies. 2019;12:1414.

[14] Sadineni SB, Madala S, Boehm RF. Passive building energy savings: A review of building
envelope components. Renewable and Sustainable Energy Reviews. 2011;15:3617-31.

[15] Ottelé M, Perini K, Fraaij ALA, Haas EM, Raiteri R. Comparative life cycle analysis for
green facades and living wall systems. Energy and Buildings. 2011;43:3419-29.

[16] Anderson B. Conventions for U-value calculations. In: Scotland B, editor. Bracknell: BRE
Press; 2006.

[17] Building components and building elements — Thermal resistance and thermal
transmittance — Calculation method. BS EN ISO 6946:2007: BSi; 2008.

[18] Sanders CH. Ventilation of the Cavities in Timber Framed Walls. In: Agency SBS, editor.
Glasgow: Centre for Research on Indoor Climate and Health School of Engineering, Science
and Design Glasgow Caledonian University; 2005.

17



652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

[19] Davies IP. Moisture conditions in external timber cladding: field trials and their design
implications: Edinburgh Napier University; 2011.

[20] Palermo SA, Turco M. Green Wall systems: where do we stand? IOP Conference Series:
Earth and Environmental Science. 2020;410:012013.

[21] Besir AB, Cuce E. Green roofs and facades: A comprehensive review. Renewable and
Sustainable Energy Reviews. 2018;82:915-39.

[22] Azkorra Z, Pérez G, Coma J, Cabeza LF, Bures S, Alvaro JE, et al. Evaluation of green
walls as a passive acoustic insulation system for buildings. Applied Acoustics. 2015;89:46-56.
[23] Radic M, Brkovi¢ Dodig M, Auer T. Green Facades and Living Walls—A Review
Establishing the Classification of Construction Types and Mapping the Benefits.
Sustainability. 2019;11.

[24] Casas B, Isabelle E. Bird use of living walls in the city of Bogot:, Colombia. 2016.

[25] Collins R, Schaafsma M, Hudson MD. The value of green walls to urban biodiversity.
Land Use Policy. 2017;64:114-23.

[26] Maron A, Ramirez F. Social Perception of Living Walls in Quito: A Study of Four Vertical
Gardens. IOP Conference Series: Earth and Environmental Science. 2020;503:012095.

[27] Weinmaster M. Are Green Walls as “Green” as They Look? An Introduction to the
Various Technologies and Ecological Benefits of Green Walls. Journal of Green Building.
2009;4:3-18.

[28] Perini K, Ottele M, Haas EM, Raiteri R. Greening the building envelope, facade greening
and living wall systems. Open Journal of Ecology. 2011;Vol.01No0.01:8.

[29] H. F. Di DNW. COOLING EFFECT OF IVY ON A WALL. Experimental Heat Transfer.
1999;12:235-45.

[30] Wong NH, Kwang Tan AY, Chen Y, Sekar K, Tan PY, Chan D, et al. Thermal evaluation of
vertical greenery systems for building walls. Building and Environment. 2010;45:663-72.
[31] Safikhani T, Baharvand M. Evaluating the effective distance between living walls and
wall surfaces. Energy and Buildings. 2017;150:498-506.

[32] Cameron RWF, Taylor JE, Emmett MR. What's ‘cool’ in the world of green facades? How
plant choice influences the cooling properties of green walls. Building and Environment.
2014;73:198-207.

[33] Riley B. The state of the art of living walls: Lessons learned. Building and Environment.
2017;114:219-32.

[34] Marchi M, Pulselli RM, Marchettini N, Pulselli FM, Bastianoni S. Carbon dioxide
sequestration model of a vertical greenery system. Ecological Modelling. 2015;306:46-56.
[35] Gusyachkin AM, Sabitov LS, Khakimova AM, Hayrullin AR. Effects of moisture content
on thermal conductivity of thermal insulation materials. IOP Conference Series: Materials
Science and Engineering. 2019;570:012029.

[36] Tangjuank S. Thermal insulation and physical properties of particleboards from
pineapple leaves. International Journal of Physical Sciences. 2011;6:4528-32.

