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Historic buildings are deﬁning elements of city centres but also responsible for a large share of greenhouse gas emissions. In order to reduce their energy demand, it is important to improve envelopes’
thermal transmittance without damaging the historic integrity of their façades by applying interior
insulation. Thus, a detailed planning is needed to guarantee that case-speciﬁc variables are well
considered. In this study, a holistic performance-based evaluation method is developed. Firstly, the
hygrothermal risks are investigated through dynamic hygrothermal simulation. Secondly, an energy
assessment is performed, followed by a life-cycle assessment to investigate the environmental impact of
the intervention. The developed method is applied in the framework of a conservation and rehabilitation
case of a residential building, to evaluate six natural-based insulation systems: perlite ﬁlled bricks, wood
ﬁbre, cellulose, cork, mineral foam, and calcium silicate. Results show that vegetal-based materials have
the lowest initial environmental impact. In any case, retroﬁt interventions proved to be crucial to reduce
the overall environmental impact associated with the use of historic buildings. The developed method,
proving to be suitable for application to internally insulated historic buildings, supports a clear identiﬁcation of the design solution with the lowest environmental impact by using a unique indicator.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Building stock account for 41% of CO2 emission in Europe [1].
CO2 emissions have increased continuously [2] and are expected to
continue increasing in the future [3]. In order to achieve the
ambitious European climate goals (global emissions peaks, global
average temperature targets) [4], clear targets for the energy efﬁciency of buildings have been set with the Energy Performance
Building Directive (EPBD) [5]. However, the energy improvement of
the existing building stock has been insufﬁciently implemented so
far. One of the reasons is that a large part of the historic building
stock is not considered in most energy saving policies. This is due to
the need to ensure the preservation of historic buildings and to the
insufﬁcient dissemination of technically feasible solutions. Nevertheless, historic buildings must be included in the efforts to
improve energy efﬁciency since 26.4% of all existing buildings in

Europe are dated before 1945 [6]. An important tool is the European
standard EN-16883 [7], which can be used as a guideline to
approach such retroﬁts. In fact, obsolete and inefﬁcient systems, as
well as high heat losses through the building envelope, are the
main responsible for the high energy consumption in historic
buildings. Usually, the implementation of measures on the envelope of buildings that are located in conservation areas or have a
heritage value, are subject to speciﬁc preservation requirements. In
most of the cases, external insulation is not possible. However,
internal insulation can often be a suitable alternative [8]. This must
be carefully planned to avoid any moisture related problem. Especially in the case of historic buildings, the choice of the insulation
system should not only depend on the potential energy saving, but
also on the compatibility of the chosen system with the existing
construction, to prevent any damage caused by an inadequate
implementation.
1.1. State-of-art
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As the choice of internal insulation is the result of the evaluation
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Nomenclature and abbreviations
Aw
Cp
Kl
pC
GWP
ODP
AP
EP
POCP

Water absorption coefﬁcient [kg m2 s0.5]
Speciﬁc Heat Capacity [J kg1 K1]
Liquid Conductivity [s]
Capillary pressure [Pa]
Global Warming Potential [kg CO2 eEq.]
Ozone Depletion Potential [kg CFC11-Eq.]
Acidiﬁcation Potential of land and water [kg SO2Eq.]
Eutrophication Potential [kg (PO4)3 -Eq.]
Photochemical Ozone Creation Potential [kg
Ethen-Eq.]

Greek Symbols
4
Relative Humidity [0e1]
r
Bulk density [kg m3]
ldry
Dry thermal conductivity [W m1K1]
mdry
Dry vapour resistance []

of multiple and usually competing objectives [9], this can only be
the result of a multidisciplinary planning process. The ﬁrst issues
addressed are usually found during the hygrothermal assessment
of the construction. This is crucial to optimize the insulation
thickness and to prevent any moisture damage in the construction,
as e.g. presented in the study proposed by Vereecken et al. [10],
although this aspect represents just a partial aspect in interior
insulation design. In this regard, it is important to carry out an
accurate numerical hygrothermal simulation, to perform energy
simulations [11], as well as adding a comparative assessment of the
ecological impact of the different insulation materials. Previous
studies have taken into account only the overall energy balance,
neglecting the environmental impacts of its production. For
instance, Soutullo et al. [12] presented a work focused on the energy issues during the refurbishment of an existing dwelling or
Ascione et al. [13] with optimization parameters focused just on
thermal and energy scenarios. Similarly, Saaﬁ et al. [14] proposed
an evaluation of roof insulation systems only based on energy
assessment. Other studies have focused on the economic cost
assessment as main output, such as the work carried out by GilBaeza et al. [15]. Life-Cycle Assessment (LCA) has been recently
introduced in several studies regarding the evaluation of insulation
systems. Silvestre et al. [16]pointed out the importance of having a
common methodological approach overcoming differences between countries in production technologies, energy mix and most
signiﬁcant impact categories. iDias et al. [17] presented a calculation of the carbon coefﬁcient for building materials, conﬁrming the
environmental convenience of using timber-made element. Also
Küçüktopcu et al. [18] proposed an analogous work, using CO2
emissions as sole environmental impact category. Bras et al. [19]
included the impact of the production phase of a speciﬁc corkbased plaster into the framework of the refurbishment of school
buildings. Recent studies have proven the potential of refurbishing
existing buildings by introducing an environmental impact
assessment: while Gaspar et al. [20] was able to prove that refurbishing existing buildings is less impacting than building new ones,
Lesnik et al. [21] pointed out that also lightweight extension to
existent buildings have big savings potential. Badea et al. [22] and
Gruescu et al. [23] applied the LCA method at material level using
Environmental Product Declaration (EPD) to compare insulation
materials on wall with the same insulation performance (U-value). .
In addition to that, Herrera et al. [24] proposed an approach which

