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Abstract

The aim of the present work was to simulate the behaviour of cork-based mortars in the minimization of energy
consumption and condensation effects in an existing dwelling from the 80’s built in Lisbon, Portugal. Tests were
carried out on hydraulic lime mortars and cement mortars with several proportions of cork as regards rheological
characterization, thermal behaviour in and water vapour permeability. The first assessment of the behaviour of an
existing dwelling showed that the power of heat dissipation in the dwellings’ thermal bridges is of the same
magnitude order than heat loss in roof and much higher than in vertical opaque envelopes or openings, which
enhances the need to reduce thermal bridges in the building. The selection of the most adequate mortar was then
carried out in view of several scenarios. The best solution corresponds to the correction of thermal bridges using a
Hydraulic lime mortar with 70% of cork granulate (CH70). An economic evaluation was also done concerning electric
energy cost and its annual growing rate in Portuguese residential buildings. The results show that the use of CH70
mortar for thermal bridge correction has a payback of 3 years when compared to the simple repair of the original
external plaster.

Keywords: Cork granulates; Rendering cork-based mortars; Minimization of condensation effects; energy savings;
existing dwelling thermal assessment; thermal bridges correction; global cost

1. Introduction

In the last decades, the energy consumption for heating in buildings has been reduced due to boundaries established
by European regulations [1]. In Portugal this type of regulation was set in 1990, with the RCCTE (Regulation of the
characteristics of thermal performance of buildings), which aimed to satisfy the thermal comfort conditions in
buildings and to minimize pathological effects derived from the condensation surface [2; 3]. However, before the
emergence of this regulation, there was lack of care concerning these issues, particularly with regard to correction of
thermal bridges in buildings.

A thermal bridge is a building element where there is a significant change in the thermal resistance for the remaining
surrounding due to the presence of materials with higher thermal conductivity and changes in thickness of vertical
opaque envelope elements. Several studies show that thermal bridges are responsible for about 30% of heat losses
in the winter period, increasing significantly the energy consumption for heating needs [4; 5; 6].

Other effect of thermal bridges is the cooling of the interior surfaces in these areas, resulting in higher condensations
and the growth of moulds and fungi, generating a lack of air quality conditions [5; 7; 8]. This leads consequently to
the production of allergens known to be associated with allergies and asthma and also other toxins and irritants that
affect the respiratory health, which has a relevant impact on the occupant’s health [9; 10]. Additionally, the presence
of higher condensations and the growth of moulds lead to material degradation and other pathologies, increasing the
need for maintenance and for more severe cases the need of rehabilitation. The prevention of this kind of problems is
important, especially because there is a high number of buildings in Portugal that reveal such pathologies [7].

In order to test how each solution scenarios lead to the minimization of condensation problems in the thermal
bridges, Glaser method may be used to evaluate any formation of condensation in the layers of the conjectured
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solutions. Condensation is defined according to the Glaser approach, which is a practical tool in building design,
recommended by the DIN 4108 and EN ISO 13788 standards. Several works have focus on this subject [11].

The first one [11] describes an iterative technique for the definition of condensation across two-dimensional elements
via the boundary element method (BEM). Using the Glaser approach, the vapour pressure is equalized to the vapour
saturation pressure, and then the vapour equilibrium is redefined by means of the BEM solution until vapour pressure
does not exceed vapour saturation pressure. This method provides an accurate identification of the condensation
zone and its applicability was demonstrate by defining the condensation zone and the amount of liquid water
generated on a T-shaped wall when subjected to different boundary conditions.

In [12] BEM method is applied to the curved wall models, identifying the zones where condensation occurs and
quantifying the amount of liquid water generated. Previously to the application of BEM, the iterative process is first
implemented and validated by applying it to the definition of condensation patterns across a hollow cylinder, for which
the solution is calculated analytically.

Building rehabilitation becomes increasingly a necessity in Portugal, pushing this theme progressively towards
sustainability. Currently there are good solutions targeted to the referred problems. However, these solutions require
a high initial investment. The high energy consumption of buildings and the financial crisis are leading to the need of
seeking solutions at an affordable cost, promoting energy rehabilitation [1; 13].

A good approach to achieve this goal could be the incorporation in traditional mortars of low-priced and thermal
resistant materials, such as industrial by-products or other materials which are considered waste. Cork granulates
are included in this group. Accordingly, Europe produces more than 80% of worlds cork and annually 68.000 to
85.000 tons of that production is considered waste due to granulates’ small dimension or high density [14; 15; 16].

Cork is a natural, durable and renewable raw material, extracted from the oak Quercus sober L. which is common in
Mediterranean area, with many uses as a composite material [17; 18; 19]. This material has the advantage of
presenting low density due to its hollow cellular structure and high gas content, which assigns a low thermal
conductivity, being thus a good material for thermal insulation [14; 17; 20; 21].

The approach of using this waste on traditional mortars might give a relevant contribution for its recycling and,
furthermore, it will contribute to the decrease of initial costs, since the incorporation of cork granulates in mortars
increases its yield.

2. Objectives and motivation

It was intended to develop specific rendering mortars able to be applied in thermal bridges to reduce condensation
effects and heat transfer in buildings’ vertical opaque envelopes. The purpose was to simulate the application of the
best mortar compositions developed (from a thermal behaviour point of view) in a specific dwelling of the 1980
decade built in Lisbon, Portugal, where energy and condensation problems were assessed and observed.

In view of the previous, several hydraulic lime—cork mortars (HL5 and NHLS5), for rendering application in thermal
bridges, were developed and optimized. Different cork granulate dosages (from 0% to 80% in volume) were tested
(as sand replacement by mass). The main challenge consists in developing a rendering mortar, with the maximum
cork dosage as possible, while minimizing mortar thermal conductivity and cost changes.

