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Optimizing consumptions in the field of civil construction led to define energy labels for residential
buildings. To calculate the building energy demand the EPgl was determined, i.e. the annual consumption
per m2 of primary energy. This paper examines the technical solutions useful to optimize the energy
demands for heating during space-heating season and domestic hot water production (thanks to energy
analysis softwares as MC11300 and TRNSYS) and, at the same time, to take into account the financial
issues those interventions implied. The total inside heated surface of the building case study is
1204.00 m2, hence the inside heated volume is about 3250.80 m3. Besides the more traditional interven-
tions concerning the building envelope and its systems, the paper examined the performance of a system
obtained through the combination of a cogenerator (CHP) and a heat pump (HP), thus, substituting the
conventional boilers of the buildings. CHP+HP solution increases the most the energy label of the building
(from a D class with EPgl = 59.62 kW h m�2 year�1, to an A class, with EPgl = 25.64 kW hm�2 year�1),
determining an annual energy cost saving of 3,114 € year�1, allowing to amortize installation costs
(54,560 €) in a reasonable payback period, i.e. 15.4 years. This innovative solution in the residential
sector can be realized through retrofit interventions on existing buildings, hence it leads the current
dwelling towards nZEB with a remarkable benefits for the environment.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Recent outlooks revealed a constant increase in the global
energy consumption until 2040, whatever the economic and polit-
ical scenarios might be [1]. Right now the residential sector reports
an influence of 18% on the entire global energy demand. The new
overspreading demand of the emerging economies in the non-
OECD Countries is leading to new residential conditions with
higher living standards. Hence some other factors will increase
in the residential sector as well: heating consumptions, the
production of domestic hot water, air-conditioning and lighting.
The estimation is that until 2040 the demands of this sector will
increase with an average annual rate of 0.4% in developed
Countries and 2.5% in the developing Countries, until reaching a
31% of total world residential delivered energy consumption.

To be more specific, in Europe the 2010 residential sector
reported a 26.65% of total final energy consumption [2]. According
to the geographical location in EU, the energy mix that wants to
fulfill the demand is formed by the combustion of fuel and gas
derivatives (55% of the total) in the South of Europe, whereas a cer-
tain quantity of energy derived from the coal must be added in the
Centre and East of Europe (51% of the total) and in the North and
West of Europe as well (60%) [3]. Nowadays these energy choices
cannot be environmentally sustainable anymore. The solution is
to regulate the demand of the residential sector by reducing the
exertion of traditional energy sources and at the same time using
renewable sources [4]. This is why the EU issued a legislation
[5–8] that wanted to promote the energy efficiency in buildings
by making homogenous regulations in all those Countries part of
the community seeking for new technical solutions that might
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Nomenclature

C internal heat capacity of the building [J K�1]
CHP combined heat and power [–]
CO2 carbon dioxide [–]
COP coefficient of performance [–]
CTI Italian Technical Committee [–]
EPacs energy performance for the production of domestic hot

water [kW h m�2 anno�1]
EPBD Directive on the Energy Performance of Buildings [–]
EPe performances for the air-conditioning in the summer

[kW h m�2 anno�1]
EPgl global energy index [kW h m�2 anno�1]
EPi energy performance for the heating during cold season

[kW h m�2 anno�1]
EPill energy used for the lighting [kW h m�2 anno�1]
EPv energy used for the ventilation [kW h m�2 anno�1]
HIPs Home Information Packs [–]
HP heat pump [–]
Iel power to heat ratio [–]
It global radiation [Wm�2]
ke coefficient of external adduction [Wm�2 K�1]
ki coefficient of internal adduction [W m�2 K�1]
nZEB nearly Zero Energy Building [–]
PCI Lower Heating Value [kW h/S m3]
Pel,CHP CHP electrical power [kW]

Pel,HP HP electrical power [kW]
Pfuel CHP fuel consumption [kWt]
Pheat,b thermal power necessary to the building for the heating

[kW]
Pheat,CHP CHP thermal power [kWt]
Pheat,HP HP thermal power [kWt]
PVC polyvinyl chloride [–]
Qgn total heat gains [J]
QH,ht total heat exchange between confined environment and

the outside [J]
QH,nd heat provided by the system to the confined

environment [J]
QH,tr transmission heat exchange for heating season [J]
QH,ve ventilation heat exchange for heating season [J]
Qint internal gains [J]
Qsol solar gains [J]
Rh relative humidity [%]
RT Thermal Regulation [–]
ta room temperature [�C]
tm average temperature [�C]
U thermal transmittance [W m�2 K�1]
gexchanger efficiency of the heat exchanger [–]
gh,gn heating utilization factor [–]
gheat,CHP CHP heat recovery efficiency [–]
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increase the energy performances in new and existing buildings
while taking into consideration costs and benefits [9].
1.1. Energy certification of European buildings

The emission of the Directive on the Energy Performance of
Buildings (EPBD) [5] was performed after the Kyoto protocol [10],
and it was a legislative instrument used by the EU to reduce CO2

emissions with respect to 1990. Each country, according to both
its climatic and constructive features of the existing buildings
and its own national regulations, was asked to set the rules to per-
form the energy analysis of the buildings (both existing and new)
with respect to common principles dictated on a supranational
level through the European regulations. The goal is to have a
decrease in the energy consumptions on a communitarian level
in the residential sector, with the objective that in 2020 it will be
possible to build only nZEB (nearly Zero Energy Building) [11,12].

According to the national regulation, the amount of specific
energy (kW h/m2) indicates the energy performances and the
energy class of the building examined. The resulting value will
be in a certain range set by the regulations: with the decrease in
the energy demand the building will have a higher energy class
(identified by a letter, from A to G, if the class is high it will corre-
spond to one of the first letters of the alphabet). The certificate
must present the recommendations for the improvement of the
energy performances of the building, that is technical interventions
on the building envelope and/or on the energy system used.

In the United Kingdom the energy performance certificates
were introduced in 2007 in the documentation Home Information
Packs (HIPs). Meant for the owners of domestic apartments, they
are the result of the exertion of the [5] in the English legislation
through the Housing Act 2004 [13] and The Energy Performance
of Buildings (Certificates and Inspections) (England and Wales)
Regulations 2007 (S.I. 2007/991) [14]. Denmark made obligatory
the energy certificate of the buildings in 1997, before the European
Directive, which joined in 2006 [15]. France adopted the European
Directive through the 2005-781 regulation [16] which was then
updated at the end of 2015 and it is based on the Thermal Regula-
tion TR [17] updated in 2012. Portugal, through the regulation no.
78/2004 [18] realized the Directive, as Italy with the no. 192 in
2005 [19].
1.2. The energy requalification of the Italian house block

In this context the issue that wants to be stressed is the Italian
building scenario. Italy is a country whose boundaries extend from
the North to the South between the 47� and 35� parallel respec-
tively [20,21]. It is characterized by a variety of different climates
which makes harder to have constructive standards both for the
optimization of buildings’ envelope and planning of the systems
meant for the building. For new buildings, planned to decrease
energy consumptions, it is possible to have great results in terms
of energy performances; on the other hand for existing buildings
(which usually were realized through old planning criteria with
economic necessities that were different with respect to nowadays
demands) is more complicated to improve their efficiency. Statisti-
cally speaking, Italy is characterized by a building scenario with old
structures. According to the latest Italian census [22], carried out in
2011, the total of the residential buildings presents 12.2 millions
structures; 56.7% of them were built before 1970 (that is before
1976 which is when the first law [23] for the restraint of the energy
consumption in the buildings was issued), 29.4% of them were
built between 1970 and 1990 and only 13.9% was built between
1990 and 2011. This is why most of the structures report a low effi-
ciency with high primary energy supplying costs [24,25].

