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Abstract Nowadays, the focus on the building energy
consumption in the use phase prevails over an interest
concerning the energy impacts linked to all the other
phases of the construction process. However, reducing
operational energy could lead to shifting the impacts
from one stage to another. Thus, combining the study
of strategies improving energy efficiency in the use
phase with a life cycle approach is crucial. Exhibition
halls are peculiar buildings from the geometry, construc-
tion and use points of view, rarely addressed in energy
and life cycle energy analysis studies. Therefore, in this
paper, a representative hall of the Milan Trade Fair is
taken as a case study. A building energy simulation
model is firstly calibrated in order to derive the opera-
tional energy for climatisation. The operational energy
appears artificially low due to the short use period
during the year. When compared with the calculated
embodied energy of the envelope and structure, it is

found that 57 years would be needed to balance energy
spent in the construction and in the use phase. Further,
some retrofit interventions are proposed and analyzed.
Insulation interventions are not attractive from the eco-
nomic payback time point of view. However, when the
embodied energy of the retrofit interventions is com-
pared with the energy savings in the use phase, interest-
ing energy payback times are obtained. Therefore, this
study puts in evidence on the importance of adopting a
life cycle perspective, especially for buildings with
low-intensity use. Eventually, the critical issues of the
life cycle energy analysis are deeply discussed.

Keywords Dynamic energy simulation . Life cycle
energy analysis . Operational energy. Embodied energy.
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Introduction

Several studies in literature have shown that, in tradi-
tional buildings, the energy consumption during the use
phase (for heating and cooling) was so relevant that in a
few years it exceeded the energy spent for the building
construction. However, since the new mandatory regu-
lations on energy saving encourage low-energy build-
ings, the construction phase has acquired a growing role
(Weissenberger et al. 2014; Stephan et al. 2013). Life
cycle energy assessment (LCEA) evaluates the energy
use as a resource input to a building over the total life
cycle (Chau et al. 2015). From a review of LCEA of 73
cases (both residential and office buildings, in 13
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countries), Ramesh et al. (2010) found that the embod-
ied energy accounts on average for 10–20% of the total
life cycle energy demand, except in cases of
energy-efficient buildings: low-energy buildings per-
form better than zero (operational) energy buildings in
the total life cycle energy balance due to the lower
embodied energy, namely the excessive use of passive
and active features may be counterproductive.
Rossellò-Batle et al. (2015) investigated the relationship
between initial embodied energy and energy demands in
dwellings in aMediterranean climate, focusing especial-
ly on changes in facades, roofing systems and window
frames and on thermal bridges insulation. They found
that using polyurethane or extruded polystyrene in
facades and replacing timber by lacquered aluminum
in window frames provides an increase of the primary
initial embodied energy equivalent to the final heating
energy requirements of a detached house for more than
5 and 10 years, respectively. In turn, insulating thermal
bridges causes a very modest increase in the primary
initial embodied energy. Crawford et al. (2016) used a
case study house in Australia to investigate the life
cycle primary energy repercussions of increasing
building energy efficiency levels over 50 years. They
show that the point at which supplementary insulation
materials do not yield life cycle energy benefits is just
above the current minimum energy efficiency require-
ments in Australia.

Starting from these considerations, the embodied
energy calculation can help to achieve an optimized
energy balance, comparing the energy saving in the
use phase with the energy spent to realize a low-
energy building.

Official statistics (ENEA 2013) support the need for
energy-saving policies that incorporate the life cycle
approach. In fact, the building sector in Italy roughly
corresponds to 36% of the final energy use (in Europe it
corresponds to 41%), but when the manufacturing of
construction materials (cement, bricks, glass, ceramics,
etc.) is included and building activities are considered,
the final energy use and greenhouse emissions rise over
50%.

From the voluntary point of view, environmental
building rating systems (e.g., LEED, BREEAM,
DGNB) focus mainly on operational impacts and are
only starting to include embodied impacts of the build-
ing (Anderson et al. 2015). For instance, some limits of
current Green Rating Systems are shown by Lee et al.
(2011), who compared different building materials

(concrete vs steel) for the structure of an industrial hall.
They found that a significant improvement in material
choice and embodied energy for the industrial hall is not
adequately reflected under the material category of the
LEED system.

From the regulation point of view, the need for more
comprehensive energy codes for the building sector,
able to combine embodied and operational energy, is
stated by several authors (Crawford et al. 2016; Szalay
2007; Dodoo et al. 2011).

In the scientific literature, many studies deal with the
issue of reducing energy consumption in the use phase
through the use of simulation tools (Li and Wen 2014;
Crawley et al. 2001; Fumo et al. 2010; Boyano et al.
2013; Kim and Park 2011), also focusing on the model
calibration to ensure the accuracy of the model itself
(Ryan and Sanquist 2012; Heo et al. 2012; Raftery et al.
2011a, b; Nassiopoulos et al. 2014; Mustafaraj et al.
2014). But, the interest in reducing energy consumption
during the use phase may lead to shift impacts from one
phase to another and from one kind of impact to another,
simply by redistributing the total load (Sartori and
Hestnes 2007; Blengini and Di Carlo 2010;
Gustavsson and Joelsson 2010). Thus, the information
extracted from a life cycle energy analysis can make the
designers aware of the impacts of the whole life cycle
related to the design choices and can support them in
their decision-making.

Most studies performing energy analyses in a life
cycle perspective deal either with residential or com-
mercial buildings (Sartori and Hestnes 2007;
Blengini and Di Carlo 2010; Gustavsson and
Joelsson 2010; Buyle et al. 2013; Sharma et al.
2011; Cabeza et al. 2014; Atmaca and Atmaca
2015; Din and Brotas 2016; Stephan and Stephan
2014; Slavković and Radivojević 2015). Among the
latter, however, buildings dedicated to exhibitions
are rarely addressed. This kind of building presents
peculiar features. From the energy modeling point of
view, trade fair buildings are usually large single
volumes with considerable height possibly leading
to thermal stratifications and are characterized by
high internal loads due to the relevant number of
users and amount of electric equipment installed.
From the life cycle point of view, their use during
the year is often discontinuous and low-intensity,
possibly leading to low yearly operational energy
figures; in the construction, prefabricated compo-
nents are often adopted; finally, being a large single
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volume with a few internal partitions and slabs, the
quantity of construction materials per unit floor area
is expected to be less than that in other kinds of
buildings. These features make the use phase and
embodied energy analysis of such buildings worthy
of investigation. Further, a question arises on the
advisability for such buildings of retrofit interven-
tions aiming at reducing operational energy. It can
be remarked that some features of the exhibition
halls listed above might be found in other kinds of
buildings, such as industrial halls (the large internal
volume with unobstructed spans) and buildings de-
voted to entertainment (the low-intensity use), and
therefore analyzing exhibition halls can provide out-
come also partially applicable in such cases.