Cork granulate is an industrial by-product and its use has environmental advantages. It is produced from scrap of
cutting and trimming operations; some granules are subsequently used in the production of agglomerated products
while others are though rejected. Hence, its cost is considerably lower compared with that of virgin cork. Thus, the
aim of this work is also to transform this cork by-product into a highly value composite product.

The tests carried out on the studied mortars are listed below:

Flow table test and rheological characterization
Thermal conductivity

Thermal behaviour in unsteady state

Water vapour permeability
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A comparison between the performance of referred NHL5 and HL5 - cork mortars — and a traditional cement mortar
with or without cork aggregates was also made.

Afterwards, it was intended to assess the energy performance of an existing dwelling without thermal insulation. The
purpose was to study how specific corrections of thermal bridges with the previous mortars lead to important energy
savings and minimization of condensation effects.

Based on the original design stage of the existing dwelling, different scenarios were investigated in the thermal
performance simulation in order to study how the specific corrections with the developed mortars may imply as
regards energy consumption for heating. An economic evaluation was done taking into account the electric energy
cost and its annual growing rate in Portuguese residential buildings. This analysis will enable to choose the best
solution from a technical and economical point of view.

3. Material characteristics

For the mortars’ formulation several materials were used namely: binders, a type of sand, a water reducer and a cork
granulate, whose characteristics are presented herein:

Binders: a natural hydraulic lime type NHL5, a hydraulic lime type HL5 and cement type CEM Il B-L 32,5 N
produced in Portugal by Secil with the characteristics presented in Tables 1 and 2.

Sand: siliceous sand with grain size 0/1 (Figure 1).

High range water reducer: modified polycarboxylates (PCE) (Table 3).

Cork granulates: with grain size 0.5/2, supplied by Fabricor-Industria, Preparagdo e Transformagdo de
Cortiga, SA (Figure 1 and Table 4).

Table 1: Chemical and physical characteristics of NHL5 and HL5 provided by the manufacturer.

NHL5 HL5 Standard
Physical Characteristics Value Value
Density (g/cm?) 2.7 2.8
Fineness % 90 mm 15.0% 90 mm 15.0%
200mm 5.0% 200mm 5.0% EN 459-1
Blaine (cm?/g) 5780 5780
Expandability alternative method
(mm) <20 <20 EN 459-1
Free Water (%) <2.0 <2.0 EN 4591
Air content (%) <5.0 <5.0 EN 459-1
Setting time () Start >1.0 Start >1.0 EN 459-1
End <15.0 End <15.0 EN 459-1
Mechanical Characteristics
Mechanical Compressive
strength at 7 days (MPa) 220 220 EN 4591
Mechanical Compressive
strength at 28 days (MPa) 5.0 and £15.00 250 EN 459-1
Chemical Characteristics
Sulphates (SOs) (%) <20 <3.0 EN 459-1
Free Lime (Ca(OH)2)(%) 215.00 >4.00 EN 459-1

Table 2: Chemical and physical characteristics of CEM Il B-L 32,5 N provided by the manufacturer.

CEM II/B-L
32,5N

Characteristics

Density (kg/m3) 3000
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Blaine (cm2/g) 4520
N . start 128
Setting time (min) end 164
Expansibility (mm) 0.5
7 Days Flexural strength (MPa) 5.80
Compression strength (MPa) 31.10

28 Days Flexural strength (MPa) 7.30
Compression strength (MPa) 40.10

LOI (%) 13.60
Insoluble residue (%) 1.60
Si0> (%) 14.44
Al203 (%) 3.37
Fe203 (%) 2.50
Ca0 (%) 61.27
MgO (%) 0.96
Chloride content (%) 0.04
S0s3 (%) 2.35
Free lime (%) 0.91

Table 3: Technical and physical data provided by the manufacturer for the High Range Water Reducer (HRWR).

Technical data

Aqueous solution of modified

Form
polycarboxylate
Density (kg/dmd) 1.07 £0.02
pH-value 55+1.0
Chloride content (%) <0.1
Solid content (%) 26.5+1.3
100 7 =0 ¢
90
) d
80 :
0 !
60 A —e—sand i
g / ) —o- = cork granulate
g 50
=40 |
30 l 2
20 I}
/ l
10 / ;
0 &
0.01 0.1 1 10 100
grain size (mm)

Figure 1: Grain size distribution for sand and cork aggregate type used in the cement based mortar.

Table 4: Loose bulk density of sand and cork granulates used in mortars preparation.

Loose

density(kg/m?)

bulk Cork

Sand

granulate

Page 4 of 21



1590.0

112.4

Table 5: Mortar compositions with HL5 — cork.

Several mortars were developed and tested. Those compositions are presented in the following tables (Table 5-7)
(where w/b — water/binder ratio).

HL5-cork mortars

Percentage replacement
Identification (%)

CH=0% HRWR=1% w/b=0,6
CH=10% HRWR=1% w/b=0,6
CH=20% HRWR=1% w/b=0,6
CH=20% HRWR=2% w/b=0,6
CH=40% HRWR=2% w/b=0,6
CH=50% HRWR=2% w/b=0,6
CH=50% HRWR=2% w/b=0,7
CH=70% HRWR=2% w/b=0,7
CH=80% HRWR=2% w/b=0,7

Table 6: Mortar compositions with NHL5 — cork.

CRef-HL5

CH10
CH20
CH20*
CH40
CH50
CH50*
CH70
CH80

0
10
20
20
40
50
50
70
80

Percentage replacement

NHL5-cork mortars Identification (%)
CNH=0% HRWR=1% w/b=0,6 CRef-NL5 0
CNH=10% HRWR=1% w/b=0,6 CNH10 10
CNH=20% HRWR=2% w/b=0,6 CNH20* 20
CNH=40% HRWR=2% w/b=0,6 CNH40 40
CNH=50% HRWR=2% w/b=0,7 CNH50* 50
CNH=70% HRWR=2% w/b=0,7 CNH70 70

Table 7: Mortar compositions with CEM I1/B-L 32,5N - cork.

