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Abstract The optimum thickness of the building enve-
lope insulation materials depends on a large number of
parameters. But the optimum thickness is calculated con-
sidering only economic arguments. In this paper, life-cycle
assessment of the materials used in the building, and spe-
cifically the insulation ones, are included in the process to
calculate the optimum insulation thickness from both
environmental and energetic points of views. Within this
frame, the large influence of the parameters associated with
the manufacturing of the materials on the determination of
the optimum thickness has been demonstrated: For all the
studied cases, the insulation thickness depends in a large
way on the unitary economic, energetic and environmental
costs. The biggest differences in optimum thicknesses
between two different insulation materials correspond to
the highest differences in the unitary costs, for all the
optimization points of views. The study also demonstrates
that increasing values of the characteristic parameters of
the manufacturing phase, which depend on the nature of
the insulation materials, imply a decrease of the impact of
the calculation settings, associated with the use phase of
the building.
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Introduction

As buildings are responsible for around 27 % of the final
end use of energy in the EU-27 [1], a very high interest
exists in reducing their energy consumption. Building
insulation is one of the best options to reach this goal [2-5].
The determination of the optimum thickness of insulation
materials in the building envelope is one of the main
objectives of this scientific area [6]. This thickness depends
on a large number of parameters. Scientific studies are
primarily focused on analyzing the effect of the climatic
parameters [7—12], orientation [13, 14], thermal mass [15],
fuels [9, 11, 16, 17], and other parameters [10, 18, 19].
These studies only consider the economical point of view.

The planet is facing huge environmental and energetic
problems and the EU directives on the energy performance
of buildings are oriented to reduce primary energy con-
sumption and environmental impact (CO, emissions) [20].
Some authors incorporate the savings in energy consump-
tion or greenhouses emissions, but considering only the use
phase of the building [21, 22]. In the majority of scientific
works, the optimum thickness is calculated considering
only the economic point of view. Nevertheless, some
papers include the life-cycle cost analysis (LCCA) from the
energetic point of view and very few ones include the life-
cycle assessment (LCA) of the materials used in the
building, and specifically of the insulation materials [23,
24].

The calculation procedure for the economic, energetic
and environmental optimum insulation thicknesses is very
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similar: For the energetic and environmental assessments,
the initial investment, used for the economic LCCA, is
substituted by the embodied energy and the global warm-
ing potential of the greenhouse gases associated with the
manufacture of the insulation material, respectively.

Within this framework, Ostermeyer et al. [25] adapted
without major changes the simplified method presented by
Petersdorff et al. [26], originally designed to calculate the
optimum insulation thickness from the economic point of
view, to consider environmental parameters. The authors
showed that the insulation thicknesses obtained from the
environmental optimization point of view, taking into
account the life cycle of the materials, are much higher
than the ones obtained from the economic assessment.
Their study was limited to mineral wool insulation
material.

In this context, the present study has been developed
with the following objectives: (1) quantify how the opti-
mum thickness values, based on economic, energetic and
environmental points of views, vary as a function of the
insulation materials and (2) identify the relevant parame-
ters, focusing on the ones related to the fabrication process
of the insulation materials that determines the optimum
insulation thicknesses.

Methodology

A simplified analytical procedure is used to compare the
optimum insulation thickness obtained for the economic,

These values are calculated in ten scenarios (Table 1)
with four insulation materials: mineral wool (MW), cork
(C), polyurethane (PUR) and wood fiber (WF). The prop-
erties of these materials are presented in Table 2.

The calculation settings’ impact on the optimum insu-
lation thicknesses has been checked by including variations
in the main parameters considered in the calculation
procedure.

The studied environmental impact (CO,,) is the global
warming potential associated with the material along its
whole life cycle, expressed through the equivalent carbon
dioxide parameter (in kg CO, eq./m’). The energetic
parameter (E,) is expressed through the total primary
energy used by the materials along their whole life cycle
(in MJ/m®).

The hypotheses used for the model are the following:

e House dimensions, 9 x 6 x 2.5 m°.

e Floor and ceiling, adiabatic (dwelling located vertically
between two equal housing characteristics and
occupation).

e Optimum insulation thickness determined by the
building heating demand.

e Ventilation losses included.

e Solar gains and internal heat sources not included.

e Efficiency of 90 % for both biomass and gas space
heating systems.