Then it should be also said that the Italian real estate sector is
mainly formed by small owners [22] who often, due to initial
investment costs, do not want to perform interventions on their
properties to improve their energy efficiency. This is one of the
main barriers to the technological refurbishment necessary for a
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wider optimization on a national level [26]. The financial incen-
tives of the government can be a benefit, though the most impor-
tant thing is to understand what type of energy interventions must
be performed on the building envelope/technological systems
together with their realization and installation on existing build-
ings and which are economically advantageous [27,28].

These evaluations are performed through the energy class anal-
ysis. It is affected by the global energy index EPgl (expressed in
kW hm�2 year�1) which is the sum of the partial indexes EPi
(energy performance for the heating during cold season), EPe (per-
formances for the air-conditioning in the summer), EPacs (energy
performance for the production of domestic hot water), EPill
(energy used for the lighting), EPv (energy used for the ventilation)
and EPt (energy performance for the transportation of people).

However this paper will focus on the thermal demands for the
heating of the building and the production of domestic hot water.

1.3. nZEBs in Italy

Nearly Zero Energy Building must respect the regulations
[29,30]. According to the Directive 2010/31/UE [6], L.D. no. 63
[26] states that new buildings realized from 2021 on (if public from
2019) must respect the regulations presenting characteristics
which make it more highly energy efficient than the building taken
into consideration (virtual building, presenting the same geometry
of the one of the plan with low thermal features – Appendix A of
the L.D. [31]). One of the next regulations will define, in Europe,
the performances limits of the building but the numbers have
not been set yet [32–34]. Realizing buildings with technologies
able to guarantee a certain energy performance implies an ad
hoc planning and high investment costs for the construction. How-
ever it is already possible to have these results. The main problems
do not concern the realization of a building, but rather those build-
ings already constructed. In Italy there is not a tendency to demol-
ish old buildings to construct new buildings thus occupying new
soil and overspreading urban centers to suburban areas which
are cheaper (sale per m2) and this represents an obstacle to the
investments for the construction of high energy class buildings
with higher realization costs [35].

For what concerns the energy retrofit interventions [36–38] for
the existing heritage where the energy demand depends on the
heating during cold season and the production of domestic hot
water, the solution might be the exertion of micro generation sys-
tem (CHP) dimensioned for the production of electrical energy
required by the heat pump (HP). The combination of the CHP and
HP generates the necessary amount of thermal energy to fulfill
the demand of the building, replacing the heat generators previ-
ously present. The goal of this paper is to understand the contribu-
tion of such retrofit solution to the objective of having nZEB
standards for the consumptions in existing buildings.

1.4. Combination of CHP and HP for the heating and the production of
domestic hot water

The combination of the cogeneration system and heat pumps
can be advantageous for the energy optimization in buildings in
terms of heating and production of domestic hot water (both for
new and existing buildings) [39–46].

The scientific world has been exploring the possibility of com-
bining old technologies as the CHP with HP [47], to satisfy the
same demand of thermal energy (for the heating in wintertime
and the production of domestic hot water) which in the buildings
is currently provided by systems whose heat generator is mainly
formed by boilers (in the best situations by condensation systems).
As boilers, CHP+HP systems convert the chemical energy of the
fuels into heat [48–50].
An example can be found [25,35,51,52] in the combination of
micro and mini cogeneration systems (with devices ranging from
ten to hundreds kW), based on old technologies (as otto cycle engi-
nes that can be gas methane supplied as the boilers that they
should substitute) and hydronic heat pumps. The purpose is to pro-
vide the final user (e.g. the owner of the property [53]) whose
demand is based on: (i) a system that can decrease deeply the cost
of the heating during cold season and the production of the ACS,
(ii) the substitution of the old heat generator without an installa-
tion process that might be too complicated with a system which
is similar to the one that will substitute it (a device which presents
in just one body machine everything that it needs to operate), gas
supplied (already present) and necessitates the existing pipes for
the connection to the heat distribution system (the delivery of
hot water to the heating system and its return).

The system is formed by a heat pump and one cogenerator that
will be adjusted for the electrical load that the user requires (the
HP) [54,55]. The combination of the heat generated by the heat
pump (degrading the electrical energy provided because of the
work of the compressor with a multiplicative coefficient which is
equal to the COP – a value that usually, thanks to modern technolo-
gies, is higher than 3) and the one recovered from the cogenerator
that supplies it, leads to a global output of the system of 160%. In
other words, the combustion of the methane generates the work
that will be degraded into thermal energy with a multiplicative
coefficient which is equal to the COP of the heat pump, plus the
heat produced and recovered from the cogenerator that supplied
the heat pump with electrical energy. Hence thermal demand
being the same, the result is that a minor amount of primary
energy (methane) was consumed with respect to other commonly
used traditional technologies [56].

If the heat production and distribution systems already
present in the properties were slightly modified, it would be
perfect for retrofit interventions in the existing house block. The
efficiency, in new buildings, can be even higher thanks to ad
hoc systems. These values of global output of the system allow
to increase the index of the energy performance of a building
(EPi) [57,58] hence its energy class (in particular if the benefits
of this solution will be added to other technologies generating
heat through the solar source).

This paper, through a sample building, wants to quantify the
energy optimization that can be obtained with this technology
and compare the improvement in the energy class with that deriv-
ing by other traditional solutions.

This financial benefit can be added to positive consequences in
terms of a lower gas emission level, hence a better respect for the
environment with a less dependence from traditional energy
sources [59] and a lower energy demands of the country from
those Nations exporting hydrocarbon.

2. Purpose of the work

This paper examines how some interventions meant for the
energy improvement might affect a building (in particular for
those operating on the thermal demand for the heating during cold
season and the production of domestic hot water). The regulation
about energy retrofit, which can be defined as traditional, concerns
the building envelope (1, 2) and the systems for the heat produc-
tion and their proper functioning (3, 4, 5, 6, 7):

– improvement of the insulation of the boundary surfaces of the
building (thermal coat);

– improvement of the thermal insulation properties of glass sur-
faces and frames;

– substitution of the control system with smart control units,
more efficient sensors and installation of thermostatic valves;
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– substitution of the 3-stars-methane boiler with a condensing
boiler;

– substitution of the 3-stars-methane boiler with heat pump
systems;

– installation of solar panels for the production of domestic hot
water;

– installation of photovoltaics panels for the production of electri-
cal energy for private consumption and net metering.

