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Abstract: Among the super insulating materials, aerogel has interesting properties: very low thermal
conductivity and density, resistance to high temperatures and transparency. It is a rather expensive
material, but incentives in the field can improve its economic attractiveness. Starting from this, the
thermal behavior of a test building entirely insulated with aerogel panels was investigated through
an extended experimental campaign. A dynamic simulation model of a case study building was
generated to better comprehend the energy savings obtained through aerogel in terms of energy
demand over a whole year. The investigation was completed by computing the carbon and energy
payback times of various retrofit strategies through a life cycle assessment approach, as well as
by a cost-benefit analysis through a probabilistic financial framework. Compared to conventional
insulation materials, aerogel is characterized by a higher energy and carbon payback time, but it
guarantees better environmental performance in the whole life cycle. From an economic-financial
perspective, the aerogel retrofit is the best in the current tax incentive scenario. However, due to its
higher lump-sum investment, aerogel’s net present value is very sensitive to tax deductions, and it is
riskier than the best comparable materials in less favorable tax scenarios.

Keywords: aerogel; thermal behavior; dynamic simulation; retrofitting; LCA; economic analysis

1. Introduction

Climate-changing gases (GHG), mainly produced by anthropogenic activities, are
now considered to be the main responsible factor for the global warming; in fact, the
global average temperature has increased by about 1 ◦C compared to the pre-industrial
era [1]. Consequently, due to global warming and climate change (CC), large and densely
populated areas risk becoming inhospitable [2]. To avoid, or at least reduce, the negative
effects of climate change, it is necessary to globally modify the development model aiming
at reducing GHG emissions [3,4].

This objective can be pursued by promoting renewable resources [5], inspiring eco-
nomic development to the principles of the circular economy [6–9], producing low-carbon
materials [10,11] and reducing energy consumption [12]. In this context, cities and build-
ings play a fundamental role. They are among the main responsible factors for energy
consumption and GHG emissions (over 30% of the total amount), mainly caused by urban
and extra-urban transport, buildings’ energy needs (electrical appliances, heating and
cooling) and the production of construction materials [13].
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The European Green Deal set the target of reducing GHG emissions by at least 50–55%
below the levels of 1990 by 2030 [14].

Among the possible actions encouraged by this agreement, strategies to reduce build-
ings’ energy consumption can be listed. In particular, policies targeted at improving the
thermal performance of buildings’ envelopes [15,16] in terms of reducing heat loss and
increasing thermal lag can be implemented.

Alongside the traditional insulator materials [17] made of inorganic constituents
(for example, rock wool, expanded polystyrene, etc.), or organic ones (cork, wood fibers,
etc.), today non-traditional materials, defined as super-insulating, made with innovative
production processes and/or materials, are available [18].

The super-insulating materials are characterized by high performance with a thermal
conductivity value lower than 0.020 W/mK, compared to traditional materials (rock wool
or glass wool) whose thermal conductivity is equal to 0.035–0.040 W/mK. Comparison
can also be made with transition materials, such as expanded polyurethane or propylene,
characterized by thermal conductivity values ranging between 0.02 and 0.03 W/mK [19,20].
Furthermore, the high thermal performance of non-traditional insulation materials is
characterized by a significant reduction in their thicknesses compared to the traditional
ones. Different kinds of innovative and high-insulating materials have already been
studied by researchers: reflective multilayer insulation [21–23], vacuum insulation panels
(VIPs) [24] and gas-filled panels [25].

Among these innovative materials, aerogel appears to be of great interest, ranking
among the most interesting innovative products for the near future [26]. Discovered in
the early 1930s [27,28], aerogel is a porous synthetic product, in which the gel’s liquid
component is replaced with a gas. This solution allowed the creation of a highly performing
material in terms of thermal insulation, with a thermal conductivity of about 0.013 W/mK.
In fact, several studies have highlighted its excellent thermal performance for opaque
envelope applications, integrated in panels [29,30] or mortars [31], and for translucent
applications, integrated in panels and frames [32,33]. Cuce et al. [34] presented a compre-
hensive review on aerogel utilization in buildings: the applications range from energy
insulation purposes, to sound insulation, fire retardation and air purification. The use of
aerogel in retrofits of historical buildings is very competitive since it permits saving inner
space, maintaining the external façades unaltered [35]. Karim et al. [36] proposed a super-
insulated plaster made with aerogel particles mixed in the matrix. Finally, their optical
properties permit the integration of aerogels in different types of glazing systems [37].

If, on one hand, the high performance of aerogel is nowadays well-known owing to
several studies, on the other hand, these studies have also focused on the high cost of this
material [35]. Nowadays, this aspect is considered as a very strong limit to its widespread
application to the construction sector [38].

However, in Italy this limit can now be partially overcome thanks to the introduction
in Italian law of a tax credit of 90% (so-called “bonus façades”) for the costs incurred for the
retrofit of the building façades (see Budget Law 2020). The standard also includes energy
retrofit interventions that meet the so-called minimum requirements and the thermal
transmittance limit values of the building envelope [39]. Another incentive that is today
guaranteed by the Italian legislation is the so called Superbonus 110% (a tax reduction
of the 110% of the expenditure sustained for the works aiming at deep energy retrofits
of existing buildings [40]). The insulation of building envelopes is one of the driving
interventions that are promoted by Superbonus 110%.