Table 2 Insulation material data applied [27, 28]

energetic and environmental points of views. These values ~ Insulation Fabrication and installation costs Thermal
correspond to the insulation thicknesses that provide the ~ Materials s - o ?O(r‘\g]l/lc“gy
. . . . . u u u A m
highest economic, energetic anfi environmental savings, ©m  MI/m) (kg2C02 eq/m?)
respectively, along the whole life cycle of the building
(50 years in this work). For each optimization point of ~ Mineral wool 77 %0 30 0.04
. . . (MW)
view, the calculation procedure takes into account, on the
e . . Polyurethane 216 4,320 380 0.023
one hand, the initial investments at the construction phase (PUR)
of the bulldlng and its 1r'1su1at10n.ma'ter1als and, (?n the other Wood fiber 11 2,124 78 0.04
hand, the savings prov1d§d .by its 1mplem.entat10n, during (WF)
the use phase of the building. The obtained values are oy () 192 234 2% 0.045
theoretical values and so do not take into account the
feasibility of its implementation.
Table 1 Calculation settings Parameter Unit Base  Variations
CF1 CF2 CF3 CF4 CF5 CF6 CF7 CF8 CF9 CF10
Usw W/m*K 1.5 3 0.5
ren ren/h 1 3
HDD °C/day 3,199 2,083 1,128
The calculation settings for Windows % 25 50 50
CF2-CF10 are the same as CFI, U Windows W/m?>K 3.5 1.8 1.8
except when a value is Fuel (—) Gas Biom

presented in the table
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e The global warming potential of the greenhouse gases
emissions during the fabrication process of the insula-
tion materials is expressed through the carbon dioxide
emissions, as the databases do not offer the total
greenhouse gases mixture for all the considered insu-
lation materials.

Solar gains, internal loads and other building charac-
teristics have intentionally not been included in the cal-
culation procedure to check exclusively the impact of the
insulation materials’ characteristics on the optimum insu-
lation thicknesses. This hypothesis implies an overestima-
tion of the optimum insulation thicknesses. So the results
may not be evaluated quantitatively by themselves, but in
comparison with values obtained for other insulation
materials.

On the one hand, the annual costs associated with the use
phase of the building are calculated. For this, it is necessary
to assess the annual costs in terms of energy during this stage,
which is the annual energy consumption (Eysg):

[ (k) % Acow + U X Ay + VR X pyie X Cpye| x (HDD x £, x i x 86,400)

ren X V
~ 3,600 (6)

The thermal transmittance of the complete opaque wall
(Ucow) 1s given by its thermal resistance (R.ow):

1
Ucow = 5 7
Reow ( )
with
Rcow = Row + Rins (8)

where R, is the thermal resistance of the opaque walls
without the insulation layer, and R;,s is the thermal resis-
tance of the insulation layer that depends on its thickness
(x) and its thermal conductivity (4):

Rins = (9)

| =

So, the annual cost in terms of energy during the use phase
(Eusg) 1s

Eysg =
n

(10)

q
Eysg = — (1
p )

where 7 is the efficiency of the heating system and g is the
annual heat losses, which take into account the losses
through the complete opaque walls (g.ow) and the windows
(gw), and the ones due to ventilation (gyen)-

9 = Geow + Gw + Gvent (2)
with
Geow = Ucow X Acow X HDD X fy X i x 86,400 (3)
gw = Uy X Ay x HDD X f; x i X 86,400 4)
and

Gvent = VR X puir X Cp,r X HDD X f;; X i X 86,400  (5)

fu and i are, respectively, the use and intermittence coef-
ficients. The first is related to the number of heating days
per month and the second to the number of hours of heating
per day. As the building considered in this paper is a house,
fu=1and i = 0.85.

The ventilation rate VR (in m%/s) is given by the air
renewal rate ren (in ren/h) and the volume V of the
building:

From the economic and environmental points of view, the
annual costs during the use phase €ysg and CO, ysg) are

€use = Euse x Cy (11)
and
COyuse = Euse x K¢ (12)

where Cy and Ky are, respectively, the conversion factors
from energetic to economic cost and from energetic to
environmental costs (Table 3).

