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Abstract: To achieve carbon neutrality in the EU, it is important to renovate the existing EU residential
buildings for a higher building energy efficiency. This study examines the impacts of several novel
renovation technologies on energy consumption, CO2 emissions and indoor climates in southern
European residential buildings through building-level simulations. Three typical residential build-
ings in South Europe were chosen as the demo buildings to implement the novel technologies. The
technologies were classified into passive, ventilation and generation packages, and then simulated
independently under the intermittent and continuous heating schedules. Additionally, two final com-
binations of renovation technologies were also simulated to demonstrate the maximum energy and
CO2 emissions reduction potential of the demo buildings. All novel retrofit technologies manifested
obvious effects on the energy consumption and CO2 emissions. Nevertheless, the effects were signifi-
cantly affected by the heating schedule. When the intermittent heating schedule was switched to the
continuous heating schedule, the relative energy conservation and CO2 emissions reduction potential
of the thermal insulation improvement measures (e.g., bio-aerogel thermal insulation) increased,
while those of the generation measures (e.g., solar assisted heat pump) diminished. Renovation with
the final combinations reduced the primary energy consumption by up to 66%, 74% and 65% in
the continuously heated Greek, Portuguese and Spanish demo buildings, the corresponding CO2

emissions reductions of which were 65%, 75% and 74%, respectively.

Keywords: residential buildings; energy renovation; intermittent heating; CO2 emissions; indoor climate

1. Introduction

Global warming as a result of greenhouse gas (GHG) emissions has become a focal
topic of public debate over the past few decades. Around 75% of the global GHG emissions
come from energy use [1]. Among numerous energy-consuming sub-sectors, the building
sector is the greatest single contributor to global energy consumption and GHG emissions,
accounting for about 40% of primary energy consumption and 33% of GHG emissions [2].
Thus, buildings have significant potential to achieve energy saving and GHG emiss-
ion reductions.

To overcome the current environmental and energy challenges, it is important to
improve building energy efficiency significantly. In the European Union (EU), the policy
makers have realized the importance of building energy performance and published
relative regulations, including the Energy Performance of Buildings Directive (EPBD) [3]
and the Energy Efficiency Directive (EED) [4]. In addition to the requirement to improve
the energy efficiency of new buildings, the energy efficiency regulations also require the
implementation of energy efficiency measures in connection with major renovations. This
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encouraged more ambitious renovations in the existing stock of buildings, especially for
those built prior to the oil crises and the rise of contemporary concerns about energy
security and global warming. The latest proposal of the EPBD specifies that new buildings
must be zero-emission buildings by 2030 and sets a target to achieve a zero-emission
building stock by 2050 [5].

However, only 12% of the EU residential stock has been renovated to meet climate
change targets, while 9% of the non-residential stock has been renovated to date [6].
Renovation rates of existing buildings are as low as only 1.2–1.4% per year in Europe,
which cannot ensure the transition of the EU building sectors towards climate-neutral
levels by 2050 [7]. Thus, the EU commission published its Renovation Wave Strategy to
boost the renovations in 2020. It aims to double the annual energy renovation rates within
the next 10 years and ensure that renovations lead to higher energy and resource efficiency,
and 35 million buildings could be renovated by 2030. The renovation wave in the EU
focuses on tackling energy poverty and the worst-performing buildings and decarbonizing
heating and cooling [8].

Although the building stock is heterogeneous across Europe, one common feature is
that residential buildings comprise the majority of the floor area in all the EU countries, the
share of which varies from at least 60% to more than 85%. Residential buildings comprise
84%, 81% and 83% of the total floor area in Greece, Portugal and Spain, respectively.
Around 38% of the EU residential building stock was built before the 1970s, when the
first national thermal regulations were created, which means that a significant part of
the EU residential buildings were built without taking thermal insulation performance as
a primary consideration. In southern European countries, the proportion of residential
buildings constructed before the 1970s in Greece, Portugal and Spain is on par or lower
than the EU levels, being 31%, 38% and 31%, respectively [9].

Regarding the energy consumption levels of residential stocks, the average residential
energy consumption is 184 kWh/m2a in the EU [9]. Specific to different southern European
countries, the average residential energy consumption is 121 kWh/m2a, 70 kWh/m2a and
103 kWh/m2a in Greece, Portugal and Spain, respectively, which is much higher than
nearly zero energy building (NZEB) energy performance level for residential buildings in
the corresponding countries. To satisfy the NZEB energy performance levels, the existing
residential buildings in Greece, Portugal and Spain would have to consume less than
75 kWh/m2a, 55 kWh/m2a and 50 kWh/m2a of non-renewable primary energy [10].

Thus, the EU residential stock reserves significant energy saving potential. Several
studies on the building energy saving potential in southern European countries can be
found in the literature. According to a study based on the Greek residential stock, if Greek
residential buildings complied with the minimum requirement of the Hellenic Building
Energy Performance Regulation (REPB), annual space-heating energy could be reduced
by 63% to 70%, depending on the climate zones [11]. A case study illustrated that the
primary energy consumption of a Portuguese stone masonry building could be reduced by
around 52% by implementing energy retrofits according to the Passive House Certificate
for retrofit (EnerPHit) requirements [12]. Another study assessed the potential of energy
conservation measures for the Spanish building stock, and it showed that applying all
energy conservation measures as a package offers a potential technical reduction in the
final energy demand of 55% and a 65% reduction in CO2 emissions [13].

Building energy is significantly wasted nowadays due to outdated construction prac-
tices, the use of inefficient systems or appliances and a lack of effective technical control
systems. To limit the energy waste, the renovation of the existing buildings could stem
from demand-side management, supply-side management and energy consumption pat-
terns [14].

In terms of demand-side management, the heating and cooling demands can be re-
duced by renovating the building fabric (e.g., installing thermal insulation panels) and
windows (e.g., multiple glazing windows) and using advanced technologies such as win-
dow shading systems, etc. Compared with a conventional building, the energy saving
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potential of a well-insulated building varies from 50% to 90% depending on the type of
building, climate conditions, construction year and thermal insulation level before renova-
tion [15]. A study on the European residential stock showed that the improvement of the
building shells of existing and new residential buildings provides a huge energy saving
potential, which could amount to roughly 90 Mtoe by 2030 for all EU countries [16].

Regarding the performance of envelope retrofits in southern European climates, taking
the renovation of three Albanian traditional houses in different cities as an example, when
their exterior walls, windows and ceilings were well insulated by typical measures, the
corresponding annual total energy demand was reduced by 36% to 46% depending on
the outdoor temperature level of the buildings’ location [17]. According to a study based
on the modelling of a renovation of a multi-family building in Portugal, if the building
was insulated to fulfill the requirement of major renovations (Portaria 297/2019), the
annual primary energy demand and CO2 emissions would be decreased by 33% and 26%,
respectively [18]. Another study analyzing energy conservation potential in the Spanish
building stock by modelling showed that insulating the floor, exterior wall, roof and
windows to meet the standards of the building code in force could foster a reduction of
around 40% in the final energy consumption of the Portuguese residential stock [13].

In addition, promoting energy-efficient equipment and low-energy technologies can
also conserve building energy consumption from the demand side. The common tech-
nologies include heat recovery ventilation, energy-efficient lighting and appliances, the
smart control of technical systems, thermal storage, etc. As a requirement of the Passivhaus
standard [19], heat recovery ventilation is widely implemented in northern and central
European countries. A study showed that ventilation heat recovery can reduce the primary
energy consumption by a minimum of 20% in Germany and Sweden [20].

Due to climate differences, the impact of heat recovery ventilation on building energy
consumption in southern European countries is much lower. A study on the Spanish
residential building stock stated that the installation of ventilation systems with heat
recovery capacities in the residential stock could lead to a 3% reduction in the final energy
demand [13]. Additionally, the study also estimated the residential energy saving potential
of the improvement of the efficiency of lighting or appliances, which would result in a 3% or
2% final energy demand reduction, which is lower than the maximum energy reduction
potential (7%) offered by single retrofit technologies (e.g., thermal insulation of the floor),
while the corresponding CO2 emissions could be reduced by 10% or 7%. Another study
focusing on the case of multi-family buildings constructed from 1961 to 1980 in Portugal
showed that replacing an old gas boiler with a more efficient gas-condensing boiler could
bring about a 42% reduction of the annual primary energy demand and CO2 emissions [18].

Retrofit technologies for supply-side management consist of electric system retrofitting
and the use of renewable energy as alternative energy sources to provide buildings with
electricity and thermal energy. The common renewable energy sources (RES) applicable to
the residential sector include bioenergy, solar, wind and low-enthalpy geothermal energy.
To utilize the renewable energy in residential retrofits, the corresponding technologies,
such as biomass boilers, solar thermal collectors, photovoltaic panels and wind turbine and
ground-source heat pumps, may be taken into account [21].

The utilization of renewable energy in residential buildings has significant energy
saving and carbon emission reduction potential for southern European countries. Mata
et al. [13] analyzed the energy conservation potential of utilizing renewable energy in the
Spanish residential stock through building-stock modelling. The study showed that the
installation of solar collectors for hot water or the replacement of existing fuel boilers with
biomass boilers with an efficiency of 90% could reduce the annual final energy demand
of the residential stock by 7% or 5%, which is equal or close to the maximum energy
conservation potential (7% reduction) brought about by insulating the floor, the external
walls or the roof in the same study. The corresponding CO2 emissions were reduced by
7% after installing solar collectors and even 40% with more efficient biomass boilers.
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In addition, a case study of a typical stand-alone family house in Greece also demon-
strated the significant energy saving potential of RES systems in southern European climatic
conditions [22]. In a Greek house, the conventional system consists of water radiators pow-
ered by a boiler, a split cooling unit and an electric heater for domestic hot water (DHW).
These were replaced by a ground-source heat pump for heating/cooling and a solar ther-
mal system with electric backup heating for DHW. The RES system realized an energy
consumption reduction of 54% relative to the conventional systems.

Regarding the passive measures beneficial for heating and cooling demand reduc-
tions, bio-aerogel thermal insulation is more environmentally friendly than other thermal
insulation materials on the market, while having a relatively good thermal insulation
performance [23]. A PV vacuum window has thermal insulation properties similar to
multi-glazing windows, and the integrated PV module can also produce electricity for
a building’s internal usage [24]. The insulating breath membrane panels can not only
improve the thermal insulation level of a building envelope, but also reduce heat loss
through infiltration if they are installed over the building structure [25].