Starting from this, it seems important to evaluate the possibility of employing aerogel
for the energy retrofit of existing buildings in order to define its effectiveness in terms of
both thermal performance and economic feasibility.

This paper has the following structure: Section 2 provides the aim and scope of the
research; Section 3 provides some information about the test rooms and the case study,
the experimental campaign in the test rooms, data post-processing, simulations in a case
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study building and the cost–benefit analysis; Section 4 presents the results; finally, Section 5
draws conclusions.

2. Aim and Scope

The thermal performance of aerogel is well-known in the literature. It is a super
insulating material able to improve the thermal performance of a wall with reduced
thicknesses. On the other hand, aerogel is a rather expensive material, and its use needs
a comparison between energy savings and installation costs in order to identify costs
and benefits.

Thus, the aim of this study is a wide-ranging analysis, examining and comparing
aerogel performance to that of other diffused insulation materials employed as an external
insulation layer in regions characterized by a mild climate (central Italy). From an economic-
financial point of view, the analysis here conducted applies a complete financial approach,
based on a probabilistic method used to measure both the most probable value of the Net
Present Value (NPV) of each retrofit alternative and its probability distribution (however,
limited to the monetizable costs and benefits). This approach assumes optimistic and
pessimistic estimates (defined in a subjective manner) of the uncertain variables and
measures the corresponding range of NPV. Therefore, it derives (under some hypotheses)
the variance of the NPV that allows obtaining its probability distribution.

The whole analysis was carried out in order to compare and quantify the advan-
tages/disadvantages of employing aerogel instead of other insulation materials, also in the
light of the Italian tax credit.

3. Materials and Methods

This work integrates four evaluation fields to assess the competitiveness of aerogel
in comparison with other insulation materials. After an experimental campaign aiming
at studying the real thermal performance of an aerogel coating insulation (described in
Section 3.1), a simulation was carried out to evaluate the energy savings achievable by
building retrofits using aerogel or other insulation materials (introduced in Section 3.2); the
evaluation of the related environmental benefits in the life cycle (see Section 3.3) and the
estimation of the achievable economic benefits (see Section 3.4) were finally performed.

3.1. The Experimental Campaign

The experimental measurement campaigns took place in the external area of the
CEFME CTP school for construction, located in Pomezia, a small city close to Rome.
According to Italian legislation, the climatic zone of Pomezia is D (on a scale from A to F,
with A corresponding to the warmest places and F the coldest), with a degree day value
equal to 1536. The experimental investigations involved two test rooms characterized
by the same geometry, walls and roof stratigraphy, and the same orientation. One of
them is not thermally insulated; the other is insulated with aerogel panels. It is worth
noting that the two test rooms, despite their close proximity, do not cast shadows on
one another. Figure 1a provides an aerial view of the construction site, and Figure 1b
shows the geometrical characteristics of the investigated test rooms. Original vertical walls
are characterized by brick construction technique, with plastered tuff blocks, reinforced
concrete slabs and internal and external cladding with cement plaster. Table 1 lists the
stratigraphy of the test rooms’ components.
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Figure 1. Aerial view of the construction site (a), geometrical characteristics of the monitored test rooms (b). 

Table 1. Test Rooms’ Components Stratigraphy. 

Component Material Thickness [m] 

External wall 
External cement plaster 0.04 

Tuff blocks 0.26 
Internal cement plaster 0.04 

Roof Reinforced concrete slab 0.14 
Ground floor Reinforced concrete slab 0.12 

Door Oak wood 0.04 

Sample images of the analyzed test rooms are reported in Figure 2, where it is possible 
to observe the external insulation system during installation (aerogel panels characterized 
by a thickness equal to 0.01 m) and after installation. The external insulation layer was 
realized with semi-rigid panels [41] (dimensions equal to 1400 × 720 mm), realized by 
means of a layer of silica aerogel reinforced with PET (Polyethylene terephthalate) fibers 
(felt), water-repellent and breathable, with mass density equal to 230 kg/m³, thermal con-
ductivity equal to 0.015 W/mK and specific heat capacity equal to 1000 J/kgK. The external 
finish of the coat was realized with cement fiber panels, which are also mounted with 
dowels. 

 
Figure 2. Selected test rooms in their original state (a) and during aerogel panel installation (b,c). 

Figure 1. Aerial view of the construction site (a), geometrical characteristics of the monitored test rooms (b).

Table 1. Test Rooms’ Components Stratigraphy.

Component Material Thickness [m]

External wall
External cement plaster 0.04

Tuff blocks 0.26
Internal cement plaster 0.04

Roof Reinforced concrete slab 0.14
Ground floor Reinforced concrete slab 0.12

Door Oak wood 0.04

Sample images of the analyzed test rooms are reported in Figure 2, where it is possible
to observe the external insulation system during installation (aerogel panels characterized
by a thickness equal to 0.01 m) and after installation. The external insulation layer was
realized with semi-rigid panels [41] (dimensions equal to 1400 × 720 mm), realized by
means of a layer of silica aerogel reinforced with PET (Polyethylene terephthalate) fibers
(felt), water-repellent and breathable, with mass density equal to 230 kg/m3, thermal
conductivity equal to 0.015 W/mK and specific heat capacity equal to 1000 J/kgK. The
external finish of the coat was realized with cement fiber panels, which are also mounted
with dowels.
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As already mentioned, one of the test rooms was monitored as a reference structure
for measurements, without any thermal insulation. The other was fully insulated with
0.01-m-thick aerogel panels.