Percentage replacement

Cement-cork mortars Identification (%)
CRef-CEM

CB HRWR= 0,3% w/b=0,6 Il 0
CC=10% HRWR= 0,3% w/b=0,6 CC10 10
CC=20% HRWR= 0,3% w/b=0,6 CC20 20
CC=40% HRWR= 0,3% w/b=0,6 CC40 40
CC=40% HRWR= 1% w/b=0,6 CC40* 40
CC=50% HRWR= 1% w/b=0,6 CC50 50
CC=50% HRWR= 2% w/b=0,6 CC50* 50
CC=70% HRWR= 2% w/b=0,6 CC70 70
CC=70% HRWR= 2% w/b=0,7 CCro* 70
CC=70% HRWR= 3% w/b=0,7 CC70*™ 70
CC=80% HRWR= 2% w/b=0,7 CC80 80
CC=80% HRWR= 2% w/b=0,75 CC8o* 80

4. Experimental program

4.1. Flow table test

The flow table test is used to determine the “workability” of fresh mortar and in the present study the measurements
were done following the description in ASTM C230. The spread was measured for all mortar compositions, for

different resting times (Figures 2 - 4).
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The consistence considered adequate for rendering mortars is, according to EN 1015-3:1999, 175 mm + 10 mm,
used as target in terms of water and HRWR quantity for each mortar. It was considered to correspond to workable
rendering mortars. Based on this target value, some adjustments were adopted in selected mortar composition in
terms of water/binder (w/b) ratio and/or HRWR percentage, as it can be seen at tables 5 to 7.

250

B5mn @15min
225
200 4 —_ - - @30 min O 60 min
175 - B T | L
= - L —
£ 150 L .l
3
& 1254
2
S 100
o
75
50
25 A
0 T T T T T T T T
CRefHL5 CH10 CH20 CH20* CH40 CH50 CH50* CH70 CH80
Composition

Figure 2: Consistency values obtained for the reference mortar (CRef-HL5) and for the mortars with cork granulate
(CH) (from 10% to 80%). The results are presented for 5, 15, 30 and 60 minutes of resting time (after mortar

preparation).
250
225
W5min @ 15min

200 -
175 — ] S @30 min 060 min
= |
E 150
8
5 125
L
2 100 -
3

75 |

50 -|

25 |

0 ‘
CRefNL5 CNH10 CNH20* CNH40 CNH50* CNH70
Composition

Figure 3: Consistency values obtained for the reference mortar (CRef-NHL5) and for the mortars with cork granulate
(CNH) (from 10% to 80%). The results are presented for 5, 15, 30 and 60 minutes of resting time (after mortar
preparation).

250
225 4 —
200 4 - @ 30 min 0 60 min
175 — m
150 N
125
100
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75
50
25 -

T
CRef-CEM Il CC10 CC20 CC40 CC40* CC50 CC50* CC70 CC70* CCr0* CC80 CC80*
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Figure 4: Consistency values obtained for the reference mortar (CRef-CEM I1) and for the mortars with cork granulate
(CC) (from 10% to 80%). The results are presented for 5, 15, 30 and 60 minutes of resting time (after mortar
preparation).

The previous results show that HL5 mortars present less workability decrease than NHL5 or cement based mortars.
Besides that, the workability decrease observed with an increasing cork dosage occurs due to the reduction on
binder paste as long as cork amount is increasing. The higher water absorption capacity of cork granulates
compared to the sand leads to a higher w/b demand with the increasing cork dosage in mortar composition. In order
to minimize w/b ratio maintaining appropriate consistency, more HRWR was used. In order to minimize w/b ratio
maintaining appropriate consistency, the HRWR was used in dosages up to 2 and 3%, since higher binder dosages
may compromise the mortars due to segregation problems. In some cases, to get enhanced consistency and despite
the higher use of HRWR, the w/b ratio was also increased.

According to Figure 2, it is possible to get good performance up to 80% of cork in HL5 based mortars. Figure 4 also
shows the same trend, where 80% of cork volume can be incorporated in cement based mortars (CC80) if HRWR is
well dosed (until 3% by cement mass). However, Figure 3 shows that 50% of cork in a NHL5 mortar is able to
produce a good mixture from a fresh state point of view.

The consistency behaviour of HL5, NHL5 and cement based mortars for a resting time of 5 minutes and 30 minutes
is presented in Figure 5 as a function of cork dosage.

- = = = HL5 based t=5min - - - - HL5 based t=30min
— — NHL5 based t=5min — — NHLS5 based t=30min
Cementbased t=5min

)
13
S

Cement based t=30min

Consistence (mm)
N o N
< S N
> 8 &
! !

o
S
L

)
3]
L

=)
S

Cork incorporation ratio (%)

Figure 5: Consistency values for cork dosage (from 0% to 80%) to HL5, NHL5 and cement based mortars for a
resting time of 5 min and 30 min after mix preparation.

The previous results show that HL5 based mortars present higher potential to incorporate higher cork percentages
when compared to cement or NHL5.

Until 20% of cork dosage, all mortars present good workability even after 30 minutes of mix preparation. Between
20% and 70% of cork dosage, cement and NHL5 based mortars present similar behaviour if the same HRWR
percentage is adopted. For cork incorporation higher then 70% only NHL5 mortar compositions are not able to be
produced since its workability is significantly reduced.

4.2. Thermal conductivity

Thermal conductivity of the mortars was evaluated with a portable Isomet equipment (ISOMET - Heat Transfer
Analyzer (model 2104) from Applled Precision) with a circular contact probe (0-2 W/(m.K) range) in laboratory
environment with 23°C and 55% RH. The probe is 6 cm diameter; and the dimension of all used specimens was
160x40x40 mm3 (Figure 6).
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Figure 6: Test Method for thermal conductivity

Heat flow through an object follows the model in eq. (1), where q is the heat flux (W), A is the area perpendicular to
the heat flow (m2), A is the thermal conductivity of the section (W/mK), A tis the temperature drop across the object

(K) and L is the thickness of the object (m). If the test is running with a constant energy input, then eq. (1) can be
used.

q= zA% 0

The thermal conductivity ( A ) measurements for all the designed mortar mixes with cork granulate are presented in
Figure 7.

