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Abstract: The energy audit for a building is a procedure designed mainly to obtain adequate
knowledge of the energy consumption profile, identify, and quantify opportunities for energy savings
by a cost-benefit analysis and report, clearly and comprehensively, about the obtained results. If the
audit is referred to a building with a significant historical and artistic value, a compatibility evaluation
of the energy saving interventions with the architectural features should also be developed. In this
paper, analysing the case study of a historical building used as public offices in Pisa (Italy), the authors
describe how it is possible to conduct an energy audit activity (especially dedicated to the lighting
system) and they show how, for this type of buildings, it is possible to obtain significant energy
savings with a refurbishment of the lighting system. A total number of seven interventions on indoor
and outdoor lighting sub-systems were analysed in the paper. They are characterised by absolute
compatibility with the historical and artistic value of the building and they show short payback times,
variable between 4 and 34 months, allowing a reduction of the electrical energy consumption for the
artificial indoor and outdoor lighting variable from 1.1 MWh/year to 39.0 MWh/year. The followed
methodology and the evaluation results described in the paper, although based on a case study,
can be extended to numerous historical buildings used as public offices, a recurring situation in the
centres of Italian historical cities.
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1. Introduction

The energy audit for an existing building is a procedure designed mainly to obtain an adequate
knowledge of the energy consumption profile, identify and quantify the opportunities for energy
savings by a cost-benefit analysis, and report, clearly and comprehensively, about the obtained
results [1]. Therefore, for energy audit should be considered a systematic procedure which begins
with survey operations and with the acquisition of the historical consumption data of the building,
proceeds through the use of appropriate simulation models for the energy performance of the
building, and finishes with the identification and analysis of energy-saving opportunities based
on cost-effectiveness evaluations. If the audit refers to an existing building with a significant historical
and artistic value a compatibility evaluation of the energy saving interventions with the architectural
features should be also added to the above indicated stages, which requires a multidisciplinary and
well-structured analysis [2-5].

The relevance of Italian cultural heritage is universally recognized, considering that it is rated
as first for the number of sites registered as “heritage of humanity” in the UNESCO World Heritage
List [6]. The historical city centres contain most of the cultural heritage; in fact, in the entire stock of
Italian residential buildings, almost two out of ten buildings are built before 1900. In absolute terms,
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nowadays in Italy there are over two million historic buildings used. The buildings with significant
historical and artistic value are frequently assigned to public functions, and they are used as offices
or similar activities and are generally characterized by poor energy performance. With particular
reference to the buildings used as public offices, for which the energy consumption is mainly due to
winter heating, summer cooling, and artificial lighting, a national average value of the annual energy
consumption of about 500 kWh/m?year is estimated [7], far away from the performance of the energy
efficient buildings and from the requirements fixed by the municipal building regulations for energy
saving [8-11]. In the historical buildings, this situation is further exacerbated because the envelope
structures have not been designed in accordance with the optimization of energy performance criteria
and the volumes are usually of considerable size [12,13]. However, the interventions that allow a
significant improvement of the building envelope performance, in terms of thermal insulation and
humidity behaviour, are usually invasive. They are made predominantly in the opaque portion of the
building envelope (the main portion, especially for historical buildings) and they generally provide
for the laying of a thermal insulating layer on the outer side (external insulating coating) or on the
inner side (counter-wall or false ceiling with insulation material) of the existing building structures.
The possibility to carry out such interventions, regardless of the economic benefits, should be assessed
case by case in order to ensure the preservation of the historical and architectural value of the building.

The energy saving interventions that involve the refurbishment of the lighting systems are, on the
contrary, generally minimally invasive (especially in the case of re-lamping or the installation of
automatic systems for control and management of the lighting) and they can be leave unchanged the
architectural value of the buildings. In addition, for office buildings (a frequent function attributed to
the Italian historical buildings) the energy consumption due to artificial lighting represents a share
higher than 50% [7,14] of the overall consumption. For this reason, carrying out an energy audit of
the lighting system is important in order to identify energy saving interventions that are simple to
implement, enabling significant reductions of the energy consumption and of the related cost [15,16].