The goodness of fit of those measures was examined for both
each intervention and their combination with the others (1 + 2;
4 + 6; 5 + 7; 3 + 4 + 6; 1 + 2 + 3 + 4 + 6).

Moreover, the substitution (more innovative) of the heat gener-
ator with a CHP+HP system (8) was also analyzed. The interven-
tions were evaluated with respect to the improvement of the
energy class of the building and a cost-benefit analysis. This is
why the improvements were studied according to the installation
cost in the existing building and the payback period of the invest-
ment depending on the savings of the annual energy costs. This
matter can help all those engineers that, once asked to write cer-
tificates for the energy performance of a building (or part of it),
in the final part must write the type of interventions suggested
to increase the energy class [19].

This paper does not examine the ordinary and extraordinary
maintenance costs of the interventions here suggested.
3. Material and methods

For what concerns the evaluation of the thermal comfort of the
building and its energy demand (heating during cold season and
production of domestic hot water), it complied with the current
Italian regulation about the energy class. This is why engineers
must respect the technical regulation UNI EN 11300 - Part 1,2,4
[60–62] for the assessment of these demands (which in Italy corre-
sponds to the UNI EN ISO 13790 [63]). These regulations decide
how the primary energy exerted for the standard use in a building
should be estimated. These assessments can be performed through
software that study the dynamic behavior of the building exam-
ined (e.g. TRNSYS [64] analyzes its behavior during the transitional
arrangements), or through simplified procedures (semi-stationary
approach) that estimate the demand through a simple software
(e.g. MasterClima MC11300 [65]). Simplified software, in order to
be appropriate for the certification of the energy class, must be able
to estimate the demand of a sample building (considered as a
benchmark) with a maximum approximation of 5% with respect
to the calculations carried out through simulations during the tran-
sitional arrangements. The promotion of these software (and their
exertion from technical users for the energy certification of build-
ings) depends on the examination of these requisites from the CTI
(Italian Technical Committee, whose authority has been recog-
nized from the current regulation) that gives a certificate if it com-
plies with the standards [19].

TRNSYS is an extensible simulation environment for the tran-
sient simulation of buildings and their systems.

It is a software able to solve algebraic and differential equations
through a modular approach. It is also able to solve complex prob-
lems (concerning the energy issues of the building envelope and its
systems) as all the easy problems summed together through the
Types (components characterizing its library or that can be pro-
grammed by the user) implemented inside it. Each Type receives
an input and provides output to other Types implemented in the
calculation sequence (iterative) set by the user to simulate the
problem. To insert the data of the building model into TRNSYS
(geometrical characteristics and thermophysical properties of the
materials characterizing the building’s envelope), the Type56 is
implemented into the tool TRNBuild, which is provided with the
software [64].

MC11300 is a semi-stationary software assessing the energy
demand of the building according to the UNI/TS 11300 [60,65,66]
and the calculation models were defined in regulations as the
ISO 13790 [63] (that gives calculation methods for assessment of
the annual energy use for space heating and cooling of a residential
or a non-residential building).

TRNSYS examines the behavior of the building while taking into
consideration the hour variation of the outside temperature, based
on files (that can be provided from the outside to the program)
with meteorological data available online [67]. MC11300 will
implement average climatic data in accordance with the regulation
UNI 10349 [68].

Inside these two software the case study was implemented
(hereafter described) and the results obtained were compared for
a mutual validation. ThenMC11300 was used to examine the inter-
ventions identified from number (1) to number (8) in the list that
can be found in Paragraph 2 (and their combination) since the reg-
ulations take into account these interventions [60–62] and they are
implemented into the software. On the other hand through TRNSYS
the behavior of the building was simulated thanks to dynamic sim-
ulations [69], taking into account a CHP+HP system for the heat
generation.

Once the study, in terms of energy, was performed for each
intervention the realization cost was determined through, when
possible, an official regional price list [70] for the purchase and
installation of building materials and alike. For those things that
were not present in the price list, the choice was to use the com-
mercial price list currently available on the Italian market. This
allowed to carry out a financial analysis and estimate, through
the payback period, the benefits determined by the energy saving
for every technological solution suggested. For what concerns the
energy cost, the data provided by the authorities in charge were
taken into consideration [71].
4. The case study

4.1. The building ante operam

To evaluate the afore mentioned interventions, a typical resi-
dential building realized according to the standards set at the
beginning of 2000 in Italy was taken into consideration. The build-
ing is formed by 5 storeys with 3 apartments on each floor. The
planimetry is the same for every floor and the orientation of the
structure is reported in Fig. 1. The inside surface of each floor is
of 339.75 m2 (240.80 m2 are heated) and apartments A and C
(Fig. 1) present a surface of 87.3 m2 each, whereas apartment B
66.2 m2. The total inside surface of the building is 1698.75 m2

(1204.00 m2 heated). The height of each floor (from the floor to
the ceiling) is of 2.7 m, hence the inside volume is about
45,867 m3 (3250.80 m3 are heated). The ratio (dispersant surface/
volume) of the building is of 0.38 m�1. The building is isolated from
the ground through a pilotis floor and the last floor confines
upward with the outside through a covering terrace.

This paper focuses on the energy demand of the building related
to the production of the required annual amount of domestic hot
water and to the heat flux exchanged through the boundary sur-
faces of the building in the space-heating season. This is why an
inside temperature of the heated areas in the building to 20 �C
was set (as the regulations expect [57]). The outside climatic con-
ditions used for the simulations are the typical conditions charac-
terizing Rome (Italy). The city is characterized by a typical
Mediterranean climate and it presents mild and warm tempera-
tures during spring and fall. Summer season is usually hot, humid,



Fig. 1. Planimetry of the apartments characterizing every floor of the building.

Table 1
Boundary surfaces of the entire building and their orientation.

Exposure Typology Surface [m2]

N Vertical 1 276.75
Window 0.00

E Vertical 1 124.35
Window 12.00

S Vertical 1 351.50
Window 121.50

W Vertical 1 124.35
Window 12.00

Unheated Vertical 2 301.70
Horizontal Ground and last floor 454.90
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and characterized by low precipitation, whereas space-heating
season tends to be mild and wet with isolated phenomena of low
temperatures and snowfall. According to Köppen’s classification,
such weather belongs to the Csa category [21]. While taking into
consideration the S/V ratio of the building and the climatic data
of the city, it can be noticed how the regulations set some limits
to the annual energy demand for what concerns the unitary walk-
able surfaces. These limits are reported briefly in Fig. 2.

