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Abstract

Building envelopes are the part of the buildings most exposed to the inclement
weather and thus have significant impact on the energy performance as a
consequence of higher thermal transfers produced. Therefore, new solutions for
building envelopes are required as a way to save energy in residential buildings.
In this regard, the European Directives 2002/91/EC and 2010/31/EU on Energy
Performance of Buildings (EPBD) have laid down the application of minimum
requirements to the energy performance of building elements that form part of the
envelope. Designers require, in the early stages, a method to obtain information
about the energy performance of the building, as design decisions made at this
stage might compromise the performance of the final design. Among the possible
energy-savings solutions the most effective are not only those related to the
construction design but also those that consider constructive materials with low
thermal transmittance. Consequently, the objective of this study is to analyze and
compare, by means of energy simulations, different constructive solutions applied
to the building envelopes in terms of construction design and constructive
materials. The results obtained showed that the energy demand and CO, emissions
of residential buildings can be reduced by 60% and 95% respectively when
constructive solutions with low U-values are implemented. These reductions make
also possible the enhancement of the energy rating of the buildings.
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1 Introduction

Due to the fact that the building sector is a potentially large energy consumer,
special attention has been paid in order to reduce its environmental impact [1, 2].
Acclimation energy consumption of buildings is mainly affected by local climatic
conditions, indoor temperature, shape factor, windows-to-wall ratio and building
envelope performance. Therefore, new solutions for building envelopes are
required because they are the part of the buildings most exposed to the inclement
weather and thus where higher thermal transfers are produced. Accordingly, a
proper design of the thermal properties of building envelopes would lead to
energy-saving in residential buildings.

With this objective, the European Union has created a legislative framework
for all its member countries based on the Kyoto Protocol [3] and the Directives
2002/91/EC [1]and 2010/31/EU [2] on Energy Performance of Buildings (EPBD).
These regulations have laid down the application of “minimum requirements to
the energy performance of building elements that form part of the building
envelope and that have a significant impact on the energy performance of the
building envelope when they are retrofitted or replaced”. However, it is important
to highlight the existence of different transpositions of the EPBD for each
European country (EU-28 and Norway), which means that there are different
regulations but with the common objective of achieving a Nearly Zero-Energy
Building (NZEB) able to combine both comfort and minimum energy
consumption [4].

Besides having to comply with regulations on energy performance, buildings
have long life cycles and are potentially large energy consumers. As a
consequence, several studies on energy efficiency of existent buildings have been
performed [5—11]. These studies have primarily focused on the improvement of
the energy efficiency of currently existing envelopes in private and public
buildings considering the weather as much in summer as in winter. Nevertheless,
the construction techniques to improve an existent envelope differ from those that
can be applied to new construction units.

Considering this point, the aim of the present study is to study how the different
constructive solutions affect the thermal envelope of residential buildings under
different climate conditions. In addition, it analyses the influence of the thermal
envelope design in the energy demand, CO, emissions and energy rating of two
different types of buildings located in six climatic zones.

2 Material and methods

2.1 Envelope of the buildings

2.1.1 Composition

The thermal envelope of a building is composed by the elements represented in
Fig. 1, which includes all the enclosures that mark out the habitable spaces from
the outside, and the interior partitions, which demarcate the living spaces from the
non-habitable spaces in contact with the outside [12].
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Figure 1:  Composition of the thermal envelope of a building: Vertical external
walls (W); Horizontal roofs (R); Floors (F); Openings (O); and
Thermal bridges (T) [13].

2.1.2 Thermal transmittance

Thermal transmittance, also known as U-value, is defined as the rate of transfer of
heat under uniform conditions through one square metre of a structure, divided by
the difference in temperature across the structure (the lower the U-value, the better
the insulating ability). It is expressed in W/m?K and can be calculated by eqns. (1)
and (2), where: R is the inside resistance; Ry is the external resistance; and R, is
the thermal resistance of the construction material (m? K/W), which is formed by
thermally homogeneous layers with their own resistances (Ri, Ra...Ry).