In this paper, using the case study of the historical building named Palazzo Medici in Pisa (Italy),
which currently houses the headquarters of the Prefecture of Pisa, the authors describe how it is
possible to conduct an energy audit activity for the lighting system and they show how, for this type of
buildings, it is possible to obtain significant energy savings with interventions of refurbishment of the
lighting system. The results of the evaluations described in the paper, although based on a case study,
can be extended to numerous historical buildings used as public offices, given that the characteristics
of the building envelope, the lighting system, and the building use are common to numerous buildings
which can be found in the centres of Italian historical cities.

2. Material: The Historical Building Used as Case Study

Palazzo Medici (also known as Palazzo Vecchio) is a building of great historical and artistic value,
which was built in the eleventh century [17]. It is located in the city centre of Pisa, on the banks of the
Arno river (see Figure 1).
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Figure 1. Aerial view of Pisa with positioning of Palazzo Medici.
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The building derives from the expansion of an old tower-house (typical building for the town of
Pisa, which served for both residential and defensive use). Built originally outside the city, in an almost
rural area around the monastery of San Matteo, the building has been inhabited by the illustrious
families of Pisa as Casapieri and later D’Appiano, who expanded the building, reinforcing the part
overlooking the Arno river, and created a vast backyard. After a series of vicissitudes, the Medici family
took possession of the building in 1441, considering the strategic location, because it was in front
of the Cittadella Nuova that was just realized in the fifteenth century. The building became the first
ducal residence of the Medici family in Pisa. The building has undergone some renovation and partial
expansion under the guidance of well-known Tuscan architects, such as Giovan Battista di Marco del
Tasso and Baccio Bandinelli. The most impressive renovation work was conducted in 1871 based on a
project of the architect Ranieri Simonelli, commissioned by the marchioness Vittoria Spinola, daughter of
Vittorio Emanuele 1I, owner of the building at the time. Since 1929 the building houses the headquarters
of the Prefecture of Pisa, its offices, and the residence of the Prefect.

The building consists of three floors, as shown in Figure 2, with a covered area of 1200 m?. Of the
three floors, the third is entirely allocated to public offices (net floor area of 930 m?), while the ground
floor and the first floor are partly allocated to public offices (net floor area of 410 m? for each floor) and
partly allocated to the residence of the Prefect and to other private-use environments.
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Figure 2. Palazzo Medici in Pisa: (a) Western front view; (b) Southern front view; and (c) A schematic
plan of the second floor.

The results presented in this paper are related only to the portion of the building intended to
public offices (the other portions are disregarded), which is characterised by a net floor area of 1750 m?
and a gross volume of 9500 m?>.

In Table 1 the main geometrical dimensions are summarized for the analysed portion of the
building. The building was subjected to an energy audit, carried out by the authors in the period
May 2013-September 2014.
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Table 1. Palazzo Medici: volumes and areas used as public offices for each floor.

Floor
Geometrical Features Unit Total
Ground 1st 2nd
Gross volume 3 2230 2230 5040 9500
Net volume (m”) 1560 1560 3470 5190
Gross floor area 2 510 510 1180 2200
Net floor area (m) 410 410 930 1750

3. Method: The Energy Audit for the Lighting Systems

Although lacking an international standardization on the detailed modalities to conduct an
energy audit for a historical building intended for a public function so relevant as that of a Prefecture,
the energy audit of Palazzo Medici was carried out according to the latest European guidelines in this
regard [14,18,19]. The fundamental steps, performed by the authors during the energy audit activity,
can be summarized as follows:

L Historical data analysis of the energy consumption of the building for the last five years, through
retrieval and consultation of the filed documentation (i.e., billing, invoicing);

II. Detailed relief of the building geometry, the envelope features, and the energy systems;

II.  Development of a calculation model for the evaluation of the thermal, electrical, and primary
energy demands;

Iv. Comparison between ascertained and calculated energy demands;

V. Proposals of different interventions for energy saving, concerning to the building envelope and

the energy systems;
VI.  Cost-benefit analysis for the proposed solutions.

Particular attention was paid to the analysis of the lighting systems, which are the subjects of
the energy saving interventions described later, since for the buildings are used for public functions
(especially public offices) and the electrical energy consumption for lighting usually represents a
significant share of the overall primary energy consumption of the building [7,14].