In terms of low-energy technologies, a room-specific air handling unit with heat
recovery (RAHU) is an energy saving option, as a mechanical ventilation system, since it
utilizes the excess heat of exhaust air to heat up the supply air [26].

As for the generation measures, a photovoltaic/thermal (PV/T) system is a power
generation technology that converts solar radiation into usable thermal and electrical
energy [27]. In addition, a solar-assisted heat pump (SAHP) is another option, which
contains a heat pump and solar collectors acting as an evaporator in a single integrated
system [28].

Although the studies verified the performances of these novel retrofit technologies
individually, to the authors’ best knowledge, there is no research that combines them in
different packages to assess their building-level performance.

In addition to renovating buildings through the building envelope or technical systems,
changing occupant behaviors, such as a heating schedule, have significant impacts on
building energy consumption, which can also be seen as energy renovation methods.
Differently from the common continuous heating used in northern European countries,
intermittent heating is more commonly used in Southern European countries. Either
intermittent heating habits or the absence of heating are common in Portugal due to warm
climate conditions, low incomes and expensive energy costs, as well as some cultural
contexts and rooted habits [29]. In Greece as well, to reduce the operational costs, most of
the residential building owners use their space-heating systems for only 3–4 h per day [30].
Correspondingly, the lower limit of acceptable indoor temperatures during the heating
season in southern European countries is lower than that in Nordic countries. According
to [31], the lower limit of accepted indoor temperatures is 18 ◦C in Portugal, which is lower
than 20 ◦C in Finland, according to [32].

The simulation-based study conducted by Laskari et al. [33] revealed that heating
schedules affect residential energy usage and indoor temperatures effectively. Several
studies [11–13] proved that energy renovation measures and their packages have signif-
icant energy saving potential for the southern European residential stock. However, to
the authors’ best knowledge, no scientific paper has discussed the heating schedules as
an effective influencing factor in building energy efficiency achieved by renovation. Thus,
the impacts of intermittent or continuous heating schedules on the energy conservation
potential of different energy renovation technologies are still not fully understood or
are oversimplified.

This study aims to analyze and present the impacts of energy renovation technolo-
gies and their combinations on building energy consumption, CO2 emissions and indoor
climates through dynamic building simulations. Scientific research which evaluates the
building-level performances of the novel retrofit technologies is still lacking. Thus, the
novelty of this study is its assessment of the performance of several novel technologies
and their combinations at the building level. Three typical residential buildings in Greece,
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Portugal and Spain were chosen as the demo sites to implement building-level simulations
of retrofit technologies. The analysis focuses on the retrofit technologies that are not yet in
the market. In the pre-study, the selected technologies were estimated to have a payback
time less than 12 years. The actual cost efficacy was not included in this analysis. Moreover,
the study focused mostly on reducing space-heating and DHW energy consumption, be-
cause the summer air room temperatures are still acceptable without mechanical cooling
systems according to the test reference years’ weather data. Only one of the demo buildings
was equipped with an air conditioning device. Based on these simulations with different
heating schedules, this study also evaluated and quantified the impacts of intermittent
or continuous heating schedules on the building energy efficiency achieved by energy
renovation. In addition, as these demo sites cover three different types of residential
buildings in southern Europe, this research can also play a guiding role in methods for
choosing the most effective retrofit technologies for residential renovations under these
climatic conditions.

2. Materials and Methods
2.1. Building Descriptions

To describe the demo buildings in the simulation software as accurately as possible,
most of the properties of the building envelope and HVAC systems were defined based on
either the input data sheets from the building owners or remaining unavailable data that
came from the literature or online database TABULA WebTool [34].

2.1.1. Greek Apartment Building

The Greek apartment building is located in Peristeri, Athens. As shown in Figure 1, it is
attached to two other buildings on the east and west sides. The ground floor is a workshop,
and there are apartments on the first and second floors, which were constructed in the
1980s. Figure 2 shows the Greek apartment building model built for the simulation. All
of these floors are included in the simulation model. There is no energy certificate for
this building.
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Regarding the building envelope, its façade was built with hollow bricks, containing
a polystyrene layer in the middle of the external wall structure. The roof has an 8 cm
coating of cement mortar for waterproofing. All the windows on the first apartment
floor are single glazed, while the second apartment floor is equipped with double-glazed
windows. Table 1 presents the detailed thermophysical properties of the building envelope.
Since field tests of its airtightness were not implemented for this building, the air leakage
rate of this demo building was given an assumed value based on the typical airtightness of
Spanish residential buildings [35].

Table 1. Envelope and HVAC system properties of the demo buildings.

Demo Building Greek Apartment Building Portuguese Social House Spanish Terraced House

U-values of envelope [W/m2K]
External wall 0.7 2.4 1.7

Roof 3.9 3.8 1.6
External floor 3.6 1.0 2.9
External door 1.1 3.6/3.7/3.9 2.2

Windows 5.9/3 5.1 5.8/2.8
g-value 0.69/0.57 0.88 0.85/0.76

Solar transmittance 0.62/0.54 0.83 0.83/0.7
Visible transmittance 0.90/0.81 0.90 0.90/0.81

External window shading Marquee - -
Air leakage rate, n50 [ACH] 6.7 6.7 6.7

Ventilation system Natural ventilation Natural ventilation Natural ventilation
Exhaust air flow rate [L/s] - - -

Space heating system Oil boiler and water radiators Portable electric heater Gas boiler and water radiators
Design temperature of water radiators [◦C] 90/60 - 70/40

DHW heating system Solar collector and boiler Gas heater Gas boiler
DHW inlet/outlet temperature [◦C] 15/55 15/45 12/55

DHW use [L/day/person] 50 100 26
Heating capacity of boiler [kW] 65 - 65

Efficiency of boiler [%] 81 - 81
Heating capacity of electric heater [kW] - 1.2

Cooling system Split cooling units No No
Cooling capacity [kW] 2.6/7 - -

Coefficient of performance 3.1/5.6/6.1 - -

The first and second apartment floors of the Greek demo building are heated with
an oil boiler and water radiator system, and the bedrooms and living rooms are equipped
with split cooling units. The DHW is supplied by a low-pressure water system from
a triple-energy boiler that also works flexibly with a solar collector and electricity. Table 1
shows further properties of the HVAC systems in this apartment building.

2.1.2. Portuguese Social House

The demo site in Portugal is a historic social house located in Lisbon. This social
house was constructed in the 1970s, and it has two floors with an apartment on the first
floor and the public social space on the second floor (see Figure 1). Figure 2 presents the
Portuguese social house model built for the simulation. All these floors are included in the
simulation model. This first-floor apartment consists of a bedroom, a living room, a kitchen
and a bathroom. This house does not have any energy certificate.

Regarding the building envelope of this social house, there is no thermal insulation
in the building envelope. Its façade was built with stone. The roof consists of a sloped
light outer cover. All the windows are single glazed windows with wooden frames. The
properties of the building envelope are shown in Table 1. As a field-tested value of the
airtightness was not available, the same assumed air leakage rate of the Greek demo
building was used for this demo house model.

In terms of the HVAC systems, all the living spaces are heated by portable electric
heaters. There is no cooling system in the house. The DHW is supplied by a natural gas
heater. This house is naturally ventilated but not adequate for maintaining a good indoor
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air quality according to the occupants’ feedback. Further properties of the HVAC systems
are presented in Table 1.

2.1.3. Spanish Terraced House

The Spanish demo building is a terraced house with four apartments (see Figure 1),
which is located in Valladolid. Each apartment consists of two residential floors, with
a bedroom, a living room and a bathroom on the upper floor and a kitchen and a vestibule
on the ground floor. There is also an unheated basement area below the residential section.
Figure 2 shows the Spanish terraced house model built for the simulation. To speed up the
simulation process, only two apartments were included in the simulation model.

Regarding the building envelope of this terrace house, its external walls and roof
are not insulated at all. The windows include single-glazed windows and double-glazed
windows. The properties of the building envelope are shown in Table 1. As a field-
tested value of airtightness was not available, the same assumed air leakage rate of the
Spanish demo building was used for this demo house model, which is equal to the typical
airtightness of Spanish residential buildings [35].

In terms of the HVAC systems, each apartment is heated by an independent heating
system, which are a mix of gas boilers and electric heaters. There is no cooling system.
This house is naturally ventilated but not adequate for a good indoor air quality. Further
properties of the HVAC systems are presented in Table 1.

2.2. Country-Specific Input Data
2.2.1. Weather Data

The weather data are presented with the typical climatological conditions of the
studied cities (Athens, Lisbon and Valladolid) from ASHRAE IWEC2 Weather File. The
data consist of the hourly outdoor air temperature, relative humidity, direct and diffused
insolation and the wind speed and direction. The temperatures in these three cities are
presented in Figure 3. The outdoor temperature in Valladolid is the lowest among all three
cities. The outdoor temperature in Lisbon is more stable than that in Athens. The annual
heating degree hours at an indoor temperature of 15.5 ◦C are 612.3 ◦Ch, 467.5 ◦Ch and
1577.8 ◦Ch in Athens, Lisbon and Valladolid, respectively. The heating design temperatures
of Athens, Lisbon and Valladolid are 1.8 ◦C, 4.9 ◦C and −3.8 ◦C [36].
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2.2.2. Primary Energy and CO2 Emission Factors

Primary energy is the metric used for building energy rating and minimum energy
performance requirements for buildings in most EU countries. Correspondingly, to evaluate
the energy performance of the demo buildings before and after renovation, the primary
energy factors (PEFs) were introduced to convert the energy demand of the buildings into
the primary energy demand. PEFs indicate how much primary energy is used to generate
a unit of electricity or a unit of useable thermal energy. Table 2 shows the PEFs of different
energy carriers in Greece, Portugal and Spain, which are slightly different according to
their energy structures.

Table 2. Primary energy and CO2 emission factors in Greece, Portugal and Spain.

Energy Carrier Greece Portugal Spain

Primary energy factors
[kWh/kWh]

Natural gas 1.05 1 1.07

Oil 1.1 1 -

Electricity 1.79 1.49 1.51

CO2 emissions factors
[kg-CO2/MWh]

Natural gas 196 204 199

Oil 264 267 -

Electricity 572 227 190

There is also a connection between energy consumption and CO2 emissions, which
is reflected by a coefficient, the carbon emission factors. This illustrates how much CO2
is released when a unit of electricity or a unit of useable thermal energy is consumed. As
shown in Table 2, the carbon emission factors of natural gas and oil in the three countries
are similar, while the carbon emission factors of electricity are quite different depending on
the proportion of fossil energy used for the power generation of the specified countries.

