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Abstract: Electrification of the built environment is foreseen as a main driver for energy transition for
more effective, electric renewable capacity firming. Direct and on-time use of electricity is the best
way to integrate them, but the current energy demand of residential building stock is often mainly
fuel-based. Switching from fuel to electric-driven heating systems could play a key role. Yet, it implies
modifications in the building stock due to the change in the temperature of the supplied heat by new
heat pumps compared to existing boilers and in power demand to the electricity meter. Conventional
energy retrofitting scenarios are usually evaluated in terms of cost-effective energy saving, while the
effects on the electrification and flexibility are neglected. In this paper, the improvement of the building
envelope and the installations of electric-driven space heating and domestic hot water production
systems is analyzed for 419 dwellings. The dwellings database was built by means of a survey among
the students attending the Faculty of Architecture at Sapienza University of Rome. A set of key
performance indicators were selected for energy and environmental performance. The changes in the
energy flexibility led to the viable participation of all the dwellings to a demand response programme.

Keywords: energy flexibility; retrofitting interventions; residential consumption; demand response;
electrification in the built environment

1. Introduction

Stagnation in energy efficiency improvements and up and down trends of carbon emissions call
for ambitious targets. This is why EU sets energy efficiency at least 32.5% by 2030 [1]. Buildings
are responsible for 41.7% of energy consumption [2]. Therefore, larger renovation rates, renewable
heating, and related reduced pollutants [3] are actions enhanced by automation and smart controls
in [4]. At present, the increase of open data availability and its inclusion in countries policies for
renewable energy assessment [5], and to improve the energy performance of the building stock and
data collecting of operational phase [6].

On the side of renewable energy, the European Commission set that the contribution of renewables
in 2030 will cover 32% of final energy consumptions. Today, the major part of the energy system is
based on fossil fuels. By mid-century, this will change radically with the large-scale electrification of the
energy system driven by the deployment of renewables and fully developed alternative fuel options [7].
Regarding the electric sector, this ambitious goal implies that more than half of the European electricity
demand will be met by renewables. Large RES integration and control strategies are crucial for actual
decarbonization at the national [8] as well as urban scale [9]. It entails the deep testing and calibration
of multi-energy flows modelling [10] to manage stochastic behavior of renewables. Together with this
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modelling part, actual involvement of consumers and producers is done by Smart Grid approach [11]
and Demand Response (DR) Program [12].

DR aims at adjusting consumers’ demand to the energy flow or market price thanks to Demand
Side Management (DSM) by means of incentive paid to them [13]. Therefore, buildings connected to
the grid can be players by offering peak shaving or balancing services, and their value is weighted on
the amount of flexible power for each single user. It implies in building such a mechanism, the crucial
role played by probabilistic modelling is beyond the design of the load profile for buildings [14]
and beyond the incentive schemes for the market [15]. Dwellings have a small flexible power when
considered alone, while a group of them offers the chance to design several pathways of participation
to the market, from the local installation of storage [16] to tariff definition [17], from their aggregation
as robust and optimized equivalent load [18] up to the neighborhood scale [19], and the sum of their
equipment as well [20].

When heating systems are electric-driven, a great potential of flexibility occurs and is enhanced
by accounting for building thermal inertia [21] or installation of further storage means. The share of
electric-driven heating and cooling on the total electricity and whole energy demand is, therefore,
linked to the climatic conditions of building location, its characteristics, and the occupants’ behavior [22].
As a matter of fact, the intended use of the building is where electric DHW production is installed
and number of occupants are the main parameters affecting the final load value [23]. Moreover,
those parameters affect the shiftable loads as well and can be generalized to all the electric appliances
and devices used in dwellings [24].

With the aim to assess the potential of flexibility in dwellings, the temporal changes in the
residential sector and the trends of energy efficiency policies is a key player [25]. In [26], determinants
and trends of energy consumption in EU dwellings is analyzed accounting for impact and effectiveness
of energy efficiency policies already implemented. A gap in the analysis is the effect of retrofitting
strategies on the current and future flexibility potential, especially when the fuel switching is foreseen
and, subsequently, a massive electrification is promoted.

The same gap is identified in the recent literature for Key Performance Indicators (KPI) elaboration.
They were generally built to check viability of refurbishment considering economic output such as
Wang et al. [27] on a life cycle base or in [28] where net present value, the payback period, and energy
savings are taken as the main performance indicators of the retrofitting plan. Wu et al. [29] extended the
life cycle analysis to GHG emissions. while Penna et al. [30] checked the thermal comfort ensured by
the new building scenarios. Asadi et al. [31] provided an optimization process for environmental and
economic performances and Guardigli et al. [32] assessed the economic sustainability of various project
alternatives with net present value and global cost, but including social aspects as well. Therefore,
energy saving and economic trade-off are largely used in literature [33], especially if the building stock
owner is a Public Administration [34] or Social Housing corporate [35]. Only deep renovations seem
to be the place for further research questions. However, they are intended to provide more detailed
economic outcomes such as in [36], where Niemelä et al. checked cost-optimal retrofit measures in
typical Finnish buildings or in [37], where Ortiz et al. designed cost-optimal scenarios for retrofitting
residential buildings in Barcelona on global cost evaluation for building lifespan. Assessing the effects
of energy retrofitting on flexibility is still missing and is investigated by the authors of the current
paper by means of dedicated KPIs.