On the other hand, the energetic, economic and envi-
ronmental annual costs associated with the fabrication and
the installation of the insulation materials (Ey;, €y; and

CO,y;, respectively), are calculated as follows:
E

Eyi :% (13)

Table 3 Fuel data [29-32]

Fuels K; (kg COy/MJ) C; €©€/MJ)
Gas 5.7 x 1072 1.58 x 1072
Biomass 0 0.94 x 1072

Lowest heating values (LHV) of fuels are included in Cy and K¢
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Fig. 1 Optimum insulation 3.0 -
thickness. Economic (xg),
energetic (xg) and

2.5+

environmental points of views
(xco,). Material: cork

2.0 A

Optimum thickness (m)
&

0.5 -

= Economic
Energetic

Environmental

0.0

(15)

where N is the lifetime of the building and the insulation
materials, and E,,, €, and CO,,, are, respectively, the
costs of the investment in the insulation material and
installation at year O from the energetic, economic and
environmental points of views:

Ey, = Ey X Ving (16)
€, =€, x Vins (17)
COzyO = COzu X Vins (18)

The unitary costs of the insulation materials for the ener-
getic (E,), economic (€,) and environmental (CO,,) opti-
mizations are given in Table 2. The volume of the
insulation material (Vj,s) depends on its thickness (x) and
the area of the opaque walls (Ay):

Vins = X X Aow

(19)

So the energetic, economic and environmental annual costs
associated with the fabrication and the installation of the
insulation materials (E,,, €y1 and CO,,,, respectively) can
be expressed as follows:

E, X x X Aogw

E, = N (20)
€, X x X Agw
g, = Z1Xxx o @)
CcoO A
CO,,, = SV X X X Aow (22)

N

In Egs. (10)—(12) and (20)—(22), the insulation thickness
(x) is the only unknown value and so we can combine the
parameters of the use phase and the ones of the LCA phase

o
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CF4 CF5 CF6 CF7 CF8 CF9  CF10

Calculation settings

to make the annual balance from the economic, energetic
and environmental objectives.

In the economic analysis, the interests were not included
in the calculation to apply the same procedure to all the
assessments:

E, = Eusg + Ey, (23)
€, =€use +€,, (24)
COz, = CO;p ysg + COyy, (25)

The minimum value of annual costs, relative to the ener-
getic (E,), economic (€,) and environmental (CO,,) points
of view, correspond to the optimum insulation thicknesses
for each of these factors (xg, xg and xco,, respectively).

Results and discussion
Optimum thickness dependence on material

As commented in “Introduction”, many studies calculate
the optimum insulation thicknesses from the economic
point of view. Figure 1 shows that, for a given insulation
material, the optimum thickness depends noticeably on the
optimization point of view used for its calculation.

It is observed that the insulation thickness can be, for
the cork, more than 15 times higher in the energetic
optimization than in the economic one. The rate between
the optimum thicknesses calculated through the envi-
ronmental and the economical assessments is also higher
than 13.

Moreover, the impact of the insulation material on the
calculated thickness is also studied. Figure 2a—c presents
the optimum insulation thicknesses obtained for the ten
calculation scenarios and for the four studied materials
through, respectively, the economic, energetic and
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Fig. 2 Impact of the insulation
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environmental points of view. For the environmental
results (Fig. 2c¢), the low CO, emissions associated with the
manufacture of mineral wool do not allow reaching an
optimum thickness. The same occurs with calculation

Calculation settings

setting CF9, where the use of biomass eliminates the CO,
emissions during the use phase of the building.