Starting from these considerations, this paper
presents an energy analysis with a life cycle per-
spective of an exhibition hall. The case study is a
sample hall in the Milan Trade Fair. The analysis
focuses at first on the present energy performance
of the hall, described in terms of both operational
and embodied energy. Secondly, retrofit interven-
tions are proposed and investigated. An economic
and energy cost-benefit assessment related to the
achievable energy savings of retrofit interventions
is carried out. Finally, a discussion on the critical
issues related to the performed life cycle energy
analysis is presented.

Case study

As mentioned above, the case study presented in this
paper is the Milan Trade Fair, whose new premises were
inaugurated in 2005.

The complex consists of eight buildings, divided into
20 pavilions. Six of them are one-storey buildings
(164.5 m × 224.31 m and clear height 13 m) and two of
them are two-storey buildings, for a total of 345,000 m2

and 60,000 m2 of gross exhibition space outdoor.
In this analysis, a representative hall will be consid-

ered, namely 5–7 (Fig. 1). The results of the energy
analysis on the sample hall could be subsequently trans-
ferred to the other halls.

Considering a representative year, throughout the
exhibition center, it is possible to estimate about 70
events. Themonitoring system of the trade fair measures
the cooling and heating energy provided to the air han-
dling unit (AHU) of each hall, in terms of delivered

cold/hot water, as well as the electricity consumption
of the hall for lighting and appliances. In Table 1, for
each event that took place in 2009 in the sample hall, the
measured delivered energy for cooling and heating and
the electric consumption for lighting and appliances are
shown, as well as the recorded number of guests.

Methodology

In this research, the present energy performance of a
representative hall in the Milan Trade Fair was analyzed
by means of dynamic simulations performed in
EnergyPlus (2009) on a calibrated model of the case
study building. Then, the embodied energy of the hall
was calculated and compared on the one side with the
embodied energy of other kinds of buildings and on the
other side with the operational energy achieved by
means of dynamic energy simulation.

The simulation model was then used to evaluate the
effects of some energy-saving interventions. Then, an
economic payback time assessment was carried out. After
that, the energy impacts of the retrofit strategies during the
life cycle were assessed and compared with the energy
savings in the use phase, allowing to calculate the energy
payback time.

To summarize, the research involved the following
steps:

& Simulation model setup and model calibration: a
representative exhibition hall was chosen; all the
geometrical and thermal-physical characteristics
were elaborated in the software DesignBuilder
(2009) to develop a 3D model; the model was then
imported in EnergyPlus where the additional inputs
regarding the heating, ventilating and air condition-
ing (HVAC) system and the hall use were provided.
A representative event in winter and another in
summer were chosen to compare the energy con-
sumption obtained from the dynamic simulations
with the measured data (Table 1) and then to tune
the model. Then, the calibrated model was used to
derive the end-use operational energy for heating
and cooling on a typical year and, by considering
the systems efficiency, the corresponding primary
energy.

& Calculation of the embodied energy of the hall and
comparison between the energy spent for the con-
struction of the building and the operational energy.
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For the embodied energy calculation, envelope and
structure were taken into account, while technical
building services were not included. The life cycle
energy analysis was performed according to the
ISO-complying process-based methodology.

& Study of energy-saving strategies: an annual dynam-
ic simulation with typical weather data and usage
pattern from a typical year was performed, and
dynamic annual energy simulations of different in-
terventions (at the envelope and system manage-
ment levels) were carried out.

& The economic assessment of the cost-benefit related
to the interventions, through the calculation of the
economic payback time (simple and discounted),
together with the net present value and the internal
rate of return, was carried out.

& The assessment of the energy impacts of retrofit
strategies in the life cycle (the embodied energy
and the energy due to the transport of the materials
to the building site) and the comparison with the
related energy savings in the use phase, checking the
energy payback time, were carried out.

& A discussion on the critical issues of the life cycle
energy analysis performed is proposed.

Simulation model and operational energy
calculation

Model setup and calibration

The first step of this analysis is the construction of the
3D model of the building processed in DesignBuilder
with the thermal physical description of the envelope
(Fig. 2). Thermal-physical properties of the envelope
materials came from UNI 10351 (1994). Thermal brid-
ges were calculated according to UNI EN ISO 14683
(2001) but their effect was found to be negligible. The
DesignBuilder model was then entered in EnergyPlus to
elaborate the simulation model.

A single thermal zone was adopted, since spot mea-
surements in the exhibition hall in different horizontal
and vertical positions resulted in a maximum tempera-
ture difference equal to 2 °C, and therefore, the well-
mixed volume assumption appeared to be a reasonable
approximation.

The model was calibrated during a representative
exhibition in winter and in summer, comparing the
results of the dynamic simulation with the measured
delivered heating/cooling energy.

Fig. 1 The Milan Trade Fair layout and the sample hall 5–7 marked in black
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In order to calibrate the winter and summer events,
the following input data were entered into EnergyPlus:

& geometry and thermal zone (using the 3Dmodel just
developed);

& operating schedule of the hall in an hourly step (the
operating schedule of the AHU, the set point tem-
perature, etc.);

& internal load schedules (people distribution and
electric equipment)

& air changes per hour (ACH) due to natural infiltra-
tion and ventilation;

& weather file based on 2009 data measured at the
Milan Trade Fair site (as far as dry bulb temperature
and humidity are concerned) and at a nearby weath-
er station (for the rest of the data).

The results of the calibration are reported in Fig. 3 in
terms of comparison between measured and simulated
heating or cooling rate.