adds to the overall balance the environmental impact of the energy
consumption during operational life.
1.2. Aim of the study
As resulted from the literature review, most evaluation methods
take only into account partial aspects of interior insulation design.
Some of them totally or partially neglect the environmental impacts of the intervention, by considering just one category of
impact or just the production stage. Moreover, the outcomes of
such studies are not comparable or difﬁcult to interpret. This paper
describes a holistic method for the evaluation of retroﬁt insulation
systems, which takes in consideration hygrothermal, energy and
life-cycle assessment producing as output a unique environmental
indicator. This could be a driver to extend the comprehensibility of
such complex and heterogeneous results and interpretations even
to non-specialists. Finally, the method is tested in a conservation
and refurbishment project of a residential building located in the
centre of Bamberg, a listed UNESCO World Heritage city in Germany. This project has been scientiﬁcally supervised by the
research group “Energy Retroﬁt of Historic Buildings” of Eurac
Research.
2. Materials and methods
This section is divided in two parts: Section 2.1 presents the
developed method and all its steps, while Section 2.2 applies and
test the method to a real case study.
2.1. Method step-by-step
The developed method for the holistic evaluation of interior
insulation retroﬁt variants as presented in Fig. 1 is inspired by EN
16883 [7] and adapts it to the speciﬁc appraisal of one part of the
building. Firstly, it is necessary to select the retroﬁt variants to be
analysed (Phase 1 e Section 2.1.1). This choice depends on the
speciﬁc design objectives of the historic building under evaluation,
such as the conservation of the aesthetic value of the wall, the
target U-value, or the speciﬁc needs of the owners. In this phase, it
is necessary to identify suitable insulation systems, ﬁnd all their
relevant physical properties and the most suitable installation
procedure. Secondly, it is necessary to understand the hygrothermal feasibility of such retroﬁt variants to avoid possible moisture related damages (Phase 2 - Section 2.1.2). This is done by means
of dynamic hygrothermal simulations and taking into account all
possible inﬂuencing factors such as vapour diffusion, capillary
liquid transport, driving rain protection and airtightness of the
construction. Whenever the hygrothermal analysis reveals a safe
scenario, and only after that, it is possible to proceed with the third
phase of the procedure, where the energy consumption and life
cycle assessments are performed (Phase 3 e Section 2.1.3 - 2.1.4).
Then, the Key Performance Indicators (KPIs) needed for the
assessment of the retroﬁt variants are evaluated (Phase 4 e Section
2.1.5). The KPIs, obtained for several design variants, represent a
solid basis for the identiﬁcation of the most suitable retroﬁt solution. The method is thus in line with the assessment criteria contained in Section 10 of EN 16883 [7], which points out the need to
deﬁne clear objectives for the speciﬁc building under analysis. It
starts from a long list of possible measures (here Phase 1) and
evaluates them against a range of assessment criteria e including
technical compatibility (here Phase 2), energy (here Phase 3) and
other environmental impacts (here Phase 3 and 4). In the following
subsections, the steps of the proposed methods are described in
detail.
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Fig. 1. Graphical description of the method for the holistic evaluation of interior insulation retroﬁt variants.