_ 1
N Rgi+R¢+Rse

()

R, =R, + R, + Rs+...+R, 2)
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R-value is the thermal resistance of a solid material to conductive heat transfer
(the higher the number, the better the building insulation's theoretical
effectiveness).

e
R=5 A3)

This energy flow is produced when there is a difference between the inside
temperature and the temperature outside, and can be calculated by eqn. (3), where:
e is the thickness of the material (m); and 4 is the thermal conductivity (W/mK).

2.2 Buildings characteristics

2.2.1 Description of buildings

Two types of buildings were selected to develop this study: (i) a single-family
house; and (ii)) a multi-family residential building placed among other
constructions.

The single-family dwelling consists of three floors with total usable area 261.99
m? a basement (108.73 m?), a ground floor (117.01 m?) and a first floor
(36.25 m?). The house is located on a gentle slope, which means that the basement
is completely underground on one side, yet above the ground on the other side of
the house.

The multi-family dwelling has five stories with total usable area 861.71 m?: a
ground floor (267.10 m?), a first (267.10 m?), a second (267.10 m?), a third floor
(267.10 m?), and a tower (18.96 m?). In this case, the building is a rectangle on a
corner so that the north and east sides of it are fully in contact with other
constructions, while the south and west fagades are exposed.

For the thermal simulation of each building and climatic zone, boilers with
similar characteristics were chosen. The fuel in all boilers is biomass. The thermal
load selected for each boiler was set to 24 kW. For the single-family house, just
one boiler (24 kW) was considered, whereas for the multi-family dwelling three
boilers were installed (total boiler load of 72 kW). For all boilers, the thermal
efficiency value adopted was 90%, with an outlet water temperature of 50°C for
domestic hot water (DHW) and 80°C for heating. The flow rate of DHW in the
single-family house was 235.80 liters/day, and in the multi-family dwelling 568.72
liters/day. Both types of residence featured an accumulator; specifically, it had a
capacity of 200 liters in the single-family house and 500 liters in the multi-family
dwelling. In both cases the water temperature varied between 60°C and 80°C, the
global heat transfer coefficient (UxA) was 1 W/K.

2.2.2 Constructive solutions

Three different solutions have been studied to define the thermal envelope of the
buildings previously described (Tables 1 and 2 and Fig. 2). Considering the
thermal transmittance mentioned in section 2.1.2, Solution 1 was that with the
highest thermal transmittance, followed by Solution 2 and being Solution 3 the
constructive solution with lower U-value.
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Table 1: Elements and materials used. Thermal characteristics.

Material e A R
_. | Lime mortar for rendering 1000 < d < 1250 0.015 0.550 0.027
15 12 in. perforated metric brick 40 mm < G < 50 mm 0.240 1.529 0.157
% Plaster rendering 1000 <d < 1300 0.015 0.570 0.026
” U =2.63 Wm’ K 0270
« | Lime mortar for rendering d > 2000 0.015 1.800 0.008
2 _§ Thermal blocks 0.290 0.426 0.681
£ :g Plaster rendering 1000 < d < 1300 0.015 0.570 0.026
R U=113Wm2K 0.320
é: 6 in. perforated metric brick 40 mm < G < 50 mm 0.115 0.991 0.116
Lime mortar for rendering 1000 <d < 1250 0.015 0.550 0.027
g Expanded polystyrene [EPS] [0.037 W/[m K]] 0.080 0.037 2.162
g Double hollow brick breeze-block [60 mm < E <90 0075 0432 0174
& | mm]
Plaster rendering 1000 <d < 1300 0.015 0.570 0.026
U=0.37 Wm*’K 0.300
Ceramic tiles 0.006 1.000 0.006
= | Lime mortar for rendering d>2000 0.024 1.800 0.013
'% Floor structure 0.250 1.154 0.217
& | Plaster rendering 1000 < d < 1300 0.015 0.570 0.026
U =249 W/m’K 0.295
Ceramic tiles 0.006 1.000 0.006
Lime mortar for rendering d > 2000 0.024 1.800 0.013
Mortar lightweight aggregate [vermiculite perlite] 0.040 0.410 0.098
< | Polyvinyl chloride [PVC] 0.001 0.170 0.006
£ | Ceramic tiles 0.030 | 1.000 | 0.030
3 Slightly ventilated air chamber 0.100 0.000 0.000
@ Floor structure 0.300 1.304 0.230
é Plaster rendering 1000 <d < 1300 0.015 0.570 0.026
U=1.56 Wm?>K 0.516
Sand and gravel [1700 < d <2200] 0.050 2.000 0.025
Sublayer felt 0.001 0.050 0.020
Polyvinyl chloride [PVC] 0.001 0.170 0.006
- Sublayer felt 0.001 0.050 0.020
Extruded polystyrene, expanded with carbon dioxide
g [XPS] [0'83 4ywy/[m K] P 0.060 | 0.034 | 1.765
g Low density polyethylene [LDPE] 0.002 0.330 0.006
Concrete with lightweight aggregate 1800 < d <2000 0.100 1.350 0.074
Floor structure 0.250 0.256 0.977
Plaster rendering 1000 <d < 1300 0.015 0.570 0.026
U=0.33 Wm>K 0.480