To perform an energy audit specifically dedicated to the lighting system it is possible to repeat,
in detail, the steps from I to VI of the general procedure of an energy audit, with some important
observations. As for the step I, it is necessary to observe that the historical buildings very often have
no energy meters specifically dedicated to the lighting systems. Therefore, it is usually not possible
to obtain the electrical energy consumption due to only the artificial lighting, but this consumption
is contained in the global electrical consumption detectable by the filed documentation. This has
significant repercussions on the successive steps from II to IV, in fact forcing the auditor to do a very
detailed survey of all of the electrical equipment that contributes to the electrical consumption (not only
the lighting system), taking over their operational characteristics and mode of use (ignition timing,
management techniques, etc.) and interviewing users and maintainers. Obviously, the mathematical
model for the evaluation of the electrical consumption should not be limited to the lighting system,
but must be extended to all of the electric equipment in order to compare the calculated consumption
and the ascertained one. If the model is made accurately and its results are in good agreement with the
ascertained values, then it is possible to evaluate energy saving interventions on the lighting system
and assess their anticipated benefits for each intervention.

For the case study, the lighting system is composed by two sub-systems: an indoor lighting
sub-system (necessary to guarantee the efficient and safe execution of the visual tasks for both
employees and visitors, hereinafter simply named the indoor lighting system) and an outdoor lighting
sub-system (mainly used to provide architectural lighting to the facades and the gardens of the
building, hereinafter simply named the outdoor lighting system). For these lighting sub-systems a
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detailed survey of all the luminaires and the installed lamps was conducted, identifying their technical
and operating features. To facilitate the survey activity and the data collection on indoor and outdoor
lighting sub-systems, some sheets were prepared, to fill in for each type of luminaire. Each data
collection sheet contains the main electrical and photometric data of the related luminaire. An example
of the data collection sheet is shown in Figure 3 for a luminaire of the indoor lighting system.

Luminaires Luminaire Number Total number
ID picture of luminaires for floor | of luminaires
4 Ground: 5
3 First: 0 20
Second: 15

More frequent installation room: offices with video terminal workstations
Number of lamps: 2
Electrical input power (W): 136
Optical efficiency (%): 52
Electrical nominal power (W): 58
Single lamp description: Luminous flux (klm): 5200
fluorescent tube Color temperature (K): 4000

Color rendering index: >80

Luminaire description:
ceiling mounted luminaires

Figure 3. Example of the data collection sheet for a luminaire of the indoor lighting system.

4. Results

From the historical analysis of the energy consumptions of the building (step I, see previous
section), developed through the analysis of the filed documentation (billing, invoicing) of the last
five years, it was possible to determine the average annual consumption for each energy carrier:
41,400 m? of natural gas and 164 MWh of electrical energy, which result, respectively, in 413 MWh
and 397 MWh of primary energy (determined by using a lower calorific value of 9.5 kWh/m?3 for
the natural gas and the following conversion factors from energy carriers to primary energy [20]:
1.05 for natural gas and 2.42 for electrical energy). Figure 4 shows the trend of the average annual
consumption of primary energy during the year. The average annual consumption of primary energy
is 810 MWh/year, divided nearly equally between natural gas (51%) and electrical energy (49%).
Evaluating only the energy consumption for the winter heating, as is usually done, by considering the
natural gas consumption (used only for the air-conditioning during the winter season) and the net
floor area, an energy performance indicator for winter heating EPi = 236 kWh/ m2year is obtained,
similarly to what was obtained for other historical buildings [21].
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Figure 4. Trend of the average annual consumption of primary energy.
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During the detailed relief activity (step II), all significant characteristics of the building and of
its energy systems, which are able to influence the energy consumption, were acquired. By limiting
the discussion of the results to those obtained for the lighting system, it is important to note that it is
characterized by different luminaires (about 40 different types), of which some typical examples are
shown in Figure 5. Some luminaires have a significant historical and artistic value (e.g., see Figure 5a,d),
while others, although not recently installed, have no particular artistic feature (e.g., see Figure 5b,c,e).

(© @ (o)

Figure 5. Relief of the lighting system, examples of: (a) historical luminaires; (b) luminaires for offices
and for (c) archives; (d) historical lanterns and (e) perimetral luminaires.

Even the installed lamps are of different types: incandescent, fluorescent, halogen, metal halide
and, in the case of the outdoor lighting, also sodium vapour and mercury vapour lamps. In Table 2,
for the purpose of the energy assessment, the results of the survey of the lighting system are
summarized. In Table 2, the installed electrical powers, grouped by the type of environment and
type of lamp, are shown. It should be noticed that the turning-on of numerous luminaires are often
controlled by a single manually-operated switch; this limits the possibility of selecting the number of
lamps to be turned-on, according to the actual need of artificial light and, thus, to save energy.