16 i ¢  Cement-Cork mortar A HL5-Cork mortar *
14 : m  NHL5-Cork mortar Cement-cork mortar model *
. — — HL5-cork mortar model - = = = NHL5-cork mortar model *
§ 12 ¢ N
= *
= 1.0 1
g -
2 087 s l —_— =" mA
8 m o, . =" ol
E 06 ry Ao
E’ 04 [ ’:’ Aj’ - -
- o -
N —
02 aa—— 4
o
0.0 T T T T T T T T
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100

Hardened density (kg/m3)

Figure 7: Relationship between the hardened density of mortars with cork incorporation (from 0% to 80%) and their
thermal conductivity at 28d (for HL5, NHL5 and cement based).

For the mortars with cork granulate, an increasing cork dosage (which is related to a decreasing hardened density)
leads to a linear decrease of thermal conductivity.

Cork granulate can decrease the conductivity of conventional cement mortar in 75%. In HL5 based mortars the
incorporation of cork can reduce thermal conductivity to 20% of the original value (CRef-HL5) while in NHL5 based
mortars, since it s only possible to incorporate cork until 70%, the conductibility is reduced until 50% of the reference
value (CRef-NHL5).

Generally, the best performance results, from a thermal properties point of view, are those obtained by HL5 based
mortars, where conductivity values are easily bellow 0.20 W/m.K.
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4.3. Thermal behaviour in unsteady state

Based on the previous results of workability and thermal conductivity, five different mortars were selected due to their
best performance: CRef-HL5, CRef-CEMII, CC70, CH50 and CH70.

The unsteady behaviour of mortars was tested using an innovative experimental procedure (Figure 8).

External Temperature Interior Temperature ComPUtefl
and RH sensor = and RH sensor data logging
EPS box

Mortar sample

Figure 8: Test Method for unsteady state thermal behaviour

In order to understand the mortars” behaviour in terms of unsteady state, a transient heat flow rate was imposed at
all the surfaces of a prismatic mortar using preheating in a climatic chamber at (35+2) °C. Before running any test,
the specimens were conditioned in the mentioned climatic chamber, in a controlled environment with a set-point
temperature of 3542 °C and 5015 % RH, until constant mass was reached.

The tests were carried out in a controlled laboratory environment at 18°C. After conditioned at 35°C, each tested
mortar was placed inside a box (EPS box with 20x20x15cm) in order to avoid the influence of the instantaneous
external environmental conditions in the test. Inside each box a temperature and RH sensor was placed through the
use of a probe at the surface, enabling monitoring hygrothermal variation each 5 minutes. During the test, the
temperature of the mortar starts to decrease with time. For each mortar composition tested (CRef-HL5, CRef-CEMII,
CC70, CH50 and CH70) three samples were tested, to check dispersion and have more reliable data, during 2 hours
and data was recorded at the surface of each sample until mortar temperature reached laboratory temperature.

Measurements of temperature variation with time (as function of the mass of each tested mortar) were calculated.
The purpose was to detect the behaviour of each mortar when subjected to thermal variations that simulate what

happens in summer conditions (18 °C - 35 °C). Results are presented as temperature variation, taking into account
the weight of each tested mortars.

The unsteady behaviour of CRef-HL5, CRef-CEMII, CC70, CH50 and CH70 mortars was tested using this
experimental procedure and the results are presented in Figures 9 and 10. Figure 9 presents the temperature
variation per kg of mortar against time for those mortars. Figure 10 presents the non-dimensional temperature
variation values (taking as reference the CRef-CEM Il mortar) for CRef-HL5, CRef-CEMII, CC70, CH50 and CH70.

100
g s -
> 80 e em = e - a— 8 —0— = — - CRef-HLS
[ i T I T S e - —— - —— - —— - —
5 70 o TS 4 —e— @ = CHs0
k<) 60 257 v
S g5 == — = CHT0
L »7
E 40 P
& 2 CRef- CEM I
o 30 7
g 20 » ——CC70
o0 42
0 T T T T T

Yol w 'l (Yol Yol 0 w0 w0 [Yel (Yol wn Yol ©

=] ] N 5] = © =] o N @ - © =]
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Figure 9: Temperature variation per kg of mortar against time for CRef-HL5, CRef-CEMII, CC70, CH50 and CH70.
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Figure 10: Normalized mortars temperature variation against time for CRef-HL5, CRef-CEM II, CC70, CH50 and
CH70, taking as a reference the CRef-CEM II.

The previous mortars were subjected to thermal variations that simulate what happens in summer conditions (18°C-
35°C). For the same initial temperature conditions, Figure 9 shows that the incorporation of cork in mortars
composition leads to a reduction of temperature variation, when compared to the reference mortar (CEMII or HL5).
Probably, it means that cork mortars enable the retention of heat when compared to reference mortars, such as
CRef-HL5 or CRef-CEMII.

CC70 mortar is the one that tends to present less temperature variation, meaning that at the unsteady state, mortars
with cork promote the reduction of heat transfer through the system, which is probably related to a higher thermal
delay. In fact, [22] shows that the heat transfer through a system incorporating natural cork exhibits higher thermal
delay than the extruded polystyrene (XPS), which proves the relevance of this study.

Figure 10 shows de thermal variation of each tested mortar when compared to the CRef-CEM Il mortar. It is shown
that a mortar with HL5 probably presents less thermal delay than the one promoted by cement. Figure 10 also
evidences the influence of cork in mortars. A normalized value less than one corresponds to less thermal variation
with time when compared to a reference cement mortar. Thus, it means that the thermal delay promoted by CH50
and CH70 mortars can not achieve the one promoted by CC70 mortars.