e (mm); A (W/m K); R (m> K/W)
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Figure 2: Elements and materials used. Graphic details.

Table 2: External openings. Thermal characteristics.

Material U (W/m?K)
= Glass (85%): Monolithic (4) 5.700
‘% Frame (15%): Metallic without thermal break 5.700
3 Total 5.700
< Glass (85%): Double (4-6-4) 3.300
‘% Frame (15%): Low density wood 2.000
3 Total 3.170
o Glass (85%): Double low-e < 0.03 (4-9-4) 1.900
‘% Frame (15%): Three chambers PVC 1.800
3 Total 1.880

2.2.3 Climatic zones

In this study, the most common climatic zones in Spain were selected [13, 14],
because of including extremes zones (A4 and B3 as the warmest, and D2 and E1
as the coldest) and intermediate zones (C4 and C3).
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2.3 Simulation software

The energy simulation software solutions available nowadays differ in terms of
how the characteristics of the building are introduced as input, and also in the
output supplied [15], but all providing valid results. In this study, CERMA [16]
has been chosen as the simulation software. This software calculates the energy
demand, the CO, emissions and the energy rating basing on the constructive
solutions, buildings design and location.

Regarding the energy rating, this program works on the scale of seven levels
[13], which are represented in Fig. 3.

Figure 3: Energy rating. Scale of seven levels [13].

3 Results and discussion

Table 3 and Figs 4 and 5 show the energy demand, CO; emissions and energy
rating, which are dependent on: the envelope design of the constructive solution;
the type of building (single-family or multi-family); and the climatic zone where
the building is located.

3.1 Energy demand

Fig. 4 shows that the total energy demand ranged from 42.9 kWh/m? year in a
multi-family building located in the climatic zone A4 with Solution 3 as a
constructive solution, to 356.2 kWh/m? year in a single-family house with Solution
1 located in E1.

The results have revealed that A4 was the climate zone that required a lower
total energy demand with any constructive solution in the both types of buildings
studied. On the contrary, E1 was the climate zone that higher total energy demand
required.

Regarding the envelope design characteristics of the different constructive
solutions considered, and owing to the low thermal transmittance values of
solution 3 (Table 1), it was the constructive solution with the lowest energy
demand for the types of buildings studied.
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In the case of the single-family house, the implementation of Solution 2
supposed an increase of 49%—62% with respect to the energy demand required
with Solution 3, and the same house with Solution 1 increased its energy demand
within the range 130%—-171% depending on the climate zone. When the multi-
family building was considered, the use of the constructive Solution 2 resulted in
an increment of its energy demand from 45% to 60%, and 109%—-143% was the
growth in case of implementing Solution 1 in comparison with Solution 3 (Fig. 4).