Surfaces characterizing the building envelope are in part opa-
que and in part made of glass. Boundary horizontal surfaces con-
cern the first floor only (whose floor confines with the outside
standing on a pilotis surface; this architectural solution allows to
have a thermal insulation from the ground) and the last floor (con-
fining with the outside through a covering terrace). The dimen-
sions of these surfaces for the entire building envelope are
reported in Table 1 together with their exposure with respect to
the cardinal points.

Vertical opaque surfaces are realized through a different stratig-
raphy according to their exposure towards the outside (Vertical 1)
or unheated inside sections (Vertical 2). Even the horizontal
boundary surfaces are different. The horizontal partitions in the
middle were not taken into consideration because they divide
Fig. 2. Limit values of the energy class in the case study.
spaces which are thermally neutral hence they are not a contribu-
tion both to the thermal exchanges with the outside (assuming a
stationary regime) and the energy demand of the building. Table 2
reports briefly the stratigraphies of the opaque surfaces and the
thermophysical properties of the materials used.

Transparent surfaces are windows or door windows (overlook-
ing the terraces outside the apartments) whose dimensions are
reported briefly in Table 3. All windows present the same structure
formed by a PVC frame with a double glass whose stratigraphy pre-
sents an inside glass of 12 mm, an air space of 8 mm and an outside
glass of 6 mm. Their cost is of 407.00 €/m2 and leads to a total cost
of 59,020.00 € [70].

The ventilation of residential spaces is natural (air exchanges
assumed to be 0.5 volumes per hour [60]). The heat gain inside
the building, in accordance with the current regulations [60], is
assumed to be of 4.07 Wm�2. The demand of domestic hot water,
in accordance with [61], for the occupants of a residential building
of this size is of 3750 L per day for the entire building, which is
characterized by domestic hot water storage systems.

Besides the building envelope with its own features there is a
heat generation system for the heating in the cold season and
the production of domestic hot water. For what concerns the
boiler, supplied by natural gas (with a Heating Value of 9.54
kW h/Nm3), a modulating blast air standard generator with a
furnace power of 74.9 kW was assumed, an efficiency at 100% of
the nominal power of 91.1% and an efficiency at 30% of 91.8%.
The boiler is characterized by a climatic probe placed on the
shaded North-oriented outside wall. The emission system of the
heat inside the heated spaces is centralized with a horizontal
distribution formed by radiators placed on the outside wall. The
cost of the boiler is of 14,420.00 € [70].



Table 2
Stratigraphy and features of the materials forming the opaque surfaces of the building.

Typology Stratigraphya Transmittanceb

Material Thickness Thermal conductivity Volumic mass Thermal capacity U
[m] [Wm�1 K�1] [kg m�3] [J kg�1 K�1] [Wm�2 K�1]

Vertical 1 Plaster 0.01 0.800 1600.00 1000.00 0.273
Air brick 0.15 0.159 693.30 840.00
Polyurethane 0.08 0.032 32.00 1400.00
Air brick 0.15 0.159 693.30 840.00
Gypsum mortar 0.01 0.290 600.00 1000.00

Vertical 2 Plaster 0.01 0.400 1000.00 1000.00 0.656
Air brick 0.15 0.247 600.00 840.00
Plaster 0.01 0.400 1000.00 1000.00

Roof Tiles 0.015 1.300 2300.00 840.00 0.263
Tar paper 0.002 0.230 1100.00 1000.00
Concrete 0.05 0.300 1000.00 1000.00
Polyurethane 0.08 0.034 25.00 1400.00
Concrete 0.33 0.300 1000.00 1000.00
Plaster 0.01 0.400 1000.00 1000.00

Floor Tiles 0.015 1.300 2300.00 840.00 0.343
Concrete 0.33 0.186 400.00 1000.00
Polyurethane 0.08 0.034 25.00 1400.00
Concrete 0.05 0.300 1000.00 1000.00
Alluminium 0.002 160.00 2800.00 880.00

a Materials are listed from the inside to the outside
b Adduction coefficients: ki = 10 Wm�2 K�1; ke = 25 Wm�2 K�1.

Table 3
Dimensions and features of windows.

Typology Glass surface Surface of the frame Total surface Ua

[m2] [m2] [m2] [W m�2 K�1]

Window 1 0.94 0.26 1.20 3.064
Window 2 1.50 0.30 1.80 3.048
Window 3 5.88 0.42 6.30 3.049

a Adduction coefficients: ki = 10 Wm�2 K�1; ke = 25 Wm�2 K�1.
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4.2. Interventions for the improvement

As previously said, the interventions performed to improve the
energy performance of the building are:

– Applying an insulating coating on the vertical opaque outside
surfaces: in order to have a wall (Vertical 1b) characterized by
a lower transmittance, the interventions concerned the stratig-
raphy, by applying to the existing wall (Vertical 1) a further
insulating material and, due to structural issues, air bricks.
Table 4 reports the characteristics of the wall. The cost for the
equipments and installation for each m2 of insulating coating
(superficial finishing materials included) is of 49.40 € and the
intervention on the entire building is of 53,970.00 € [70].
Table 4
Stratigraphy and features of the materials forming the opaque surface ‘‘Vertical 1b” of the

Typology Stratigraphya

Material Thickness Thermal conducti
[m] [Wm�1 K�1]

Vertical 1b Plaster 0.01 0.800
Air brick 0.15 0.159
Polyurethane 0.08 0.032
Air brick 0.15 0.159
Polyurethane 0.06 0.032
Air brick 0.04 0.159
Gypsum mortar 0.01 0.290

a Materials are listed from the inside to the outside.
– Substitution of the glass surface with double chamber triple
glass: to better insulate the spaces and minimize the thermal
exchanges through transparent surfaces, which are the weak
point of the building envelope, the improvement in the
realization of a transparent surface formed by a metal frame
with thermal break covered with hardwood characterized by
a triple glass was examined. Its stratigraphy is formed by
an internal glass of 4 mm, a first cavity made of argon of
12 mm, an intermediate pane of glass of 4 mm and a second
cavity made of argon of 12 mm and an external glass of
4 mm. The characteristics are reported in Table 5. The cost
of the equipment and installation is of 356.00 €/m2. The cost
of all doors and windows forming the building is of
55,190.00 € [70].
building.

Transmittance

vity Volumic mass Thermal capacity U
[kg m�31] [J kg�1 K�1] [Wm�2 K�1]

1600.00 1000.00 0.187
693.30 840.00
32.00 1400.00
693.30 840.00
32.00 1400.00
693.30 840.00
600.00 1000.00



Table 5
Dimensions and characteristics of windows after the
improvements.

Typology U
[Wm�2 K�1]

Window 1b 2.09
Window 2b 2.01
Window 3b 1.88
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– Changes performed on the control system: a simple interven-
tion performed to optimize the functioning of the control sys-
tem for the production and distribution of thermal energy
into the building is possible by substituting the present system
(with just the external climatic probe) with a finer control sys-
tem as an automatically controlled compensation unit with pro-
portional regulation and a distribution system able to provide
the necessary heat according to the temperature of every envi-
ronment. Therefore this intervention sees probes for the com-
pensation of the pressure and rate and thermostated probes
regulating the rate of the thermovector fluid circulating in every
radiator. The cost of the equipment and installation of the sys-
tem here described is of 13,870.00 € [70].