Based on the simulated purchased energy, the primary energy and CO2 emissions of
the demo buildings were calculated using the primary energy and CO2 emission factors.

2.2.3. Occupant Behaviors

As user behaviors have a significant impact on building energy consumption and
indoor climates, the usage profiles used for the simulations were defined based on building
owners’ feedback or former experiences in order to ensure that the simulation results were
close to the measured values.

To simulate the internal heat gain and CO2 concentrations at the building level ac-
curately, the occupants’ numbers in the demo buildings were defined depending on the
occupants’ feedback. The Greek, Portuguese and Spanish demo buildings were occupied by
8, 1, and 9 residents respectively. The occupancy schedules for different rooms were defined
based on the occupants’ typical behavior and applied to all the demo buildings. In addition
to occupants, lighting and equipment also affect internal heat gains significantly. In all the
demo buildings, each room was equipped with a lighting device, the rated input of which
was 7 W. The annual consumption of the equipment was normalized to 3.0 kWh/m2a.

The opening schedules for doors and windows affect air flows between rooms through
the building envelopes significantly. Thus, defining appropriate opening schedules for
doors and windows is essential for accurately simulating the energy consumption rates
of existing demo buildings. The external doors were assumed to be always closed, while
the internal doors were kept open. As occupants often open or close windows according
to indoor climate conditions, an opening control macro was customized in the simulation
of the demo buildings to reflect a typical usage of windows. The prerequisites of window
opening included ambient temperature, room temperature, the occupancy schedule and
indoor air quality. Windows would be opened when either of the following conditions were
met: (1) The ambient temperature was in the range of 10–25 ◦C; the room temperature was
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in the range of 22.0–24.5 ◦C; or the room was occupied. (2) The indoor CO2 concentration
was above 1800 ppm.

Operating schedules for the space-heating and cooling systems varied significantly
in the existing demo buildings, as shown in Table 3. The two apartments in the Greek
demo building were intermittently heated in winter, while bedrooms and living rooms
in the apartments were intermittently cooled in summer. As for the Portuguese demo
house, only the living room was intermittently heated for several months. The heating
schedules in the Spanish demo house were much more complex. Each apartment floor
had a different heating schedule, and the heating setpoint during the daytime was slightly
higher than that during the nighttime. These heating schedules were integrated into
their corresponding demo building models and used as the reference models with the
intermittent heating schedules. In the reference models with continuous heating schedules,
all the demo buildings were assumed to be heated continuously to 20 ◦C except in June,
July and August. As shown in Table 4, the DHW consumption was concentrated in the
morning and night, and the DHW usage schedule was applicable to all the demo buildings.

Table 3. Intermittent heating and cooling schedules in the demo buildings.

Demo Site Living Space Heating Schedule

Greek apartment building The whole apartment area From 1 November to 31 March, 20 ◦C [7:00–9:00, 19:00–22:00]

Portuguese social house Living room in the ground
apartment

From 1 December to 28 February, weekdays: 20 ◦C [7:00–8:00,
15:00–23:00], weekends and holidays: 20 ◦C [8:00–23:00]

Spanish terraced house

Ground floor All year round, 20 ◦C [14:00–23:00], 17 ◦C otherwise

Top floor All year round, 18 ◦C [14:00–23:00], 17 ◦C otherwise

Attic From 1 October to 30 April, 20 ◦C [14:00–23:00]

Demo site Living space Cooling schedule

Greek apartment building Living rooms and bedrooms in
the apartment From 1 June to 30 September, 25 ◦C [19:00–24:00]

Table 4. DHW usage schedules in the demo buildings.

Time DHW Usage Schedule

Weekdays Max consumption [7:00–8:30, 20:00–22:00], half consumption [16:00–20:00]
Weekend and holidays Max consumption [8:00–9:30, 20:00–22:00], half consumption [12:00–14:00, 16:00–20:00]

2.3. Description of the Analyzed Retrofit Technologies

The simulated retrofit technologies were classified into three retrofit packages, includ-
ing the passive package, consisting of bio-aerogel thermal insulation, PV vacuum windows
and phase change material (PCM); the ventilation package, consisting of an insulating
breath membrane and room-specific air handling unit with heat recovery (RAHU); and the
generation package, consisting of a photovoltaic/thermal (PV/T) system and solar-assisted
heat pump (SAHP). As shown in Figure 4, the packages were integrated into the reference
building models and simulated separately, while the simulation of the retrofit technologies
in each package followed the rule of starting from a single technology and expanding to
all technologies. According to the simulated impacts of the retrofit technologies on the
building energy consumption and indoor climates, the final combinations of the retrofit
technologies were prepared and simulated at the building level. Finally, the primary energy
consumption and CO2 emissions were calculated with the country-specific primary energy
and CO2 emissions factors based on the simulated purchased energy.
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2.3.1. Passive Package

Bio-aerogel thermal insulation material is an environmentally friendly insulating
material, which is made of starch-based aerogel [23]. Compared with more common
thermal insulation material types, such as mineral wool or expandable polystyrene (EPS),
it has a rather similar insulation performance, while having the characteristics of non-
toxicity and biodegradability. The bio-aerogel thermal insulation material was used to
create a prefabricated panel installed on the outside or inside of the external walls and
roofs in this study. The detailed parameters of the bio-aerogel thermal insulation panel are
presented in Table 5.

Table 5. Parameters of the bio-aerogel thermal insulation panel and PV vacuum window.

Retrofit Technology Parameters

Bio-aerogel thermal insulation panel Thermal conductivity [W/mK]: 0.037, density [kg/m3]: 43, specific heat [J/kgK]: 2260,
thickness of thermal insulation panel [mm]: 50

PV vacuum window Solar heat gain coefficient (SHGC): 0.42, solar transmittance: 0.3, visible transmittance: 0.65,
U-value of glazing [W/m2K]: 0.6, efficiency of electricity generation [%]: 3.5

A PV vacuum window is a daylight-management apparatus with photovoltaic solar
cells embedded in a window [24]. This kind of window can not only generate electricity
during the daytime, but also decreases heat transfer through the windows due to its low
U-value (see Table 5). To maximize the electricity generation of PV vacuum windows, they
were installed only on the south façades of the demo buildings. The total areas of the PV
vacuum windows were 11.2 m2, 1.1 m2 and 19.6 m2 in the Greek, Portuguese and Spanish
demo buildings, respectively.

Phase change material (PCM) is a substance which releases and absorbs sufficient
energy at the phase transition between solid and liquid to provide effective heating and
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cooling [37]. Thus, when PCM is utilized in building retrofits, it can be regarded as a passive
cooling and heating method, since PCM can store/release extra indoor heat by the phase
change. The PCM with a chosen phase change temperature is injected into sealed containers.
The containers can be installed under the floor or ceiling in the actual installation. There are
many PCM products with different phase change temperatures on the market. In this study,
the PCM product S21, a salt hydrate, was chosen and treated as an independent PCM layer
installed under the ceiling, further properties of which are presented in Table 5. To protect
the PCM layer, it was encapsulated by aluminum plates (0.5 mm). Although the nominal
melting temperature of S21 is 22 ◦C, the actual melting process starts at 18 ◦C, reaches its
peak at 27 ◦C and ends at 36 ◦C [38]. Figure 5 shows the partial enthalpies during the
melting and solidifying processes.
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2.3.2. Ventilation Package

The insulating breath membrane is designed to improve the thermal performance of
roofs and walls. It can protect insulation from air and water infiltration and enable water
vapor to be evacuated if the membrane is installed on the outside of the building structure.
Thus, the insulating breath membrane can be seen as a thermal insulating measure, which
can also improve the airtightness of a building after retrofit. The breath membrane layer
(26 mm) was installed on the external walls and roofs of the demo buildings, further details
of which are presented in Table 6. According to the airtightness test results based on
the standard EN 13859-2 [39], the air leakage rate of the breath membrane under a 50 Pa
positive pressure difference is 0.16 m3/hm2 and 0.18 m3/hm2 under a negative pressure
difference of 50 Pa. Since the air leakage rates of the demo houses after installing the breath
membranes were not measured, two cases with different assumed air leakage rates were
simulated in this study. For an ideal case, the tested air leakage rate of the breath membrane
was assumed to be the air leakage rate of demo houses. In the other assumed case, the air
leakage rate was the average of the original case and the ideal case, which may be closer to
the real situation (see Table 6).

A room-specific air handling unit with heat recovery (RAHU) is an independent
mechanical ventilation device installed above the windows [26]. It consists of heat pipes
which transfer the heat of exhaust air to the supply air and fans. At the hot interface of the
heat pipes, the volatile liquid inside turns into vapor by absorbing heat from the exhaust
air. The vapor then travels back to the cold interface and condenses back into liquid by
releasing the latent heat to heat the supply air. All rooms with window except the kitchens
and bathrooms in the demo buildings were equipped with RAHU, and their ventilation
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rates were defined based on the NZEB Design Strategies for Residential Buildings in
Mediterranean Regions [40], as shown in Table 7. The efficiency of the heat recovery
depends on the air flow rates of ventilation systems.

Table 6. Parameters of the insulating breath membrane.

Retrofit Technology Parameters

Insulating breath membrane
Thermal conductivity [W/mK]: 0.029, density [kg/m3]: 96.15, specific heat [J/kgK]: 2260, air
leakage rate (50% improvement) at 50 Pa [ACH]: 3.4, air leakage rate (100% improvement) at

50 Pa [ACH]: 0.07 (Greece), 0.15 (Portugal), 0.11 (Spain)

Table 7. Parameters of the RAHU in the demo buildings.

Demo Site Greek Apartment Building Portuguese Social House Spanish Terraced House

Supply and exhaust airflow rate [L/s] Living room: 15/14
Bedroom: 8/7/4

Bedroom: 7
Social space: 24

Living room: 8
Bedroom: 5

Efficiency of heat recovery Living room: 0.64/0.66
Bedroom: 0.76

Bedroom: 0.76
Social space: 0.59

Living room: 0.76
Bedroom: 0.76

2.3.3. Generation Package

A photovoltaic/thermal (PV/T) system converts solar radiation into usable thermal
and electrical energy [27]. The system consists of a PV-T panel, hot water tank and backup
heater. As the most important component of the PV/T system, the PV/T panel combines
photovoltaic solar cells, which convert sunlight into electricity, with a solar thermal collector,
which transfers the otherwise unused waste heat from the PV module to heat transfer fluid.
In this study, maximizing the energy return within the limited installation space, the PV-T
panel could produce roughly 80% of the output of the equivalent area of a flat plate solar
thermal collector, and it also produced electricity. The maximum available area for the
PV/T panel installation was used in the simulation to reduce the purchased energy as
much as possible. The total areas of the PV/T panels in the Greek, Portuguese and Spanish
demo buildings were 26 m2, 24 m2 and 10 m2 respectively. The size of the hot water tanks
was established depending on the PV/T panel size. Additionally, an electric backup heater
was integrated into the PV/T system, because there is a mismatch between the energy
production of a PV/T panel and the building energy demand. Table 8 shows the detailed
parameters of the PV/T systems for the different demo buildings.