In order to assess the thermal behavior of the reference test room and the insulated
one, a heat flow meter sensor and internal and external surface and air temperature probes
were installed on the walls [42–45] facing north-west. In particular, heat flow meter sensors
were installed on the inner side of the walls, and surface temperature probes were installed
on the inner and outer sides of the walls. In addition, internal and external air temperatures
were monitored. The experimental campaign was carried out during the winter, specifically
during January and February 2020. The schematic representation of the experimental setup
is shown in Figure 3. Table 2 lists the technical specifications of the measuring instruments.
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Table 2. Technical Specifications of the Measuring Instruments.

Measuring Instrument Manufacturer Model Measuring Range Resolution Accuracy

Heat-flow meter Hukseflux HFP01 −2000 ÷ 2000
W/m2 0.01 W/m2 5% on 12 h

Thermometer LSI Pt100 −40 ÷ 80 ◦C 0.01 ◦C 0.10 ◦C (0 ◦C)

Surface temperature
probe LSI EST124 −40 ÷ 80 ◦C 0.01 ◦C 0.15 ◦C (0 ◦C)



Energies 2021, 14, 1276 6 of 22

The measurements of the thermal transmittances of the walls were carried out in
compliance with the ISO 9869-1 Standard [46]. The acquired data were processed using the
progressive averages method, applying the following formula:

U =
∑n

j=1 qj

∑n
j=1(Tai − Tae)j

(1)

where q is the heat flow density, Tai and Tae are the temperature of the air inside and
outside the analyzed test room, respectively.

The phase shift (briefly defined PS) of the thermal waves can be determined as the time
difference between the recording time of the highest external surface temperature value
(h_Ts maxe ) compared to that which corresponds to the highest internal surface temperature
(h_Ts maxi ).

PS = h_Ts maxe − h_Ts maxi (2)

The thermal wave attenuation (briefly defined DF) can be calculated as the ratio of
the difference between the maximum internal surface temperature (Tsmaxi

) and the average
one (Tsavgi

), and the difference between the maximum external surface temperature (Tsmaxe )
and the average one (Tsavge

) [47]:

DF =

[
Tsmaxi

− Tsavgi

Tsmaxe − Tsavge

]
(3)

In order to carry out a complete and reliable measurements campaign, the thermal
behaviors of the two test rooms were analyzed taking into account different scenarios in
terms of operational times of the heating system (made with electric fan heaters properly
shielded to avoid direct disturbing effects to the sensors).

The first analyzed scenario took five days; during this time, the heating systems was
always switched off (this first scenario is defined in the following as Free-Floating).

In the second scenario (the so-called On), the heating systems were switched on for
four days continuously, and at the end of this time, the cooling phase of the two structures
was evaluated during the 3 following days.

Finally, in the third scenario (the so-called On-Off ), the thermal behavior of the two
structures was studied by switching on the heating systems for nine hours per day (switch-
ing on the fan heaters in the morning at 9.00 a.m. and switching them off at 06.00 p.m.).

3.2. Energy Simulation Model

The data obtained from the experimental campaign were employed to build a dynamic
energy simulation model of an ideal building. The test rooms, in fact, are too small and not
representative of a real residential building. The ideal building, which was used by the
authors for simulations in previous works, has the same envelope thermal performance
(thermal transmittance, phase shift, wave attenuation, etc.) as that of the monitored test
rooms, but it is more representative of an actual building since it has transparent surfaces
and plants that are essential in residential spaces.

An hourly energy simulation was performed using Design Builder software [48], a
computational code based on Energy Plus as an internal simulation engine.

Design Builder was used for modeling a building larger than the actual buildings
where measurements were carried out. A simple building with a square shape of a 6 m side,
similar to a two-storey detached house already used in other studies [49], was considered
as a case study (Figure 4). Each wall has a surface area equal to 36 m2, characterized by the
stratigraphy listed previously in Table 1. The fifteen windows adopted in the model are
double glazed windows (6 mm–6 mm filled with air in the gap and with a solar factor of
0.7), with a thermal transmittance of 3.094 W/m2K and an area of 1.44 m2 for each one; the
frame is made of painted wood and is characterized by a thickness of 8 cm. The shadings
of the windows are composed by shutters that are simulated as external systems.
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The following settings were adopted:

- The internal gains were not considered, excluding the ones linked to people’s metabolic
rate that varies between 110 and 180 W/person depending on the activity performed
in the different rooms; the employed metabolic rate factor was equal to 0.9.

- The clothing was equal to 1 clo in winter and 0.5 clo in summer.
- The heating system schedule was 5–9 a.m. and 5–12 p.m.
- The infiltration rate considered was equal to 0.7 1/h.
- The ventilation was natural and set to 1 1/h.
- The internal set point temperature was set as equal to 20 ◦C for winter.