– Substitution of the condensing boiler: the boiler of the building
ante operam to function needs only a part of the heat generated
by the combustion because traditional boilers should avoid con-
densation phenomena of the smoke in the chimneys due to cor-
rosion problems. The substitution of a traditional boiler with a
condensing one must be performed with the realization in a
technical environment of a condensate drain piping (and the
devices useful to the neutralization of the acid condensation)
together with the substitution of the flue pipe with a stainless
steel pipe. The cost for the materials and installation of this
solution is of 32,560.00 € [70].

– Substitution of the heat generator with a heat pump of the air-
water type: providing the work through a mechanical compres-
sor supplied by electrical energy while exploiting the technol-
ogy of the inverse Carnot-cycle heat pumps. This system can
substitute the role of a boiler in a building, which is thus freed
from the consumption of combustible fuel because the heat
pump is supplied by electrical energy. The financial benefit of
this technology is affected by the cost of the electrical energy
in the country where the building is placed, whereas for what
concerns the environment the goodness of fit of such solution
depends on the amount of carbon dioxide generated for every
unit of electrical energy produced according to the National
energy mix for the electricity production. Therefore the substi-
tution of the boiler with an air-water type heat pump with a
nominal thermal power of 90 kW, able to heat the thermovector
fluid (water) delivered to the heat distribution system at a tem-
perature of 60 �C and with a return from the users of 50 �C, was
assumed. The COP of the machine chose can change and is
affected by the outside temperature. The trends of the COP
are reported in Fig. 3. The cost for the materials and installation
of the system described is of 29,960.00 € [70].

– Realization of a solar heating system for the production of
domestic hot water: the space which is available on the outside
of the building is appropriate for the installation of solar panels
for the production of 50% of the annual demand of domestic hot
water in the building (in accordance with [19]). Flat solar panels
made of glass present a variable efficiency to converse the solar
energy into thermal energy according to the outside tempera-
ture conditions. Trends are reported in Fig. 4 [72]. Panels have
a total reception surface of 75 m2 and they produce hot water
which will be collected in the existing storage tanks. On the ter-
race outside of the building it is possible to install these panels
with an azimuth angle (with respect to the South) of 0� and a
tilt angle (with respect to the horizontal surface) of 60�. The cost
for the materials and installation of the system is of 37,180.00 €
[70].

– Realization of a PV system: a system for the production of elec-
trical energy from a solar source allows to fulfill the electrical
demand of the systems present in the building without using
the electrical energy from the network (in presence of solar
radiation). Thanks to the net metering of the electrical energy
produced, it is possible to sell the extra energy and buy it again
when the PV system is not able to produce electricity. The PV
system here examined presents a total area of the panels (used
for the reception of solar energy) of 112 m2 (in accordance with
[19] it must be provided with 1 kWp to each flat, besides 1 kWp

for every 100 m2 of common spaces) and it is formed by unven-
tilated modules of 0.3 kWp each in monocrystalline silicon. They
are characterized by a conversion efficiency of 16.7% and placed
with an azimuth angle of 0� and a tilt angle of 60�. This study
assumed that the electrical energy produced was not used for
the lighting demand of the building, for the electrical appliances
or similar, but rather for the extra electric consumptions deter-
mined by other systems used for the heating during cold season
and to produce domestic hot water. The cost for the materials
and installation and the equipment necessary for their right
functioning is of 85,690.00 € [70].

Traditional interventions here listed were also combined. In
particular, the following solutions were analyzed: (1 + 2); (4 + 6);
(5 + 7); (3 + 4 + 6); (1 + 2 + 3 + 4 + 6).

– (8) Substitution of the heat generator with a CHP+HP system:
while taking into consideration the residential building exam-
ined, the technological solution used for the cogeneration is
based on an Otto cycle alternative internal combustion engine.
This engine is supplied with methane provided by the city
network to which the building was already connected to
supply the combustion boiler substituted by the CHP [73].
A cogenerator able to express to the alternator a power of
15 kWel and a thermal power of 31 kWt was chosen,
characterized by a condensation heat recovery to make the
system as much efficient as possible. The efficiency of the CHP
in accordance with the expressed load percentage is reported
in Fig. 5.

The CHP produces electrical energy which is useful to the air-
water heat pump combined with it. The heat pump chose is a sin-
gle stage with an absorbed nominal electrical power of 15.4 kW
able to provide a nominal thermal power, while heating, of
42.5 kW and a maximum one of 50.5 kW. Since it is placed in a res-
idential environment, it uses the R-410 refrigerant gas. The COP of
the heat pump can vary according to outside conditions (Fig. 3).
Thermally speaking, the combination of the CHP and HP for retrofit
solutions in heating systems is possible with different system lay-
outs which are reported in the bibliography [46]. The efficiency of
the heat exchangers necessary between the CHP+HP system and
the heat distribution system is of gexchanger = 0.9.

Domestic hot water, produced by the CHP+HP system, is stored
in tanks. The following schedule for the system to start was
assumed: (i) when the heating is turned on (from the second half
of October to mid-April), from 8.00 a.m. to 10.00 a.m. it will supply
the heat system, from 10.00 a.m. to 3.00 p.m. it must generate and
store domestic hot water and from 3.00 p.m. to 10.00 p.m. it must
supply the heat system again; (ii) when it is off, during the hottest
hours of the day (to support the functioning of the system during
the highest conditions of efficiency of the heat pump) it must gen-
erate domestic hot water.



Fig. 3. Trend of the COP of the heat pump according to the outside air temperature.

Fig. 4. Trend of the efficiency of the solar heat collectors.

Fig. 5. Trend of the efficiency of the CHP.
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Thanks to the dynamic simulations performed through the
software TRNSYS, it was possible to determine the hourly ther-
mal demand for the heating in the building and these data will
give the energy provided by the CHP+HP system to the build-
ing, hence the consumptions of primary energy provided to
the system through the methane combustion. Since the thermal
power necessary to the building for the heating Pheat,b was
defined, it is possible to determine the thermal power provided
by the combustible to fulfill this demand. Since the heat
recovery efficiency of the cogenerator, the power to heat ratio
of the cogenerator and the COP of the heat pump are defined
in this way respectively:

gheat;CHP ¼
Pheat;CHP

Pfuel
ð1Þ

Iel ¼ Pel;CHP

Pheat;CHP
ð2Þ

COP ¼ Pheat;HP

Pel;HP
ð3Þ

given that:

Pel;CHP ¼ Pheat;HP ð4Þ
the thermal power provided by the combustible is:

Pfuel ¼ 1
gheat;CHP � ð1þ COP � IelÞ �

Pheat;b

gexchanger
ð5Þ

Hence it is possible to determine the annual primary energy
necessary for the assessment of the energy performance of the
building supplied by this system.