Four indicators are built: (i) the energy consumption; (ii) renewable energy use; (iii) local carbon
emissions; and (iv) flexible loads amount. In detail, local emissions were considered instead of global
emissions since there is a clear correlation between those latter ones and the energy consumption due
to the calculation methods, while their allocation is not specified [38].

The presence of conventional KPIs, i.e., the first three ones linked to a fourth, the new one, is useful
to see the eventual correlation or dependence on each other. Indeed, the flexible loads amount and the
observation of its link with the other indicators is the novel contribution of this study. That metric
is neglected for dwellings, being the gap to be filled by this study. To summarize, the present study



Energies 2019, 12, 2788 3 of 19

analyzes the effects of different energy retrofitting solutions on the flexibility potential of dwellings.
A sample of 419 dwellings in Italy is built thanks to a survey among the students of the Faculty of
Architecture at Sapienza University of Rome. A questionnaire designed for non-energy experts is used
to collect the data. Then, simulation scenarios provide the outcome of the new energy demand, its new
proportion among fuel and electricity based, and the updated share between the aforementioned
different flexible loads.

2. Materials and Methods

In this paper, the data collection to investigate the energy consumptions in residential buildings
was undertaken by means of a questionnaire survey. Data collection by means of the survey is related to:

(i) building characteristics (building location, surfaces, orientation, building envelope U-value,
air exchange rate, occupancy profile, shadings);

(ii) building services system (heating system, cooling system, domestic hot water (DHW) plant,
solar collectors, PV array);

(iii) appliances and devices (kitchen, refrigeration, washing, cleaning and ironing, lighting, audio/video,
personal care, other equipment).

The questionnaire was built in the Excel environment based on Visual Basic for Applications.
Real-time simulation of energy consumptions came from entered inputs. The in-house code adopted
in previous studies [39–41] was validated by means of TRNSYS and EnergyPlus results comparison.
The Heat Balance Method (HBM) was the base of the model implemented with a conduction finite
difference (CondFD) solution algorithm [42]. Italian adoption of EU regulation was used for the
calculation of heating, cooling, and DHW production efficiencies [43,44] for an expeditious assessment
of the input data of questionnaire. Solar energy plants and their thermal and electrical outputs were
also studied with technical norms in force [45]. Energy consumption of appliances and devices installed
in the dwellings was based on their energy label [46–51]. Referring to lighting, further information
was collected on the installed lamps, occupancy profile, and their location in the dwelling.

The simulation results were checked by comparison with energy bill values entered by the users.
Further data sources were the Terna (Italian TSO) report [52] and ISTAT (National Statistics Institute)
survey on residential energy consumption [53]. Given that, a first subdivision of loads in flexible and
rigid ones was made. Five categories were identified:

(i) Storable loads: charging and/or stopping load to create back-up for continuation;
(ii) Shiftable loads: impossible instant interruption but shift allowed over the time;
(iii) Curtailable loads: possible instant interruption and shift;
(iv) Non-curtailable loads: instant power not to be interrupted or shifted;
(v) Self-generation: on-site power production acting on user-grid exchanges.

The main flexible loads in dwellings are “storable loads,” i.e., heating, cooling, domestic hot water
when equipped with battery or water tank and “shiftable loads,” i.e., laundry, dishwasher, tumble
dryer, vacuum cleaner, stove. The loads were identified by means of gathering surveys filled in for
419 dwellings from students of Faculty of Architecture at Sapienza University of Rome.

The yearly PEC primary energy consumptions equation in kWh/y reads as:

PEC =
∑

i

∑
j

Qi, j · fren, j +
∑

i

∑
j

Qi, j · fnren, j, (1)

where:

• Qi,j is the energy demand for i use such as electricity, heating, cooling, or domestic hot water
associated to the used supply j in kWh/y;

• fj is the primary energy conversion factor depending on ren renewable or nren fossil supply.
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The yearly emission E in kg/y reads as:

E =
∑

i

∑
j

Qi, j· fCO2, j, (2)

where:

• Qi,j is the energy demand for i use such as electricity, heating, cooling, or domestic hot water
associated with the used supply j in kWh/y;

• fj is the emission factor associated to the used fuel j in kg/kWh.