Table 1 Events calendar of the typical hall during 2009 and corresponding measured data

n° Period Delivered cooling energy Delivered heating
energy

Electric consumption
(lighting and appliances)

Number of guests

kWh kWh kWh

1 16/01 to 19/01 – 99,473 97,860 3462

2 04/02 to 07/02 – 68,125 84,757 6927

3 19/02 to 22/02 – 90,675 73,997 6667

4 04/03 to 07/03 – 58,610 95,914 2813

5 24/03 to 28/03 – 35,189 102,867 8571

6 22/04 to 27/04 60,443 – 158,744 22,143

7 04/09 to 07/09 112,275 – 54,612 3000

8 16/09 to 19/09 90,542 – 91,542 2813

9 05/10 to 10/10 165,308 – 177,249 6061

10 23/10 to 27/10 18,738 – 98,229 4364

11 06/12 to 12/12 – 107,004 198,984 27,778

Fig. 2 The simplified 3D model of the sample hall
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The calibration parameters chosenwere the ACH and
the occupant distribution during the day. In fact, since
the AHU was not included in the model but measured
consumption refers to the AHU level, the ACH in the
simulation model represents the sum of the infiltration
air changes of the envelope and the ventilation air
changes handled by the real system. The monitoring
system of the trade fair does not measure the proportion
of indoor/outdoor air flow rates handled by the system.
However, it is known that the ventilation flow rates
range between a minimum of 0.4 vol/h and a maximum
of 2 vol/h.

The calibration led to variable ACH during the day,
in order to take into account the on/off of the mechanical
ventilation system and the effects of the visitors’ pres-
ence. Therefore, the ACH were set at 0.1 vol/h during
the night both in winter and summer, at 0.9 vol/h in the
visiting hours of the day in winter and at 1.4 vol/h in the
visiting hours of the day in summer. Three hours before
the start of the events, half of the diurnal ACH was set,
because of the presence of the stand fitters.

The other calibration parameter is people distribution
during the day. From the measured total number of
visitors in a day, two profiles were created. One profile
was derived assuming that all the visitors recorded in a
day are in the hall during the central hours, while a third
of the total is assumed to be there in the opening and
closing hours. Instead, a second profile was derived
assuming that the sum of the people present every hour
is equal to the total daily number of visitors. Therefore,
in the winter representative event, a larger number of
people decrease the heating rate, because it means a
higher internal load. The opposite is found in the sum-
mer event. However, the kind of people distribution
seems to be more important in winter than in summer.

This could be understood also considering that, during
the winter event, internal loads due to the people and to
the electric equipment are similar, while during the
summer event, internal loads due to the people are about
a third of the electric loads. In the calibration, the people
distribution corresponding to the first profile was chosen
for a better match with measured data.

In the end of the calibration process, the differences
between the measured and the simulated overall energy
were 4.2% for the winter event and 2.7% for the summer
one.

Operational energy calculation

After calibrating the model, a dynamic simulation of a
representative year was performed, using typical mete-
orological year weather data for Milan. Since available
energy consumption data refer to a specific year, namely
2009, this simulation allowed to derive the yearly oper-
ational energy for heating and cooling in terms of end-
use energy for a typical year. The main characteristics of
the hall model adopted in the yearly simulation are
summarized in Table 2.

The heating demand of the Milan Trade Fair is cov-
ered at 95% by the waste-to-heat municipality district
heating system, with a thermal efficiency including
district network losses equal to 33%, and at 5% by
backup gas boilers, with an efficiency equal to 85%.
The cooling demand is satisfied by centrifugal chillers
coupled with cooling towers, for which a COP = 6 was
assumed. By taking into account the national electrical
efficiency equal to 41% (Decree 2015/06/26), the yearly
operational energy of the sample hall in terms of prima-
ry energy was obtained. It was found that the total
operational primary energy consumed by the hall

Fig. 3 Measured and simulated cooling and heating rate during the representative event in summer (left) and winter (right)
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(renewable and non-renewable) is equal to 27.80 kWh/
(m2 a) or 100.06 MJ/(m2 a), where the gross floor area
was taken into account to normalize the energy con-
sumption. Such low figures should not be intended to
mean the hall is a low-energy building with a particu-
larly high-performance envelope, being rather the con-
sequence of the small use period of the hall during the
year, equal to only 52 days. Indeed, by normalizing over
the effective use period during the year, the total oper-
ational primary energy of the hall becomes 195.13 kWh/
(m2 aeff).

Calculation of the embodied energy of the hall

After calculating the operational energy of the sample hall,
the embodied energy of the envelope and structure of the
hall has been estimated (Table 3). The values of embodied
energy Bfrom cradle to gate^ from the Inventory of Carbon
and Energy (Hammond and Jones 2011) were used.

The total embodied energy is compared with the
yearly operational energy of the hall (Table 4), where
figures are also normalized by the area (37,240 m2) and
by the volume (497,530 m3). Considering the total
embodied and operational energy during 50 years, the
embodied energy is quite similar to the operational
energy.

In order to compare the total embodied energy of the
hall with that of other building types, some reference
values were found in environmental certification sys-
tems: 2.6 GJ/m2 is the reference value for the embodied
energy of the envelope and structure of Italian residen-
tial buildings, related to Protocollo ITACA (ITC-CNR
2009); 120 MJ/(m2 a) is the reference value for the
embodied energy of the whole building (equipment
included), related to DGNB (Deutsches Gütesiegel
Nachhaltiges Bauen), the German Green Building Rat-
ing System (Ganassali et al. 2016); 150 MJ/(m2 a) is the
limit value for the embodied energy of the whole build-
ing (equipment included) for school, office and residen-
tial buildings, related to Minergie-ECO, the Swiss envi-
ronmental certification system (Ganassali et al. 2016).

The first value (2.6 GJ/m2, related to ITACA) has to
be compared with 5.7 GJ/m2 of the exhibition building
under study. At a first glance, it seems that the embodied
energy of the hall is more than two times the residential
building one (ITACA). However, considering the sig-
nificant internal height of the hall (13.36 m), it seems
worthy to compare the values per unit volume: the
embodied energy of the residential building is then
0.87 GJ/m3 (considering 3 m of floor height) and the
exhibition building one is 0.43 GJ/m3. It has to be
remarked that due to the uniqueness of the considered
typology (a large hall with unobstructed spans and with
few slabs and partitions), the trade fair sample hall is
actually not comparable with a residential building.
Indeed, the objective of this study is also to define a
reference value (benchmark) for this building typology,
considering the lack of similar case studies in literature.

The other two values (120 MJ/(m2 a), related to
DGNB, and 150 MJ/(m2 a), related to Minergie-ECO,
have to be compared with 115 MJ/(m2 a), considering a
use phase of 50 years (as provided in the DGNB and
Minergie certification). In these cases, the hall embodied
energy seems lower, but be reminded that it takes into
account only the envelope and the structures, namely,
equipment, is excluded.