2.1.1. Retroﬁt variant identiﬁcation
In a ﬁrst step, all possibilities of internal insulation that satisfy
the retroﬁt objectives are considered, following the guidelines
introduced by EN 16883 [7]. This includes, among other things,
heritage preservation requirements (such as the design of the
surface), material compatibility with the existing structure (humid
and dry systems) and constructional requirements (possibilities of
fastening supporting systems in the wall). Accordingly, target Uvalues or, if necessary, maximum insulating layer thicknesses are
set for the overall system. Also external factors such as users’ requirements or procurement issues (possibility of purchasing
innovative materials) are taken into account. All solutions considered are assessed in terms of buildability (i.e. implementation and
potential difﬁculties), like the guarantee of airtightness at the
junctions.
2.1.2. Hygrothermal assessment
The hygrothermal assessment in the proposed method is performed with a dynamic hygrothermal simulation. The hygrothermal simulation tool must be capable of describing the
following physical phenomena: heat storage, heat conduction,
moisture storage, liquid water convective transport and vapour
diffusion. It should be a dynamic tool that can deal with hourly
boundary conditions and that can take into considerations the
following climatic phenomena: internal and external temperature,
internal and external relative humidity, shortwave and longwave
radiation and driving rain (typically derived from normal rain, wind
speed and wind direction). As regards one-dimensional transport,
the tool should be in line with the benchmark proposed by the
standard EN 15026 [25]. However, in most of the cases, the simulation tool should be also capable of simulating two-dimensional
constructions. In fact, often a historic wall cannot be effectively
simpliﬁed as a one-dimensional stone layer [26]. The geometrical
description of the wall within the hygrothermal model should be
accurate enough to avoid the risk of unreliable results, but it should
not be excessively detailed, otherwise simulation time becomes too
long.

The hygrothermal assessment gives the possibility to investigate
the following moisture related damages: interstitial condensation,
mould growth, wood degradation and reduced thermal performance of moist materials. The outputs needed for the evaluation of
these critical phenomena are typically temperature, relative humidity and moisture content. Moisture and heat ﬂuxes are also
useful for the interpretation of the phenomena occurring in the
construction even though they do not provide a speciﬁc information on the occurrence of hygrothermal risk. The choice of the
speciﬁc output to be analysed depends on the construction under
investigation and must follow the recommendations of the WTA
leaﬂet 6.5 [27] and 6.8 [28]. Possible critical positions for the
occurrence of moisture related damages are: the cold area behind
the insulation (including the cold side of the insulation, the adhesive mortar and the existing interior plaster), the inner surface of
the construction element and the outer part of the existing wall
structure. Particular attention should be paid to wood and woodbased materials since they might deteriorate in presence of
excessive humidity levels.
Since the climatic data used in the simulations are based on a
repeated typical year, the duration of the numerical simulation
should be set to allow the system to reach a yearly periodic
behaviour, independent from the chosen initial conditions. This
applies particularly to cases where the initial conditions are not
known from on-site measurement.

2.1.3. Energy assessment
When considering construction elements exposed to real
climate conditions, it is important to take into account the effect of
moisture on the thermal conductivity of materials [29,30]. Thus, the
thermal performances of construction elements are determined
with a dynamic approach based on the output of the hygrothermal
simulation and not with the standard approach based on the EN ISO
6946 [31]. In particular, the thermal transmittance during the
heating period, UHP is calculated using Equation (1) [32]:
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ð
UHP ¼

HP FðtÞdt

FHP ð
¼
DTHP
HP ½Ti ðtÞ  Te ðtÞ dt

(1)

where Ti and Te represent the internal and external temperature
respectively and F represents the heat ﬂux through the unit area of
the interior surface. The integral extends over the heating period,
which is deﬁned as the part of the year in which the sinusoidal ﬁt of
the daily outdoor temperature is lower than 10  C [33], as shown in
Fig. 2.
In order to estimate the potential energy savings, the heat losses
across the insulated wall during the heating period are compared
with those of the pre-intervention scenario.
2.1.4. Life-cycle assessment
The recent review carried out by Vilches et al. [34] has shown
that previous studies dealing with energy refurbishments have
mostly focused on the evaluation of the environmental impact
during the operational phase, comparing the use of the building
before and after the intervention. Therefore, the initial impact of
the production stage and of the building process are neglected. The
same study identiﬁes Global Warming Potential (GWP) as the most,
if not the only, considered impact category. However, a more
comprehensive assessment of the environmental impact of the
chosen insulation systems, in particular with regards to air and
water pollution is needed. In particular, beyond the mentioned
Global Warming Potential (GWP), the following environmental
impact categories should be studied, according to Building
Research Establishment (BRE) [35]: Ozone Depletion Potential
(ODP), Acidiﬁcation Potential of land and water (AP), Eutrophication Potential (EP), Photochemical Ozone Creation Potential (POCP).
The dimensional unities are reported in the nomenclature section.
All the environmental data needed to perform this analysis can be
derived from the Environmental Product Declarations (EPDs).
These documents present the results of Life-Cycle Assessments
elaborated by the producers and veriﬁed by third parties, in
accordance with the International Standards [36e38]. The overall
life-cycle assessment tracks the environmental impact for each
environmental indicator during the whole life of the product: from
the production stage (material supply, transport and
manufacturing, A1-A3), the construction process stage (transport to
site and assembly, A4-A5), the use stage (use, maintenance and
repair, B1eB7), to the end-of-life stage (demolition, transport and