The considered KPIs were calculated on the base of number of occupants, building surface, and in
accordance with the Italian building energy certification system [54]. As already mentioned, some of
the typical indicators were not present due to the high correlation. However, for this reason it was easy
to calculate its value by rearranging some of the other ones [55].

2.1. Building Envelope Retrofitting Measures

Energy retrofitting of the building envelope has positive effects on the dwelling energy performance
leading to a reduction of energy demand both in the winter heating season and in the summer cooling
one. Conventional solutions are often the cost-effective ones even if crucial indicators such as levelized
cost of energy [56] are not applied to them due to their large spread.

Considering the status quo, five alternative scenarios of building envelope energy retrofitting were
simulated: (i) the insulation of vertical opaque walls, (ii) floors, (iii) ceilings, and (iv) the replacement of
windows; first these interventions were considered individually and, then, (v) all together, as reported
in Table 1. In all the cases it was assumed that, following the intervention, the values of the transmittance
of the retrofitted building component were equal to those indicated later in Table 4 for the “after 2015”
period. This parameter is essential for energy evaluation, while it does not provide information about
other kinds of performances such as acoustics [57].

Table 1. Energy retrofitting measures for the building envelope.

# Building Component Retrofitting Measure

#1 Vertical opaque walls
Insulation up to the values of transmittance shown in Table 4 for

the period “after 2015”
#2 Roof covering
#3 Lower floor
#4 Windows
#5 Global upgrading of the envelope #1 + #2 + #3 + #4

A limitation of generalized extension and size of the retrofitting measures is due to the fact
that several building typologies were surveyed and in some cases, such as an apartment, not all the
surfaces can be retrofitted without involving the next apartment or the roof is actually not present if
the apartment is located at ground floor. It entails a new share of available interventions as below:

• insulation of vertical opaque walls, sample consisting of 403 dwellings, i.e., 96.2% of the total;
• insulation of the roof covering, 174 homes, i.e., 41.5%;
• floor insulation, 134 homes, i.e., 34.1%;
• replacement of windows, 391 homes, i.e., 93.3%;
• redevelopment of the entire building envelope, 418 homes, i.e., 99.8%.

2.2. Heating, Cooling, and DHW Systems Upgrading

The energy upgrading of technological systems produces positive effects on the energy performance
of the dwelling, leading to an increase in the average seasonal yields of the systems. They are
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dynamically computed according to UNI/TS 11300/2 [43] for heating systems production and their
regulation efficiencies. While, for a heat pump and its A+++ version, the Coefficient Of Performance
(COP) is calculated in compliance with [46]. Considering the status quo, five alternative scenarios for
improving the efficiency of the heating, DHW, and cooling systems were simulated, as reported in
Table 2. Three measures (#6, #7, #8) are the replacement of existing equipment by a more efficient one
whereas two measures (#9, #10) involve the heat pump technology installation for heating and for the
DHW preparation, with electrification of these services if they were gas-fired.

Table 2. Interventions of technological systems upgrading.

# System Existing System Upgrading Intervention

#6 Heating Traditional boiler - Substitution with condensing boiler
- Installation of temperature control devices for single room

Heat pump - Substitution with heat pump A+++ class
- Installation of temperature control devices for single room

#7 Heating—HP Traditional boiler or
heat pump

- Substitution with heat pump A+++ class
- Installation of temperature control devices for single room

#8 DHW
Traditional boiler - Substitution with condensing boiler

Electric water heater - Substitution with heat pump water heater

#9 DHW—HP Traditional boiler or
electric water heater - Substitution with heat pump water heater

#10 Cooling Air conditioner - Substitution with air conditioner A+++ class

A first assessment was done accounting for the separated interventions, although in many of the
examined dwellings, space heating and DHW rely on the same heat generator. Indeed, a limitation of
the system upgrading is done by the presence of the already most efficient one or the absence of the one
to be upgraded, such as the case of dwellings not equipped with cooling systems. In detail, among the
total dwellings option #6 is applicable to 409 houses, i.e., 97.6%; option #7 to 414 houses, i.e., 98.8%;
option #8 to 380 houses, i.e., 90.7%; option #9 to 411 homes, i.e., 98.1% and, finally, option #10 only to
204 homes, 48.7%. This latter one is actually the case of the dwellings equipped with cooling systems,
therefore, suitable for upgrading.

2.3. Combined Building Envelope Retrofitting and System Upgrading

Finally, the effects of a combination of the building envelope retrofitting and of the system
upgrading were simulated. Specifically, the energy retrofitting of the whole envelope was considered,
together with the new technological systems, as reported in Table 3. Five combined scenarios were
built. Considering the most frequent system layouts of the surveyed dwellings, scenarios #11 and #12
can be considered representative of a typical intervention carried out on a dwelling with centralized
heating system. DHW production by means of a micro-heat pump is scenario #13 representing when
there is no opportunity to upgrade the space heating system. On the contrary, scenarios #14 and
#15 can be considered representative of comprehensive intervention carried out on a dwelling with
an independent heating system.