In general, the single-family house was the building that obtained larger
improvement because of having more envelope surface per m? and thus more
surface to be improved by constructive solutions.

Solution 1

Single-family house
Solution 2

A4 SBBENNNNIIIIIN

Solution 3

Solution 1

D2 S

Solution 2

Multi-family building

Solution 3

0 50 100 150 200 250 300 350 400

@ Heating w Cooling M DHW
Figure 4: Energy demand (kWh/m? per year).
3.2 CO: emissions and energy rating

Taking into account that the building sector represents 40% of the energy
consumption and 36% of the CO, emissions in Europe [1, 2], the use of energy-
efficient materials in the thermal envelopes of buildings leads not only to a
reduction of the energy demanded, but also to a significant reduction of the
environmental impact derived from this sector.
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Table 3 and Fig. 5 show the CO, emissions generated as a consequence of the
energy demanded. In this section, and due to the fact that the energy consumption
for DHW production is associated with the energy produced for heating because
of using the same boiler, both were considered as a whole.

In order to discuss the results obtained, Solution 3 was considered as the point
of reference because of being the optimum constructive solution (with minimum
energy demand and near-zero emissions). From this point, it was observed that the
use of Solution 2 resulted in an increase of 44%-300% regarding the CO,
emissions generated in the single-family house, whereas this increment varied
between 41% and 68% when the multi-family building was considered (Fig. 5).

A4 ZERAAARARRARA LA A AR AR AR AR AR AR AR AR AR AR AR A AR AR A AR AR AR R ARARNNNY
EERE " ARKRRRRRIEARRRNRRANRRNNSS SN ANSSSNSSSNSN

Solution 1

D2 SAASAARANLNN]

Single-family house
Solution 2

Solution 3

c3 LLLLALLLALLALLLLRALRARLRL LR LR AR AN
D2 AASLLRLLRLLALY

Solution 1

Solution 2

D2 OO

Multi-family building

A4 BN
EERE - ANAANNAANAANANNNY

(" SANSUSNASANNSNNSANNNNNN
a3 UL

Solution 3

0 2 4 6 8 10 12 14 16 18 20

BE Heating +DHW ™ Cooling
Figure 5: CO; emissions (kgCO»/m? per year).

The higher values of the intervals corresponded to the coldest areas (E1), while
on the contrary the minimum values of increment were achieved in the warmest
climate zones (Table 3). These ranges were substantially enlarged when the
Solution 1 was implemented, achieving 112%-1,750% of increment in the case of
the CO, emissions generated in the single-family house and corresponding the
major percentage to the house located in the climatic zone E1.

As observed with Solution 2, the ranges of increment were also reduced for
Solution 1 when the multi-family building was analyzed, being the growth of CO,
emissions within 95%—187%.

WIT Transactions on Ecology and The Environment, Vol 186, © 2014 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



396 Energy and Sustainability V

As in the case of the energy demand, larger reductions in CO, emissions are
achieved in the case of the single-family house because of having more envelope
surface to be improved by constructive solutions.

On the other hand, and because of the existent relationship between the CO,
emissions and the energy rating of the buildings [13], a higher quality of the
materials used in the envelope of a building led to higher energy ratings. As shown
in Table 3, the use of the Solution 3 entailed the obtaining of two positive energy
rating levels in both types of buildings in comparison with the energy ratings that
resulted from the use of Solution 1.

Table 3: Energy demand, CO, emissions and energy rating.