After calculating the embodied energy of the hall, it
seemed reasonable to compare it with the operational

Table 2 Main characteristics of the hall model adopted for the
yearly simulation of the operational energy

Envelope Walls U = 1.87 W/(m2 K),
Albedo A = 0.5

Floor U = 1.26 W/(m2 K)

Roof U = 0.27 W/(m2 K),
Albedo A = 0.5

Use 11 events for a total of 52 days per year
according to 2009 calendar (Table 1)

Occupancy During
events

10 a.m.–1 p.m., 4 p.m.–
6 p.m. N = Nmax/3

1 p.m.–4 p.m. N = Nmax

Set point
temperature

Winter events 5 a.m.–6 p.m. 21°C

Summer
events

8 a.m.–6 p.m. 23°C

Ventilation +
infiltration rates

Winter events 5 a.m.–8 a.m.
ACH = 0.45 vol/h

8 a.m.–6 p.m.
ACH = 0.90 vol/h

6 p.m.–5 a.m.
ACH = 0.10 vol/h

Summer
events

5 a.m.–8 a.m.
ACH = 0.70 vol/h

8 a.m.–6 p.m.
ACH = 1.40 vol/h

6 p.m.–5 a.m.
ACH = 0.10 vol/h

Weather Milano
Linate
TMY
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energy to see the relationship between the energy
spent for the construction of the building and the
energy used during the useful life of the building
(Table 4).

In Fig. 4, the embodied energy, reported at the first
year of operation of the hall, and the increasing opera-
tional energy at different years are shown. Figure 4
shows that a little more than 57 years are needed before
the energy consumption in the use phase balances the
embodied energy. However, it has to be noted that these

Table 3 Bill of material quantities of the hall and embodied energy coefficients

Part of the hall Material Thickness Area Density Weight Embodied energy
coeff.

Embodied
energy

m m2 kg/m3 kg MJ/kg MJ

Structure Steel – – 7800 3,500,000 20.1 70,350,000

Foundation structure Gravel 0.35 37,242 1950 25,417,665 0.08 2,109,666

Concrete 0.3 1800 20,110,680 0.99 19,909,573

Concrete panel Concrete 0.05 3707 2000 370,700 0.75 278,025

Polystyrene 0.14 30 15,569 86.4 1,345,196

Concrete 0.06 2000 444,840 0.75 333,630

Steel panel Steel sheet 0.0005 2454 7800 9571 20.1 192,369

Polyurethane foam 0.08 35 6785 102.1 692,780

Corrugated aluminum sheet 0.0005 2700 3313 155 513,500

Aluminum panel Aluminum sheet 0.0025 3112 2700 21,003 155 3,255,501

Rock wool 0.12 120 44,807 16.8 752,756

Plasterboard 0.0125 900 35,005 6.75 236,286

Floor Precast reinforced concrete
slab

0.2 37,242 2400 17,876,160 4.5 80,442,720

Floor Service
Building

Ceramic 0.02 559 2300 25,714 10.0 257,140

Concrete 0.08 1800 80,496 1.33 107,060

Lightweight concrete 0.06 500 16,770 1.33 22,304

Precast reinforced concrete
slab

0.14 2300 179,998 4.5 809,991

Corrugated steel sheet 0.001 7800 4360 20.1 87,640

Roof Aluminum coating 0.0009 35,015 2700 85,087 155 13,188,475

Glass wool 0.14 14 68,629 28 1,921,634

Corrugated steel sheet 0.001 7800 273,117 20.1 5,489,683

Mineral wool 0.02 150 105,045 16.6 1,743,757

Roof Service
Building

Aluminum sheet 0.0009 1317 2700 3200 155 495,973

Glass wool 0.04 40 2107 28.0 58,993

Concrete 0.05 1600 105,344 1.33 140,108

Precast reinforced concrete
slab

0.13 2400 410,842 4.5 1,848,787

Precast reinforced concrete 0.13 2300 393,723 4.5 1,771,754

Corrugated steel sheet 0.001 7800 10,272 20.1 206,448

Glass Glass 0.016 1436 2400 55,142 15 827,136

Frame Aluminum 0.05 218 2700 29,430 155 4,561,650

Table 4 The total embodied and the total operational energy of
the hall

Embodied
energy

Operational energy
(1 year)

Operational energy
(50 years)

213,950 GJ 3727 GJ/a 186,350 GJ

5745 MJ/m2 100 MJ/(m2 a) 5000 MJ/m2

430 MJ/m3 7.5 MJ/(m3 a) 375 MJ/m3
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57 years are not fully exploited, because, as already
mentioned, the hall is used only 52 days per year. If
the hall were used 365 days per year, in less than 8 years
the embodied energy would equalize the operational
energy. It has to be remarked that continuous operation
would likely result in a lower daily consumption, since
the envelope thermal inertia would help reduce the peak
loads.

Energy retrofit strategies

The aim of this step is to highlight the solutions able to
reduce the operational energy for heating and cooling of
the typical hall.

The proposed intervention strategies were chosen in
relation to the particular kind of building and to the real
feasibility. They are grouped into interventions at the
envelope level and interventions at the HVAC system
management level.

The solutions regarding the energy performance of
the envelope are the following:

1. internal insulation of the vertical panels, adopting
13 cm of rock wool, so that thermal transmittance

passes from the present valueU = 1.87W/(m2 K) to
U′ = 0.25 W/(m2 K);

2. external insulation of the vertical panels, adopting
13 cm of rock wool, passing from U = 1.87 W/
(m2 K) to U′ = 0.25 W/(m2 K);

3. roof insulation, combining 5 cm of glass wool and
17 cm of EPS, passing thus from U = 0.27 W/
(m2 K) to U′ = 0.10 W/(m2 K);

4. floor insulation, adding 12 cm of EPS, and passing
from U = 1.26 W/(m2 K) to U′ = 0.26 W/(m2 K);

5. clear painting of the roof, so that the albedo passes
from A = 0.5 to A′ = 0.9;

6. clear painting of the vertical panels, changing the
albedo from A = 0.5 to A′ = 0.9.

The interventions at the systemmanagement level are
instead the following:

7. summer night ventilation (free cooling);
8. variation of the set point temperature (passing from

21 to 20 °C in winter and from 23 to 24 °C in
summer);

9. early switch off of the system (1 h in advance).

Each intervention was simulated in EnergyPlus and
the corresponding operational energy of the exhibition
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hall was compared with the reference operational energy
based on the present envelope and system conditions.