[37] Eumorfopoulou EA, Kontoleon KJ. Experimental approach to the contribution of plant-
covered walls to the thermal behaviour of building envelopes. Building and Environment.
2009;44:1024-38.

[38] Cameron RWF, Taylor J, Emmett M. A Hedera green facade — Energy performance and
saving under different maritime-temperate, winter weather conditions. Building and
Environment. 2015;92:111-21.

18



697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

[39] Yoshimi J. The thermal effects of green roofs and walls: Experimentation on the
performance of vegetated building envelopes in the UK. Sheffield: University of Sheffield;
2016.

[40] Nan X, Yan H, Wu R, Shi Y, Bao Z. Assessing the thermal performance of living wall
systems in wet and cold climates during the winter. Energy and Buildings. 2020;208:109680.
[41] Charoenkit S, Yiemwattana S. Living walls and their contribution to improved thermal
comfort and carbon emission reduction: A review. Building and Environment. 2016;105:82-
94.

[42] Carlos JS. Simulation assessment of living wall thermal performance in winter in the
climate of Portugal. Building Simulation. 2015;8:3-11.

[43] Rupp AIKS, Gruber P. Biomimetic Groundwork for Thermal Exchange Structures Inspired
by Plant Leaf Design. Biomimetics. 2019;4:75.

[44] Leigh A, Sevanto S, Close JD, Nicotra AB. The influence of leaf size and shape on leaf
thermal dynamics: does theory hold up under natural conditions? Plant, Cell & Environment.
2017;40:237-48.

[45] Wang C, He J, Zhao T-H, Cao Y, Wang G, Sun B, et al. The Smaller the Leaf Is, the Faster
the Leaf Water Loses in a Temperate Forest. Front Plant Sci. 2019;10:58-.

[46] Bau-Show L, Yann-Jou L. Cooling Effect of Shade Trees with Different Characteristics in a
Subtropical Urban Park. HortScience horts. 2010;45:83-6.

[47] Doughty CE, Santos-Andrade PE, Shenkin A, Goldsmith GR, Bentley LP, Blonder B, et al.
Tropical forest leaves may darken in response to climate change. Nature Ecology &
Evolution. 2018;2:1918-24.

[48] Scarpa M, Mazzali U, Peron F. Modeling the energy performance of living walls:
Validation against field measurements in temperate climate. Energy and Buildings.
2014;79:155-63.

[49] Jim CY, He H. Estimating heat flux transmission of vertical greenery ecosystem.
Ecological Engineering. 2011;37:1112-22.

[50] Yoshimi J, Altan H. Thermal simulations on the effects of vegetated walls on indoor
building environments. Proceedings of Building Simulation2011. p. 1438-43.

[51] De Masi RF, de Rossi F, Ruggiero S, Vanoli GP. Numerical optimization for the design of
living walls in the Mediterranean climate. Energy Conversion and Management.
2019;195:573-86.

[52] Cuce E. Thermal regulation impact of green walls: An experimental and numerical
investigation. Applied Energy. 2017;194:247-54.

[53] Abd el-aziz Amr, Hosam, Elkhiary, Ayah. Investigating the Cooling Effect of Living Walls.
In: Gorse PC, Scott PL, editors. Green Heritage International Conference. British University of
Egypt: Leeds Sustainability Institute. SEEDS; 2018. p. 49-64.

[54] Pulselli RM, Pulselli FM, Mazzali U, Peron F, Bastianoni S. Emergy based evaluation of
environmental performances of Living Wall and Grass Wall systems. Energy and Buildings.
2014;73:200-11.

[55] Sanchez-Reséndiz JA, Ruiz-Garcia L, Olivieri F, Ventura-Ramos E. Experimental
assessment of the thermal behavior of a living wall system in semi-arid environments of
central Mexico. Energy and Buildings. 2018;174:31-43.

[56] Mazzali U, Peron F, Romagnoni P, Pulselli RM, Bastianoni S. Experimental investigation
on the energy performance of Living Walls in a temperate climate. Building and
Environment. 2013;64:57-66.