Table 8. Parameters of the retrofit technologies in the generation package.

Retrofit Technology Parameters

PV/T system Conversion factor of solar thermal: 0.486, loss coefficient a1 [W/m2K]: 4.028, loss coefficient a2 [W/m2K]:
0.067, electricity generation efficiency: 0.13

SAHP
Total heating capacity [kW]: 11, COP: 4, dimension of each solar thermal collector panel [m]: 2.1 × 0.81,
panel number: 4, conversion factor η0 of solar thermal collectors: 0.7, loss coefficient a1 of solar thermal

collectors [W/m2K]: 4, loss coefficient a2 of solar thermal collectors [W/m2K]: 0.005

A solar-assisted heat pump (SAHP) is a heat pump in which solar thermal collectors
act as the evaporator in a single integrated system [28]. The solar collector operates more
like an ambient heat exchanger than a solar thermal collector, because it also transfers heat
from the ambient air through the convection. During times when solar radiation is not
available, the SAHP acquires thermal energy from the ambient air. The SAHP was used for
the space and DHW heating in the Greek and Spanish demo buildings, while it was only
used for the DHW heating in the Portuguese demo building, since the electric heaters were
used as the heating system. The existing boilers in all the demo buildings were reserved
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as the backup heaters. The solar thermal collector was placed on the roof of the demo
buildings to maximize the utilization of the solar radiation. In order to cover as much of the
heating demand as possible, the SAHP with the maximum thermal generation capacity was
tested in the building-level simulations. Correspondingly, the largest available hot water
tank was chosen. The volume of the hot water tanks were 0.42 m3, 0.42 m3 and 2 m3 in the
Greek, Portuguese and Spanish demo buildings, respectively. The specific parameters of
the SAHPs for the different demo buildings are presented in Table 8.

2.4. Building-Level Simulations
2.4.1. Simulation Tool

The dynamic simulation tool IDA Indoor Climate and Energy (IDA ICE) was chosen
to simulate the demo buildings in this study. It is a platform enabling dynamic multi-zone
simulations and the modelling of building characteristics including geometry, structures
and technical systems. IDA ICE can accurately model the building, its systems, and
controllers to provide the corresponding output of the building energy consumption, the
indoor air quality and the thermal comfort. It was validated against the EN 15255-2007
and EN 15265-2007 standards [41]. The simulation tool has also been validated in several
studies [42,43]. As building energy consumption and indoor climate data were required for
this study, the IDA ICE was a suitable software for this task.

2.4.2. Modelling Principles of Novel Technologies

IDA ICE supports the detailed modelling of different renovation technologies. These
novel technologies were simulated using the default standard IDA ICE models or the
customized models based on them. The material properties or technical properties of each
technology were used as input data for the models in the simulation.

The standard wall layer model was used to simulate the bio-aerogel thermal insulation
and insulating breath membrane. The input data for the wall layer model included the
layer thickness and material properties, including the thermal conductivity, density and
specific heat. Additionally, while simulating the insulating breath membrane, the building
airtightness was also redefined separately in order to model its impact on the air infiltration.

As for the simulation of the PV vacuum window, the standard window model and PV
panel model with the same dimensions were utilized to simulate the passive properties
and electricity generation capacity of the PV vacuum window, respectively.

A default PCM layer model was used to simulate the PCM in the study. IDA ICE
uses the enthalpy method, which takes into account the hysteresis effect when modelling
the PCM [44]. The hysteresis effect means that the PCM material has a solidification
temperature that is different from the melting one [45]. The heat capacity was determined
in the model as a function of the temperature and state of the PCM.

To simulate the RAHU, the standard air handling unit defined for a single room was
utilized. In the air handling unit model, a recuperative heat exchanger model with the heat
recovery efficiency of the developed RAHU was used to model the performance of the
heat pipes.

Regarding the modelling of the PV/T system, the default solar thermal collector model
and PV panel model of the same size were applied for modelling the PV-T panel in the
system. The parameters of these two models were defined according to the technical
properties of the chosen PV-T panel.

The simulation of the SAHP required a customized brine-to-water heat pump model,
in which the evaporating side is connected to a standard solar collector model. The technical
properties of the SAHP were used as the input data for these IDA ICE models. The part-load
operation of the heat pump was taken into account.
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3. Results
3.1. Reference Cases before Renovation
3.1.1. Intermittent Heating

Table 9 shows the breakdown of the purchased energy of the demo buildings before
renovation, when they were intermittently heated based on their own schedules. Although
the purchased energy levels varied in the different demo buildings, the purchased energy
rates for the space and DHW heating accounted for the majority of the total purchased en-
ergy, which were 71%, 89% and 86% in the Greek, Portuguese and Spanish demo buildings,
respectively. The specific proportion depended on the building envelope characteristics,
heating setpoint, heating schedule, DHW consumption, etc. For instance, the proportion of
the space- and DHW-heating demand in the Greek demo building was much lower than
those in the other two demo buildings, because the existing heating systems utilize the
solar heat through solar thermal collectors to cover the partial heating demand, and the
heating time period in this demo building was the shortest among all the buildings. In
addition, the electricity consumption of the equipment, lighting, and HVAC auxiliaries
comprised about 10–30% of the total purchased energy in these demo buildings.

Table 9. Purchased energy, primary energy (kWh/m2a) and CO2 emissions (kg-CO2/m2) of the
demo buildings before renovation with intermittent heating.

Demo Site Greek Apartment
Building

Portuguese Social
House

Spanish Terraced
House

Fuel heating total 36.8 18.3 115.0
Space heating + DHW 36.8 - -

Space heating - - 99.2
DHW - 18.3 15.7

Electricity total 14.8 97.1 19.4
Equip + Light 10.2 13.2 19.2

HVAC aux 0.1 0.0 0.2
Space heating - 83.9 -
Space cooling 4.5 - -

Total purchased energy 51.6 115.4 134.4
Primary energy 67.0 163.0 152.4
CO2 emissions 18.2 28.3 26.6

Table 9 also presents the calculated primary energy and CO2 emissions of the non-
renovated demo buildings. The primary energy and CO2 emissions factors of electricity
are much higher than those of fuel in the studied countries. The Portuguese social house
consumed much more electricity than the Spanish terraced house. Thus, although the
total purchased energy of the Portuguese social house was lower than that of the Spanish
terraced house, the primary energy and CO2 emissions of the Portuguese social house were
higher than those of the Spanish terraced house.

Regarding the indoor climate of the non-renovated demo buildings with intermittent
heating, the simulated indoor temperature level and CO2 concentration were used to
evaluate the thermal comfort and indoor air quality. As shown in Table 10, for over 40% of
the time, the indoor temperature was lower than the heating setpoint 20 ◦C in the Greek and
Portuguese demo buildings, which was much higher than that in the Spanish demo house,
since the space-heating system could not heat the living spaces to the setpoint temperature
during the limited heating period. The overheating problem in the Greek demo building
was the worst among all the demo buildings, because the time in which the temperature
was over 25 ◦C was concentrated in the summer daytime, when the cooling systems did
not operate. As there was no mechanical ventilation system, for the majority of the time,
the CO2 concentration was higher than 1200 ppm in all the demo buildings. Moreover,
the CO2 concentration was lower than 1200 ppm for only 20% of the time due to the high
occupancy density.
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Table 10. Indoor climates of the demo buildings before renovation with intermittent heating.

Demo Site Greek Apartment
Building

Portuguese
Social House

Spanish Terraced
House

Thermal comfort
Proportion of time when the indoor temperature is lower than the heating

setpoint * [%] 44.2 49.0 5.1

Proportion of time when the indoor temperature is higher than 25 ◦C [%] 20.7 7.1 11.9
Maximum air temperature [◦C] 28.7 27.9 30.5

Indoor air quality
Proportion of time when the CO2 concentration is lower than 1200 ppm [%] 20.3 34.2 41.3
Proportion of time when the CO2 concentration is lower than 1800 ppm [%] 79.6 72.5 98.1

* Heating setpoint: 20 ◦C (Greece, Portugal), 18 ◦C (Spain).

3.1.2. Continuous Heating

Table 11 shows the breakdown of the purchased energy of the demo buildings before
renovation, when they were continuously heated from September to May. Compared with
the purchased energy levels in the intermittently heated buildings (see Table 10), the energy
consumption required for space heating increased dramatically, followed by the extended
heating time, when the demo buildings were continuously heated. Subsequently, the share
of the space- and DHW-heating demand of the total purchased energy further increased to
86%, 94% and 88% in the Greek, Portuguese and Spanish demo buildings, respectively. The
electricity consumption of the equipment, lighting, and HVAC auxiliaries comprised about
6–14% of the total purchased energy in these demo buildings.

Table 11. Purchased energy, primary energy (kWh/m2a) and CO2 emissions (kg-CO2/m2) of the
demo buildings before renovation with continuous heating.

Demo Site Greek Apartment
Building

Portuguese
Social House

Spanish Terraced
House

Fuel heating total 109.3 18.3 145.5
Space heating + DHW 109.3 - -

Space heating - - 129.8
DHW - 18.3 15.7

Electricity total 18.2 210.8 19.4
Equip + Light 10.2 13.2 19.2

HVAC aux 0.8 0.0 0.2
Space heating - 197.6 -
Space cooling 7.2 - -

Total purchased energy 127.5 229.1 164.9
Primary energy 152.8 332.4 185.0
CO2 emissions 39.3 57.1 32.6

Based on the simulated purchased energy, the primary energy and CO2 emissions
were also calculated and are shown in Table 11. The CO2 emission factor of the electricity in
Greece is much higher than that in Spain. The Greek apartment building consumed similar
levels of electricity to the Spanish terraced house. Therefore, although the total purchased
energy of the Greek apartment building was lower than that of the Spanish terraced house,
the level of CO2 emissions of the Greek apartment building was higher than that of the
Spanish terraced house.