Energy savings in the use phase

Considering, firstly, the energy savings due to strategies
at the envelope level, the results of the dynamic simu-
lations are shown in Fig. 5.

Roof and wall insulation lead to a significant primary
energy saving during the year, between 5.5 and 6.4%. In
the case of the wall insulation, the yearly energy saving
results from a balance between a decrease of the heating
demand and an increase of the cooling demand. The
roof insulation instead results in a saving on both the
heating and cooling energy.

Otherwise, it is interesting to notice that reducing the
floor thermal transmittance, by adding an insulation
layer on the inside, leads to an increase in the primary
energy consumption equal to 3.4%, resulting from both
an increase in winter and in summer, since it also de-
creases the floor thermal inertia. Since, in this kind of
building, during the day important internal gains are
produced, the floor thermal inertia helps using these
gains to reduce the heating energy demand in winter
and to attenuate the cooling load in summer. Finally,
increasing the albedo of the roof and of the walls has a

negative impact on the primary energy consumption,
since the reduction in the cooling energy does not over-
come the increase in the heating energy.

The energy savings due to intervention at the system
management level are shown in Fig. 6. Among the
system management strategies, the variation of the set
point temperature leads to an important energy saving,
up to 17% if both the winter and the summer set points
are modified by only 1 °C.

Another strategy that leads to an energy saving of
about 5% is regarding the possibility to switch off the
plant 1 h before the closing of the event. In this case, it
was verified that in 98% of the time the temperature
maintains an acceptable value (the difference between
the indoor temperature and the set point value is lower
than 2 °C).

Adopting a free-cooling strategy in summer events,
through mechanical ventilation 8 h per night, would
reduce the electricity consumption for cooling. Howev-
er, the increase in the electricity consumption of the
presently installed fans overcomes the savings, so that
this strategy is not advantageous, also considering only
4 h of free cooling per night.

After simulating individual solutions, the most prom-
ising individual solutions were combined. As shown in
Fig. 7, combining roof insulation, wall insulation, the
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Fig. 5 Energy savings due to retrofit interventions on the envelope
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variation of the set point temperature and the early plant
switch off, an annual saving of 31.5% can be achieved.

Economic assessment: payback time, discounted
payback time, net present value and internal rate
of return

At this stage are the estimated simple payback time
(PBT), the discounted payback time (DPBT), the net
present value (NPV) and the internal rate of return (IRR)
for the retrofit strategies regarding envelope compo-
nents, namely 1, 2 and 3 in the list in BEnergy retrofit
strategies.^ The traditional PBT assessment (refurbish-
ment cost/annual saving) has been integrated with the
DPBT in order to take into account the present value—
i.e., the actual value of an amount of money that will be
received in the future—of the expected savings over
time. The economic assessment has been completed
with the use of other two methods, i.e., NPV and IRR,
that are more reliable in representing the opportunity to
invest in energy-saving retrofit (Busato et al. 2008).

Regarding internal insulation on the walls, by con-
sidering the price list for the execution of public works
and maintenance (Regione Lombardia 2009) and the
price list of public works and the structural characteris-
tics of the market for public works (Comune di Milano

2010), the original investment was estimated in 235,303
€. Considering a cost of 0.05 €/kWht and of 0.11 €/
kWhe, that corresponds to the present costs for the
heating and electricity supply of the Milan Trade Fair,
it is possible to get an annual saving of 1343€, that is
clearly too small compared to the initial investment,
resulting in a PBT of about 175 years. The DPBT is
normally longer then PBT so it has not been considered
interesting to calculate it. This outcome is due on the one
side to the low cost of the heating supply by the
waste-to-heat municipal plant; and on the other side,
mainly to the short use period of the exhibition hall, that
is only 52 days per year. Actually, if the hall was used as
a common office/commercial building (5 days a week),
the annual saving would be 6716€, with a PBT of about
35 years. Considering also the deduction of 55%
(Decree 2008a/03/11, Decree 2008b/04/07), the PBT
would decrease to about 16 years. In this case, consid-
ering a discount factor of 3% (Lavappa and Kneifel
2016), a yearly increase of the energy cost at 4% and
the tax saving of 55% allowed by law, the DPBTwould
be 17 years.

The calculation of NPVand IRR has been done—for
the scenario of 5 days per week use of the building—
assuming a life cycle of 25 years and a discount factor of
3%. The energy cost was kept constant in one simulation
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and increased with a constant yearly rate of 4% in a
second simulation. The results of the assessment show a
negative NPV of −114,909.03€ (constant energy cost)
and −43,174.63€ (increasing energy cost), a negative
IRR of −2% (constant energy cost) and a positive IRR
equal to +1% (increasing energy cost).

Furthermore, the impact of the uncertainty of the
discount factor (DF) has been assessed. The discount
factor may vary over time and is affected by the cost of
equity and the cost of debt for the organization (Fujita
2016). The abovementioned cost categories depend on
the risk associated with the organization activities and
with the country in which the organization is based
(Stephan and Stephan 2014). In order to evaluate the
impact of the discount factor variability on the economic
assessment of the retrofit works, different discount fac-
tors have been considered according to those applied in
the evaluation of the energy efficiency policy frame-
work in the EU (Steinbach and Staniaszek 2015) for
tertiary buildings, included in a range from 4.7 to 5.4%.
As expected, the results showed in Table 5 confirm the
negative influence of the increase in the discount factor
in the NPV due to the lowering of the future cash flows
that are discounted with a higher value. This behavior
leads to an application of the LCC models according to
different strategies in relation with the overall aims of
the users: Bsocial discount rates^, that do not include

risk factors, are normally considered for assessment
from a societal perspective and Bindividual discount
rates^ may be applied for decision making purposes
by the investor (Steinbach and Staniaszek 2015).

Following the same approach, the economic assess-
ment was also applied to the retrofit interventions re-
garding the insulation of the walls from the outside and
the roof insulation. The results, summarized in Table 5,
show that the low-intensity use of the exhibition hall
dramatically influences the economic feasibility evalu-
ation of any intervention related to envelope
components.

Calculation of the embodied energy of the retrofit
strategies

The aim of this paragraph is the evaluation of the
embodied energy of the added materials related to
the energy retrofit strategies on the envelope
whose economic assessment has been illustrated
in the previous paragraph. As reported in BEnergy
retrofit strategies,^ for the wall insulation 13 cm of
rock wool is used, while for the roof insulation
both EPS and glass wool are employed for an
overall thickness of 22 cm.