As Italian buildings are usually equipped with only heating system, a natural gas
boiler was supposed for the heat generation, and the global efficiency of the system was
set as equal to 0.83. In the energy model, an occupancy value of 0.02 people/m2 has
been defined.

The energy need of the building was simulated. Later, different insulating materials
were tested, taking always into account a thickness of the insulating layer equal to 0.01 m
(equal to the thickness of the aerogel panel tested during the in situ campaign). This choice
allows the comparison of different insulation materials with equal saving of inner space
in the case of internal application; the use of aerogel is, in fact, a competitive solution
in the retrofit of historical buildings when the intervention on the external façade is not
possible for architectural conservatory constraints [35]. In particular, the simulated insu-
lating materials are: Expanded PolyStyrene (EPS), rock wool, kenaf and aerogel (whose
thermophysical properties are shown in Table 3).

Table 3. Thermal characteristics, duration and decay rate of the aerogel and other materials.

Insulating Conductivity
[W/mK]

Specific
Heat [J/kgK]

Density
[kg/m3]

Duration
[Years]

Decay Rate
[%]

Expanded
PolyStyrene (EPS) 0.040 1400 15 20 0.20

Rock Wool 0.038 840 40 25 0.25
Kenaf 0.040 1700 30 15 0.17

Aerogel 0.015 1000 230 45 0.21 1

1 Obtained as the mean of other materials’ decay rate.
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For the materials, a useful life of 45, 20, 25 and 15 years was considered, respectively,
for aerogel, EPS, rock wool and kenaf. However, the materials may not be removed from
the walls, and they could continue to partially carry out their task for the whole duration
of the building. Therefore, for these kinds of interventions, a linear compound decay rate
was estimated as equal to 0.21%, 0.20%, 0.25% and 0.17% per year, respectively, for aerogel,
EPS, rock wool and kenaf (Table 3). As far as the duration is concerned, a duration of 50
years was considered for the building.

These insulating materials modified the walls’ thermal transmittances, as reported
in Table 4 (the insulating material is installed on the outer side of the wall, before plaster).
According to this, an energy analysis was carried out to quantify the energy savings
obtained by means of different insulating materials.

Table 4. U-Value of the Walls Considering Different Insulating Materials.

Wall U-Value [W/m2K]

Original wall 1.647
Insulated with Expanded PolyStyrene (EPS) 1.167

Insulated with Rock Wool 1.149
Insulated with Kenaf 1.167

Insulated with Aerogel 0.785

3.3. Environmental Assessment Based on LCA

Following the quantification of the energy savings obtained after the implementation
of different retrofits, a life cycle assessment (LCA) was performed to determine the effec-
tiveness of the intervention when considering the environmental burdens embodied in
the building materials installed. The LCA is an interesting methodology that permits the
comparison of the energy requirements of the buildings and the related environmental
burdens from a more comprehensive perspective that takes into account the whole life
cycle stage of the constructions (production, installation, operation, end-of-life). In fact,
different authors have already warned about the burden shifting that characterizes every
retrofit intervention [50,51]: the reduction of the operational energy requirement and re-
lated environmental burdens is followed by an increase in embodied components linked to
the installation of new building materials and systems. Two indicators were introduced
to describe the environmental performances of the different external insulation coatings
supposed: the Energy Payback Time (EPBT) and the Carbon Payback Time (CPBT). The
first one can be defined as the ratio between the variation of the Embodied Energy (EE) of
the building following the retrofit and the annual Energy Savings (ESa) achieved through
the retrofit (see Equation (4)). The latter is similarly the ratio between the variation of the
Embodied Carbon (EC) of the building and the annual emissions avoided (CSa) through
the retrofit (see Equation (5)).

EPBT =
∆EE
ESa

(4)

CPBT =
∆EC
CSa

(5)

The LCA analysis was carried out using Ecoinvent (Ecoinvent, Zurich, Switzerland)
data, and when this was not possible, Environmental Product Declaration datasheets were
consulted [52]. The EE was calculated using the single-issue indicator Cumulative Energy
Demand (CED), while the Global Warming Potential (GWP) (100 years) was employed to
determine the EC of the retrofit. As shown in Figure 5, a “cradle to site” approach was
employed for the life cycle assessment. Since the application of external insulation coatings
in a low-height building does not imply an energy intensive installation process, stage A5
can be considered negligible.
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On the other hand stages B1–B5 were not included in the calculation of the payback
times since, generally, they are much lower than the useful life adopted in this work for the
insulation materials (see Table 3) [53].

3.4. The Cost-Benefit Analysis

From an economic-financial perspective, the international literature estimates the
convenience of retrofit intervention in a partly incomplete manner.

Table 5 provides a systematic review of some typical studies.
The international literature on this topic is very ample and an in-depth analysis of it

goes beyond the objective of this study. Therefore, only some studies are analyzed, which
can be considered representative of different approaches.

Most studies consider only the energy savings resulting from retrofit interventions
and some related items (initial investment, maintenance costs, running and replacement
costs, etc.) which are measurable in monetary terms. They do not consider the environment
benefits of a retrofit, nor, generally speaking, its impacts on the Internal Environmental
Quality (IEQ), due to the difficulty and subjectivity of their economic measurement.
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Table 5. Studies on the Economic Convenience of a Retrofit Intervention.