Table 2. Results of the detailed survey of the indoor and outdoor lighting systems.

Lighting System Installed Power, Pt (W), for Each Lamp Type
Ind H MH CF FT I Total
ndoor (32 (20) (290)  (150) (105)  (597)
Staff offices 1000 1200 60 7140 4200 13,600
Meeting rooms - 380 420 - 360 1160
R Archives 240 - - 1660 60 1960
ooms Corridors 930 - 4970 - 860 6760
Stairs and halls - - 580 - 800 1380
Bathrooms - - 380 560 - 940
Outd H MH CF HPS MV Total
utdoor @ (28) (11) @ © (59)
Northern - 70 - - - 70
Facad Western 1050 3520 2630 - 1280 8840
acade Southern 240 - - - - 240
Eastern 240 4120 - 4800 1440 10,600

The symbols used for the lamp types are: H = halogen, MH = Metal halide, CF = compact fluorescent,
FT = fluorescent tube, I = incandescent, HPS = high pressure sodium, MV = mercury-vapour. In the brackets
the total number of each lamp type is indicated.

On the basis of the data collected during the historical analysis (step I), a calculation model
for the evaluation of the thermal, electrical, and primary energy demands was carried out (step III).
The model was developed by using the methodologies indicated in the technical standards in force
nowadays for the air-conditioning, domestic hot water production, and lighting energy demands
evaluation [22,23]. The results obtained from the calculation model were in good agreement with
the results of the historical analysis, and the percentage difference between the simulated and actual
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(invoicing and billing) primary energy consumptions was less than 10%, for all years of the analysed
time period (2009-2013).

By using the calculation model, it was possible to highlight the percentage of the different energy
uses on the total annual energy consumption. In particular, for the electrical energy, Figure 6 shows
the percentage distribution of the consumption among the different energy uses, from which it is
possible to note that the most significant part is that due to the lighting (indoor and outdoor lighting)
which exceed 60%, and are consequently about a third of the total primary energy consumed (see also
previous section). Eighty percent of the consumption for lighting (51% of the overall electrical energy
consumption) can be attributed to the indoor lighting system, while the remaining 20% (13% of the
overall electrical energy consumption) can be attributed to the outdoor lighting system (see Figure 6).

800 160

[a]

110
- [c]

90

(6]

700 140

80%
600 120 + 80 L]

64%

500 100 70 1

51% % 60

400 80 -

50

300 60 - 40

30%
30
200 40 -+ 20%

20 +

Primary energy consumption (MWh/year)

100

Electrical energy consumption (MWh/year)

20

6% 10 +

0+ 0+ — 1 0 +
Natural Electrical Lighting Domestic Other uses Indoor  Outdoor

gas energy system hot water (electrical) system  system

Electrical energy consumption for lighting (MWh/year)

Figure 6. Distribution of the calculated consumptions: (a) Primary energy; (b) Electrical energy;
and (c) Electrical energy used for lighting.

Given the obtained results, it seems of interest to pay attention to some interventions with which
significant energy savings on the lighting consumptions can be achieved. This type of interventions
is generally non-invasive, such as simple lamp replacement in existing luminaires [15,24,25],
and as a result is particularly suited to buildings for which the preservation of artistic value is a
fundamental prerequisite.

5. Discussion

From the results obtained in the previous steps, techno-economic proposals for reducing energy
consumptions of the indoor and outdoor lighting systems were analysed. The proposal that are
described and discussed in detail arise from a broader evaluation conducted by the authors on a total
of 37 possible interventions or combinations of interventions concerning not only the lighting systems,
but also the building envelope and the air-conditioning system. The interventions on the lighting
systems, however, are of easier implementation, also from the point of view of the manager of the
building, because they have a greater reduced cost compared to other types of interventions and they
have advantageous payback times. All of the analysed interventions are such as to enable improved
energy efficiency without reducing the average comfort conditions currently present and, in some
cases, enhancing aspects of health and safety in the workplace, which are fundamental requirements
especially in building used for public functions [26-28].