Table 3. Combination of building envelope retrofitting and system upgrading.

# Intervention Description

#11 Overall envelope + heating system #5 + #6
#12 Overall envelope + heating system HP #5 + #7
#13 Overall envelope + DHW HP #5 + #9
#14 Overall envelope + heating + DHW #5 + #6 + #8
#15 Overall envelope + heating HP + DHW HP #5 + #7 + #9
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3. Results and Discussion

3.1. Description of Dwellings and Energy Consumption Analysis

This section shows the analysis regarding frequency of the building main features. Figure 1a
depicts the subdivision of the buildings according to the construction year, following the official
classification used in the Italian population censuses [58]. A further division compared to the decades
is done to account for law modifications in the field of building energy performance (years 2005, 2008,
2010, 2015). The data show that a wide part of the sample buildings belongs to before 1976, exactly the
year of the first Italian law about energy saving.
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Figure 1. Dwellings’ subdivision: (a) construction year; (b) size.

Moreover, Figure 1b shows the building frequency related to their size according to their five
different dimensional classes specifically: small <50 m2; small-medium 50–85 m2; medium 85–115 m2;
medium-large 115–145 m2; large >145 m2. The average size of the apartments is equal to 112.4 m2 and
the most common class is the medium one. These different sizes are connected to the family number of
components the dwelling was designed for. It has to be pointed out that a great part of the considered
dwellings occupy only one floor, i.e., 360 equal to 86.5% while, among the remaining ones 37, i.e., 8.9%,
occupy two floors and 19, i.e., 4.6%, three floors.

The data acquisition procedure does not include the introduction of the characteristics of the walls
by the user, but there is the indication concerning the construction year and any refurbishment carried
out. Table 4 shows the transmittance values of the buildings, depending on the construction year and
according to the climate zone.

Reading the table, it is noteworthy that the current legislation provides a subdivision of the Italian
territory into six climatic zones, according to the number of Degree Days (Zone A: DD ≤ 600; Zone B:
600 < DD ≤ 900; Zone C: 900 < DD ≤ 1400; Zone D: 1400 < DD ≤ 2100; Zone E: 2100 < DD ≤ 3000;
Zone F: DD > 3000).
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Table 4. Transmittance values depending on the construction year and the climate zone.

Climate Zone

Construction Year

B
efore

1919

1919–1945

1946–1961

1962–1971

1972–1981

1982–1991

1991–2005

2006–2008

2008–2010

2010–2015

A
fter

2015

Walls

A 1.30 1.20 1.20 1.20 1.10 1.00 0.90 0.86 0.69 0.62 0.62
B 1.30 1.20 1.20 1.20 1.07 1.00 0.87 0.67 0.53 0.48 0.48
C 1.30 1.20 1.20 1.20 1.03 0.98 0.83 0.56 0.44 0.40 0.40
D 1.30 1.20 1.20 1.20 1.00 1.00 0.80 0.50 0.40 0.36 0.36
E 1.23 1.13 1.13 1.13 0.94 0.94 0.76 0.47 0.38 0.34 0.34
F 1.19 1.10 1.10 1.10 0.92 0.92 0.73 0.46 0.37 0.33 0.33

Roofs

A 1.30 1.30 1.30 1.30 1.20 1.07 0.95 0.55 0.42 0.38 0.33
B 1.30 1.30 1.30 1.30 1.17 1.01 0.90 0.55 0.42 0.38 0.33
C 1.30 1.30 1.30 1.30 1.12 0.96 0.85 0.55 0.42 0.38 0.33
D 1.30 1.30 1.30 1.30 1.10 0.90 0.80 0.46 0.35 0.32 0.28
E 1.22 1.22 1.22 1.22 1.03 0.84 0.75 0.43 0.33 0.30 0.26
F 1.18 1.18 1.18 1.18 1.00 0.82 0.73 0.42 0.32 0.29 0.25

Floors

A 1.10 1.20 1.20 1.20 1.10 1.08 1.08 0.83 0.74 0.65 0.65
B 1.10 1.20 1.20 1.20 1.03 0.92 0.92 0.63 0.56 0.49 0.49
C 1.10 1.20 1.20 1.20 0.96 0.80 0.80 0.54 0.48 0.42 0.42
D 1.10 1.20 1.20 1.20 0.90 0.60 0.60 0.46 0.41 0.36 0.36
E 1.01 1.10 1.10 1.10 0.83 0.55 0.55 0.42 0.38 0.33 0.33
F 0.98 1.07 1.07 1.07 0.80 0.53 0.53 0.41 0.36 0.32 0.32