Table 6 is a summary of the embodied energy (pri-
mary energy or PEI) of the addedmaterials of the retrofit
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Fig. 7 Energy savings for combined interventions
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strategies. All the data concerning the embodied energy
(the renewable and non-renewable primary energy con-
sumption of the preproduction and production phases,
namely PEI ren and PEI non-ren) have been taken from
the EPD (Environmental Product Declaration) of each
material. The choice to take the data from the EPD is
driven by the fact that the data are more reliable than
those of a generic database.

Another very important issue concerns the trans-
port, whose impacts are not negligible. The de-
signer can choose between a high variety of ma-
terials from all over the world thanks to globali-
zation of markets favored by the economy and
ease of transport. In this analysis, having consid-
ered the EPD values Bfrom cradle to gate^ of each
material, primary energy consumptions related to
the transport to the place of production are already
included; only the primary energy consumptions
for the transport of materials from the factory to
the building site are calculated and added.

The factories closer to the building site for each
kind of material have been assumed, with the aim
of reducing embodied energy: 172 km for EPS,
63 km for glass wool and 520 km for rock wool.

After the identification of the factories closer to
the building site for each material, the calculation
of the indicator Btkm^ (ton per kilometer) was
carried out. Afterwards, it has been hypothesized
a transport by truck to the building site consider-
ing the primary energy consumption of a medium
truck (32 t) per 1 tkm (see Table 7).

Overall, considering the embodied energy due to
materials (Table 6) and due to transport (Table 7), the
retrofit strategies internal/external insulation with rock
wool have the lower embodied energy, despite the sig-
nificant impacts of transport. Therefore, considering that
the energy savings in the use phase of the three retrofit
strategies are similar (Fig. 5), internal/external insulation
with rock wool can be considered the most ecoefficient
retrofit strategy.

Table 6 The embodied energy of the materials of the retrofit strategies

PEI of the material (MJ/kg) PEI of added materials for retrofit (MJ)

EPS Glass wool Rock wool Roof EPS Roof glass wool Int/Ext rock wool

Ren 1.8 1.3 0.1 194,177 243,357 4337

Non-ren 110.7 28.8 12.9 11,941,911 5,223,104 559,454

Total 112.5 30.1 13.0 12,136,088 5,466,461 563,791

Table 5 Economic assessment of some retrofit interventions

Internal insulation
of the wall

External insulation
of the wall

Roof insulation

Cost (€) 253,303 235,303 2,091,420

Annual saving (€/a) Low-intensity use 1343 1147 1197

Typical use 6716 5735 6000

PBT (a) Low-intensity use 175 205 –

Typical use (+tax breaks) 35 (16) 41 (18) −(130)
DPBT (a) Low-intensity use – – –

Typical use (+tax breaks) 17 20 –

NPV (€) Constant energy cost (DF = 3%) −114,909 −131,494 −1,929,069
Increasing energy cost −43,175 −70,238 −1,864,982
Constant energy cost (DF = 4.7%) −131,552 −145,164 –

Constant energy cost (DF = 5.4%) −136,934 −149,542 –

IRR (%) Constant energy cost (+tax breaks) −2% (+2.58%) −3% (+1.6%) −15% (−)
Increasing energy cost (+tax breaks) +1% (+5.6%) 0% (+4.6%) −11% (−)
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Comparison between the embodied energy
of the retrofit strategies and the energy savings in the use
phase

The comparison between the energy consumption of the
retrofit strategies during the pre-use phases (embodied
energy in the preproduction and production and energy
for transport) and the corresponding energy savings in
the use phase was finally carried out.

The end of life was neglected because of the multiple
scenarios that could be outlined.

This comparison allows us to calculate the energy
payback time for each refurbishment, namely, the time
when the energy spent in the refurbishment phase is
compensated by the energy savings in the use phase.

Different scenarios regarding the service life of the
interventions were proposed, and for each of them,
energy consumptions (embodied energy + energy due
to transport) and energy savings in the use phase were
calculated. The results, expressed in energy per unit plan
area of the building, are shown in Fig. 8, Fig. 9 and
Fig. 10 for internal insulation of the wall, external insu-
lation of the wall and roof insulation, respectively. In
Fig. 8, Fig. 9 and Fig. 10 at the first year, the sum
(embodied energy + energy due to transport) and the
energy savings are shown. In the next years, the cumu-
lated energy savings are shown. Horizontal lines corre-
sponding to the sum of the embodied energy and energy
due to transport level are drawn, in order to facilitate
detecting the energy payback time.

0

20

40

60

80

100

120

140

160

180

200

220

240

1 2.7 10 20 30

En
er

gy
 p

er
 u

ni
t a

re
a 

[M
J/

m
2 ]

 

Time [years] 

Embodied energy and energy due to transport

Energy saving

Fig. 8 The energy payback time of the internal insulation of the wall

Table 7 Embodied energy due to the transport by truck from gate to building site

Indicator Embodied energy due to transport by truck

1 truck (32 t) per 1 tkm EPS Glass wool Rock wool

PEI non-ren (MJ) 3.71 68,857 42,459 83,689

PEI ren (MJ) 0.06 1039 641 1263

PEI tot (MJ) 3.77 69,896 43,100 84,952

1356 Energy Efficiency (2017) 10:1343–1364



In summary, considering the internal and external
insulation, it is possible to state that there is a significant
decrease of the thermal transmittance (from 1.87 W/

(m2 K) to 0.24 W/(m2 K)) with 0.13 m of insulation
material, while, considering the roof, there is a less
relevant reduction of the thermal transmittance (from
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Fig. 10 The energy payback time of the insulated roof

0

20

40

60

80

100

120

140

160

180

200

1 3.1 10 20 30

En
er

gy
 p

er
 u

ni
t a

re
a 

[M
J/

m
2 ]

 

Time [years] 

Embodied energy and energy due to transport

Energy saving

Fig. 9 The energy payback time of the external insulation of the wall

Energy Efficiency (2017) 10:1343–1364 1357



0.27 W/(m2 K) to 0.10 W/(m2 K)) despite that the
thickness of the material is considerably greater
(0.22 m). Moreover, it is important to notice that insu-
lating the roof requires seven times the amount of ma-
terial than insulating the vertical panels (290,000 kg for
the roof and 43,000 kg for the wall), mainly due to the
extension of the area involved (36,300 m2 of the roof
and 3700 m2 of the walls). This is the reason why the
energy payback time for wall insulation, either internal
or external, is significantly lower (approximately
3 years, Fig. 8 and Fig. 9) than that for the roof insula-
tion (more than 90 years, Fig. 10). No recurring energy
related to the replacement of insulation during the life
cycle has been considered because in this case it would
not change the identification of the best retrofit strate-
gies. In literature, there are variable replacement factors
for insulation materials; if we consider an average peri-
od of 25 years, the energy payback time for wall insu-
lation is still the best retrofit strategy.