waste processing, C1eC4). Most of the EPDs of insulation materials
generally only report data for the production stage (A1-A3) and in
some cases, for the end-of-life (C1eC4), while the rest have to be
calculated for the speciﬁc application. To consider the operational
cost of each insulation system, the environmental impact of the
energy savings (as calculated in Section 2.1.3) is determined in
terms of “Ecopoints” [35], based on the local energy production
environmental cost. This result is then added to the overall balance.
2.1.5. Key Performance Indicators
Assuming certain homogeneity of the preexisting masonry, the
functional unit chosen for the calculation of the environmental
impacts is 1 m2 of insulated wall, as also done by Bras et al. [19]. To
better evaluate the results, an end-point method is chosen. As
mentioned, in this study the “Ecopoints” approach developed by
the Building Research Establishment (BRE) [35] is used for the
normalization and the weighting of the results. The normalization
factors are calculated per European citizen [39]. Afterwards,
through the weighting process, the BRE Ecopoints system allows to
visualize and compare the non-homogeneous results of the LCA.
Finally, the KPIs are deﬁned as the Environmental Pay-Back Period
(EPBP) and the total environmental balance, calculated by
comparing the potential operational impacts of the proposed
insulation systems with the environmental impact of the building's
current state after 30 years. The mentioned EPBP refers to the time
needed to offset the environmental impacts associated to the
production of new materials with the energy savings achieved
thanks to the improved thermal performance of the envelope
[40,41], while the total environmental balance after 30 years helps
identifying the most beneﬁcial variant in the long term.
2.2. Application of the method to the case-study
The method for the holistic evaluation of interior insulation is
applied on a building constructed in mid-19th century in the city
centre of Bamberg, Germany. Its construction technique is characterized by a massive brick wall on the ground ﬂoor and a halftimbered structure ﬁlled with bricks on the ﬁrst ﬂoor. The socalled “Fachwerk” is a common historic building construction in
Germany, often recognisable by the exposed timber frame on the
exterior. However, in the case, the wooden structure was never
thought as a design element and a historic lime plaster covers the
whole façade. The house has not been in use for several years and is
now going to be rehabilitated as a family residence. The

Fig. 2. (color online) Hourly data for the outdoor air temperature and derivation of the related heating period. The heating period is represented by the coloured area in the chart.
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development of the deep renovation includes the insulation of
exterior walls. Since the building is situated in a heritage conservation area, the application of external insulation is not permitted.
Therefore, several interior insulation materials are assessed for
their suitability for retroﬁtting the historic half-timbered wall in
the upper ﬂoor. In the left part of Fig. 3, a vertical section of the
“Fachwerk” is shown.

Passivhaus/EnerPhit standard [44] and therefore U ¼ 0.35 W/m2K.
The design value of the insulation thickness is selected to obtain
the target U-value and rounding the ﬁnal value to the centimetre. In
this preliminary stage, the calculated thicknesses and the design Uvalues are derived following the simpliﬁed approach of the EN ISO
6946 [31]. The thermal transmittance of the not refurbished wall is
2.086 W/m2K.

2.2.1. Investigated insulation system
Two main design objectives are taken into account during the
deﬁnition of the retroﬁt variants for this speciﬁc case study: the
owners’ requirements and the target U-value to be reached after
the retroﬁt. The owners have speciﬁed the use of “natural” materials. As several deﬁnition of “natural” materials can be found, it is
important to clarify that insulating materials are obtained through
a more or less complex production process and they are never used
without some transformation. In Fassi et al. (2009) [42], insulation
materials are classiﬁed into vegetal, mineral, animal and syntheticbased. According to this deﬁnition, in the present study, “natural
materials” are deﬁned as not synthetic-based. Moreover, this work
is limited to mineral and vegetal-based insulations due to the
absence of consistent hygrothermal data for animal-based insulation systems. Thus, six insulation materials are selected and
classiﬁed by their chemical and physical structure, as showed in
Table 1, in line with Silvestre et al. [16].
Additionally, a synthetic material is included in the analysis for
comparison with vegetal and mineral materials. The synthetic
system is a polyurethane rigid foam board with capillary pervasions
(CA-PUR) [43]. Thanks to the capillary pervasions, the resulting
insulation system is capillary active.
Regarding the installation method, CA-PUR, calcium silicate and
mineral foam only require a 15 mm contact layer of their speciﬁc
glue mortar. Brick ﬁlled with perlite requires a mortar layer and six
additional mechanical ﬁxing per m2 to anchor the insulation system to the interior surface of the wall. The cellulose insulation
system does not require any adhesive. A timber frame sub-structure
ﬁnished with gypsum boards holds the insulation. Finally, the wood
ﬁbre system requires six mechanical ﬁxing per m2. Afterwards, for
each of these materials a surface coating composed by 15 mm of
speciﬁc plasters is applied, except for the cellulose. A general sketch
of the insulation system application is shown in Fig. 3.
The second design objective in this speciﬁc case study is given
by the target U-value of the wall after the retroﬁt process. The
target U-value is set to meet the certiﬁcation criteria of the