Windows

A 5.20 5.10 5.00 5.00 5.00 5.00 5.00 5.00 5.00 4.60 4.03
B 5.20 5.10 5.00 5.00 5.00 5.00 4.33 3.88 3.50 3.00 2.63
C 5.20 5.10 5.00 5.00 4.86 4.86 3.81 3.36 3.03 2.60 2.28
D 5.20 5.10 5.00 5.00 5.00 5.00 3.00 3.10 2.80 2.40 2.10
E 4.77 4.68 4.58 4.58 4.58 4.58 2.75 2.84 2.57 2.20 1.93
F 4.33 4.25 4.17 4.17 4.17 4.17 2.50 2.58 2.33 2.00 1.75

Table 5 points out the number of dwellings that have undergone renovations, divided according
to year of construction and type of intervention. The most frequent refurbishment intervention is the
replacement of windows, carried out in 197 dwellings (47.0% of the total) [59]. Air leakage entailing
heat losses and acoustic discomfort are the main reasons of such intervention [60]. For the new installed
building components, a transmittance value was set equal to the most common of the same period
of installation.

Table 5. Retrofitted building components.

Construction Year of the Building
Retrofitted Building Component

Walls Roofs Floors Windows

before 1919 0 (0%) 0 (0%) 0 (0%) 5 (41.7%)
1919–1945 2 (4.8%) 2 (4.8%) 3 (7.1%) 29 (69%)
1946–1961 6 (10.2%) 8 (13.6%) 1 (1.7%) 46 (78%)
1962–1971 8 (12.7%) 7 (11.1%) 3 (4.8%) 29 (46%)
1972–1981 13 (14.8%) 13 (14.8%) 5 (5.7%) 44 (50%)
1982–1991 6 (9.5%) 7 (11.1%) 4 (6.3%) 27 (42.9%)
1991–2005 16 (21.3%) 14 (18.7%) 9 (12%) 13 (17.3%)
2006–2008 0 (0%) 0 (0%) 0 (0%) 0 (0%)
2008–2010 2 (33.3%) 1 (16.7%) 0 (0%) 2 (33.3%)
2010–2015 4 (50%) 4 (50%) 3 (37.5%) 2 (25%)
after 2015 0 (0%) 0 (0%) 0 (0%) 0 (0%)
TOTAL 57 (13.6%) 56 (13.4%) 28 (6.7%) 197 (47%)
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Regarding the HVAC systems, the analyzed dwellings are all equipped with a heating system and
a DHW production system. Most of heating systems are autonomous (73.3%); gas is the most used
energy vector in heating systems (98.8%) and in DHW preparation (85.4%). The majority of gas-fed
systems provide both heating and DHW as shown in Figure 2.Energies 2019, 12, x FOR PEER REVIEW 8 of 19 
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Figure 2. Types of heating systems: (a) space heating; (b) DHW.

Cooling systems are installed only in 207 dwellings (49.4%). They serve only a few rooms,
as depicted by Figure 3a and they show high energy label due to their very recent installation,
as Figure 3b reports.
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Figure 3. Cooling systems: (a) dwellings and number of air-conditioned rooms; (b) energy label.

In order to validate the simulations’ outcomes from collected surveys, a comparison with energy
bills was made. As a result of this comparison, a lower correlation between real and simulated gas
consumption (R2 = 0.7764) compared to the electricity one (R2 = 0.8977) can be seen. The lower
correlation relating to the use of gas depends on the greater uncertainty of occupants’ profiles in
dwellings and high incidence of this service on energy consumption.
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The charts of Figures 4 and 5 show a calculation per unit of surface of the selected indicators:
(i) primary energy consumption, (ii) local emissions, (iii) use of renewable energy, and (iv) flexible
loads per class of sizes.Energies 2019, 12, x FOR PEER REVIEW 9 of 19 
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At apartment size increases, the average value of primary energy consumption per unit of area
decreases, from 215.0 kWh/m2y (small dwelling) to 120.6 kWh/m2y (large dwelling). Even the local
emissions, in terms of equivalent CO2, show a decreasing trend from 27.9 kg/m2y (small dwelling)
to 16.1 kg/m2y (large dwelling). This is due to the lower ratio between surface and volume in the
largest dwelling as well as lower specific occupancy rate. Regarding the medium-large dwellings,
a slight variation due to the higher incidence of gas consumption for heating on the overall energy one
is found. The larger houses with greater frequency are isolated. They have larger dispersing surfaces
and, subsequently, heat losses [61].

Similarly, in Figure 5a, renewable energy consumption per unit of area decreases as the size of the
apartment increases, from 24.1 kWh/m2y (small dwelling) to 8.5 kWh/m2y (large dwelling).
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The consideration of another parameter is remarkable: the electrification degree. It is the ratio
between the electricity consumption and the total primary energy one. It is on average 36.3% for the
considered building stock. Next, the consumption of renewable energy is on average equal to 9.0%,
depending largely on the renewable share of the power grid where they buy electricity from.