We can observe that the order of the optimum thickness
varies depending on the optimization point of view. For
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Table 4 Rates between optimum thicknesses for different materials
calculated through the economic, energetic and environmental points
of views

MW C WF
XMw/XpUR

€ E CO, € E CO, € E CO,

Xclxpur XWE/XpUR

Min 23 31 49 15 76 61 11 19 22
Max 32 39 63 1.6 106 107 15 20 38
Mean 28 3.6 58 1.6 95 78 14 19 28
Max/min 14 13 13 1.1 1.4 1.7 14 11 1.7

each one, the general trend is similar for the four insulation
materials studied. Nevertheless, the dispersion of the
results in the different calculation settings, for a given
optimization point of view, is higher when the insulation
thicknesses are higher. This demonstrates that, in such
cases, the impact of the calculation settings, and therefore
of the use phase of the building, is higher.

From the economic point of view, the rate between the
highest thicknesses (mineral wool) and the lowest (poly-
urethane) is close to 3 (Table 4).

For the energetic and environmental optimizations, the
highest thicknesses are obtained for cork, followed by
mineral wool, wood fiber and finally polyurethane. The
maximum rate between the highest and the lowest thick-
nesses are 10.6 and 10.7 for, respectively, the energetic and
environmental optimization assessments.

Relevant parameters for the determination
of the optimum insulation thickness

Optimum thicknesses based on economic, environmental and
energetic points of view show important differences depend-
ing on the insulation material. The influence of the unitary
costs of the insulation materials is represented in Fig. 3a—c.

For the three optimization points of views and the three
calculation settings represented, the optimum thicknesses
decrease when the unitary costs increase. For the energetic
and environmental points of views, we can observe an
asymptotic trend, related to the fact that the energy savings
have also, as a function of the insulation thickness, an
asymptotic trend. As the economic unitary costs of the
insulation materials are not so closely dependent on their
performance, there is not a clear trend in the case of the
economic optimization point of view.

o
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Also, for all the optimization points of views, the dif-
ference between the optimum thicknesses obtained in the
three calculation settings reduces as the unitary costs grow.
This is due to the fact that the characteristics for each
calculation setting (related to the use phase of the building)
have a larger specific weight in the optimum thickness
determination when, in the materials manufacturing stage,
the unitary costs are lower.

The mean rate, based on all the scenarios studied,
between optimum thicknesses for cork, mineral wool and
wood fiber with respect to the ones of polyurethane has
been calculated for the three optimization points of views.
Figure 4 represents these values as a function of the eco-
nomic, energetic or environmental unitary cost rates for the
same materials.

The large impact of the manufacturing phase of the
insulation materials is demonstrated. Indeed, as the dif-
ference between the unitary costs increases (low cost
rates), the difference between the optimum thicknesses
also increases. But the direct relation between the opti-
mum thickness rate and the cost rates does not have a
large dependence on the optimization point of view. In
fact, trends obtained for the three views are closer. The
difference between the trend line and the real values
comes from the thermal properties of the insulation
materials.

Conclusions

A simplified method has been used for quantifying the
impact of the insulation material characteristics of the
manufacture process on the economic, energetic and
environmental optimum insulation thicknesses. The large
influence of the parameters associated with the manufac-
turing phase of the insulation materials on the determina-
tion of the optimum thickness has been clearly shown. For
all the optimization points of views studied, the insulation
thickness depends in a large way on the unitary costs
associated to the fabrication of the materials. The biggest
differences in thickness between two different isolation
materials correspond to the highest difference in the unitary
costs. As a consequence, the differences for energetic or
environmental optimization assessments are larger than for
the economic one. The study also demonstrates that
increasing values of the characteristic parameters of the
manufacturing phase, which depend on the nature of the



Int J Energy Environ Eng (2014) 5:79

Page 70f 9 79

Fig. 3 Important differences of
the optimum thicknesses.

a Optimum insulation thickness
as a function of costs in the
manufacturing stage; economic
assessment. b Optimum
insulation thickness as a
function of costs in the
manufacturing stage; energetic
assessment. ¢ Optimum
insulation thickness as a
function of costs in the
manufacturing stage;
environmental assessment
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Fig. 4 Optimum thickness rates 10 -
versus unitary cost rates (cork,

mineral wool, wood fiber)/ 1
polyurethane 8 |

Optimum thickness rate (-)
(4]

= Economic
Energetic

Environmental

y = 1.3264x %%
R? = 0.9651

insulation materials, imply a decrease of the impact of the
calculation settings, associated with the use phase of the
building.
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