2.2.2. Hygrothermal and energy analysis
The hygrothermal assessment is performed with Delphin 6.0.20
[45]. In Fig. 3, the geometrical model used for hygrothermal simulations is shown with its simpliﬁcation process. The most relevant
hygrothermal parameters of the simulated materials are summarized in Table 2. In addition to that, the moisture storage and liquid
conductivity functions as well as the moisture dependent thermal
conductivity of the insulation materials are shown in Fig. 4.
The materials used in the simulations are chosen from Delphin
Material Database [46]. The original materials, brick, plaster and
mortar, are selected from the materials of a historic cluster.
The exterior climate dataset is generated with Meteonorm 7.0
[47]. It includes hourly data of temperature, relative humidity,
direct and diffuse short wave radiation, long wave radiation, wind
direction, wind velocity, and rain for one typical year. This approach
considers a site-speciﬁc dataset based on the GPS coordinates of
Bamberg. However, considering the importance of driving rain data
in hygrothermal dynamic simulations [48], the reliability of this
parameter is checked through the comparison with another dataset
taken from the Delphin 6.0.20 climate database. The dataset of
Mühldorf am Inn (TRY-13) is selected as the most representative for
the city of Bamberg according to the climatic zoning of Germany
presented by Christoffer et al. [49]. The driving rain analysis, displayed in Fig. 5, shows a good correspondence between the two
climate datasets, indicating the reliability of Meteonorm 7.0 data.
Additionally, this analysis supports the identiﬁcation of the most
critical wall orientation regarding driving rain load. For the building
under consideration, this corresponds to the North-West façade
(281 ).
As proposed in WTA leaﬂet 6.5 [27], due to the lack of monitored
climate data, the simulations starting time is set to the 1st October
with an initial temperature and relative humidity of 20  C and 80%
respectively. The convective heat conduction exchange coefﬁcient
of the exterior surface is set to 12 W/m2K, while the vapour diffusion exchange coefﬁcient is set to 7.5e-08 s/m. The absorption coefﬁcient for short wave radiation is set to 0.7 and the emissivity for
long wave radiation exchange to 0.9. The calculation of the wind
driven rain is performed according to the standard EN ISO 15927-3
[50] with the following reduction coefﬁcients: roughness coefﬁcient, CR, set to 1.007, topography coefﬁcient, CT, set to 1, obstruction
factor, O, set to 0.8, and wall factor, W, set to 0.4. Finally, a further
reduction coefﬁcient Cs ¼ 0.7, which takes in consideration the rain
splashing effect, is added to the model.
The interior climate data, plotted in Fig. 5, is calculated based on
external daily temperature data, according to the adaptive indoor
climate model presented in the standard EN 15026 [51] and the
WTA leaﬂet 6.2 [52]. The indoor temperature varies between 20  C
and 25  C, while relative humidity ranges between 30% and 60% to
simulate a normal moisture load. The surface heat transfer coefﬁcient of the interior surface is set to 8 W/m2K, while the value of the
surface vapour diffusion exchange coefﬁcient is set to 3e-08 s/m.
The energy consumption is calculated through the cumulative
heat ﬂux during the heating period of Bamberg, from the 16th April
to the 13th October.

Fig. 3. (color online) Simpliﬁed geometrical representations of the refurbished halftimbered wall. 1. Surface coating 25 mm, 2. Insulation system 3. Glue mortar
(depending on the insulation system), 4. Existing plaster20 mm, 5. Wooden frame
160  80 mm, 6. Brick masonry 16 mm. Red squares (A and B) represent the most
critical points for the hygrothermal assessment.

2.2.3. Life cycle assessment
In this study, the production phase of the insulation systems is
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Table 1
Classiﬁcation of the chosen insulation materials by their chemical and physical structure.
ORIGIN
Calcium Silicate
Perlite brick*
Cellulose
Mineral foam
Wood ﬁbre
Cork

Mineral
X
X

STRUCTURE
Vegetal

Fiber

X

X

X
X

X

Granular
X
X

X

X
X

*refers to a composite material

Table 2
Hygrothermal proprieties and EPD codes of the materials chosen for the hygrothermal model.
Materials

r [kg/m3]

Cp [J/KgK]

ldry [W/mK]

mdry []

Aw [kg/m2s05]

EPD code

Perlite Brick
Calcium silicate
Mineral foam
Wood ﬁbre
Cellulose
Cork
CA-PUR
Lime mortar
Glue mortar (CaSi)
Glue mortar (CA-PUR)
Glue mortar (Min. foam)
Gypsum board
Lime plaster (CaSi)
Lime plaster (Internal)
Historical brick
Historical wood
Historical plaster
Water repellent ext. plaster