Even for flexible loads per unit of area, a decreasing trend is observed at increasing the dwelling
surface, although not continuous, from 12.4 kWh/m2y (small dwelling) to 6.9 kWh/m2y (large dwelling).
This is due the fact that different occupancy profiles occur since the small ones have higher rate of
occupants’ absence compared to the large one. In absolute terms, average flexible electric loads of
the analyzed dwellings [54] are equal to 1043 kWh/y and they are largely shiftable loads (667 kWh/y)
related to the use of washing machines, dishwashers, and dryers. Storable loads have a lower
average magnitude (376 kWh/y), due to the low diffusion of electric heating and DHW systems and as
a consequence of the low presence of cooling systems.

3.2. Building Envelope Retrofitting Measures

In all the retrofitting cases a reduction in heating and cooling consumption occurs. Its magnitude
is linked to the relevance of the retrofitted building component on the energy consumption of the
examined house, depending on the single case’s geometric and thermo-physical parameters. Figure 6
shows the primary energy savings and the reduction of local emissions compared to the current
situation. Evaluating the single interventions, the largest primary energy savings are linked to the
interventions of isolation on the vertical opaque walls, on average equal to 16.3%, while, the smallest
savings derive from the window ones, about 6.8%. This is due to the fact that, in many dwellings,
the windows have been recently replaced. The intervention of insulation on ceilings and floors allows
on average savings of 14.0% and 8.5%, respectively. However, the retrofitting of the whole building
envelope can lead to a primary energy saving of about 30.8%. The trend of savings in local emissions is
qualitatively similar to the primary energy one, although amplified: for vertical opaque walls a saving
of 26.3% is achievable; for ceilings, 18.9%; for floors, 11.8%, and for fixtures, 11.5%. It leads to on
average 47.6% in the case of the whole retrofitted building envelope. The reason for this amplification
lies in the fact that, as seen, most of the heating systems are gas-fired and require local combustion to
generate heat.
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Figure 7 shows the variations in the use of renewable energy and the number of flexible loads at
each retrofitted building component.
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The considered insulation interventions lead to a reduction in heating and cooling consumption,
i.e., storable loads.

Moreover, the small variations are connected to the reduction of the electric consumption of the
components of the heating system such as circulation pumps and fans, and to the reduction of cooling
consumption, in the houses, if present.

Considering the whole building insulation intervention, the reduction of renewable energy use is
less than 2% and the reduction of flexible loads is less than 5%.

Indeed, in the current plant configuration of Italian houses, a redevelopment intervention of the
building envelope weakly affects the flexibility potential of the house. Yet, it entails valuable energy
savings and reductions in local polluting emissions. In absolute terms, in the case of the whole building
envelope retrofitting, flexible loads vary from 1043 to 1002 kWh/y.

3.3. Heating, Cooling, and DHW Systems Upgrading

In all the upgrading cases, a reduction in heating and cooling consumption occurs. Its magnitude
is related to the relevance of the redeveloped element on the energy consumption of the analyzed
dwelling, depending on the single case geometric and thermo-physical parameters.

Figure 8 shows the primary energy savings and the reduction of local emissions compared to the
current situation. The largest savings in primary energy are observed for interventions on the heating
system’s heat generator, due to the high incidence of heating consumption on overall consumption [54].
For the upgrade option #6 the savings are on average equal to 6.5%, while for upgrade option #7
they are on average equal to 8.6%. Almost negligible savings, i.e., <1.5%, in all the other upgrading
options occur.

Referring to the local emissions, the achievable reduction due to the installation of a heat
pump as a heat generator and as the DHW production system are huge since they are 66.9% and
17.8%, respectively.
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Figure 9 shows the variations in the renewable energy use and the number of flexible loads at each
system upgrade. Similar to the previous KPIs, the changes in those two thanks to the installation of
heat pump are very significant (#7, #9). For the system upgrading #7, the increase in renewable energy
use is on average 360% while, for the system upgrading #9, the variation is 45.4%. It is remarkable
that for the other system upgrading the changes are very small: −1.2%, −2.1%, and −1.7% for #6, #8,
and #10, respectively. The same behavior can be found for the changes in flexible loads. Indeed, system
upgrading #7 and #9 imply their significant increases, about 147.0% and 80.1%, respectively. Then,
small decreases occur for system upgrading #6, #8, and #10, i.e., −3.8%, −5.7%, and −4.8%. In absolute
terms, the flexible loads in the system upgrading #7 reach 2111 kWh/y, whereas in #9, they reach
1443 kWh/y.
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The results of the simulations carried out confirm the usefulness of the heat pumps to increase
the flexibility of the loads [62,63], as a basic element of a system that must necessarily include storage
systems [64–66]. Anyway, the location of the storage system inside the dwellings remains to be
explored. As a matter of fact, the DHW storage system is generally small [23] and easy to install inside
the dwelling. Nevertheless, the storage system required for space heating is much larger, depending
on the climate zone, the characteristics of the house, and the behavior of the occupants [67] together
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with needed preservation of architectural appearance when the building is considered historic or even
listed [68].