Studies

Main Characteristics

Main Objective Decision Scenario
Considered Performance Measure Costs and Benefits Considered

Uncertainty
Explicitly

Considered

Uncertain Variables

Methodological
(+Example

Case)

Real
Specific
Applica-

tion

Stand-
Alone

Investment
Conve-
nience

Comparison
among

Alternative
Interven-

tions

Payback
Period

Discounted
Payback

Period (1)

Present
Value of

Differential
Costs

(Pseudo
NPV or PI)

(1) (2)

NPV (3) Energy
Efficiency LCC (4) IEQ (5) Technical Economic

Almeida et al. [54] x x x x x x

Almeida-De Freitas [55] x x x x x x thermal
comfort

Ballarini et al. [56] x x x x x x x x
Burhenne et al. [57] x x x x x x x
Gustaffson [58] x x x x
Hasan et al. [59] x x x x
Hopfe-Hensen [60] x x x
Niemela et al. [61] x x x x x x x
Ortiz et al. [62] x x x x x x
Ozel [63,64] x x x x x x x
Verbeeck-Hens [65] x x x x x

(1) free-risk rate as a discount rate (corrected by inflation or not). (2) PI = Profitability Index: the ratio between the present value of net benefits and initial investment. (3) NPV= Net Present Value, that uses cost of
capital (risk-free rate + risk premium) as a discount rate. (4) LCC = Life-Cycle Costs. (5) IEQ = Indoor Environmental Quality.
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Some of them choose the intervention which guarantees the quickest recovery of the
investment or the shortest payback time [55,56,61,63–65]. This method is quite easy to
apply, but it shows two elements of weakness:

• It does not discount, with an appropriate cost of capital, the costs and benefits of the
investment which occur in different years, often over very long periods, and that are
estimates (i.e., uncertain values).

• It does not provide a threshold value with which to compare the recovery period of
individual interventions (for a stand-alone evaluation of their convenience).

When a more complete approach is provided [54,57–59,62], the present value of
differential costs/benefits is calculated (in [55,56,61,65] as a further method) by using a
free-risk rate for discounting (often corrected by the expected inflation rate), which does
not take into account a premium for the risk of the discounted cash flows.

The analysis here conducted applies a financial approach consistent with the modern
financial theory. The net present value (NPV) is used (however, only considering the
monetary costs and benefits of a retrofit, in line with the international literature), which
measures today’s monetary value of the intervention, and it discounts the net cash flows
by a rate which considers the time value of the money and the risk premium, calculated
with reference to the main risk drivers of the investment. The retrofit is convenient if the
NPV is non-negative, and it is the more convenient the higher its value.

Furthermore, a probabilistic approach was used to measure the risk of the NPV of
each retrofit alternative. Many studies [54,56,57,60–64] explicitly consider the uncertainty,
more often with regard to the technical variables than the economic ones. Some studies
consider different possible values of technical input variables (rarely of economic variables,
as for example the discount rate in [57,61] and the initial investment and gas price in [57])
and estimate the resulting range of outcome measure, others [54,57,60] use very complex
methods to deal with the uncertainty (various sensitivity analysis methods and Monte Carlo
techniques), but they are quite methodological exercises: in fact, these techniques are very
difficult to apply in a real context, since many of the necessary data cannot be realistically
provided, and the approach is quite difficult for the decision-maker to understand.

In this paper, optimistic and pessimistic estimates of the uncertain drivers of NPV
were assumed and defined in a subjective manner (i.e., on the basis of the analyst/decision-
maker’s forecasts), and the corresponding range of NPV was measured. This analysis
provides two useful results for a decision-maker:

• To identify which variable, that influences the investment’s NPV, most affects its
variability (sensitivity analysis).

• To derive an approximate measure of the risk of retrofit under some hypotheses [66];
in fact, the sensitivity analysis allows the estimation of the probability distribution
of the NPV, which enables the decision-maker to choose better than in the case of a
single value: the decision-maker can translate his/her risk aversion into a minimum
acceptable percentage of non-negative values of the NPV and compare the percentage
emerging from the NPV probability distribution with this threshold value [67].

Finally, as far as the IEQ aspects are concerned, a multi-criteria methodology (MCDA)
is being developed that would measure for the different retrofit interventions the main
descriptors of the IEQ in relative terms, with respect to the acceptable ranges defined by
EU regulations. This approach would use linear optimization models in order to allow the
decision-maker to compare the retrofit alternatives with each other and with the current
state of a building.

4. Results and Discussion
4.1. Experimental Campaign Results

As mentioned before, the monitoring campaign was carried out during the winter,
specifically during the months of January and February 2020, and it was focused on the
assessment of the thermal behavior of the studied test rooms in three different scenarios:
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Free-Floating conditions (no heating in the two test rooms), the so-called On scenario (heat-
ing system always on) and the so-called On-Off scenario (heating system on only during
a specific daily time interval). The obtained results during winter can be summarized
as follows:

• Free-floating conditions: Data processing in this phase mainly focused on defining
the thermal waves’ phase-shift and attenuation according to Equations (2) and (3). In
particular, the surface temperature values were analyzed, and their trend over time
is reported in Figure 6, where the internal and external surface temperatures for the
reference test room are called Tsi_ref and Tse_ref, respectively.
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On the other hand, the internal and external surface temperatures for the insulated
test room are called Tsi_aerogel and Tse_aerogel, respectively.