4.4, Water vapour permeability

The water vapour permeability of the hardened mortars was performed in accordance with European Norm EN 1015-
19 (1998). For each type of mortar 3 specimens were used, consisting on a mortar disk 10 mm thick previously
subjected to a curing period of 28 days. Each disk was attached to a metal capsule (set). The capsule contains water
in its interior and 1 cm of air between the specimen and the water in order to create a high humid environment inside
the capsule. Then the sets were placed in a climatic chamber with a temperature of 20+5 °C and 5015 % RH.
Results are presented in Figure 11. A comparison with air is made by determining the thickness of diffusion air layer
equivalent (Sd) to 10 mm of mortar.

250 0.16
k014
= 2.00 4
e L 0.12
= F0.10
B & 150
[} D_ ’é\
g @ F008 =
a8 & 3
= D 4
g =< 10 + 0.06
Qo
@©
>
5 F 0.04
g’ 0.50
b 0.02
0.00 + - 0.00
CRefHL5 CH50* CHT0 CRef NHL5 CNH50* CRefCEM I cCc70

Mortar compositions tested

Figure 11: Water vapour permeability (bars) and thickness of diffusion air layer equivalent (black line) for CRef-HL5,
CH50, CH70, CRef-NHL5, CNH50*, CRef-CEM Il and CC70.

10

Page 10 of 21



Cement based mortars are less permeable to water vapour than the reference mortar made of HL5 or NHL5. For
water vapour, a reduced permeability is a negative factor in a mortar, since it does not allow a proper drying of the
water that penetrates in it and impairs the elimination of water vapour that occurs within buildings.

The incorporation of cork granulates in HL5 based mortars leads to a decrease of permeability (it decreases 22% if
50% of cork is introduced and 33% in the case of CH70). The effect of cork in water vapour permeability of NHL5
based mortars is not so significant, where for CNH50* the decrease is only of 7% when compared to CRef-NHLS.

Nevertheless, those values are higher than the ones presented by CRef-CEM II, where the incorporation of 70% of
cork leads to an increase of water vapour permeability in 20%, with benefits for a rendering mortar.

According to EN 998-1, a mortar to be used with thermal behaviour should present a water vapour permeability
higher than 1.29x10-"" kg/m.s.Pa. Based on this, it can be considered that all tested mortars herein presented have
sufficient permeability to perform well as a rendering mortar.

4.5. Flexural and compressive strength

Together with the previous tests, mortar strength determination was made. In order to determine mechanical
characteristics of the formulated mortar, a testing campaign was undertaken and all 3 specimens of each mortar
composition were submitted to flexural and compressive strength tests following standard EN 1015-11. These tests
were performed at 28 days and the results are presented in Table 8.

Table 8: Flexural and compressive strength of the tested hardened mortars at 28 days.

Flexural
strength Compressive
Identification (MPa) strength (MPa)
CRef-HL5 1.14 2.99
CH50 0.45 0.70
CH50* 0.29 0.36
CH70 0.28 042
CRef-NL5 1.54 3.23
CNH50* 0.55 1.04
CRef-CEM I 5.2 244
CC70** 1.8 4.5
CC70 2.5 6.4

5. Analysis

5.1. Mortar analysis and selection of the best compositions for thermal rehabilitation
It was intended to study the performance of the previous mortars when applied in the corrections of thermal bridges
of an existing dwelling built in the 80’s (Figure 12). Thus, in order to select the best mortar compositions it was take

into account the requirements of rendering mortars defined in NP EN 998-1: Specification for mortar for masonry.
Part 1: Rendering and plastering mortar (Table 9).

Table 9: Requirements of rendering mortars with thermal behaviour according to NP EN 998-1.

Compressive strenght  Water absorption coefficient douse V;/::e:e\;abﬁlci)tl;r Thermal conductivity
P : 2 min0: 0
(MPa) to capillary action (kg/m2min~~) (kgim.s.Pa) (W/m.°C)
204 0,40 > 1,29x10-" <0,20

Mortar mixes CRef-HL5, CH50, CH70, CRef-NHL5, CNH50*, CRef-CEM Il and CC70 present compressive strength

values higher than 0.4 MPa. In fact, HL5 based mortars and cement based mortars are the ones that fulfil the water

absorption coefficient due to capillary action requirement. None of the NHL5 based mortars fulfil the national
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requirements concerning water absorption coefficient due to capillary action, which enhances the need to develop
this specific property.

Based on the previous results concerning fresh and hardened state (see Point 4), it was decided to simulate what
was the contribution of each mortar in the minimization of condensation effects in an existing dwelling with these
problems. Based on limited financial resources for the rehabilitation works, the goal was the outside removal of
rendering mortars from the thermal bridges and the replacement with new optimized mortars.
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Figure 12: Detail of the thermal bridge zone.

5.2. Assessment of the energy performance of an existing dwelling — original situation

The previous mortars where developed with the intention to be applied in the correction of thermal bridges of an
existing dwelling from the 80's built in Lisbon, Portugal. The original building is compact with two floors above ground
level and the exterior vertical opaque envelope of the dwelling was made of a single brick wall without thermal
insulation inside, with an external plaster similar to CRef-CEM Il mortar.

This construction technique for the building envelops has proved to be the cause of great thermal loss and
condensation. Figure 13 presents the plant of the first floor of the analysed typology. Figure 14 presents the
condensation effects in the first floor of the dwelling and Figure 15 shows one detail of the single brick wall and the
thermal bridge near the terrace.
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Figure 13: Example of the first floor of the dwelling
(adapted from [23]).
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Figure 15: Detail of the single brick wall and the

T Roof i
errace Roo thermal bridge near the terrace.
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The main structural details of the dwelling that were used for simulation studies are summarized in Table 10. Vertical opaque
envelopes and support frames represent more than 30% of the total construction area (Table 11), which underlies a detailed analysis
concerning energy evaluation of building vertical opaque envelopes.