Further, it can be noticed that the economic payback
times (Table 5) are generally much larger than the
energy payback time calculated here. The low cost of
the heating energy and electricity achieved by the Milan
Trade Fair contributes to this large difference, but it is
clearly not enough. The retrofit intervention on the walls
that is paid back in very long times on an economic basis
are rather affordable on a primary energy basis,
considering the low quantity of material related to the
significant reduction of the thermal transmittance (and
then of the energy consumption).

Critical issues of the evaluation

LCEA is a quantitative evaluation that allows an objec-
tive check, even though the reference to numerical
values is not synonymous with reliability and all the
assessments (especially with the degree of reliability of
data now available) may have a margin of uncertainty.
Information arising from the LCEA are used to define
guidelines and allow to redirect wrong strategies.

Undertaking an evaluation of buildings or materials
in the life cycle should be the current and future focus,
even if LCEA is a complex methodology and there are
many uncertainties and limitations in current practices.
It is not always easy to get reliable data and enough
information for all the life cycle processes, so generally
during the process of design choice, a simplified LCEA
is used. But, the variability of the data may also lead to

changes in the final evaluation (Lavagna 2008). For this
reason, in this study, the impact of some choices was
analyzed in order to verify the robustness of results.

The following are some of the main critical issues of
the LCEA that emerged from this study.

Implications of different life cycle inventory methods
on LCEA results

Life cycle assessments (LCA) and environmentally ex-
tended input-output (EEIO) analyses both strive to ac-
count for direct and indirect environmental impacts of
goods and services. Though the LCA data was more
detailed overall, some sectors of the economy were
more precisely represented in the EEIO database
(Majeau-Bettez et al. 2011).

The embodied energy values adopted in this study
rely on the so-called process-based analysis to quantify
environmental impacts, including energy consumption.
This is the most used life cycle inventory method,
according to the technical standards related to sustain-
ability of buildings, ISO 21929-1 (2011) and EN
15643-2 (2011), that are in compliance with LCA
methodology (ISO 14040: 2006).

But, some authors highlight that conventional
process-analysis-type techniques for compiling life cy-
cle inventories suffer from the so-called truncation error
which is caused by the omission of resource require-
ments or pollutant releases of higher-order upstream
stages of the production process; the magnitude of this
truncation error varies with the type of product or pro-
cess considered but can be on the order of 50 (Lenzen
2000) up to 87% (Crawford 2008).

The use of input-output data assists in improving the
system boundary completeness of life cycle inventories.
However, the use of input-output analysis alone does
not always provide an accurate model for replacing the
process data. More recently, hybrid inventory analysis
methods have been developed, combining these two
traditional methods in an attempt to minimize their
limitations.

For instance, Crawford (2011) has shown that input-
output-based hybrid analysis can produce embodied
energy figures up to ~4 times higher than process
analysis, for the same building.

Therefore, the absolute value of embodied energy
associated with the materials in this study can be
underestimated. Anyway, even if the embodied energy
of insulation would be four times higher, the wall
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insulation would remain the most energy-efficient retro-
fit strategy.

Influence of the embodied energy databases

One of the main issues of LCEA is how to collect the
appropriate data (representative technologies, geograph-
ical context, energy mix, life cycle phases and elements
included and system boundaries analyzed).

In particular, considering the embodied energy of the
materials such as in the previous analysis, it is possible
to have different values depending on the database: it is
difficult to understand how the data were built in the
different databases, how to compare them, which phases
have been considered and which processes are included
(for example, it is often difficult to understand if pack-
aging is included or not). EPD can be the solution for
affordable data, but it is not mandatory and widely
diffuse.

Figure 11 shows the embodied energy per unit mass
of EPS, glass wool and rock wool considering different
sources, showing that the choice of the type of data is
critical in a LCEA analysis.

Depending on the type of study, either detailed or
simplified, it should be chosen whether to use secondary
data from the database or primary data collected in
relation to a specific product. Even in the case of col-
lection of primary data, it is necessary to define if they
are collected only for the main processes or also for the
entire production chain. In this analysis, as already
mentioned, data taken from EPD were chosen because
specific retrofit solutions have been hypothesized. As

Fig. 11 shows, the assessments may change greatly if
data from other sources have been taken. In this study,
the use of EPD data ensures the reliability of the results.

The debate on the reliability of the databases to
process LCEA remains open, above all, the issue about
exporting data from a specific context to another. It
would be appropriate that the designer requires the
EPD of the materials, so that the companies would be
encouraged to draw it: in this way, the comparisons
between materials would be easier and more reliable.

Role of the transportation

The energy consumption due to the transport of building
materials and components from the factory to the site is
not negligible. However, it is difficult to control and
calculate all the energy consumption due to transport
during the design phase; also, because the designer
provides the technical specifications for products, he
does not address the choice of suppliers, which is a task
of the construction company.

Two important considerations have to be taken into
account: the transportation system and the location of
the factory of the chosen material. Here, the transporta-
tion system variability will be considered.

Currently, road transport is often chosen because it
allows arriving at decentralized locations, where the
plants are usually located, with a unique means of
transport. But, road transport has significantly more
impact than the transportation, with a ratio of about
1:6 (Fig. 12), considering direct (fuel) and indirect (ve-
hicles and infrastructure) energy consumption.

Fig. 11 Embodied energy per unit mass of the insulatingmaterials
considering different sources (Lavagna et al. 2011): EPD of spe-
cific products, ICE (Inventory of Carbon and Energy edited by

Hammond and Jones, University of Bath, 2011), IBO (Austrian
Institute for Healthy and Ecological Building, 2004), CasaClima,
studies of single authors (König 2005; Mötzl and Zelger 2000)
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In the calculation of the embodied energy of the retrofit
interventions in BCalculation of the embodied energy of
the retrofit strategies,^ road transport was assumed
(Table 7). Here, a transport by train to the building site is
also considered: the energy consumption of the transport
considering 1 tkm has been multiplied for the total tkm of
each material (related to the retrofit strategies). Comparing
the energy consumption of the two transportation systems
(see Fig. 12), it is evident that the rail transport is more
advantageous. However, in this study, the choice of the
transportation system does not significantly affect the final
picture, with reference to the remarks in BComparison
between the embodied energy of the retrofit strategies
and the energy savings in the use phase.^ In this case
study, the embodied energy due to transport related to the
roof materials is negligible; the embodied energy due to
transport related to thewalls influences for a 15 and 2% the
total embodied energy if the transport is by truck or by
train, respectively.