It is clear that the internal surface temperatures immediately present a stabilized
periodic regime. In particular, the internal surface temperature data measured on the
thermally insulated test room provide almost constant values along time, mostly lower
than those registered on the reference test room.

Both attenuation and phase shift values were calculated with respect to a daily interval,
while the final average value (shown in Table 6) was calculated as the average of the daily
attenuation and phase shift values.

Table 6. Attenuation and Phase-Shift Average Values Obtained under Free-Floating Conditions.

Attenuation Phase Shift

Reference Test Room 0.124 4 h 07 min
Thermally Insulated Test Room 0.044 4 h 58 min

By comparing these data, it is possible to observe that applying a thin layer of aerogel
does not cause a significant variation of the thermal inertia of the wall. In fact, the thermally
insulated test room is characterized by an average phase shift just 20.6% higher than the
reference one. On the contrary, one centimeter of aerogel, due to its high insulating
performance, produced a decrease in the average attenuation of about 64.5% compared to
that calculated for the reference test room, with a better indoor air temperature steadiness.
Thus, it is possible to affirm that the application of a thin layer of aerogel can improve the
dynamic behavior of the structure. However, this is not surprising. In a steady state regime,
the layer arrangement makes no difference. On the contrary, under dynamic boundary
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conditions, the layer arrangement becomes fundamental, and by interchanging the layers
the wall properties change. Hence, this aspect needs to be considered for improving the
inertial behaviour of a wall.

• On scenario: The second phase was related to the investigation of the thermal behavior
of the two test rooms with the heating always on. In this case, the progressive increase
in the air temperature of the two different test rooms was focused, as shown in Figure 7
(before the vertical black dotted line).
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Taking into account the thermally insulated test room, it is possible to observe a faster
internal air temperature rise if compared with the reference test room. At the end of the
always-on heating period, a stabilized regime was not achieved in the thermally insulated
test room, as the internal temperature gradually increased. The use of the aerogel led to an
internal air temperature of about 33 ◦C, compared to about 27 ◦C (average value) obtained
in the reference test room, where an almost periodic regime was identified after about
two days.

The absence of the external insulating coat made the reference test room more sensitive
to the typical variations of the outdoor air temperatures also during the heating system
shutdown. Figure 7 (after the vertical black dotted line) shows a more rapid decrease in
the values of the internal air temperature, as expected.

• On-Off scenario: The last part of the winter monitoring was aimed at evaluating
the thermal behavior of the two test rooms, assuming that the heating system was
switched on and off; i.e., switching on the fan heaters in the morning and switching
them off in the evening, thus simulating the irregular working of an actual heating
system. The acquired data were employed for evaluating the thermal transmittance
of the walls facing north-west. Figure 8 shows the thermal transmittances as a result
of the data post-processing based on the progressive average method. The thermal
insulation of the test room through the thin layer of aerogel allowed obtaining a
thermal transmittance reduction equal to −28.3%.
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4.2. Energy and LCA Results

Table 7 and Figure 9 show the results obtained through the software Design Builder.
In the reference non-insulated building an energy demand for heating equal to 11,621.5
kWh/year of natural gas was obtained. The energy analysis shows how the installation
of different insulating materials allows the reduction in the energy need of the building.
Quite similar percentage reductions were obtained when the structure was insulated with
EPS, rock wool and kenaf panels. Similar energy savings of about 6% are not surprising,
because of similar thermal conductivity values among the different insulating materials.
Aerogel, due to its reduced thermal conductivity, allowed achieving a heating energy need
of 10,313.7 kwh/year. A percentage difference in terms of heating energy requirement equal
to −11.3% was obtained—almost double that obtained using the other insulating materials.

Table 7. Data on the Energy Need and Energy Saving of Insulated Buildings Compared with
the Reference.

Reference EPS Rock Wool Kenaf Aerogel

Energy need [kWh] 11,621.5 10,945 10,917.7 10,944.9 10,313.7
Energy saving [%] - −5.8 −6.1 −5.8 −11.3
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The results on the EPBT and CBPT are reported in Table 8. The retrofit with aerogel is
characterized by a higher EPBT and CPBT in comparison to traditional insulation materials
(e.g., rock wool or EPS). As previously supposed in Section 3.3, the values obtained are
lower than the supposed useful life of the insulation materials installed. This means that the
burden shifting on embodied components is only temporary and that every intervention is
characterized by a positive environmental effect on its life cycle. Figures 10 and 11 show
the total CED and the cumulative GWP versus time considering as positive values the
energy saved and the emissions avoided: the coating with traditional insulation materials
has a lower payback time in comparison with the scenario considering aerogel as insulation
material, but the latter results guarantee, after about fourteen years from the installation, a
higher energy saving and carbon emission reduction potential.

Table 8. Energy and carbon payback times of the various retrofit solutions.

∆EE
(kWh) ∆EC (kgCO2eq) EPBT

(Years)
CPBT
(Years)

EPS 1341 213 1.98 1.57
Rock Wool 1110 227 1.58 1.61

Kenaf 1793 323 2.65 2.38
Aerogel 9073 1682 6.94 6.40
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4.3. Economic Analysis Results

In order to calculate the NPV, the differential costs and benefits of the four analyzed
materials (compared to the current state) were estimated.