Table 10: Structural details of the dwelling.

Structural

element Characteristics Thermal characteristics

Support frame Reinforced concrete (RC) &V;t”hout thermal insulation in RC

Envelope Brick walls No thermal insulation

Terrace Roof Reinforced concrete (RC) No thermal insulation

Openinas Extruded aluminium system Extruded aluminium system: double
pening with double glazing glazing 6 (16) 6

Floor on ground  Reinforced concrete (RC) No thermal insulation

Table 11: Area of each structural element of the dwelling.

Structural Areas (m?)
element

Envelope 212
Terrace Roof 177
Openings 178

Usable area (m?) 512

The analysis of the specific energy consumption for heating of the dwelling was carried out according to the Portuguese Legislation
[2]. For residential buildings with an area not greater than 1000 m? the DL 80/2006 (RCCTE) is applied. This regulation is applied to
the new, rented or refurbished residential buildings, stipulating a maximum consumption of heating energy
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in winter (Ni), cooling energy in summer (Nv), energy for heating sanitary waters (Na) and primary energy, as a conversion of the last
three parameters in kgoe (Nt). This methodology is based in the EN ISO 13790 and its summarized description could be found in
[24].

This analysis aims at:

v Correlating particular structural and engineering situations to the high/ low consumptions of the building;
v’ |dentifying possible improvements to energy management.

The following figure (Figure 16) presents the heat losses for the dwelling in the winter season.
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© 350 A
= 300 |
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Q Envelopes Q Openings Q Roof Q Structure Q Linear thermal  Q Air renewal Q Unheated
Thermal bridges bridges places
Heat loss in the winter season
Figure16: Heat losses in the dwelling — original condition (winter season).
Legend:

Envelopes - external walls

Structure thermal bridges — plane components of the thermal bridges, that takes into account the U-value (W/mZK) of the constructive solution
Linear thermal bridges - takes into account the extra heat losses along a unit length of a thermal bridge, at a unit temperature difference and in a
unit time. It is measured in W/mK, where the length of the edge takes an important role (corner, joint, column, window perimeter).

In the heating phase (Figure 16), it is shown that the power of heat dissipation (Q) in the dwellings’ thermal bridges (where the sum
of heat loss is equal to 660 W/°C) is of the same magnitude order than the heat loss in the roof and much higher than in vertical
opaque envelopes or openings. This situation is partially responsible for the condensation phenomenon found inside the building
(Figure 14), namely in thermal bridges, where the indoor RH was equal to 80% and the indoor temperature during the winter season
was only of 16°C, even if heating devices where used inside.

The previous evidences and the fact that it was intended to optimize financial resources for the thermal building rehabilitation, lead to
the analysis of different scenarios in order to look into what possible building changes on field may imply as regards energy
consumption (for heating and cooling).

5.3. Assessment of the energy performance of an existing dwelling - thermal bridges correction

It was intended to study how specific corrections of the thermal bridges with the previous developed mortars lead to important energy
savings and minimization of condensation effects.

The scenarios tested (Table 12) correspond to the removal of rendering mortars from the thermal bridges and the replacement with
new optimized mortars (Cref-HL5, CH50, CH70, CNH50* and CC70 — scenarios 1 to 5). Scenario 6 corresponds to the removal of
the external plaster (made of a mortar type Cref-CEM Il) and replacement by CH70.

Table 12: Thermal analysis scenarios adopted for the dwelling.

Scenario  Situation

0 Original situation (Cref-CEM I1): repair of the existing external plaster
1 Thermal bridge correction: Cref-HL5
2 Thermal bridge correction: CH50*
3 Thermal bridge correction: CH70
14
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4 Thermal bridge correction: CNH50*
5 Thermal bridge correction: CC70
6 New external plaster in all area of the vertical envelops: CH70

The results of the simulation concerning the energy consumption variation for heating (kWh/m2.year) when different scenarios were
tested in the existing dwelling are presented in Figure 17.

95 12%
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0: Original situation 1: Thermal bridge:  2: Thermal bridge: 3: Thermal bridge: 4: Thermal bridge: 5: Thermal bridge: ~ 6: New external
(CRef-CEM Il) CRefHL5 CH50* CH70 CNH50* CC70 plaster in all area of
the verfical

envelops: CH70

energy savings (%)

Energy consumption for heating
(kwhim?.yr)

Scenarios

Figure17: Energy consumption for heating (bars) for the 6 scenarios tested for the building thermal improvement.

It is shown that scenario 3 leads to the best solution — correction of thermal bridge by using a Hydraulic lime mortar with 70% of cork
granulate (CH70). When compared to the original situation, scenario 3 leads to an energy saving of 8%, which is much higher than
the savings promoted by scenario 4 or 5. Scenario 6, which corresponds to the replacement of all original external plaster by CH70,
means only 11% of energy savings for such an expensive intervention, which enhances the importance of the correction of thermal
bridges.

In order to test how each one of the previous scenarios lead to the minimization of condensation problems in the thermal bridges, a
preliminary thermo-hygrometric assessment was carried out according to the Glaser method (based on ISO 13788), to evaluate any
formation of condensation in the layers of the conjectured solutions (Figure 17). This analysis was made using the average hygro-
thermal conditions inside the building (RH=80% and T=16°C).

ISO 13788 describes calculation methods to avoid the occurrence of eventual moulds or problems due to condensation and to
determine the interstitial condensation because of water vapour diffusion. The following main problems of the building physics are
dealt with:

1. The internal surface temperature of a building component below which a mould can take place.
2. The interstitial condensation due to the water vapour diffusion by comparing the condensation rate in winter to the evaporation
rate in summer.