The installation costs of this type of solution (non-commercial)
were estimated through a price analysis in terms of industrial pro-
duction (able to exploit the effect of the economies of scale) of the
single components and their assembly. The estimated costs allow
to have a payback for what concerns the production costs, but at
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the same time have an income for the producers. After such esti-
mation, the costs of the system here suggested range between a
minimum of 1670.00 €/kWt of the CHP and a maximum of
1790.00 €/kWt of the CHP. The average cost of this range is
1730.00 €/kWt of the CHP. In particular a precautionary value
which is about 75% of this range will be taken into consideration.
Therefore the cost of the equipment and installation of the CHP
+HP system (given its size) and all the necessary for its right func-
tioning is of 1760.00 €/kWt of the CHP [74] with a total cost of
54,560.00 €.

5. Results

Before carrying out the energy analysis of the results, the data
about the thermal behavior of the building obtained through
MC11300 (a certified software used for the assessment of the
energy performance of buildings) were compared to the demand
determined through a dynamic simulation performed with
TRNSYS. The goal of this comparison is to verify if both
simulations led the examined building to have comparable
thermal demands, in this way the demand of primary energy
might be validated (influenced by the systems performances as
well), hence calculate the energy class. Table 6 reports the energy
demand of the heating related to the energy performances of the
building’s envelope assessed through the simulations performed
with both software plus the variance in their results. It must be
kept in mind that the CTI (Italian Technical Committee) gives
the certification to the commercial software to be used for the
drafting of the energy performance and allows a maximum values
variance of 5% with respect to a building considered as a
benchmark.

Since the variance in the values of the simulations is lower
than the value that the CTI considers proper to certify the
goodness of fit of the assessments, it can be stated that the
software provide results that can be mutually compared and
might simulate with validity the performances of the examined
building.

5.1. Improvements in the energy performance

The simulations of the improvements suggested allowed to
assess the index EPgl with reference to the sum of the indexes EPi
and EPacs. Results are showed in Table 7 and the energy class of
the building, with respect to what was previously defined in
Fig. 2, is reported briefly in Fig. 6.

5.2. Costs of the interventions and financial saving

For a proper financial evaluation of each improvement sug-
gested, besides installation costs, the energy saving obtained
each year must be examined. For the assessment of the annual
saving the Lower Heating Value of the natural gas of 9.39
kW h/Sm3 with a cost of 0.698 €/Sm3 was taken into
consideration. Moreover, in relation to the discount rate, an
annual inflation (whose average was assessed according to the
Table 6
Validation of the energy demand related to the building envelope in the simulations
performed through MC11300 and TRNSYS.

Software Variance
[%]

MC11300 TRNSYS

Annual energy demand related to the
building envelope in space-heating
season [kW h/year]

14,487 13,944 3.9%
Italian values of the past 20 years) of 2.23% was considered. Then
the annual increase in the energy price was assumed to be 0.58%
[75]. All prices are reported in euros (€), with an exchange rate
euro/US dollar of 1.122.

Financial evaluations are based on the comparison between the
solution analyzed and the Base Case. If there is an extraordinary
maintenance intervention performed on the system used for
the production of the heat necessary to fulfill the demand of the
building, the substitution with another technology implies
the amortization of the extra cost due to a technological
improvement. If an intervention for the improvement of the
building’s envelope or sections which are not part of the system
is performed, the cost must be amortized in its totality. As
simplifying assumption, this analysis does not take into
consideration maintenance costs which are affected by the
reliability of the systems here suggested [76,77] for what concerns
their installation and proper functioning.

Just for the intervention (5) it must be specified that on one
hand the fossil fuel is saved because the boiler is not used as a heat
generator, on the other hand an electric consumption occurs. Even
if energetically speaking the consumptions of the primary energy
decrease, the energy source is more expensive (the price of the cur-
rent domestic power in Italy is of 0.157 €/kW h [71]). Given the
cost of the electricity which must be assessed without taking into
consideration the cost of the gas that is not used, the result is that
the saving obtained every year is not enough. Hence the solution is
not financially advantageous.

Before comparing the solutions examined, it is important to
stress that the uncertainty caused by the costs (described in Sec-
tion 4.2) of a non-commercial system as the solution (8), formed
by CHP+HP, determines payback periods whose range is reported
in Table 8.

To make things simple from now on this study will refer to just
one estimated cost of the CHP+HP system of 1760.00 €/kWt of the
CHP with a total cost of 54,560.00 € for this solution.

Table 9 reports the results obtained. It is possible to notice how
solutions (1), (2), (5), (7), (1 + 2), (1 + 2 + 3 + 4 + 6) present payback
periods which are higher than 30 years. Such solutions are consid-
ered to be technically feasible, but not sustainable from a financial
point of view.

Fig. 7 reports the investment costs of the suggested solutions.
Then Fig. 8 reports the payback periods for the amortized solu-

tions between 20 and 30 years since the installation was
performed.

Fig. 9 reports the payback period just for those solutions that
might be amortized within 20 years since the installation was per-
formed. These solutions are the most advantageous financially
speaking.

5.3. Multivariate analysis: Determining the Pareto solutions

As determined through the energy and financial analysis, the
choice of a technician who wants to optimize an existing building
with one of the interventions actually considered feasible must
take into considerations different factors.

It is not possible to limit a study to energy aspects only, but
rather make a wider analysis on more variables and understand
(while keeping in mind financial factors as well) what is the best
choice. The annual energy saving is not affected by the realization
cost of the intervention. Especially in the residential sector this is
one of the factors that private owners tend to take into considera-
tion while carrying out the intervention for the energy optimiza-
tion. A solution that can consider all these aspects together must
be found.

This analysis wants to focus on three different set of technical
solutions:



Table 7
Energy performances of the building once the improvements were performed.

ID EPi EPacs EPgl
[kW hm�2 year�1] [kW h m�2 year�1] [kW h m�2 year�1]

Ante operam:
Base Case 23.07 36.55 59.62

Passive interventions:
(1) 20.39 36.55 56.94
(2) 17.23 36.55 53.78

Interventions on the systems:
(3) 11.89 36.55 48.44
(4) 18.25 31.83 50.07
(5) 8.16 20.65 28.81
(6) 23.07 5.40 28.47
(7) 22.89 36.27 59.16

Mixed interventions:
(1 + 2) 14.69 35.55 51.24
(4 + 6) 20.09 4.70 24.79
(5 + 7) 0.16 0.17 0.33
(3 + 4 + 6) 11.14 4.70 15.84
(1 + 2 + 3 + 4 + 6) 6.12 4.70 10.82

New interventions:
(8) 9.09 16.54 25.64

Fig. 6. Improvements suggested and energy classes that can be reached.

Table 8
Payback period of solution (8) with respect to installation costs.