197
222
115
183
152
114
49
1878
1410
1313
1516
745
1250
1520
1710
722
1800
1640

777
1303
1292
1475
1695
2253
1400
758
1059
863
850
1826
999
850
1000
1160
850
740

0.048
0.057
0.048
0.058
0.056
0.047
0.037
0.803
0.6
0.497
0.9
0.177
0.57
0.8
0.8
0.178
0.82
0.9

5.8
5.4
4.1
4.9
6.9
28.9
27
36.9
22.9
18.7
30.3
11.0
12.1
51
8.3
14.3
12
44

0.010
0.953
0.016
0.008
0.716
0.009
0.012
0.036
0.003
0.005
0.011
0.179
0.133
0.071
0.278
0.078
0.127
0.0008

EPD-POR-2011211-D
EPD-CSP-20180010-IBC1-DE
EPD-XEL-20140218-CAD1-DE
EPD-PAV-2013254-CBG1-EN
ECO EPD ref n.00000086
ICB-2016 DN-dap002:2016
EPD-PUE-20140017-CBEI-EN
EPD-DAW-2009111-D
EPD-DAW-2009111-D
EPD-DAW-2009111-D
EPD-DAW-2009111-D
EPD-BGV-20140075-IAG1-EN
EPD-STO-2008211-E

EPD-DAW-20160091-CBG1-DE

Fig. 4. (color online) Moisture storage function, ql, (top left) and liquid water conductivity, Kl, (top right) as a function of capillary pressure, pc. Moisture storage function, ql, (bottom
left) and the thermal transmittance, l, (bottom right) as a function of relative humidity, 4.

taken into account. That includes raw material supply (A1), transport to the factory (A2) and manufacturing (A3). Due to lack of
reliable data, the rest of the life cycle (transport to site, installation,

and end-of-life) is not included. However, it is important to
mention that, especially in cases of not organized transport
network, transport-to-site energy requirements have also proved
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Fig. 5. (color onoline) Hourly data for temperature and relative humidity of Bamberg climate (left panel) and interior climate (central panel) according to EN 15026 (left). Comparison of yearly cumulated wind-driven rain [kg =m2 a] for Meteonorm and Mühldorf am Inn datasets (0 ¼ North) (right).

to be important in deﬁning the ﬁnal environmental impact [53], so
more accessible and site speciﬁc databases are needed.
Most of the EPDs used in this study are taken from the repository of Institut Bauen und Umwelt e.V [54]. Although, in order
to ensure the comparability among EPDs, it is normal practice to
choose all materials from the same database, in this case more than
one source are needed due to the limited number of compatible
materials available. In any case, all EPDs used in the study followed
the cited ISO 14025. Once the heat losses across the wall during the
heating period, previously calculated for every insulation system,
are used to estimate the potential energy savings, their environmental impact is calculated and added to the overall balance. For
this study, the environmental impacts associated to the production
of electric energy in Germany are derived from the Ecoinvent
database [55]. Moreover, in order to take into account the efﬁciency
of the heating system, the Seasonal Performance Factor (SPF) of a
typical air to water heat pump is considered [56].

3. Results
In a ﬁrst stage of the hygrothermal evaluation process, the
design team decided to analyse the hygrothermal performance of
the wall with the existing exterior plaster, a historic lime plaster
providing poor driving rain protection. This decision is mainly
driven by heritage conservation reasons. The left part of Fig. 6
shows the average relative humidity of the plaster behind the
insulation for the different insulation materials.
Following, a more detailed analysis is conducted on the wooden
part of the wall. In particular, the moisture content in the most
critical point of the wooden beam is studied. In this case, this is
represented by the part of the beam most exposed to driving rain as
indicated by point B in Fig. 3. The result of this analysis, Fig. 7 (left),
shows that none of the selected insulation systems leads to an
acceptable hygrothermal behaviour due to the driving rain load on
the exterior part of the construction. In order to improve the
driving rain protection, the historic exterior plaster is therefore

Fig. 6. (color online) Relative humidity behind the insulation 4, as a function of time, without (left) and with (right) a water repellent exterior plaster. The bottom plots include the
vegetal-based insulation system, the upper ones the mineral-based systems.
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Fig. 7. (color online) Moisture content simulated in the wooden frame, without (left) and with (right) the application of a water repellent exterior plaster. The bottom plots include
the vegetal-based insulation system, the upper ones the mineral-based systems.