As the demo buildings were continuously heated from September to May, for over
90% of time, the indoor temperature was in the comfortable zone, from 20 to 25 ◦C, in all
the demo buildings (see Table 12). Regarding the indoor air quality, for over half of the
time, the CO2 concentration was over 1200 ppm in all the demo buildings.
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Table 12. Indoor climates of the demo buildings before renovation with continuous heating.

Demo Site Greek Apartment
Building

Portuguese
Social House

Spanish Terraced
House

Thermal comfort
Proportion of time when the indoor temperature is lower than 20 ◦C [%] 0.6 0.0 0.1
Proportion of time when the indoor temperature is higher than 25 ◦C [%] 0.0 7.1 9.9

Maximum air temperature [◦C] 25.0 27.9 30.5
Indoor air quality

Proportion of time when the CO2 concentration is lower than 1200 ppm [%] 21.7 35.5 43.8
Proportion of time when the CO2 concentration is lower than 1800 ppm [%] 79.7 73.3 98.2

3.2. Retrofit Package Simulations
3.2.1. Greek Apartment Building
Intermittent Heating

Table 13 shows the purchased fuel, electricity, primary energy and CO2 emissions
in the intermittently heated Greek apartment building after renovation. Regarding the
passive package, the bio-aerogel thermal insulation brought about a 15% reduction in both
the primary energy use and CO2 emissions, since it can affect the space-heating demand
significantly, while the installation of the PV vacuum windows and PCM only reduced
the primary energy by 8% and 2%, the corresponding CO2 emissions reduction values of
which were 8% and 1%.

As for the first step in the ventilation package, the installation of the breath membrane
resulted in a 14% and 15% primary energy reduction, with the assumption of a 50% and
100% airtightness improvement. Considering the slight difference between the two cases,
increasing the airtightness had only a minimal effect on the energy demand, implying
that the main energy efficiency impact was derived from the improved thermal insulation.
The RAHU had a negative effect on the primary energy consumption and CO2 emissions,
increasing the primary energy by 7% and the CO2 emissions by 8%.

In terms of the generation technologies, the primary energy and CO2 emissions after
installing the PV/T system were reduced by 26%, which was higher than the value of
14% after installing the SAHP. As the SAHP consumed more electricity than the PV/T
system, and the CO2 emission factor is relatively high in Greece, the CO2 emissions after
retrofitting with the PV/T system were 1% higher than they were before renovation. Thus,
the final combination with the PV/T system resulted in a higher primary energy and CO2
emissions reduction rate (48%) in the Greek apartment building.

Comparing the changes to the indoor climate before and after renovating the intermit-
tently heated buildings (see Tables 10 and 13), the indoor temperature level grew higher
after retrofitting the building envelopes (e.g., the bio-aerogel thermal insulation, breath
membrane, etc.), which entailed better thermal comfort in winter and worse overheating
issues in summer. Regarding the indoor air quality, installing the breath membrane brought
about a higher CO2 concentration level due to the airtightness improvement, while the
indoor CO2 concentration was controlled at a value always lower than 1200 ppm after
renovating with the RAHU.

Continuous Heating

As shown in Table 14, the energy consumption and CO2 emissions reduction percent-
age after renovation was altered when the intermittent heating schedule was switched to
a continuous heating schedule. As shown in Figure 6, the primary energy conservation
potential of the bio-aerogel thermal insulation increased significantly to 43%, while the
impact of the PV vacuum window or PCM on the primary energy was maintained at
an 8% reduction or lowered to almost 0%.
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Table 13. Energy consumption (kWh/m2a), CO2 emissions (kg/m2a) and indoor climate of the Greek apartment building after renovation, when it was
intermittently heated.

Passive Package Ventilation Package Generation Package Final Combination

Ins Ins + Win Ins + Win + PCM Mem 50% Mem 100% Mem 100% + RAHU PV/T SAHP Pas + Ven + PV/T Pas + Ven + SAHP

Oil total 30.6 27.9 27.2 30.9 30.2 32.1 29.6 0.0 17.7 0.0

SH + DHW 30.6 27.9 27.2 30.9 30.2 32.1 0.0 0.0 0.0 0.0

Backup heating 0.0 0.0 0.0 0.0 0.0 0.0 29.6 0.0 17.7 0.0

Electricity total 13.0 11.7 11.5 13.1 13.1 14.6 9.4 32.0 8.4 27.8

Equip + Light 10.2 8.6 8.6 10.2 10.2 10.2 4.8 10.2 4.7 9.1

HVAC aux 0.1 0.1 0.1 0.1 0.1 1.4 0.2 0.1 0.9 1.2

Space cooling 2.7 3.0 2.8 2.8 2.8 3.0 4.4 4.5 2.8 2.9

Heat pump 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.2 0.0 14.6

Solar PV total 1.7 1.7 20.3 20.3

Used 1.7 1.7 9.3 9.8

Sold 0.0 0.0 11.0 10.5

Total purchased 43.6 39.6 38.7 44.0 43.3 46.7 39.0 32.0 26.1 27.8

Reduction [%] 16% 23% 25% 15% 16% 9% 24% 38% 49% 46%

Primary energy 56.9 51.6 50.5 57.4 56.7 61.4 49.4 57.3 34.5 49.8

Reduction [%] 15% 23% 25% 14% 15% 8% 26% 14% 48% 26%

CO2 emissions 15.5 14.1 13.8 15.7 15.5 16.8 19.1 18.3 9.5 15.9

Reduction [%] 15% 23% 24% 14% 15% 7% 27% −1% 48% 13%

Indoor climate

T < 20 ◦C [%] 40.2 34.3 34.3 40.0 39.2 42.5 44.1 44.2 33.5 33.2

T > 25 ◦C [%] 19.8 24.4 24.6 19.9 22.0 19.5 20.7 20.7 25.1 25.1

T_max [◦C] 27.8 28.6 28.6 27.8 27.8 28.2 28.7 28.7 28.7 28.7

CO2 < 1200 [%] 20.6 20.8 20.7 12.8 8.4 100.0 20.2 20.3 100.0 100.0

CO2 < 1800 [%] 79.9 80.8 80.6 66.4 46.2 100.0 79.6 79.6 100.0 100.0

Ins: bio-aerogel thermal insulation; Win: PV vacuum window; PCM: phase change material; Mem: breath membrane; RAHU: room-specific air handling unit with heat recovery; PV/T:
photovoltaic/thermal system; SAHP: solar-assisted heat pump; Pas: all the technologies included in the passive package; Ven: all the technologies included in the ventilation package;
SH: space heating; DHW: domestic hot water; T < 20 ◦C/T > 25 ◦C: proportion of time when the indoor temperature is lower than 20 ◦C or higher than 25 ◦C; T_max: maximum air
temperature; CO2 < 1200/1800: proportion of time when the CO2 concentration is lower than 1200 or 1800 ppm.
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Table 14. Energy consumption (kWh/m2a), CO2 emissions (kg/m2a) and indoor climate of the Greek apartment building after renovation, when it was
continuously heated.

Passive Package Ventilation Package Generation Package Final Combination

Ins Ins + Win Ins + Win + PCM Mem 50% Mem 100% Mem 100% + RAHU PV/T SAHP Pas + Ven + PV/T Pas + Ven + SAHP

Oil total 56.5 46.6 45.9 57.3 54.2 64.8 99.2 61.7 35.7 13.1

SH + DHW 56.5 46.6 45.9 57.3 54.2 64.8 0.0 0.0 0.0 0.0

Backup heating 0.0 0.0 0.0 0.0 0.0 0.0 99.2 61.7 35.7 13.1

Electricity total 14.3 13.4 13.4 14.4 14.4 16.3 10.0 38.2 7.5 31.3

Equip + Light 10.2 9.0 9.0 10.2 10.2 10.2 4.5 10.2 4.3 9.4

HVAC aux 0.2 0.1 0.1 0.2 0.2 1.5 1.4 0.2 0.9 1.2

Space cooling 3.9 4.3 4.3 4.0 4.0 4.6 4.1 7.2 2.3 4.8

Heat pump 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.6 0.0 15.9

Solar PV total 1.7 1.7 20.3 20.3 1.6

Used 1.7 1.7 9.7 9.3 1.6

Sold 0.0 0.0 10.6 11.0 0.0

Total purchased 70.8 60.0 59.3 71.7 68.6 81.1 109.2 99.9 43.2 44.4

Reduction [%] 44% 53% 53% 44% 46% 36% 14% 22% 66% 65%

Primary energy 87.7 75.2 74.5 88.8 85.4 100.5 127.0 136.2 52.7 70.4

Reduction [%] 43% 51% 51% 42% 44% 34% 17% 11% 66% 54%

CO2 emissions 23.1 20.0 19.8 23.4 22.5 26.4 31.9 38.1 13.7 21.4

Reduction [%] 41% 49% 50% 40% 43% 33% 19% 3% 65% 46%

Indoor climate

T < 20 ◦C [%] 0.9 0.1 0.0 0.6 0.5 0.5 0.0 0.6 0.4 0.4

T > 25 ◦C [%] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

T_max [◦C] 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0

CO2 < 1200 [%] 21.4 23.9 23.6 13.3 10.4 100.0 22.0 21.7 100.0 100.0

CO2 < 1800 [%] 80.2 81.9 81.7 67.2 48.6 100.0 61.8 79.5 100.0 100.0
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100% after retrofitting with the breath membrane. Then, the primary energy and CO2 
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Figure 6. Intermittent heating vs. continuous heating: simulated relative primary energy reductions
after renovating the Greek demo building.

Similar to the impact of the bio-aerogel thermal insulation, the primary energy re-
duction increased to 42% or 46% when the building airtightness was improved by 50% or
100% after retrofitting with the breath membrane. Then, the primary energy and CO2
emissions increased by 10% after installing the RAHU (see Figures 6 and 7).
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after renovating the Greek demo building.

Regarding the generation measures, the impacts of the PV/T system and SAHP were
a lowering of the primary energy to 17% and 11%, respectively.

Retrofitting with either of the final combination scenarios could reduce the total
purchased energy by over 60%. However, as the primary energy factor and CO2 emission
factor of electricity is incredibly high in Greece, and more electricity was consumed if
the SAHP was chosen as the generation measure, the primary energy and CO2 emissions
were only reduced by 54% and 46% after renovating with the final combination, including
the SAHP.