The method establishes the annual moisture balance and calculates the maximum amount of the accumulated moisture due to the
interstitial condensation. However, since it was not possible to obtain the annual data of accumulated moisture, the calculation was
made using the RH and Temperature average values from January, a month where condensation problems were found in the
building.

Equation 2 was adopted to calculate the temperature in each material transition zone (internal surface temperatures) from the
thermal bridge (Tzone_i (°C)), knowing the U-value, the average temperature inside the building (Ti (°C)), the average temperature

outside (Te (°C)) and the thermal resistance of all materials from the thermal bridge (Rzone_i (m2°C/W)).
Equation 3 enables the calculation of the saturated vapour pressure Psatzone_i(Pa) for each zone in the thermal bridge.

The analysis is based on the calculation using eq. 2 and 3 starting from the inside to the outside of the building. Table 13 presents
the results for the scenarios 0 to 5.

uU- (TI _Te) = (T| _Tzone_i )n; (2)
Z Rzone_i
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Table 13: Results for the internal surface temperature and saturated vapour pressure for the thermal bridge when its correction is
according to scenarios 0 to 5 (based on ISO 13788).

. . Tazone_i Saturation Vapour
Scenarios Constructive soluuoq at the C) Pressure SUM Pressure
thermal bridge (see Figure 12) Psatzone i (Pa) Sd (m)
€02 (o (Pa)
Inside 16.0
; = Surface of the internal plaster 12.2 1418.8 0.0 1451.3
o2 Internal plaster 11.9 1394.7 0.2
- g Concrete structure 8.7 1123.9 7.2
& & External mortar 8.2 1085.0 76 950.5
Outside 7.0
Inside 16.0
— Surface of the internal plaster 124 1442.6 0.0 1451.3
; .2 Internal plaster 12.2 1419.9 0.2
% & Concrete structure 92 11614 72
% & External mortar 8.1 1079.3 7.5 950.5
Outside 7.0
Inside 16.0
< Surface of the internal plaster 13.4 1541.0 0.0 1451.3
.2 Internal plaster 13.3 1523.7 0.2
& 2 Concrete structure 111 13215 72
& & External mortar 7.8 1056.7 7.6 950.5
Outside 7.0
Inside 16.0
o Surface of the internal plaster 14.0 1594.6 0.0 1451.3
.2 Internal plaster 13.8 1580.4 0.2
e % Concrete structure 12.1 1412.4 7.2
5 & External mortar 7.6 1045.1 7.6 950.5
Outside 7.0
Inside 16.0
< Surface of the internal plaster 12.7 1471.6 0.0 1451.3
x 2 Internal plaster 12.5 1450.3 0.2
L g Concrete structure 9.8 1207.5 7.2
5 & External mortar 8.0 1072.5 75 950.5
Outside 7.0
Inside 16.0
& Surface of the internal plaster 12.7 1464.924456 0.0 1451.3
.2 Internal plaster 12.4 1443.349106 0.2
e g Concrete structure 9.6 1196.87242 7.2
S & External mortar 8.0 1074.01166 7.6 950.5
Outside 7.0

After the calculation, a cross-section of the building element is drawn with the thickness of each layer equivalent to its water vapour
diffusion-equivalent to the air layer thickness Sd. Figure 18 presents the results for the thermal bridge studied for the 6 different
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scenarios tested. Straight lines are drawn joining the saturation vapour pressures at each interface between materials. Together with
the previous line, a vapour pressure line is also drawn (Real P line). If Real P line values are equal or higher than saturated vapour
pressure (Sat P), interstitial condensation at one or more than one interface may occur.
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Figure 18: Glaser diagram for the thermal bridge studied for the 6 different scenarios tested.

As a result of this analysis, for the average hygro-thermal values used in this calculation, it is shown that the original situation leads
to condensation phenomenon. Scenario 1 was rejected since interstitial condensation was found at the supported frame interface
(Figure 18). Scenario 4 and 5 (CNH50* and CC70) correspond to the minimum conditions in order to avoid condensation at the
surface of the thermal bridge (at least using the same thickness of plaster materials as in the original situation).

The comparison between the “as built” condition (scenario 0) and the five alternative solutions hypothesized shows that it is
preferable to place the CH70 based mortar on the outside surface of the thermal bridge (scenario 3). Thus, it seems that the use of
HL5 based mortars with incorporation of cork granulate dosages are an effective choice (scenarios 2 and 3).

6. Economic evaluation of the case study — scenarios analysis concerning thermal performance

Increasing energy efficiency in buildings implies lower spending by consumers in the annual energy bill. However, the effectiveness
of the economic benefit only occurs when the initial investment cost is exceeded by the cost that results by the accumulated energy
consumption for buildings’ heating or cooling.

Taking into account the previous tested scenarios, an economic evaluation was made concerning the electric energy cost and its
annual growing rate in Portuguese residential buildings. This analysis will enable to choose the best solution from a technical and
economical point of view, taking into account the initial investment costs, the maintenance and energy costs for heating (operational
cost). Based on this, it was admitted the following expression for the global cost:

Con=Co+CrantCopn @

Where: Cg,n — Global cost in the year n (in €/m?); Co - Initial cost in €/m? Cmann— Maintenance cost (in €/m?); Cexpn — Operational
cost in €/m2.

The initial cost was estimated using the construction materials prices data and the necessary manpower to remove the existing
external plaster by a new optimized mortar, using the original thickness (Table 14).

Table 14: Initial cost of an intervention on field concerning the best analysed scenarios.

Scenario  Situation I(rél/t(lre::zc((:)nsqt))
Original situation (CRef-CEM
0 I1): repair of the existing 271
external plaster
2 Thermal bridge: CH50* 37.1
17
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3 Thermal bridge: CH70 37.3

4 Thermal bridge: CNH50* 37.1
5 Thermal bridge: CC70 37.3

The maintenance cost adopted took into account the necessary cleaning work, small repair operations and application of a new wall
painting each 7 years (Cman = 5.8 €). Since these prices are a function of the inflation rate, the prediction of maintenance cost is a
function of that.