3.4. Combined Building Envelope Retrofitting and System Upgrading

Finally, given the small changes observed in the previous section, the intervention to upgrade the
cooling system was excluded.

Figure 10 shows the primary energy savings and the reduction of local emissions compared to the
current situation. In terms of primary energy savings, the five combined scenarios are substantially
equivalent, with savings ranging between 32.6%, in the case of #11, and 35.7%, in the case of #14.
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Referring to local emissions, the achievable reductions are larger than 50% for all the combined
scenarios, being able to reach 84.9% in the case of scenario #15, i.e., with complete electrification of
space heating and DHW production.

Figure 11 shows the variations in the renewable energy use and the number of flexible loads at
each combined retrofitting and system upgrading. As the outcome of system upgrading scenarios,
the introduction of the heat pump as a heat generator significantly increase the renewable energy use,
reaching on average values greater than 150% as in the case #15. Even in terms of flexible electric loads,
a strong increase in the flexibility potential occurs, reaching 116.4% in the case of #15.
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In absolute terms, the value of flexible loads in scenarios #12, #13, and #15 reaches 1.329, 1.399,
and 1.725 kWh/y, respectively.

These results are numerically lower than those found for scenario #7 where there was the
installation of the single heat pump for space heating purposes. However, in this case, the lower
increase in flexibility potential matches with positive values of all the other KPIs, i.e., primary energy
savings, local emission reduction, and renewable energy use. Furthermore, the reduction of the heating
demand has as a further positive aspect, an easier insertion of the storage system within the dwelling
due to its new smaller required size [67].

3.5. Effects of the Proposed Measures

The changes deriving from the implementation of renovation measures are summarized in Table 6
reporting the values computed of the four KPIs.

Table 6. Summary of interventions and related changes.

Resulted Savings Resulted Changes

# Intervention Primary Energy
Consumption

Local
Emissions

Renewable
Energy Use

Flexible
Loads

#1 Vertical opaque walls 16.3% 26.3% −0.9% −2.4%
#2 Roof covering 14.0% 18.9% −1.3% −3.2%
#3 Lower floor 8.5% 11.8% −0.5% −1.1%
#4 Windows 6.8% 11.5% −0.3% −0.7%
#5 Global upgrading of the envelope 30.8% 47.6% −1.9% −4.7%
#6 Heating 6.5% 9.7% −1.2% −3.8%
#7 Heating—HP 8.6% 66.9% 360.8% 147.0%
#8 DHW 3.4% 3.2% −2.1% −5.7%
#9 DHW—HP 2.1% 17.8% 45.4% 80.1%
#10 Cooling 0.7% 0.1% −1.7% −4.8%
#11 Overall envelope + heating system 32.6% 50.3% −2.1% −5.5%
#12 Overall envelope + heating system HP 33.2% 67.4% 107.9% 39.4%
#13 Overall envelope + DHW HP 32.8% 64.8% 41.9% 72.2%
#14 Overall envelope + heating + DHW 35.7% 53.1% −3.9% −10.8%
#15 Overall envelope + heating HP + DHW HP 35.5% 84.9% 151.6% 116.4%

Figure 12 depicts the electrification degree resulting from the 15 proposed interventions and
combinations of them. In the status quo, the average electrification degree, i.e., the ratio between
electrical loads and total ones, is 34%. Conversely, the highest value is reached in all the interventions
apart from #10 which is 33.8% since the electric loads are reduced making the cooling supply more
efficient. Interventions #5, #11, and #14 increase the mentioned parameter thanks the high reduction
of heating consumption while interventions #7, #9, #12, #13, and #15 achieved the highest values
switching the heating from fossil-based to electric-driven.

Figure 13a shows the flexible loads in percentage value in part while, in absolute values in
Figure 13b. Strong changes are found only for the electrification of the heating systems by means of
heat pumps for heating and/or for DHW. Those interventions are #7, #9, #12, #13, and #15.

Finally Figure 14a depicts how the frequency of flexible loads is before the intervention #0, and in
Figure 14b after the comprehensive renovation #15. In the latter, 40% of dwellings show flexible loads
lower than 1400 kWh/y. If the value 1800 kWh/y is considered, 60% of the analyzed residential building
stock is under it. Only 32.2% of dwellings have more than 2000 kWh/y flexible loads.
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the heating demand has as a further positive aspect, an easier insertion of the storage system within 
the dwelling due to its new smaller required size [67]. 

3.5. Effects of the Proposed Measures 

The changes deriving from the implementation of renovation measures are summarized in 
Table 6 reporting the values computed of the four KPIs. 

Table 6. Summary of interventions and related changes. 