Table 14 also shows the indoor climate after retrofitting with different renovation
measures when the Greek apartment building was continuously heated. Almost all of the
time, the indoor temperature was maintained in the range of 20–25 ◦C after renovation.
The indoor air quality was similar to that when the building was intermittently heated.

The Effects of the Heating Schedule

The measures used to insulate the external walls and roof (the bio-aerogel thermal
insulation and breath membrane) brought about a much higher energy saving and CO2
emissions reduction potential when the intermittent heating schedule was switched to the
continuous heating schedule. As shown in Table 14, the indoor temperature was maintained
at a similar level before and after renovation when the building was continuously heated.
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However, when the building was intermittently heated, the indoor temperature level
improved gradually following the thermal insulation improvement. This means that
the partial building energy efficiency effected by the renovation led to the improved
temperature level.

In addition, when the intermittent heating schedule was switched to the continuous
heating schedule, the energy conservation potential percentage of the generation measures
was reduced. The capacity of the generation measures could not cover the increased
heating demand due to the extended heating time. The backup heating demand increased
dramatically in order to satisfy the heating demand. The share of backup energy in the
total energy consumption became much higher than that of the utilized energy from the
generation measures when the Greek apartment building was continuously heated.

3.2.2. Portuguese Social House
Intermittent Heating

As shown in Table 15, the retrofit technologies led to changes in the energy consump-
tion and CO2 emissions of different levels in the Portuguese social house. Among all
the retrofit technologies, the bio-aerogel thermal insulation had the largest impact on the
building energy consumption and CO2 emissions, reducing the primary energy by 44% and
CO2 emissions by 43%. In contrast, the PV vacuum windows and PCM had basically no
impact on the energy conservation, as well as the CO2 emissions.

The impact of the breath membrane was similar to that of the bio-aerogel thermal
insulation, resulting in a 38% and 37% reduction in the primary energy and CO2 emissions
when the airtightness was improved by 50% and 39%, and a 38% reduction in the primary
energy and CO2 emissions when the airtightness was improved by 100%. Installing the
RAHU raised the primary energy and CO2 emissions by 11%, mainly due to the increased
space-heating demand.

Regarding the generation measures, the PV/T system could produce electricity for
the electric heaters, similar to the solar thermal system for the DHW heating, while the
SAHP was only used for the DHW heating in the Portuguese social house. Thus, the
installation of the PV/T system led to a 16% primary energy reduction and an 18% CO2
emissions reduction, which is much higher than the 4% primary energy reduction and
6% CO2 emissions reduction brought about by installing the SAHP.

Compared with the 46% primary energy and CO2 emissions reduction after retrofitting
with the final combination including the SAHP, the impact of the final combination in-
cluding the PV/T system was more effective in the Portuguese social house, reducing the
primary energy and CO2 emissions by 58%.

In addition, Table 15 also presents the indoor temperature level and CO2 concentration
after renovation. Compared with the indoor temperature level before renovation (see
Table 10), the indoor temperature level improved markedly after retrofitting with the
thermal insulation measures, especially the bio-aerogel thermal insulation and breath
membrane.

However, covering the building envelopes with the breath membrane had a negative
impact on the indoor air quality, and the proportion of the time when the CO2 concentration
was below 1800 ppm fell to a minimum of 34% because of the improved airtightness. By
comparison, installing an RAHU in each bedroom and living room guaranteed that the
CO2 concentration was always below 1200 ppm all year round.

Continuous Heating

Similar to the situation in the Greek apartment building, the energy conservation and
CO2 emissions reductions brought about by certain technologies changed significantly
when the Portuguese social house was continuously heated (see Table 16). As presented in
Figure 8, the primary energy reduction acquired from the bio-aerogel thermal insulation
reached 65%, while the impact of the PV vacuum windows and PCM on the primary energy
was negligible.
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Table 15. Energy consumption (kWh/m2a), CO2 emissions (kg/m2a) and indoor climate of the Portuguese social house after renovation, when it was
intermittently heated.

Passive Package Ventilation Package Generation Package Final Combination

Ins Ins + Win Ins + Win + PCM Mem 50% Mem 100% Mem 100% + RAHU PV/T SAHP Pas + Ven + PV/T Pas + Ven + SAHP

Gas total 18.3 18.3 18.3 18.3 18.3 18.3 4.5 3.7 4.5 3.7

DHW 18.3 18.3 18.3 18.3 18.3 18.3 0.0 0.0 0.0 0.0

Backup heating 0.0 0.0 0.0 0.0 0.0 0.0 4.5 3.7 4.5 3.7

Electricity total 49.5 49.2 48.7 55.3 54.3 66.8 88.5 102.0 43.1 57.0

Equip + Light 13.2 13.1 13.1 13.2 13.2 13.2 5.5 13.2 5.5 13.1

HVAC aux 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0 1.2 2.2

SH 36.3 36.1 35.6 42.1 41.1 51.4 83.0 84.0 36.4 37.0

Heat pump 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.8 0.0 4.7

Solar PV total 0.2 0.2 49.6 49.6 0.2

Used 0.2 0.2 8.7 9.6 0.2

Sold 0.0 0.0 40.9 40 0.0

Total purchased 67.8 67.5 67.0 73.6 72.6 85.1 93.0 105.7 47.6 60.7

Reduction [%] 41% 42% 42% 36% 37% 26% 19% 8% 59% 47%

Primary energy 92.1 91.6 90.9 100.7 99.2 117.8 136.4 155.7 68.7 88.6

Reduction [%] 44% 44% 44% 38% 39% 28% 16% 4% 58% 46%

CO2 emissions 16.3 16.2 16.1 17.7 17.5 20.6 23.3 26.6 11.8 15.2

Reduction [%] 43% 43% 43% 37% 38% 27% 18% 6% 58% 46%

Indoor climate

T < 20 ◦C [%] 33.5 33.6 33.9 36.7 36.9 42.9 49.2 49.1 38.6 38.4

T > 25 ◦C [%] 2.7 2.2 0.0 3.8 3.9 2.0 7.0 7.1 0.2 0.5

T_max [◦C] 26.3 26.2 25.7 26.5 26.5 26.8 27.9 27.9 26.0 26.1

CO2 < 1200 [%] 38.5 39.0 42.2 23.6 16.3 100.0 34.2 34.1 100.0 100.0

CO2 < 1800 [%] 75.5 75.7 76.2 61.6 33.6 100.0 72.3 72.4 100.0 100.0
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Table 16. Energy consumption (kWh/m2a), CO2 emissions (kg/m2a) and indoor climate of the Portuguese social house after renovation, when it was
continuously heated.

Passive Package Ventilation Package Generation Package Final Combination

Ins Ins + Win Ins + Win + PCM Mem 50% Mem 100% Mem 100% + RAHU PV/T SAHP Pas + Ven + PV/T Pas + Ven + SAHP

Gas total 18.3 18.3 18.3 18.3 18.3 18.4 4.5 3.7 4.6 3.8

DHW 18.3 18.3 18.3 18.3 18.3 18.4 0.0 0.0 0.0 0.0

Backup heating 0.0 0.0 0.0 0.0 0.0 0.0 4.5 3.7 4.6 3.8

Electricity total 66.6 65.9 65.9 77.2 75.1 98 189.8 215.8 53.8 74.9

Equip + Light 13.2 13.1 13.1 13.2 13.2 13.2 7.6 13.2 6.4 13.1

HVAC aux 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0 1.3 2.2

SH 53.4 52.8 52.8 64 61.9 82.6 182.2 197.8 46.1 54.9

Heat pump 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.8 0.0 4.7

Solar PV total 0.2 0.2 49.6 49.6 0.2

Used 0.2 0.2 21.1 16.8 0.2

Sold 0.0 0.0 28.5 32.8 0.0

Total purchased 84.9 84.2 84.2 95.5 93.4 116.4 194.3 219.5 58.4 78.7

Reduction [%] 63% 63% 63% 58% 59% 49% 15% 4% 75% 66%

Primary energy 117.5 116.5 116.5 133.3 130.2 164.4 287.3 325.2 84.8 115.4

Reduction [%] 65% 65% 65% 60% 61% 51% 14% 2% 74% 65%

CO2 emissions 20.6 20.4 20.4 23.3 22.7 28.5 48.9 55.4 14.5 19.7

Reduction [%] 64% 64% 64% 59% 60% 50% 14% 3% 75% 65%

Indoor climate

T < 20 ◦C [%] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

T > 25 ◦C [%] 2.7 2.2 0.0 3.8 3.9 2.0 7.0 7.1 0.2 0.5

T_max [◦C] 26.3 26.2 25.7 26.5 26.5 26.8 27.9 27.9 26.0 26.1

CO2 < 1200 [%] 39.5 40.0 43.2 24.3 16.3 100.0 35.4 35.4 100.0 100.0

CO2 < 1800 [%] 75.8 76.2 76.9 61.8 32.6 100.0 73.3 73.2 100.0 100.0
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When the Portuguese social house was continuously heated, the thermal comfort 
level was improved compared to when it was intermittently heated. As shown in Tables 
12 and 16, at all times, the indoor temperature was maintained above the heating setpoint 
of 20 °C. The technologies in the passive and ventilation packages alleviated the overheat-
ing issue in the summer. The impact of the PCM on the energy consumption and CO2 
emissions was negligible, while it lowered the maximum temperature by 0.5 °C. The in-
door CO2 concentration levels before and after renovation were similar to those when the 
Portuguese social house was intermittently heated.  

Thus, when the demo building was renovated with either final combination scenario, 
for almost all the time, the indoor temperature was maintained in the comfortable zone 
(20–25 °C) and the CO2 concentration was always below 1200 ppm. 
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Figure 8. Intermittent heating vs. continuous heating: simulated relative primary energy reductions
after renovating the Portuguese demo building.

In terms of the ventilation package, the primary energy and CO2 emissions reduction
after renovating with the breath membrane increased to 60% and 59% when a 50% airtight-
ness improvement was assumed (see Figures 8 and 9). When the airtightness improvement
was raised from 50% to 100%, the primary energy and CO2 emissions reduction only in-
creased by 1%. With the breath membrane installed and the building airtightness raised to
100%, installing the RAHU led to a 10% increase in the primary energy and CO2 emissions.
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As for the generation measures, replacing the existing gas boiler with the PV/T system
or SAHP resulted in a 14% or 2% reduction in the primary energy consumed. Finally,
retrofitting with the final combination including the PV/T system or SAHP reduced the
primary energy by 74% or 65% and the CO2 emissions by 75% or 65%.