In order to estimate benefits, the annual savings related to the methane gas consump-
tion and the tax incentives of “Bonus Facciate” [68] were considered.

The price of methane gas was obtained by the average of prices applied by different
suppliers in 2020, equal to 0.0985 euro per kWh. From the historical price series of methane
gas over the last 10 years (Eurostat data [69]), an annual growth rate of methane gas of
1.77% was obtained, applied during the whole duration of the retrofit (as a trend estimate).

For the duration and decay rates of the insulating materials, the values reported in
Table 3 were adopted.

To estimate the tax incentives, based on the current regulation, a tax deduction of 90%
of the total expenditure was assumed over 10 years.

To estimate the cost of capital, the Capital Asset Pricing Model approach has been
used, with the following parameters:

• Risk free rate equal to 1.18%, obtained from the average of the 10-year BTP returns
during the last 12 months (investing data [70]); the rate includes both inflation expec-
tations and country risk premium perceived by the market.

• Market risk premium equal to 5% (IBES consensus estimate).
• Beta equal to 0.65, estimated on the basis of the systematic variability of the methane

gas price (source: Eurostat), referred to the Italian GDP (sources: Bank of Italy [71] and
Istat [72]) from 1991 to today. The 1991–2019 time series of Italian GDP and methane
gas price were considered, obtaining a variation coefficient (i.e., their normalized
volatility) of 22.36% and 18.76%, respectively; their Pearson coefficient of correlation
is 0.77. Beta was calculated as Equations (6) and (7) show:

beta =
correlationgas price, GDP × volatilitygas price

volatilityGDP
(6)

beta =
0.77 × 0.1876

0.2236
∼= 0.65 (7)

A cost of capital of 4.42% was obtained as Equations (8) and (9) show:

cost of capital = risk free rate + beta × market risk premium (8)



Energies 2021, 14, 1276 17 of 22

cost of capital = 1.18 + 0.65 × 5 = 4.42% (9)

which was used as a discount rate of the energy savings. The tax incentives were discounted
by the risk-free interest rate since they are relatively certain. Table 9 summarizes the costs,
benefits and NPV of the four materials.

Table 9. Calculation of the Net Present Value (NPV) of materials (data in euros).

Cash Flows and
NPV Aerogel EPS Rock Wool Kenaf

Present value
(energy savings) 3510.50 1795.03 1871.13 1790.53

Present value
(tax deduction) 12,266.58 4605.13 4708.38 5555.07

Lump-sum
investment 1 14,359.52 5390.86 5511.74 6502.88

NPV 1417.55 1009.30 1067.78 842.71
1 Estimated for a surface of 121 m2.

It is possible to conclude that in this scenario aerogel gives the best economic benefits,
with a positive expected NPV of EUR 1417.55.

As far as the intervention risk is concerned, a sensitivity analysis was implemented for
retrofit interventions of aerogel and rock wool (on the basis of the results of the previous
analysis, the latter is the best among the alternatives to aerogel). Optimistic and pessimistic
estimates of the main uncertain drivers of the NPV have been forecasted: duration, methane
gas price, cost of capital and tax incentive. The assumptions were the following:

• The duration was included in the range of 45–50 years for aerogel and 20–30 for rock
wool. The decay rate during the building residual duration was estimated as a linear
compound decay rate from material duration to building duration (in contrast, in the
case of aerogel, the average decay rate has been used: due to its longer duration, this
hypothesis is more realistic).

• The methane gas price’s change is equal to ±13% (compared to 2020), measured on
the basis of the price semiannual time series (Eurostat data). Gas price is assumed to
be normally distributed, and the values corresponding to 5◦ and 95◦ percentiles of
probability distribution are considered (this variation is added to the growth trend,
hypothesized above).

• The cost of capital was included in the range 3.83–5.26%, calculated as follows: (i) as an
optimistic estimate, a risk-free rate equal to 1.59% and a beta of 0.53 were considered
(the average beta of listed producers from Datastream [73] dataset was used); (ii) as
a pessimistic estimate, the average beta of the gas industry (but including both gas
producers and related service providers) and a risk-free rate equal to 1.56% were used.
In this scenario, the risk-free rate was measured by adopting a more conservative
approach; in fact, the German Bund 10-year returns were corrected by means of the
inflation differential between Germany and Italy, and a country risk premium was
added by using the differentials of credit default swap (CDS) spreads over 10 years
(Bloomberg data [74]).

• Furthermore, in order to provide a more general assessment of the convenience of the
different materials here considered, the current tax deduction of 90% has been assumed
as an optimistic estimate: 50% and 65% are assumed as pessimistic and average tax
incentives, respectively (all over 10 years). In this hypothesis (which is different from
the current scenario, adopted in the above NPV calculation), given the most probable
values of the other uncertain drivers discussed before, the most probable NPV of the
two retrofits are negative, EUR −1989.83 and −240.11, respectively.

• Table 10 shows the NPVs corresponding to the above estimates (changing a driver at
a time) and the related NPV range.
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Table 10. Sensitivity Analysis of the NPV.