Value Specific costs [€/kWt] Total costs [€] Amortization [years]

Minimum 1640.00 51,770.00 14.3
Average 1730.00 53,630.00 14.9
Chose 1760.00 54,560.00 15.4
Maximum 1790.00 55,490.00 15.8

Table 9
Installation and amortization costs, annual energy and financial savings and payback peri

ID Installation costs Amortization costs Annu
[€] [€] kW h

Base Case 14,420.00 0.00 –
(1) 53,970.00 53,970.00 3227
(2) 55,190.00 55,190.00 7031
(3) 13,870.00 13,870.00 13,4
(4) 32,560.00 18,140.00 11,4
(5) 29,960.00 15,540.00 37,0
(6) 37,180.00 37,180.00 37,5
(7) 85,690.00 85,690.00 554.
(1 + 2) 109,160.00 109,160.00 10,0
(4 + 6) 69,740.00 55,320.00 41,9
(5 + 7) 115,650.00 101,230.00 71,3
(3 + 4 + 6) 83,610.00 69,190.00 5271
(1 + 2 + 3 + 4 + 6) 192,770.00 178,350.00 58,7
(8) 54,560.00 40,140.00 42,1

Fig. 7. Installation costs of the interventions for the energy improvement
suggested.
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(i) Set ‘‘Annual Economic Return”: energy optimization of
buildings (in a way it is possible to reduce the total energy
demand with reference to fossil fuels), thanks to a higher
energy class, implies a proper reduction of primary energy
demanded which determines an annual economic return
that justifies the financial effort performed to carry out the
refurbishment of the building and the system;
ods of every solution with respect to the Base Case.

al energy saving Financial saving Amortization [years]
/year [€/year] <20 years <30 years

– – –
.00 239.00 x x
.00 520.00 x x
61.00 995.00 16.9 –
98.00 850.00 – 29.3
95.00 �37.00 x x
05.00 2772.00 16.1 –
00 41.00 x x
90.00 746.00 x x
35.00 3100.00 – 27.6
85.00 5276.00 – 25.3
1.00 3896.00 – 26.8
55.00 4343.00 x x
28.00 3114.00 15.4 –



Fig. 8. Investments with a payback period within 30 years.

Fig. 9. Investments with a payback period within 20 years.
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(ii) Set ‘‘Installation Costs”: perform interventions meant to
increase the efficiency with installation costs as low as
possible;

(iii) Set ‘‘Return of Investments”: have a return in a time interval
which is considered reasonable.

These necessities are reported briefly in Fig. 10.
If there is not a solution that might fulfill at the same time all

demands of the sub-set ‘‘Installation Costs” \ ‘‘Annual Economic
Return” \ ‘‘Energy Saving”, a technician can choose to realize solu-
tions that represent at least 2 intersection sub-sets taking into con-
sideration two different necessities. From this point of view in this
part of the study those solutions that optimize two different neces-
sities (‘‘Installation Costs” \ ‘‘Annual Economic Return”; ‘‘Installa-
tion Costs” \ ‘‘Energy Saving”; ‘‘Annual Economic Return” \
‘‘Energy Saving”) are analyzed (Fig. 11) while trying to find the best
solution or Pareto solutions [78]. Pareto solutions are those solu-
tions representing the Pareto efficiency since the problem here
examined might not guarantee the improvement of a variable
without worsening the condition of the other [79].

Fig. 11 compares the interventions suggested. Solutions that can
be amortized within 30 years are characterized by a filled symbol,
whereas those solutions that cannot be amortized within this
deadline present an index which is unfilled.

Fig. 11a shows that there is not just one solution that might be
considered the one that optimizes the two variables taken into
consideration: based on the factor considered (minimize installa-
tion costs or obtain the maximum annual economic return) it is
possible to make different choices with respect to the intervention
examined. If the goal is to have lower installation costs, the solu-
tion meant for the improvement of the control system (3) is more
interesting, though the consequence is a minimum level of the



Fig. 10. Representation of the set of goals during an intervention of energy
optimization.
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annual return; if it is possible to afford high installation costs to
have an annual return as high as possible, the solution with the
installation of a heat pump combined with a PV system becomes
the most attractive. The graph reports the Pareto frontier where
the solution expects the installation of the CHP+HP (8) system
can be also found. This solution is a mix of both necessities.

Fig. 11b presents solution (3) with the minimum investments
and the lowest return period.

In Fig. 11c it is possible to notice how solution (5 + 7) generate
the highest annual economic return, with a low payback period.

6. Discussion

It is clear that the starting energy class (hence the annual
energy consumptions) of the building examined affects the type
of technological interventions that must be performed, and in turn
the energy class is affected by the ratio surface/volume of the
building and the climate of the site where the building is placed.

In this study, starting with a D class building (just one step
before the class entry level for buildings that must be guaranteed
in order to have the authorization to build), taking into considera-
tion Figs. 6–9 and 11, and limiting the choice to just one improve-
ment among those listed (meant both for the building envelope
and the systems) it was possible to notice (in the order of increase-
ment in the energy class of the building):

– Carrying out interventions on a building characterized by a
good building envelope to make it more performing does not
mean lower consumptions that might justify the high installa-
tion cost of these interventions. The realization of an exterior
insulation finishing system (1) or the substitution with highly
performing window fixtures (2), even if they imply a higher
energy performance with respect to the base case (from
59.62 kW h m�2 year�1 to 56.94 kW hm�2 year�1 and
53.78 kW h m�2 year�1 respectively), do not determine the
same increase in the energy class (which remains the D class),
hence even annual savings (expressed in money are
239.00 €/year and 520.00 €/year respectively) do not determine
reasonable payback periods (both more than 30 years).

– The realization of a PV system (7) does not affect deeply the pri-
mary energy consumed by the building if the thermal demand
during space-heating season and for the production of domestic
hot water are based on the exertion of systems supplied by
combustible fuels. The PV panel does not determine an increase
in the energy class, but through the production of power that
can be net metered can provoke a financial income for the prop-
erty (but this study will not focus on this aspect). The energy
class remains the D class (EPgl = 59.16 kW hm�2 year�1), even
though this is an intervention whose energy costs are high
(85,690.00 €). In order to have an influence on the energy of
the building and the system the solution is to combine the PV
panel with a thermal system able to exploit the electrical
energy as a primary source.

– Modernizing the regulation system (3) of the existing heating
system determines an annual energy saving (995.00 €/year)
which generates an increase in the energy class leading to a C
class (EPgl = 48.44 kW hm�2 year�1). This intervention is the
cheapest and its amortization period is really interesting
(16.9 years).

– The substitution of the boiler, once the service life is over, with a
more efficient one characterized by a condensation technology
(4), leads the building examined to a C energy class
(EPgl = 50.07 kW hm�2 year�1). The installation of the boiler is
not very expensive, but if the building does not have a proper
flue and a condensation removal system, realization costs will
be higher (32,560.00 € with an overcharge due to the substitu-
tion long service life of the existing boiler of 18,140.00 €). This
intervention, on a low energy class building, can determine sat-
isfying results, but in this case the amortization period
(29.3 years) can represent an obstacle.