When the Portuguese social house was continuously heated, the thermal comfort level
was improved compared to when it was intermittently heated. As shown in Tables 12 and 16,
at all times, the indoor temperature was maintained above the heating setpoint of 20 ◦C.
The technologies in the passive and ventilation packages alleviated the overheating issue
in the summer. The impact of the PCM on the energy consumption and CO2 emissions
was negligible, while it lowered the maximum temperature by 0.5 ◦C. The indoor CO2
concentration levels before and after renovation were similar to those when the Portuguese
social house was intermittently heated.

Thus, when the demo building was renovated with either final combination scenario,
for almost all the time, the indoor temperature was maintained in the comfortable zone
(20–25 ◦C) and the CO2 concentration was always below 1200 ppm.

The Effect of the Heating Schedule

If the intermittent heating schedule was switched to the continuous heating schedule
in the Portuguese social house, the impacts of the thermal insulating measures on the
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energy consumption and CO2 emissions became more significant for the same reasons that
explained the improvements in the Greek apartment building.

Additionally, the percentage of the energy conservation and CO2 emissions reduction
potential of the generation measures was reduced following the heating schedule change.
Regarding the PV/T system, even when more generated electricity was consumed by the
electric heaters, due to the extended heating time, the share of the increased electricity
consumption required for the space heating within the total energy consumption far
exceeded that of the utilized PV production.

The SAHP was only used for DHW heating in the Portuguese social house. Following
the increased space-heating demand, the proportion of the DHW heating within the total
energy consumption decreased. This resulted in a decreased contribution of the SAHP to
the energy conservation.

3.2.3. Spanish Terraced House
Intermittent Heating

Table 17 shows the changes in the energy consumption and CO2 emissions after
renovating the Spanish terraced house with intermittent heating. As insulating the external
walls and roof led to a dramatically decreased space-heating demand, the bio-aerogel
thermal insulation had the greatest impact on the primary energy (40% reduction) and
CO2 emissions (43% reduction) among all the retrofit technologies. The installation of the
PV vacuum windows and PCM had a minor effect on the primary energy, resulting in
a 6% and 1% reduction, respectively.

As the insulating breath membrane affects the thermal insulation performance of
building envelopes and the building airtightness, covering the building envelopes with
the breath membrane achieved a 33% primary energy reduction and 35% CO2 emissions
reduction when a 50% airtightness improvement was assumed. When the airtightness
improvement was 100%, the reduction percentage increased to 34% for the primary energy
and 36% for the CO2 emissions. After installing the RAHU, the primary energy consump-
tion increased by 8%, thus satisfying the increased space-heating demand caused by the
higher ventilation rate.

Regarding the performance of the generation measures, the SAHP exhibited a higher
energy conservation potential, with a 29% reduction in the primary energy, than the PV/T
system. The primary energy and CO2 emissions were reduced by 64% and 66% after
retrofitting with the final combination including the PV/T system, while the final combi-
nation including the SAHP brought about a 63% primary energy reduction and 72% CO2
emissions decrease in the Spanish demo.

As shown in Tables 10 and 17, the indoor temperature levels before and after renova-
tion were maintained at a similar level, because the daily heating time in the intermittent
heating schedule was long enough to heat up the living spaces to the setpoint in the Span-
ish terraced house. As for the indoor air quality, the CO2 concentration in the Spanish
terraced house was much lower than that in the other two demo buildings due to the lower
occupancy density (see Table 10). Thus, even when the airtightness was improved after
installing the breath membrane, the CO2 concentration was below 1800 ppm almost all
of the time. Certainly, the installation of the RAHU could further improve the indoor air
quality, maintaining the CO2 concentration below 1200 ppm all year round.

Continuous Heating

Table 18 presents the building energy consumption and CO2 emissions of the Spanish
terraced house after renovation, when it was continuously heated. In terms of the pas-
sive package, the impact of the bio-aerogel thermal insulation and PV vacuum windows
increased the reduction in the primary energy slightly to 42% and 7%, and to 45% and
6% for the reduction in CO2 emissions (see Figures 10 and 11), while the PCM had almost
no impact on the primary energy and CO2 emissions.
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Table 17. Energy consumption (kWh/m2a), CO2 emissions (kg/m2a) and indoor climate of the Spanish terraced house after renovation, when it was
intermittently heated.

Passive Package Ventilation Package Generation Package Final Combination

Ins Ins + Win Ins + Win + PCM Mem 50% Mem 100% Mem 100% + RAHU PV/T SAHP Pas + Ven + PV/T Pas + Ven + SAHP

Gas total 58.0 51.1 50.2 68.1 67.2 77.5 97.1 45.6 33.1 5.9

SH + DHW 58.0 51.1 50.2 68.1 67.2 77.5 97.1 45.6 33.1 5.9

Electricity total 19.3 18.2 18.2 19.3 19.3 19.8 12.5 39.8 12.7 33.3

Equip + Light 19.2 18.1 18.1 19.2 19.2 19.2 12.4 19.2 12.4 18.4

HVAC aux 0.1 0.1 0.1 0.1 0.1 0.6 0.1 0.2 0.3 0.5

Heat pump 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.4 0.0 14.4

Solar PV total 1.1 1.1 12.8 12.8 1.1

Used 1.1 1.1 6.9 7.0 1.1

Sold 0.0 0.0 5.9 5.8 0.0

Total purchased 77.2 69.3 68.4 87.4 86.5 97.3 109.6 85.4 45.8 39.2

Reduction [%] 43% 48% 49% 35% 36% 28% 18% 36% 66% 71%

Primary energy 91.1 82.1 81.2 102.0 101.0 112.8 122.8 108.9 54.6 56.6

Reduction [%] 40% 46% 47% 33% 34% 26% 19% 29% 64% 63%

CO2 emissions 15.2 13.6 13.4 17.2 17.0 19.2 21.7 16.6 9.0 7.5

Reduction [%] 43% 49% 49% 35% 36% 28% 18% 37% 66% 72%

Indoor climate

T < 18 ◦C [%] 0.0 0.0 0.0 4.6 0.0 0.2 5.1 5.1 0.0 0.0

T > 25 ◦C [%] 11.4 10.1 10.5 12.4 12.0 9.9 11.7 11.8 8.3 8.3

T_max [◦C] 29.6 29.1 28.5 29.9 30.2 30.2 30.4 30.4 28.3 28.3

CO2 < 1200 [%] 43.9 44.6 45.4 35.8 24.2 99.5 41.2 41.2 99.5 99.5

CO2 < 1800 [%] 98.6 98.8 98.9 97.9 95.7 100.0 98.1 98.1 100.0 100.0
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Table 18. Energy consumption (kWh/m2a), CO2 emissions (kg/m2a) and indoor climate of the Spanish terraced house after renovation, when it was
continuously heated.

Passive Package Ventilation Package Generation Package Final Combination

Ins Ins + Win Ins + Win + PCM Mem 50% Mem 100% Mem 100% + RAHU PV/T SAHP Pas + Ven + PV/T Pas + Ven + SAHP

Gas total 72.2 62.9 62.1 84.5 83.6 97.9 128.6 60.6 45.6 6.5

SH + DHW 72.2 62.9 62.1 84.5 83.6 97.9 128.6 60.6 45.6 6.5

Electricity total 19.4 19.3 18.1 18.1 19.3 19.3 19.8 12.4 44.4 12.7

Equip + Light 19.2 19.2 18.1 18.1 19.2 19.2 19.2 12.3 19.2 12.4

HVAC aux 0.2 0.1 0.0 0.0 0.1 0.1 0.6 0.1 0.3 0.3

Heat pump 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24.9 0.0

Solar PV total 1.1 1.1 12.8 12.8

Used 1.1 1.1 6.9 7.0

Sold 0.0 0.0 5.9 5.8

Total purchased 91.5 81.0 80.2 103.8 102.9 117.7 141.0 105.0 58.3 44.2

Reduction [%] 45% 51% 51% 37% 38% 29% 14% 36% 65% 73%

Primary energy 106.4 94.6 93.8 119.6 118.6 134.7 156.3 131.9 68.0 63.9

Reduction [%] 42% 49% 49% 35% 36% 27% 15% 29% 63% 65%

CO2 emissions 18.0 16.0 15.8 20.5 20.3 23.2 27.9 20.5 11.5 8.5

Reduction [%] 45% 51% 52% 37% 38% 29% 14% 37% 65% 74%

Indoor climate

T < 20 ◦C [%] 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.0 0.0

T > 25 ◦C [%] 9.3 8.2 8.4 9.8 9.9 8.2 9.9 9.9 6.7 6.4

T_max [◦C] 29.6 29.1 28.5 30.2 30.2 30.2 30.4 30.4 28.4 28.3

CO2 < 1200 [%] 47.0 48.3 49.4 36.7 24.5 98.4 43.9 43.9 98.4 98.4

CO2 < 1800 [%] 98.8 98.9 99.0 97.9 96.5 100.0 98.2 98.2 100.0 100.0
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As for the impact of the insulating breath membrane, the primary energy and CO2
emissions were reduced by 35% and 37% when the airtightness was improved by 50%, and
36% and 38% when the airtightness was improved by 100%. Comparatively, the primary
energy and CO2 emissions increased by 9% after installing the RAHU.

In terms of the generation measures, the installation of the PV/T system reduced
primary energy consumption by 15% and the CO2 emissions by 14%. In contrast, the
impact of the SAHP was much slighter, lowering the primary energy consumption by
15% and the CO2 emissions by 14%.

Finally, the final scenario including the PV/T system or SAHP led to a 63% or 65% reduc-
tion in the primary energy. The CO2 emissions were reduced by 65% or 75%, correspondingly.

Regarding the indoor thermal conditions, for almost all the time, the indoor tempera-
ture was maintained above 20 ◦C due to the heating schedule change (see Table 18). The
overheating time and maximum indoor temperature decreased slightly after retrofitting
with the technologies in the passive and ventilation package. The PCM had the greatest im-
pact on the lowering of the maximum indoor temperature among all the technologies. The
indoor CO2 concentration level after renovation was similar to that when the Portuguese
social house was intermittently heated.

The Effect of the Heating Schedule

As the intermittent and continuous heating schedules were quite similar in the Por-
tuguese terraced house, the primary energy and CO2 emission conservation potential of
the thermal insulation measures only increased by 2–3% when the intermittent heating
schedule was switched to the continuous heating schedule.
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When the Spanish demo building was continuously heated, the primary energy and
CO2 emissions reductions after renovating with the PV/T system were 4% and 9% lower
than those when the intermittent heating was in place due to the increased backup heat-
ing demand. The primary energy and CO2 emissions reduction percentage achieved
by the SAHP was maintained at the same level when the house was intermittently or
continuously heated.