In the analysis of the achievable annual energy savings, in the evaluation of investment costs
and payback times, in the identification of the technical proposals for greater convenience (composed
of one or more interventions on the lighting system), the guidelines on the implementation of the
cost-optimal methodology in EU countries were followed [29].
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The analysed interventions on the lighting system are divided into interventions on the indoor
lighting system (I) and interventions on the outdoor lighting system (O). For the first group,
the following interventions were considered: replacement of the incandescent lamps with compact
fluorescent lamps in the historical luminaires, keeping the same shape of the lamps for aesthetic reason
(I1a); replacement of the incandescent lamps with LED lamps in the historical luminaires, keeping
the same shape of the lamps (I1b); replacement of the incandescent lamps and of the fluorescent
lamps (both compact and linear) with LED lamps in all the luminaires, keeping the same shape
of the lamps in the historical luminaires (Ilc); installation of natural light sensors for automatic
switch-off of some luminaires in the corridors, staff offices, and meeting rooms (12); installation of
motion sensors to automatically switch on and off of the luminaires in the bathrooms and in the
archives (I3). Interventions I1a, I1b, and Ilc are alternative solutions and, for this reason, they have
been indicated with the same code I1. For the selection of the new lamps, it was decided to keep
constant the luminous flux emitted by the replaced lamps. That choice was made following a series
of experimental measurements, carried out by the authors on a significant sample of the rooms of
the building. From the experimental measurements it was possible to observe illuminance values
satisfying the minimum values required by the technical standards [26,30] for the main visual tasks
performed in the examined rooms.

For the second group the following interventions were considered: replacement of obsolete
floodlights used for the perimetral outdoor lighting with LED floodlights (O1); and the installation of
a timer for the programmed switch-on and -off of the luminaires used for the garden lighting (O2).

As for the indoor lighting system, using the calculation model developed for the evaluation of
the lighting energy demands, the evaluation of the Lighting Energy Numeric Indicator (LENI) was
conducted in accordance to the “complete” method indicated in [23], where:

LENI=W/S 1)

where S (m?) is the net floor area and W (kWh/year) is the total annual electrical energy used for
lighting. In particular W can be calculated as [23]:

WZWL+WP (2)

where Wy, is the annual electrical energy required to fulfil the illumination function and purpose in the
room, Wp is the annual electrical parasitic energy required to provide charging energy for emergency
lighting and for standby energy for lighting controls. The annual lighting energy Wy, was calculated
as [23]:

Wi = (Pr-Fc-Fo-(tp-Fp + tn))/1000 3)

where Pt (W) is the total installed electrical power for lighting, tp (h) is the daylight usage time,
tn (h) is the non-daylight usage time, Fc (d.u.) is the constant illuminance factor, Fo (d.u.) is the
occupancy dependency factor, and Fp (d.u) is the daylight dependency factor. The annual lighting
energy Wp for the case study building was estimated as the product of the standard consumption of
6 kWh/ m2year [23] and the net floor area S (see Table 1).

The LENI was calculated for the current state and, as a result of each intervention, proposed for
improving the energy efficiency of indoor lighting system (I1-13). In Table 3 the results obtained from
the calculation are reported. As can be seen from the data shown in Table 3, the largest reduction of the
LENI is obtained with the Ilc intervention, after which the LENI is reduced by 52% and, consequently,
the electrical energy saving (EES) is 39.0 MWh/year. The electrical energy saving was evaluates as
EES = Wiy — Wy, where Wiy and Wy are the values of the annual electrical energy required to
fulfil the illumination function in the case of the current state (W1) and in the case of the analysed
intervention (Wry).
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Table 3. Results of LENI evaluations for the current state and for the different energy saving
interventions on the indoor lighting system.

Energy Saving Intervention

Parameter Current State
I1a I1b I1c 12 13
Pt (kW) 25.8 21.2 20.4 10.2 25.8 25.8
Fc 1 1 1 1 1 1
Fo 1 1 1 1 1 0.95
Fp 1 1 1 1 0.85 1
tp (h) 2250 2250
tn (h) 250 250
Wi (MWh) 64.5 531 511 255 558 61.3
LENI (kWh/mZyear) 429 36.3 35.2 20.6 37.9 41.0

The use of control systems, in order to better exploit the contribution of natural light, (12) allows
a reduction of the LENI by about 12% with an EES of 8.7 MWh/year. Note that the use of control
systems, in order to better exploit the contribution of natural light, is allowed in the case study
(historical building used as public offices) as they are not present artworks that need special protection
from solar radiation. Considering the combination of the three compatible interventions Ilc, 12, and I3,
it is possible to obtain a LENI of 18.0 kWh/m?year with an overall reduction of 58% and an EES up to
43.5 MWh/year.