– Substitute the boiler, once the service life is over, with a heat
pump (5), allows in terms of energy to reach a B class
(EPgl = 28.81 kW hm�2 year�1). Installation costs are average
(29,960.00 € with an overcharge with respect to the substitu-
tion for long service life of the existing boiler of 15,540.00 €),
though it must be kept under control the cost of the electrical
energy supplying it. This solution is financially sustainable only
in those Countries where the kW h presents an extremely
advantageous price.

– The realization of a solar heating system meant for the produc-
tion of domestic hot water (6) allows to reach a B energy class
(EPgl = 28.47 kW hm�2 year�1). It presents an average installa-
tion cost (37,180.00 €, without substituting the heat generator
for the heating during cold season) and it presents a proper
annual economic return (2,772.00 €/year) allowing an amortiza-
tion (16.1 years) period which corresponds to what expected.

– Substitution of a traditional boiler with a CHP+HP (8) system to
fulfill the thermal demand of the building during space-heating
season and the production of domestic hot water gives the pos-
sibility to pass from a D class to an A class (EPgl = 24.63
kW hm�2 year�1). Even if installation costs are still high
(54,560.00 € with an overcharge with respect to the substitu-
tion due to long service life of the boiler of 40,140.00 €), econo-
mies of scale could lead to lower cost and make this solution
very interesting. As a matter of fact it determines a good annual
energy saving (3114.00 €/year) hence the most advantageous
amortization period (15.4 years) between the different solu-
tions when considered individually.

Then, for what concerns the combined solutions:

– Those formed by passive interventions, that is (1 + 2) and (1 + 2
+ 3 + 4 + 6), present installation costs of 109,160.00 € and
192,770.00 € respectively. They will change to 178,350.00 €
due to the substitution of the traditional boiler because of a long
service life with an amortization period which is not advanta-
geous (higher than 30 years). In terms of energy, solution (1
+ 2) allows the building to have a C class (EPgl = 51.24 -
kW hm�2 year�1), whereas the most complete solution (1 + 2
+ 3 + 4 + 6) is the one which expects the strongest optimization
determining an A+ class (EPgl = 10.82 kW h m�2 year�1). It
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determines a high annual energy saving (4343.00 €/year),
though it is not high enough to guarantee an advantageous pay-
back period.

– The solution combining a new condensing boiler and a solar
heating system (4 + 6) determines an A class (EPgl = 24.79 -
kW hm�2 year�1), though it presents high installation costs
(69,740.00 €with an overcharge with respect to the long service
life of the boiler of 55,320.00 € hence higher than solution (8)).
The amortization period is of 27.6 years (higher than 20 years,
which is the limit considered preferable) and this solution
determines an annual saving (3100.00 €/year) which is slightly
lower than the one of solution (8).

– Combining the previous solution with an improved regulation
system (3 + 4 + 6) allows to reach an A+ energy class
(EPgl = 15.84 kW h m�2 year�1), though installation costs are
even higher (83,610.00 € with an overcharge with respect to
the substitution due to long service life of the existing boiler
of 69,190.00 €); this determines a longer payback period
(26.8 years) of the initial investment, though it generates a
remarkable annual saving (38,960.00 €/year).

– The solution (5 + 7) with the combination of PV panels (gener-
ating electrical energy that must be consumed in situ) to supply
the heat pump, generates an independence from the com-
bustible fuel for the fulfillment of the thermal demand of the
building. This leads to a higher energy class (A+), with low EPgl
values (0.33 kW hm�2 year�1). The actual obstacle to their
exertion is determined by the high installation cost
(115,650.00 € with an overcharge with respect to the substitu-
tion due to a long service life of the existing boiler of
101,230.00 €), which leads to (even in presence of an energy
saving of 5,276.00 €/year) longer payback periods (25.3 years)
when the service life of the system is almost over.
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7. Conclusion

The necessity to keep under control the energy demand of the
residential sector, due to both environmental and geopolitical rea-
sons determined by the supplying of fossil fuels, led legislators of
different industrialized Countries to regulate the sector providing
a system that might be easily understood even by the non-
experts to quantify the level of goodness of fit of a building and
the energy systems forming it. Therefore the classification of the
buildings based on the combination of the efficiency of the build-
ing and the system with the corresponding letter of the alphabet
was realized. The goal is to persuade owners to perform technical
interventions to have an energy optimization to reduce consump-
tions and the purpose was to create a phenomenon that might
involve both financial and environmental aspects (for the single
user and the community).

Society understood the benefits which the energy saving
implies, the highest obstacle to the realization of these interven-
tions is the financial issue. Technically it is possible to take differ-
ent patterns to increase the energy class of a building, thus
obtaining the same results for what concerns the final consump-
tions of primary energy. It must not be forgotten that the legisla-
tors set the goal to decrease as much as possible the thermal
demand of a really wide sector which is characterized by a variety
of different residential realities with high percentages of old build-
ings (hence they are not fit to save energy). However the idea of
increasing the energy class of just the new buildings does not lead
to substantial reductions of the energy consumptions supplied by
fossil fuels. The thermal demand must be kept under control, in
particular among the existing house block.

This study, starting with a D class building (below the minimum
class currently required for the construction) examined different
type of interventions (performing changes on the building envel-
ope and/or on its systems) with the goal to evaluate what kind of
intervention might fulfill the heating demand during cold season
and the production of domestic hot water required by its
inhabitants.

Among the interventions for the optimization here examined,
the solution that can combine a higher energy class with sustain-
able installation costs and payback periods, thanks to a consistent
annual energy saving, is a new solution which has not been dif-
fused yet. It is characterized by the combination of a small cogen-
erator that, while electrically supplying a compression heat pump,
also uses the heat generated by the pump (exploiting the multi-
plicative effect of the electrical energy provided to the machine
to generate a higher amount of energy in the form of heat thanks
to its COP) with the one it recovered. Managing in the right way
this system to fulfill the heat demand, the primary energy demand
will decrease and there is the passage from a D class to an A class
(differently from what was showed in other interventions which
were less incisive in terms of primary energy consumption). Even
financially speaking, this solution determines some benefits and
it can be considered feasible since it presents an amortization per-
iod of the installation costs of about 15.4 years. In order to obtain
energy results which are similar to those or even better, more than
just one traditional intervention (as the exertion of a condensing
boiler characterized by a thermostatic radiator valves control sys-
tem with solar heat panels) must be combined, though this implies
higher installation costs, hence too long payback periods.

Over the next years, industrialized Countries will face a transi-
tion period that will be characterized by the passage from fossil
fuels (that will be used even less) to the exploitation of renewable
energy sources and in the future, this transition might occur in the
residential sector thanks to CHP+HP systems. These systems can
lead the house block to have the performances of a nZEB, thanks
to aimed energy retrofit interventions. The technology is ready
and economies of scale might allow to have a cost reduction, thus
removing the existing financial obstacles with respect to more tra-
ditional technologies which have been used until now.
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