replaced with a water repellent plaster characterized by a lower
water absorption coefﬁcient. Its most signiﬁcant hygrothermal
parameters are summarized in Table 2. The right graphs in Figs. 6
and 7 show the results of the hygrothermal simulations once the
exterior plaster is replaced. In detail, Fig. 6 indicates that the
presence of the water repellent plaster lowers the relative humidity
behind the insulation, which is in any case not critical with the
existing plaster. Fig. 7, instead, shows the moisture content of the
most critical point of the wooden beam that, after the improvement
of the rain protection, is no longer point B but point A (the part of
the beam that is closer to the cold side of the insulation system).
Once a suitable design solution is found from a hygric point of
view, the thermal performance is investigated. In particular, the
heat ﬂux through the wall of the as-is state is compared with the
heat ﬂux of the chosen retroﬁt solutions. From these outputs, the
thermal transmittances of the wall during the heating period
UHP are calculated using Equation (1) and are reported in Table 3
together with the overall thermal losses during the heating
period, for the scenario with the water repellent exterior plaster. In
Table 3, the design thermal transmittances calculated with the EN
ISO 6946 (UÞ are shown for comparison, as well as their percentage
increase (DUÞ due to moisture content.
Regarding the LCA results, Table 4 shows the environmental
impact outputs (production stages A1 to A3) of each insulation
system divided by category. In Fig. 8, the impact in Ecopoints for
each insulation system is presented, showing explicitly the impact

of the each single component of the insulation system. Moreover,
the plot on the right hand side of the same ﬁgure presents the
contribution to each environmental impact category as percentage.
Once the initial environmental impact of each insulation system
is stated, the environmental cost of the annual energy losses is
calculated. Fig. 9 shows the cumulated environmental impact in
Ecopoints for the ﬁrst 30 years of operating life.
4. Discussion
Results presented in Fig. 6 (left) show that, regarding the
average relative humidity of the plaster behind the insulation for
the different insulation materials, wood ﬁbre and mineral foam
have the best performance among the chosen set of insulation
systems. On the other hand, CA-PUR and cork insulation systems
show the highest relative humidity values, although all remain
below the critical threshold of 95% as deﬁned in the WTA leaﬂet 6.5
[27]. In Fig. 7 (left), moisture content in the wooden beams exceeds
the critical threshold of 20 M-% [57], in all cases with the original
exterior plaster in correspondence with heavy rain loads. Moreover,
it can be seen that the behaviour of the wall with the different
insulation materials does not change signiﬁcantly, suggesting that
the speciﬁc hygrothermal properties of the insulation are not the
primary inﬂuencing factor in the simulation. Thus, as in Finken
et al. [58] or Kehl et al. [59], the design team decided to improve the
driving rain protection by replacing the existing lime plaster with a

Table 3
Thickness, stationary thermal transmittance, non-stationary thermal transmittance and yearly thermal losses of the simulated construction detail.
Insulation systems

Thickness
[mm]

U [W/m2K]

UHP [W/m2K]

DU [%]

Thermal losses
[kWh/m2]

Reference wall
Perlite brick
Calcium silicate
Mineral foam
Wood ﬁbre
Cellulose
Cork
CA-PUR

e
110
140
110
140
120
110
90

2.086
0.340
0.333
0.325
0.336
0.338
0.335
0.331

e
0.349
0.351
0.337
0.385
0.366
0.394
0.336

e
2.64
5.65
3.83
14.7
8.26
17.6
1.53

152.3
25.02
25.23
24.20
27.66
26.25
28.26
24.10
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Table 4
LCA outputs for the chosen insulation systems: Global Warming Potential (GWP), Ozone Depletion Potential (ODP), Acidiﬁcation Potential of land and water (AP), Eutrophication Potential (EP), Photochemical Ozone Creation Potential (POCP).

Perlite brick
Calcium silicate
Mineral foam
Wood ﬁbre
Cellulose
Cork
CA-PUR

GWP [kg CO2 eEq.]

ODP [kg CFC11 -Eq.]

AP [kg SO2 -Eq.]

EP [kg (PO4)3 - Eq.]

POCP [kg Ethen-Eq.]

13.22
72.50
12.20
26.40
8.85
20.70
12.50

1.61E-07
4.14E-08
4.17E-08
1.09E-06
1.78E-07
7.90E-07
1.46E-05

0.026
0.093
0.028
0.037
0.015
0.13
0.038

0.003
0.018
0.003
0.005
0.003
0.04
0.004

0.003
0.008
0.002
0.004
0.002
0.01
0.005

Fig. 8. (color online) Results for initial environmental impact (excluding operational phase) in Ecopoints. Aggregated environmental impact of each component for every insulation
system (left). Percentage of contribution of the different environmental impact categories for every insulation system (right).