In order to evaluate the economic benefits related to the described interventions, an economic
analysis was conducted for a reference period of 10 years. Before introducing the results, which are
discussed with special reference to the lamp replacement interventions, it is necessary to provide
information on the economic items considered for the calculation.

For each proposed interventions the initial investment cost (Cy), the operating cost (Cp), and the
maintenance cost (Cyg) were calculated. The parameter Cj is given by the product of the number of
installed sources and their all-inclusive unit cost (which takes into account the supply, installation,
and disposal costs usually applied in Italy). The evaluation was done considering that the lamps
replacement is funded by own funds, for this reason the C; was placed in the year of the installation of
the new lamps. The parameter Cg is due to the energy consumption when the lighting system is turned
on and it depends on the actual electrical installed power for lighting, the usage times and the hourly
rate of electrical energy (estimated at 0.25 €/kWh according to the all-inclusive tariff derived from
billing). In the economic analysis, for the usage times (daylight usage time and non-daylight usage
time) the standard values suggested in [23] for office buildings were used (see Table 3); these values
were considered to be representative of the case study following the results of an interview with the
office workers about the usage profiles of the building. The parameter Cy; depends on the frequency (1)
of the scheduled maintenance for the luminaires [31], which are necessary in order to guarantee that the
lighting requirements are satisfied. Cy; was evaluated considering the replacement of all of the lamps
at each scheduled maintenance cycle. The frequency T of the scheduled maintenance varies with the
function of the lamp type and the room type, is influenced by the lighting requirements, which need
to be satisfied, and by the technical data about the lamp survival and lamp lumen maintenance
provided by the manufacturers. Assuming a maintenance factor of 0.8 (typical value used for an
office building [31]) and the data provided by the manufacturers, for the case study the values of the
maximum usage times (maximum times beyond which the lamps must be replaced) are: 2500 h for the
incandescent lamps, 7500 h for the fluorescent lamps, and 15,000 h for the LED lamps. Through these
calculated values, it has been possible to evaluate: T = 1 year for the incandescent lamps, T = 3 years
for the fluorescent lamps, and T = 6 years for the LED lamps. Cp and Cy; are referred to different years,
with respect to Cy; for this reason a discounting procedure with a discount rate (r) of 4% was applied.
The discount rate is defined as the rate at which the investment revenues and costs are discounted
in order to calculate its present value [32]. The discounting of the individual cost parameter has
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been done by using the following equation: Cp = Cx /(1 + r)k, where Cp (€) is the discounted cash
flow, Ck (£) is the cash flow expected in the k-year and r is the discount rate. To properly assess the
economic feasibility of the interventions of lamp replacement it is necessary to take into account the
benefits that can be achieved from the economic point of view. The expected benefits were assessed in
terms of economic benefit related to the electrical energy saving (Bo) and to the reduced maintenance
(Bm) associated with the different type of lamps. Bo was evaluated considering the value of EES
obtained by each intervention and the hourly rate of electrical energy; By was evaluated considering
the cost savings obtained as a result of the maintenance not performed of the replaced lamps in
each intervention.

The economic costs and benefits, assessed for the reference period of 10 years, are shown on an
annual basis in Table 4 for the interventions I1a, I1b, and Ilc. For each intervention, there are both the
incoming and outgoing cash flows and it is possible to calculate the payback time (PBT) and the net
present value (NPV) [32]. In Figure 7a,b, the values of NPV, as a function of time, are shown in the case
of the interventions realized with an investment by own funds and a discount rate of 4%. The economic
benefits linked to the interventions are significant. It is possible to note that the NPV values at the
tenth year are 22,500 € for the replacement of incandescent lamps with fluorescent lamps (Figure 7a),
25,900 € for the replacement of incandescent lamps with LED lamps (Figure 7a) and 65,900 € for the
replacement of both incandescent and fluorescent lamps with LED lamps (Figure 7b). In this latter
case, the reduced installed power of the LED, combined with their long life time, allows a significant
reduction of the operating and maintenance costs in the analysed period.