The methodology adopted for the determination of the energy costs for heating (operational cost) is based on the Portuguese
legislation [2] that concerns the heat loss in the heating season:

Q.. =0.024xU x AxGD  (5)

Where:
Qext = heat loss in the thermal bridge (kWh); U= is the U-value (Wm2°C); A= thermal bridge area (m2) and GD = degree day (°C.days)

In the Portuguese households the current main source of energy is electricity, representing about 42.6% of the total energy
consumption [25]. Firewood is the second main source of energy, representing about 24.2% of the energy used in Portuguese
households. The continuous growing of electricity consumption in Portuguese residential buildings leads to a major role of this
energy source in the domestic sector, which is directly related with the increasing use of equipments using this type of energy but
also with the use of electricity for heating. That can explain why electricity registered the greatest consumption evolution when
compared with all other energy sources [1; 26].

According to a survey on energy consumption made in Portugal [25], almost 80% of residential buildings in Portugal use electrical
heater in the heating period and the electricity cost rate increases 4% / year. Thus, the operational cost should be a function not only
of the electricity cost (0.17€ / kWh (according to EDP - electrical company, taking into account taxes), but also of the electricity cost
rate.

Accordingly, the global cost should assume the following equation:
C,=Co+ z:jl(me (L+a)*+U xGDx0.024xC_ x (1+a )*) x (L+i)* (6)

Where: a = inflation rate (2.77% in 2013); o’ = electricity cost rate per year (4%); i = Discount rate (for this private investment, it was
used the Euribor rate at 365 days =1.335%).

For this specific dwelling located in Lisbon, from technical point of view scenarios 2, 3, 4 and 5 are the ones able to be applied in
thermal bridges corrections without leading to condensation phenomenon. Thus, the prediction of the global cost was made taking
into account the previous data (Figure 19).
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Figure 19: Prediction of the global cost evolution using specific mortar (scenarios 0, 2, 3, 4 and 5) for thermal bridges correction.
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The results show that the use of CH70 mortar (scenario 3) for thermal bridge correction has a payback of 3 years (2016) when
compared to the simple repair of the original external plaster (scenario 0). The use of 50% of cork granulate instead of 70% of cork in
HL5 based mortar has a payback 4 years after the intervention. Scenarios 4 and 5 do not present benefits from a payback point of
view since their behaviour is quite similar to scenario 0, especially after 2020.

Ten years after the intervention, the use of scenario 3 leads to much more economic savings than other solution: Scenario 3:
75€/m2; Scenario 2: 45€/m2; Scenario 4: 6.5€/m2and Scenario 5: 2.0€/m2.

7. Conclusions

In order to study the thermal behaviour of a typical Lisbon dwelling of the 80’s, several hydraulic lime - cork mortars (HL5 and NHL5)
and cement—cork mortars (CEM II/B-L 32,5N) for rendering application in building thermal bridges were developed and optimized.
Different cork granulate dosages (from 0% to 80%) were tested (as sand replacement by mass) until the maximum possible cork
dosage while minimizing mortar thermal conductivity and cost changes.

Subsequent to the analysis of different testing properties, the following conclusions can be drawn:

Fresh state properties show that it is possible to get good performance up to 70% of cork either in hydraulic lime or cement
based mortars.

From a thermal point of view, for the same initial temperature conditions, it is shown that the incorporation of cork in mortar
compositions leads to a reduction of temperature variation, which is probably related to a higher thermal delay. It is also
shown that cork-based mortars with hydraulic lime present less thermal delay than those with cement.

The incorporation of cork granulates in hydraulic lime mortars leads to a decrease of permeability while for cement based
mortars, the presence of cork leads to an increase of water vapour permeability.

In order to select the best mortar compositions it was carried out a simulation of what was the contribution of each selected mortar
composition in the minimization of condensation effects in an existing dwelling from the 80’s built in Lisbon, Portugal.

It is shown that the power of heat dissipation in the dwellings’ thermal bridges is of the same magnitude order than heat loss in roof
and much higher than in vertical opaque envelopes or openings, which enhances the need to reduce thermal bridges in the building.

Based on the original design stage of the existing dwelling, 7 different scenarios were investigated in the thermal performance
simulation in order to study how the specific corrections with the developed mortars may imply as regards energy consumption for
heating:

scenario 0: repair of the original external plaster;

scenarios 1 to 5: Thermal bridge correction with different rendering cork-mortars

scenario 6: New external plaster in all area of the vertical envelops with hydraulic lime cork-mortar.

When compared to the original situation, scenario 3 leads to an energy saving of 8%, which is much higher than the savings
promoted by scenario 4 or 5. Scenario 6 which corresponds to an expensive intervention by replacement of all original external
plaster by CH70 only means 11% of energy savings. From a condensation phenomenon point of view, the comparison between the
“as built” condition (scenario 0) and the five alternative solutions hypothesized show that it is preferable to place the CH70 based
mortar on the outside surface of the thermal bridge (scenario 3).

An economic evaluation was made concerning the electric energy cost and its annual growing rate in Portuguese residential
buildings. The results show that the use of CH70 mortar (scenario 3) for thermal bridge correction has a payback of 3 years (2016)
when compared to the simple repair of the original external plaster (scenario 0). The use of 50% of cork granulate instead of 70% of
cork in HL5 based mortar has a payback 4 years after the intervention.
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HIGHLIGHTS

Minimization of energy consumption and condensation effects in a dwelling from the 80°’s » Contribution of cork-based mortars for
thermal bridge correction » Development of specific rendering mortars (cement and hydraulic lime—cork. » Based on the original
design stage of the existing dwelling, different scenarios were investigated. » The influence of electric energy cost and its annual
growing rate in Portuguese buildings. » This analysis will enable to choose the best solution from a technical and economical point
of view.
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