Fig. 9. (color online) Environmental impact of the insulation systems in 30 years of operating life (left plot). A detail view of the ﬁrst and last years(right). The Environmental
Payback Period (EPBP) is indicated with coloured arrow in the top right panel.
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water repellent plaster, according to the deﬁnition of the standard
DIN 4108-3 [60]. In this case, the moisture content is below the
critical threshold all year and does not lead to wood degradation for
any investigated insulation system.
Regarding thermal analysis, results presented in Table 3 indicate
a higher increase of the thermal transmittance for vegetal insulation systems, especially wood ﬁbre and cork. This is due to the
higher moisture storage properties of these materials, which
negatively affect the thermal transmittance of the insulation materials (see also Fig. 4).
As for the environmental performance assessment, Table 4
presents the LCA results of each insulation system for the
selected impact categories. Calcium silicate reaches the highest
emission of CO2, CA-PUR is the most polluting in terms of CFC11,
whereas the Cork based solution has the highest contribution towards acidiﬁcation, eutrophication, and photochemical ozone creation. However, the interpretation of the results changes radically
when looking at the aggregated values. The results show that the
environmental impact of vegetal-based materials is below-zero in
terms of Ecopoints. Thus, no environmental impact is due to the
production stage of such design solutions. This is due to the
contribution of plants to the decrease of atmospheric CO2 concentration, thanks to the carbon sequestrated during their growth
[61]. Wood ﬁber insulation system achieves the lowest production
impact in terms of Ecopoints. On the other hand, the only synthetic
solution (CA-PUR) achieves a result comparable to that of the
mineral solutions. This is due, in part, to the thermal performance
of CA-PUR that leads to a reduced material use to reach the same
target U-value, as discussed by Kotajii et al. [62]. The calcium silicate insulation system, instead, has the worst result among all the
considered solutions. This is due, in part, to the high amount of
energy required for its production. The long-term performance, as
shown in Fig. 9, of all insulation systems follow a similar trend.
There is, however, a difference in the increase ratio between mineral and vegetal solutions, with the latter following a steeper curve.
In this case, the steepness of the lines is directly inﬂuenced by their
different thermal performance (as discussed above). The calculation of the EPBP, as seen on Fig. 9a, shows that most solutions offset
the impacts associated to their production in the ﬁrst year, and only
the calcium silicate needs 2.5 years to break even. From the evaluation of the second KPI, (as presented in Fig. 9b), it is clear that
increasing the thermal efﬁciency of the envelope could in any case
provide much more environmental advantages than no intervention, despite the initial impacts.
The application of the proposed holistic approach to this speciﬁc
case study shows its robustness and its advantages with respect to
other methods. In fact, other approaches, considering only thermal
and energy analysis [12e14], would have penalized design solutions involving vegetal-based insulation systems whereas this
method evaluates positively these materials showing that they
have a reduced enironmental impact.
Additionally, the hygrothermal analysis, which is neglected in
other methods, proves to be a crucial step when dealing with internal insulation. In fact, it ensures the identiﬁcation of safe design
solutions, preventing moisture related dmages such as wood decay.
This makes the apporach particularly suitable when dealing with
historic buildings as they often require internal insulation due to
the heritage value of their external facades.
In this method, the economic aspect is not included since the
aim of the proposed approach is to prioritize the environmental
impact. Nevertheless, the work of Gil-Baeza et al. [15] has shown
the importance of including this aspect to guide the decision
making process of investors.

5. Conclusions
This paper presents a holistic method for the appraisal of internal insulation retroﬁt strategies and its application in a case
study building located in Bamberg, Germany. The evaluation includes an assessment of the hygrothermal, energy and environmental performance of the retroﬁt solutions and for each insulation
system two KPI are obtained as ﬁnal output. This method can
contribute to the improvement of the energy performance of historic buildings, according to the criteria considered in Section 10 of
the Standard EN 16883. The proposed approach offers a reliable
method to include the complexity and heterogeneity of results and
to extend the comprehensibility of this study even to nonspecialists. However, it excludes the economic assessment of the
interventions, which is always a driving factor for the developers.
Moreover, a lack of open source EPDs may compromise the applicability of the method, although their availability is increasing. For
the application on the case study, six natural insulation systems,
among vegetal and mineral-based, are analysed. The application of
the method showed that the hygrothermal evaluation is crucial
when dealing with internal insulation in historic buildings. In fact,
it showed that the ﬁrst proposed retroﬁt variants, that assumed an
original exterior plaster, failed the hygrothermal evaluation and
that a different exterior plaster providing suitable driving rain
protection was necessary. The combined energy and environmental
assessment showed that vegetal-based insulation systems have a
signiﬁcantly lower initial environmental impact although the
operational environmental impact is similar for all the retroﬁt
variants. This is because vegetal materials are more hygroscopic
and consequently their thermal performance is more sensitive to
moisture accumulation. This effect tends to reduce the difference in
the overall environmental impact between vegetal and mineral
materials after 30 years. Finally, a key message that resulted from
the energy and environmental assessment is that all retroﬁt variants dramatically reduce the overall environmental impact of the
building. The environmental impact after 30 years is reduced by
more than 75%, showing the enormous potential that internal
insulation has in the improvement of the performance of the
existing building stock.
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