Table 4. Calculation results: economical parameters for different energy saving interventions (lamp
replacement interventions).

Energy Saving Intervention

Parameter Unit
I1a I1b I1c
G (k€) 0.70 1.65 11.52
Co 1050 560 3970
Cm 230 270 1920
Bo (€/yean) 3900 3900 13,730
Bm 170 170 1570
30
Incandescent lamps 0 —
replacement with: a 0 b L
25 M fluorescent lamps i ]
LED lamps 50 +— - F
20 B —
g g ® siniaial:
J 15 - S — = H -
E C>L 30
z z
10— -2 HINIEIEI
5 10 1 r
0 (| D L B
| I ﬂ 12 3 4 5 6 7 8 9 10
0 fm -10
0 1 2 3 4 5 6 7 8 9 10 Year
5 Year 20

Figure 7. (a) Values of NPV as a function of time in the case of incandescent lamps replacement;
and (b) both incandescent and fluorescent lamps replacement.

Comparing the trends indicated in Figure 7a, it can be observed that in the replacement of
incandescent lamps, despite the higher initial cost of LED lamps, the intervention I1b (replacement
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with LED lamps) is more advantageous than the intervention Ila (replacement with fluorescent lamps)
from the third year. Given the intensive use of the indoor lighting system, the values of the PBT (time for
which NPV = 0) are also encouraging, as they reflect (see Figure 8) four and six months, respectively,
for the replacement of incandescent lamps with fluorescent and LED lamps, and 16 months for the
replacement of both incandescent and fluorescent lamps with LED lamps.
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Figure 8. PBT values (months) vs. electrical energy saving (MWh/year) for the seven analysed
interventions on the indoor and outdoor lighting systems.

As for the outdoor lighting system, using the calculation model, the evaluation of the energy
consumption by considering the electrical installed power for lighting and the nocturnal time usage
was conducted. From the calculation results, it was possible to observe that the interventions O1
and O2 enable, respectively, a reduction percentage of the electrical energy consumption for outdoor
lighting of 25% and 5%, with electric energy savings, respectively, of 5.3 and 1.1 MWh/year. The values
of the PBT are 20 and 10 months, respectively, for interventions O1 and O2.

Figure 8 summarizes, for the seven considered interventions, the annual energy savings achieved
(MWh/year) and the PBT values (months). It is interesting to note that the interventions of lamp
replacement for the indoor lighting system (most significant interventions at points I1a, I1b, and I1c in
Figure 8) are characterized by a very similar ratio between PBT and electrical energy saving, of about
0.4 months/(MWh/year), as it is possible to see from the black line in Figure 8.

6. Conclusions

In this paper, using the case study of the historical building named Palazzo Medici in Pisa (Italy),
which currently houses the headquarters of the Prefecture of Pisa, the authors have described how it
is possible to conduct an energy audit activity especially dedicated to the lighting system and they
have shown how, for this type of buildings, it is possible to obtain significant energy savings with
interventions of refurbishment of the lighting system.

For the Palazzo Medici the annual consumption of electrical energy is about 160 MWh/year of
which over 60% is due to artificial lighting. This consumption was obtained by a detailed assessment
of the filed documentation (i.e., billing, invoicing) for the last five years and by the development of
a calculation model able to describe the thermal and electrical behaviours of the building. From the
assessment it was possible to identify seven different interventions of refurbishment of the lighting
system, characterized by absolute compatibility with the historical and artistic value of the building.

For each intervention a techno-economic evaluation has discussed, showing the achievable energy
saving and the economic benefits for a reference period of 10 years. From the evaluation results
it is possible to observe that the seven interventions allow electrical energy saving for the artificial
lighting variable from a minimum of 1.1 MWh/year for the outdoor lighting system to a maximum of
39.0 MWh/year for the indoor lighting system (related percentage reductions of the electrical energy:
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5% for the outdoor lighting system and 52% for the indoor lighting system). The seven interventions
are also advantageous in economic terms, with short payback times variable between 4 months and
34 months.

The results of the evaluations described in the paper, although based on a case study, can be
extended to numerous historical buildings used as public offices, given that the characteristics of the
building envelope, the lighting system, and the building use are common to numerous buildings
which can be found in the centres of Italian historical cities.
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