19



743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788

[57] Manso M, Castro-Gomes JP. Thermal analysis of a new modular system for green walls.
Journal of Building Engineering. 2016;7:53-62.

[58] Tudiwer D, Korjenic A. The effect of living wall systems on the thermal resistance of the
facade. Energy and Buildings. 2017;135:10-9.

[59] Scotscape. Fytotextile - The lightest Living Wall system on the UK market. London, UK:
Scotscape; 2018.

[60] CIBSE. Environmental design. CIBSE Guide A. 7th Edition ed. London, UK: The Chartered
Institution of Building Services Engineers; 2018.

[61] Hukseflux. HFPO1 & HFP0O3 Heat Flux Plate / Heat Flux Sensor. Delft, NL: Hukseflux
Thermal Sensors; 2021.

[62] Kosmina L. Guide to In-situ U-value measurement of walls in existing dwellings. In-situ
measurement of U-value. Watford, UK: BRE; 2016.

[63] ISO. ISO 9869-1:2014. Thermal insulation - Building elements - In-situ measurement of
thermal resistance and thermal transmittance - Part 1: Heat flow meter method:
International Organization for Standard,; 2014.

[64] Baker P. In situ U-value measurements in traditional buildings — preliminary results:
Historic Scotland; 2008.

[65] Bienvenido-Huertas D, Rodriguez-Alvaro R, Moyano JJ, Rico F, Marin D. Determining the
U-Value of Facades Using the Thermometric Method: Potentials and Limitations. Energies.
2018;11:360.

[66] Gaspar K, Casals M, Gangolells M. A comparison of standardized calculation methods
for in situ measurements of facades U-value. Energy and Buildings. 2016;130:592-9.

[67] Marshall A, Fitton R, Swan W, Farmer D, Johnston D, Benjaber M, et al. Domestic
building fabric performance: Closing the gap between the in situ measured and modelled
performance. Energy and Buildings. 2017;150:307-17.

[68] FLIR. FLIR T620bx 25° (incl. Wi-Fi). Technical Data. Wilsonville, USA: FLIR Systems, Inc.;
2013. p. 12.

[69] Campbell Scientific. CR1000 Measurement and Control Datalogger. Campbell Scientific;
2014.

[70] Asdrubali F, D’Alessandro F, Baldinelli G, Bianchi F. Evaluating in situ thermal
transmittance of green buildings masonries—A case study. Case Studies in Construction
Materials. 2014;1:53-9.

[71] Biddulph P, Gori V, Elwell CA, Scott C, Rye C, Lowe R, et al. Inferring the thermal
resistance and effective thermal mass of a wall using frequent temperature and heat flux
measurements. Energy and Buildings. 2014;78:10 - 6.

[72] Onset. HOBO® U12 Temp/RH/Light/ External Data Logger Manual. (Part # U12-012).
Bourne, MA, USA: Onset Computer Corporation; 2010.

[73] Nardi I, Ambrosini D, Rubeis Td, Sfarra S, Perilli S, Pasqualoni G. A comparison between
thermographic and flow-meter methods for the evaluation of thermal transmittance of
different wall constructions. In: Paoletti D, Sfarra S, Ambrosini D, editors. 33rd UIT (Italian
Union of Thermo-fluid-dynamics) Heat Transfer Conference. L'Aquila, Italy: IOP Publishing;
2015. p. 592.

[74] Onset. HOBO® MX1101 Data Logger. Bourne, MA: Onset Computer Corporation; 2015.
[75] Ficco G, lannetta F, lanniello E, d’Ambrosio Alfano FR, Dell’lsola M. U-value in situ
measurement for energy diagnosis of existing buildings. Energy and Buildings.
2015;104:108-21.

20



789
790
791
792
793

[76] BRE. Review of default U-values for existing buildings in SAP. Consultation Paper:
CONSP:162016.

[77] O'Donnell JA, Romanovsky VE, Harden JW, McGuire AD. The effect of moisture content
on the thermal conductivity of moss and organic soil horizons from black spruce ecosystems

in interior alaska. Soil Science. 2009;174:646-51.

21



Declaration of interests

XThe authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