In general, the environmental assessment tools and the
environmental criteria for sustainable design (in Green
Public Procurement and in Green Building Rating Sys-
tems) promote the choice of local materials to reduce
impacts due to transport. The purchase of products is often
done by local dealers that, however, can supply from very
far away. Furthermore, the products can come from plants
that produced the finished component, assembling or op-
erating the latest process, but the network of the suppliers
of the materials and semi-finished products that are needed
to produce the finished component can be articulated and
the material can come from far away. Consequently, the

local origin should be demonstrated throughout the supply
chain and not only in the last steps; this demonstration is
often very difficult because of the paucity of information
available from producers. Finally, it should be emphasized
that local origin is not synonymous with reduction of
energy consumption in absolute terms because the energy
consumption is also related to the weight of the materials
and the dimensions of transport. For example, it may be
more advantageous for a product with enhanced modes of
transport (compressed load) from a distant factory rather
than for a product with non-optimized mode of transport
coming from a near factory. These considerations demon-
strate once again the need for an energy balance in the life
cycle linked to the specific case that allows one to compare
alternatives in relation to the real amount of material to be
transported, weight, compact dimensions, distances and
means of transport.

It would be desirable that the designer puts limits and
conditions on the origin of materials in order to be able
to manage and reduce the energy consumption in this
field. This would also greatly influence the actions of the
companies, which would have an incentive to structure
and make all the information transparent about the en-
ergy consumption of all the phases of the construction
process, also those related to transport.

Variability of the insulation material profile

When comparing and evaluating different materials, it is
important to take into account the performance required.
For example, if a comparative evaluation of insulating
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materials has to be set, the performance of thermal
insulation is achieved by a number of different products
depending on the thermal conductivity of different ma-
terials with different densities so the comparison should
not be at the same weight but at the same performance.
For this reason, it becomes necessary to clarify the
expected performance of the products and the functional
unit, in order to calculate the related reference flow
(quantity of material).

In the following, an example of comparative analysis
of different types of insulation is shown, considering the
thermal transmittance as functional unit, for the internal
insulation case.

In Fig. 13, the different values of thickness of the
insulations, apart from the chosen rock wool adopted in
BCalculation of the embodied energy of the retrofit
strategies,^ allowing to achieve the set thermal transmit-
tance in the case of internal insulation retrofit strategy,
are shown.

As already mentioned, considering the thermal trans-
mittance as a functional unit, the amount of materials
changes (related also to density) and, if it happens, the
impacts due to transport would also change and so on;
all the aspects of uncertainty and all the variables de-
pend on each other.

The total mass of eachmaterial was then calculated in
order to compare the differences in terms of embodied

energy (see again Fig. 13) of the internal insulation
retrofit strategy.

It has to be noted that also considering the same
material, different density values (related to different
products and producers) and also different values of
embodied energy per unit mass (related to different
databases or EPD) can be found, increasing the variabil-
ity of the analysis. In this comparison, the values of
embodied energy per kilogram were taken by the data-
base ICE (Hammond and Jones 2011).

Results in Fig. 13 show that the choice of the material
can greatly change the result, up to six times if we
compare cork and cellular glass. However, in this study,
the difference of the embodied energy of the different
retrofit strategies is much higher than six times. Hence,
even by changing the materials, the wall insulation
would remain the most energy-efficient retrofit strategy.

Conclusions and discussion

A literature review on life cycle energy analysis has put
in evidence that most studies focus on residential and
office buildings. In this paper, for the first time to the
best of the authors’ knowledge, a comprehensive energy
analysis of a peculiar kind of building, namely an exhi-
bition hall of a trade fair center, was carried out. The
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analysis included the assessment of both the operational
energy for climatisation and the embodied energy of the
building envelope and structure.

Although the building envelope is not especially
efficient from an energy perspective, an artificially low
value of the operational energy for climatisation was
found, due to the small effective use period during the
year. This result may also occur in other kinds of build-
ings with low-intensity use. The exhibition hall embod-
ied energy, when represented per unit volume rather
than per unit area, appears comparable with that of
literature data, although they mostly refer to residential
buildings that are only partially comparable with the
case study. More efforts are needed to produce reference
embodied energy figures for building typologies differ-
ent from residential ones. The absence of internal parti-
tions and slabs in the exhibition hall determines a rela-
tively low use of constructionmaterials compared to that
of residential buildings and thus influences the final
embodied energy figure of the hall. This result may
occur in general in any hall, namely, in any building
that is a large single volume. In the comparison between
embodied energy and operational energy of the hall,
again, the role of the short use period during the year
was highlighted. Fifty-seven years are needed for the
operational energy to balance the embodied energy, but
they would decrease to less than 8 years if the exhibition
hall yearly use was similar to that of an office.

As a second step, an energy analysis of some energy
retrofit interventions was carried out, both from the
operational energy and from the embodied energy point
of view. Themost effective interventions at the envelope
and HVAC system management levels were identified.
However, the retrofit interventions based on insulation
resulted in quite long economic payback times, mainly
due to the low-intensity use of the building. Therefore,
on the operational energy basis, the only feasible inter-
ventions are the no-cost ones, based on the HVAC
management strategies. On the contrary, on the embod-
ied energy basis, i.e., comparing the embodied energy of
the insulation interventions with the energy savings in
the use phase, interesting energy payback times were
achieved: the embodied energy of the wall insulation
strategy is offset in only 3 years by the energy savings
during the operational energy.

This outcome puts in evidence the added value of the
embodied energy evaluation; since, in this case, it may
lead to a completely different decision on the opportu-
nity to afford the insulation interventions.

At the same time, it is clear that increasing the effec-
tive use of the exhibition halls, by considering the
possibility of adapting these spaces to different activi-
ties, such as sport events, theater events or concerts,
would make energy retrofit strategies more economical-
ly advantageous. Moreover, also considering the life
cycle perspective, adapting a building to multiple func-
tions reduces the need to build more buildings for dif-
ferent functions, and this means the reduction of the total
energy consumption.
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