4. Discussion

The simulation results of the renovation technologies in the demo buildings reveal
the energy conservation and CO2 emissions reduction potentials of the novel technologies
under southern European climate conditions. They are of great significance to the devel-
opment of sustainable renovation concepts for southern European residential buildings
based on these novel technologies. In addition, the comparison between the simulation
results under the intermittent or continuous heating schedules shows how the heating
schedule affects the energy conservation and CO2 emissions reduction achieved by the
renovation technologies.

The residential buildings in northern European countries are commonly continuously
heated, while intermittent heating schedules are more commonly used in southern Eu-
ropean countries. According to the simulation results, this difference heating schedules
has a significant impact on the reduction in the building energy consumption acquired by
energy renovations. In the same building, the technologies in the passive or ventilation
packages had a higher energy conservation potential when the building was continuously
heated than when it was intermittently heated. When the residential buildings were contin-
uously heated, the energy efficiency brought about by the passive or ventilation packages
was fully reflected in the altered energy consumption, since the indoor temperature was
maintained at a similar level before and after renovation. However, part of the energy
efficiency achieved by the passive or ventilation packages was attributed to the increased
temperature level when the continuous heating schedule was switched to the intermittent
heating schedule.

Among the demo buildings analyzed in this study, only the Greek demo building was
equipped with air conditioning devices for cooling. The cooling demand was unexpectedly
low in this demo. The proportion of the time when the indoor temperatures were higher
than 25 ◦C was 20.7%, 7.1%, and 11.9% in the Greek, Portuguese, and Spanish demo
buildings, which were still within the acceptable range according to occupants’ feedback.
The analysis in this study was based on the average weather data. It did not consider
the exceptionally hot weather conditions, such as heat waves. Cooling is required in
exceptionally hot situations. Global warming and heat waves are becoming stronger,
longer and more frequent. Thus, thermal comfort and space cooling demand analyses
should be carried out during heat waves for the sake of addressing health and comfort in
future research.

The retrofit packages had varying degrees of impact on the building energy consump-
tion. The passive package focused on reducing heat loss through the building envelope
by installing the thermal insulation and changing windows, thereby reducing the space-
heating demand, which accounts for the majority of the total energy consumption. In
terms of the ventilation package, the space-heating demand was further reduced, since
heat loss through the building envelope declined as a result of the thermal insulation and
airtightness improvements, and the poor indoor air quality caused by the airtightness
improvement was also resolved by the installation of the RAHU. In terms of the generation
packages, the installation of the PV/T system or SAHP resulted in a considerable reduction
in the energy consumption and CO2 emissions. To maximize the energy consumption and
CO2 emissions reduction in the demo buildings, the renovation of the demo buildings
with the final combinations of the retrofit technologies is recommended, as this guaranteed
that the primary energy and CO2 emissions were reduced by over 60% when they were
continuously heated.
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In addition to energy consumption and CO2 emissions reduction, some retrofit tech-
nologies also affected the indoor climate significantly. As the indoor climate has a significant
impact on the physical and mental health of occupants, it is important to take into account
the changes to the indoor climate before and after renovation. When the existing demo
buildings were intermittently heated, for a significant portion of the time, the indoor tem-
perature was much lower than the space-heating setpoint. After insulating the external
walls and roofs with bio-aerogel thermal insulation material or a breath membrane, the
indoor temperature increased significantly. However, the airtightness improvement caused
by installing the breath membrane also led to higher CO2 concentrations than the levels
before renovation. Thus, it is essential to install the RAHU in order to lower the indoor
CO2 concentrations when the breath membrane is used in the retrofitting.

Simulation is an ideal tool for assisting in decision-making when retrofit technologies
and their sizing are being selected. However, when these technologies are applied in
real projects, it may be impossible to implement all the technologies involved in the final
combinations, as they were simulated in the building models in this study due to several
reasons, such as budget limitations, historical building protections, etc. Thus, the priority
of each technology in the renovation should be determined according to its impact on
the energy consumption and indoor climate. The technologies in the passive package can
be sorted in terms of priority in the order of bio-aerogel thermal insulation, PV vacuum
windows and PCM. For the ventilation package, the insulating breath membrane is highly
recommended for renovation due to its significant effect on the space-heating demand.
Meanwhile, installing the RAHU is required in order to maintain a good indoor air quality
after renovation with the insulating breath membrane. The PV/T system and SAHP are
both suitable for residential renovations in the warm region of Europe. However, the best
choice of generation measures depends on the on-site conditions of the demo buildings. The
PV/T system is recommended for residential buildings heated by electric heating systems,
while the SAHP is more suitable for residential buildings equipped with a hydronic heat
distribution system (e.g., water radiators).

These renovation suggestions are only based on the simulation results, and it is not
known whether the choice of a specified technology and the method for installing it
will be affected by many other factors in the actual renovation, such as installation and
maintenance costs, local regulations, etc. Since the Portuguese local regulations do not
allow for the renovation of the outside of building facades, as in the case of the Portuguese
demo house, the insulation panels can only be installed on the inside of the building facades,
and the thickness should be reduced in order to reduce the budget and the occupation of
living spaces. As these novel technologies will be applied in renovations, it is necessary
to implement the investment analysis and life cycle cost calculation. However, the prices
of some novel technologies have not yet reached a competitive level (e.g., the bio-aerogel
thermal insulation), and the customer price of some novel technologies (e.g., the RAHU,
SAHP) has not yet been determined for the studied countries. As the projects on which
this study is based are further advanced, more detailed analyses, such as multi-objective
optimizations, will be presented in the next relevant paper.

There are some limitations to the building-level simulations of retrofit technologies.
The selected demo buildings are only examples of the existing residential building stock in
South Europe. They cannot describe all the residential building stock’s possible features,
such as heat transfer coefficients of building envelopes, implemented technical systems,
renovation statuses, local weather conditions and microenvironments, usage and main-
tenance situations, etc. For the reference cases, not all input data of the demo building
models were defined according to the existing demo buildings. Parts of the input data
were specified based on assumptions, while some other data came from the literature. In
terms of the retrofit package simulations, the parameters of several novel technologies
came from the limited laboratory tests, which may differ from the values when they are
applied in the renovations. The unavailable parameters of some components in the novel
technologies, such as the parameters of the solar thermal collectors integrated into the
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SAHP, were defined according to similar products on the market or the built-in models in
IDA ICE.

5. Conclusions

The main objective of this paper was to analyze and examine energy renovations
with novel technologies in three representative residential buildings in the southern Eu-
ropean countries. Additionally, it also revealed the impact of the heating schedule on the
energy conservation and CO2 emissions reduction potentials of novel technologies. In
the building-level simulations, the novel renovation technologies were divided into the
passive, ventilation and generation retrofit packages, then simulated separately under the
intermittent or continuous heating schedule in the modelling software IDA ICE. Finally,
two different combination scenarios of the retrofit packages were also simulated to calcu-
late the maximum energy conservation and CO2 emissions reduction potentials of all the
demo buildings.

The dynamic simulation results show that all the retrofit technologies analyzed in
this study have different effects on the building energy consumption and CO2 emissions.
Among the technologies included in the passive package, insulating the external walls and
roofs with bio-aerogel thermal insulation materials had the greatest impact on the primary
energy consumption and CO2 emissions in the demo buildings, while the PV vacuum
windows and PCM had a much smaller impact. In terms of the ventilation package,
the insulating breath membrane had a similar impact on the primary energy and CO2
emissions to the bio-aerogel thermal insulation material in the demo buildings. In regard
to the lowering of the indoor CO2 concentrations after installing the insulating breath
membrane, the installation of the RAHU resulted in slightly increased primary energy
consumption and CO2 emissions. Regarding the generation package, the PV/T system
led to a considerable energy and CO2 emissions reduction in all the demo buildings. The
impact of the SAHP on the primary energy and CO2 emissions in the Greek and Portuguese
demo buildings was minor compared to that in the Spanish demo building.

Thus, to achieve a greater energy saving and CO2 emissions reduction, the bio-aerogel
thermal insulation and insulating breath membrane are the most recommendable reno-
vation measures. If the insulating breath membrane is used, it is necessary to install the
RAHU to ensure good indoor air quality. In contrast, the PV vacuum window and PCM
are less recommendable due to their minor effects on the energy consumption and CO2
emissions. The choice of generation technologies depends on the actual conditions of the
buildings, such as the type of existing heating system.

As for the maximum primary energy and CO2 emissions reduction in the demo
buildings, the final combination including the PV/T system brought about a 66% and
74% reduction in the primary energy and a 65% and 75% reduction in the CO2 emis-
sions in the Greek and Portuguese demo buildings. The final combination including the
SAHP reduced the primary energy by 65% and the CO2 emissions by 74% in the Spanish
demo building.

The energy and CO2 emissions conservation potential of the retrofit technologies
was significantly affected by the heating schedules applied to the demo buildings. The
energy conservation potential of the thermal insulating measures, such as the bio-aerogel
thermal insulation and insulating breath membrane, was enhanced when the intermittent
heating schedule was switched to the continuous heating schedule in the demo buildings.
Most of the time, the indoor temperature was maintained at the heating setpoint in the
continuously heated demo buildings. Nevertheless, when the buildings were intermittently
heated, for a considerable portion of the time, the indoor temperature was lower than the
heating setpoint due to the shortened heating period. Even during the heating period, the
indoor temperature may not reach the heating setpoint. Therefore, although the thermal
insulation was improved significantly after renovation, the space heating system still
worked at a relatively high power to approach the heating setpoint. The space heating
demand did not reduce as much as that in the continuously heated building. The thermal
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insulation improvement resulted in an indoor temperature increase in the intermittently
heated demo buildings.

However, the relative energy and CO2 emissions reduction achieved by the generation
technologies decreased when the intermittent heating schedule was switched to the contin-
uous heating schedule. As the heating time extended, the space-heating demand increased
significantly. The higher the space-heating demand was, the lower the proportion of the
demand covered by the generation measures was and the higher the proportion of the
back-up heating demand was. The energy and CO2 emissions conservation potential of the
generation measures decreased following a higher share of the heating demand covered by
the back-up heater.

The results and conclusions of this study can be generalized to similar climates and
buildings when deep renovations are conducted in the existing residential buildings.
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