Input Data NPV (Optimistic
Estimate) 1

NPV (Pessimistic
Estimate) 1 NPV Range 1 Coefficient of

Sensitivity

Uncertain
Drivers

Optimistic
Estimate

Pessimistic
Estimate

Aerogel Rock
Wool

Aerogel Rock
Wool

Aerogel Rock
Wool

Aerogel Rock
Wool

duration
(years)

aerogel 50
rock wool 30

aerogel 40
rock wool 20 −1988.71 −235.83 −1992.36 −244.79 3.65 8.96 0.0% 0.0%

methane price
(kwh) 0.1113 0.0857 −1533.46 3.14 −2446.19 −483.35 912.73 486.49 2.6% 3.9%

cost of capital 3.83% 5.26% −1547.46 665.68 −2495.91 −563.10 948.44 1228.78 2.9% 24.6%
tax incentive 90% 50% 1417.55 1067.78 −4034.26 −1024.84 5451.81 2092.61 94.5% 71.5%

1 Data in euros.

The last two columns measure the coefficients of NPV sensitivity; i.e., how much each
driver variability influences the NPV variability.

Figure 12 shows the cumulative probability distribution of NPV of each retrofit, where
NPV variance is measured following Equation (10) (by simplifying, the uncertain drivers
are assumed to be independent of each other and linearly related to NPV):

σ2
NPV = ∑ k2

i × S2
i (10)

where Si = NPV range between the optimistic estimate Ui and the pessimistic one Li of
uncertain driver i (see columns 8–9 in Table 9) and, where σi is its volatility (in this case, ki
is equal to 0.3).
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Figure 12. NPV cumulative probability distributions of retrofit with aerogel and rock wool.

The main results are the following:

• NPV volatility mainly depends on the change of tax incentive for both retrofits, which
is the most important driver of performance and risk of the two retrofits considered
here. The cost of capital affects NPV variance of rock wool retrofit more than aerogel
retrofit (25% versus 3%); the methane gas price volatility similarly affects NPV variance
of two retrofits; the duration variability has no impact on both retrofits.

• Aerogel NPV assumes non-negative values in only 12% of the cases (rock wool in 38%
of the cases, instead) and outperforms the competing material only in the right tail of
the NPV probability distribution.

Due to the crucial effect of tax incentives on NPV of both retrofits here assessed, we
further analyzed how NPV changes, depending on tax deduction (the most probable values
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of the other drivers were considered). Figure 13 shows that the aerogel NPV: (i) becomes
the more advantageous, in comparison to rock wool, the higher the tax deduction; (ii) is
positive for tax deduction larger than 80% (70% for rock wool, instead); and (iii) beats the
competing material when tax deduction is larger than 87%. This analysis is important,
since it shows that aerogel material is more convenient than competitors only in the fiscal
framework here considered (or in a more favorable one, as for example in the case of the
Superbonus 110%), while in other scenarios it is not, due to its higher lump-sum investment
(even though it provides double energy savings than the alternative materials).
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Figure 13. NPV as a function of tax incentives.

5. Conclusions

A small test room, totally insulated with aerogel panels, was investigated by an ex-
perimental point of view. The thermal behavior of the aerogel insulated test room was
compared with a non-insulated identical test room. Heat transfers across walls were
assessed by installing heat-flow meters and air and surface temperature sensors. Experi-
mental data verified the well-known aerogel capability to improve the thermal performance
of test room envelopes, even if reduced thicknesses of thermal insulation were applied. In
particular, the thermally insulated test room showed an average phase shift 20.6% higher
than the reference one. On the other hand, the small layer of aerogel allowed obtaining an
average attenuation decrease of about 64.5% when compared to the reference test room.
Moreover, 1 cm of aerogel allowed to obtain a thermal transmittance reduction of −28.3%.

Successively, a dynamic simulation model was generated to better comprehend the
energy savings obtained through aerogel across a whole year, in terms of energy demand.
By comparing aerogel with other commonly used insulation materials, a heating energy
demand reduction of −11.3% was found.

Subsequently, the investigation was completed by computing the environmental
and energy payback times of this retrofit strategy as well as by a cost-benefit analysis
through a probabilistic financial framework. In sum, it is possible to conclude that in the
current tax incentive scenario the aerogel retrofit gives the best positive expected NPV, and
from the whole LCA perspective it also guarantees both the highest energy saving and
emissions avoidance. However, due to its higher lump-sum investment, aerogel’s NPV is
very sensitive to tax deductions and it is riskier than the best comparable material (roof
wool) in less favorable tax scenarios: for example, if a 65% tax deduction is assumed (given
the probability distributions of the uncertain variables considered here), aerogel gives a
non-negative NPV only in 12% of the cases (roof wool in 38% of the cases, instead).

Therefore, the proposed interdisciplinary study aimed to investigate the environmen-
tal, energy and economic impacts associated with the application of aerogel compared to
other insulating materials. Furthermore, the proposed methodological approach could also
be replicated in other countries characterized by different climatic conditions.
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Future developments will address a comparison of the different energy, environmental
and economic benefits of aerogel under different climatic conditions, also applying thin
aerogel panels to different wall stratigraphy. In addition, the analysis could be performed
also considering the energy, environmental and economic benefits of aerogel by analyzing
walls thermally insulated with materials of different thicknesses but characterized by the
same U-value.
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