Energy demand CO, emissions

(074 (kWh/m? per year) (kg CO,/m? per year)
Heating | Cooling | DHW | Total | Heating+ DHW | Cooling | Total | ER
A4 51.2 46.7 16.6 114.5 0.4 17.8 182 | D
— | B3 99.6 30.0 17.1 146.7 1.2 11.4 127 | C
_E C4 | 126.0 40.4 17.2 183.6 2.2 154 176 | C
:2 C3 172.6 28.4 17.1 218.1 3.5 10.8 143 | C
w | D2 | 272.6 9.5 18.2 | 300.3 7.0 3.6 106 | A
° El | 3374 0.0 18.8 | 356.2 11.1 0.0 1.1 | A
§ A4 25.1 32.2 16.6 73.9 0.0 12.3 124 | C
—; o B3 54.6 19.8 17.1 91.5 0.2 7.6 78 | B
E S| C4 71.6 26.1 17.2 114.9 0.4 10.0 104 | B
& ;;‘ C3 96.6 16.4 17.1 130.1 0.8 6.3 7.1 | A
L |2 [D2] 1613 5.1 18.2 184.6 1.7 2.0 36 | A
g El | 204.7 0.0 18.8 | 223.5 2.4 0.0 24 | A
” A4 10.5 22.6 16.6 49.7 0.0 8.6 86 | C
e« | B3 27.3 12.5 17.1 56.9 0.0 4.8 48 | A
_E C4 39.5 17.2 17.2 73.9 0.0 6.6 66 | A
:2 C3 52.4 10.9 17.1 80.4 0.1 4.1 42 | A
» | D2 95.4 1.5 18.2 115.1 0.3 0.6 09 | A
El 126.2 0.0 18.8 145.0 0.6 0.0 06 | A
A4 36.8 39.4 13.6 89.8 1.9 15.1 170 | E
— | B3 73.6 259 14.0 113.5 3.9 9.9 138 | D
§ C4 88.8 34.7 14.1 137.6 4.8 13.2 180 | D
:2 C3 | 120.8 26.0 14.0 160.8 6.6 9.9 165 | D
»n [ D2] 190.2 10.2 14.8 | 2152 10.7 3.9 146 | C
& El | 235.6 0.0 153 | 250.9 13.5 0.0 135 | B
S A4 18.9 29.7 13.6 62.2 1.0 11.3 123 | D
E o B3 43.7 19.1 14.0 76.8 2.3 7.3 96 | C
> e |[C4 54.2 24.9 14.1 93.2 2.8 9.5 123 | C
'g :2 C3 73.2 18.8 14.0 106.0 3.8 7.2 110 | C
S| e |D2| 1182 7.3 14.8 140.3 6.2 2.8 90 | B
E El 148.9 0.0 15.3 164.2 7.9 0.0 79 | A
= A4 7.5 21.8 13.6 42.9 0.4 8.3 87 | C
| B3 22.1 12.3 14.0 48.4 1.2 4.7 59 | B
_§ C4 29.8 17.6 14.1 61.5 1.6 6.7 83 | B
:2 C3 40.0 12.2 14.0 66.2 2.1 4.6 67 | B
x| D2 69.4 5.2 14.8 89.4 3.6 2.0 56 | A
El 90.6 0.0 15.3 105.9 4.7 0.0 47 | A

CZ: Climatic zone; ER: Energy rating

WIT Transactions on Ecology and The Environment, Vol 186, © 2014 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



Energy and Sustainability V. 397

4 Conclusions

This study has demonstrated that an appropriate envelope design of buildings
implies important advantages such as the following: (i) reduction of the total
energy demand; (ii) reduction of CO, emissions to the atmosphere; (iii) higher
energy rating.

The use of constructive solutions with high values of thermal transmittance
could require from 179% to 211% of the energy demanded in the same building
when a constructive solution of low U-value is implemented. The use of these
high-quality solutions also reduces considerably the CO, emissions, achieving
values of 95% of reduction in the single-family house and 65% in the multi-family
building. In addition, the use of constructive solutions with high thermal resistance
enhances the energy rating of the housing units in all the cases.

However, the improvement of the energy efficiency of the buildings is also
dependent on the type of building considered (single-family or multi-family) and
the climatic zone. Single-family houses get larger benefits from the use of high-
quality materials in the envelope because of having more surface of envelope per
m? of building surface. In addition, buildings located in warm climatic zones are
those that in general terms have a lower energy demand with any of the
constructive solutions studied.
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