  Resulted Savings Resulted Changes 

# Intervention Primary Energy 
Consumption 

Local 
Emissions 

Renewable 
Energy Use 

Flexible 
Loads 

#1 Vertical opaque walls 16.3% 26.3% −0.9% −2.4% 
#2 Roof covering 14.0% 18.9% −1.3% −3.2% 
#3 Lower floor 8.5% 11.8% −0.5% −1.1% 
#4 Windows 6.8% 11.5% −0.3% −0.7% 
#5 Global upgrading of the envelope 30.8% 47.6% −1.9% −4.7% 
#6 Heating 6.5% 9.7% −1.2% −3.8% 
#7 Heating—HP 8.6% 66.9% 360.8% 147.0% 
#8 DHW 3.4% 3.2% −2.1% −5.7% 
#9 DHW—HP 2.1% 17.8% 45.4% 80.1% 

#10 Cooling 0.7% 0.1% −1.7% −4.8% 
#11 Overall envelope + heating system 32.6% 50.3% −2.1% −5.5% 
#12 Overall envelope + heating system HP 33.2% 67.4% 107.9% 39.4% 
#13 Overall envelope + DHW HP 32.8% 64.8% 41.9% 72.2% 
#14 Overall envelope + heating + DHW 35.7% 53.1% −3.9% −10.8% 
#15 Overall envelope + heating HP + DHW HP 35.5% 84.9% 151.6% 116.4% 

Figure 12 depicts the electrification degree resulting from the 15 proposed interventions and 
combinations of them. In the status quo, the average electrification degree, i.e., the ratio between 
electrical loads and total ones, is 34%. Conversely, the highest value is reached in all the 
interventions apart from #10 which is 33.8% since the electric loads are reduced making the cooling 
supply more efficient. Interventions #5, #11, and #14 increase the mentioned parameter thanks the 
high reduction of heating consumption while interventions #7, #9, #12, #13, and #15 achieved the 
highest values switching the heating from fossil-based to electric-driven. 
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Figure 12. Dwellings’ electrification degrees.
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Figure 13. Flexible loads after renovation interventions. (a) Percentage values; (b) absolute values.
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Figure 14. Flexible loads distribution. (a) Status quo #0; (b) after comprehensive intervention #15.
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4. Conclusions

The European community has outlined its objectives in the field of environmental sustainability,
indicating ambitious targets for reducing energy consumption, reducing emissions, and increasing
the use of renewable energy sources. In this context, the study of energy retrofitting of existing
buildings is of fundamental importance, as the building sector is responsible for more than 40% of
total consumption. These interventions must be inserted in a new energy scenario, in which greater
electrification of consumption and greater flexibility of demand will allow a wider integration of
renewable energies. In this study, referring to the Italian situation, energy retrofitting interventions
for the residential sector were analyzed, using a set of four Key Performance Indicators, i.e., primary
energy consumption, renewable energy use, local polluting emissions, and flexible electrical loads.
The interventions here analyzed are on the building envelope, on systems upgrading and, finally,
a combination of them.

Considering the current situation, it was observed that:

• the Italian residential sector is not endowed with enough electrification; gas is the most widely
used energy vector for space heating (98.8%) and DHW production (85.4%);

• only 49.4% of the dwellings surveyed are equipped with cooling systems;
• as the size of the apartment increases, primary energy consumption per unit area decreases;

a similar trend is seen in the renewable energy use and local polluting emissions;
• for flexible loads per unit area, an overall decreasing trend occurs but with the exception of

small-medium dwellings (50–85 m2).
• As for the energy retrofitting interventions on the building envelope, it was observed that:
• all interventions involve a reduction in energy consumption and a reduction in polluting emissions;
• all the considered interventions involve a reduction in renewable energy use and a decrease in

flexible loads.

With regard to the system upgrading, a clear difference was observed between gas-fed systems
for space heating and DHW and electrified services by means of heat pump installation. In this case,
a considerable increase in flexible loads and the renewable energy use occur with a strong reduction in
local emissions due the increase of the power grid supply.

The results of the simulations carried out to evaluate the effects of a combined building envelope
and system improvement are as summarized below:

• all combined interventions imply a reduction of primary energy consumption;
• a correlated reduction of local polluting emissions is found for gas-fed condensing boiler

installation, while there are higher values of reduced local emissions in the case of electrification
of space heating and DHW by means of heat pumps;

• all combined interventions entail a larger renewable energy use and a larger flexibility if heat
pumps are to be installed;

• a total of 50% of the renovated dwellings in the #15 scenario show a flexibility between 1200 and
2400 kWh/y entailing the possibility to use it as a reference value for preliminary calculation of
aggregated users.

It is noteworthy how the results of this study can offer a further KPI to evaluate the best retrofitting
intervention, from an economic perspective, accounting for new electricity business models in the era
of prosumers where flexibility is becoming the new performance of the built environment.
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