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Abstract: In the current context of joint efforts towards the decarbonisation of buildings, integrating
occupants’ comfort and health with latest technological advancements for energy efficiency is at the
center of the latest development of research, policies and professional practice. Radiant systems are
encountering great success since the low-thickness systems can also be used in renovation projects for
both heating and cooling, while guaranteeing optimal comfort. However, dehumidification is often
required for optimal radiant cooling operation with no condensation risks, and the great potential
of mechanical ventilation systems to optimally address the needs for dehumidification, air renewal,
health and energy efficiency appears to be far from its full exploitation in the post-COVID-19 era.
The present paper aims at providing a quantification of the energy and financial impacts of the
implementation of a controlled mechanical ventilation system (CMV) coupled to a radiant system in
a typical residential case study building in Italy. The results show that the sole CMV may decrease
primary energy demand and energy costs by more than 30% and contribute to an increase in the
smart readiness of the building by 8%, but further incentive policies must be developed to cover the
still high investment and maintenance cost.

Keywords: cost-optimal analysis; smart readiness indicator; radiant heating; radiant cooling;
mechanical ventilation; dehumidification; post-COVID-19; health; indoor air quality

1. Introduction

In the current context of improved efforts for the decarbonisation of the building
sector, radiant systems are encountering great success, as their operating conditions allow
optimal integration with high-efficiency generation systems and renewable energy sources
both in the heating and cooling mode. Recent technological advancements in the sector
have contributed to overcoming the traditional barriers to the massive applicability of such
systems, since the currently available low-thickness/low-inertia radiant systems can be
easily used in all types of intervention, including renovation projects. Considering the
projected increasing cooling needs, the use of radiant systems has been demonstrated to
be able to effectively meet the buildings’ space cooling demand, but attention should be
paid to the condensation risks that may occur. This issue should be primarily addressed
through the setup of an advanced control system for proper adjustments of the radiant
cooling system operation in relation to the ambient hygrothermal conditions. However, the
installation of a dehumidification system is often required to avoid any risk and ensure the
optimal comfort of the occupants.

In the last years, integrating indoor comfort and health to the highest energy efficiency
has been at the center of the latest developments in research and in the development of
directives and regulation towards the objectives of the full decarbonisation of the building
sector [1]. Moreover, the COVID-19 pandemic context has reinforced the need for adequate
indoor air quality, highlighting the need for the optimal integration of strategies addressing
the two pillars of energy efficiency and health in all types of buildings.
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In the European Union, the latest recast of the Energy Performance of Buildings
Directive (2018/844/EU [2]) has remarked that the energy needs for space heating, space
cooling, domestic hot water, ventilation, lighting and other technical building systems shall
be calculated in order to optimise the health, indoor air quality and comfort levels defined
by Member States at national or regional levels. The recent proposal for a new recast of
EPBD [3] further highlights the role of the adequate design and maintenance of ventilation
systems in ensuring occupant comfort and health.

At international levels, the WELL building standard [4] is driving professional practice
to focus on occupants’ health and well-being and put efforts into the implementation of
the most advanced research evidences in the field, contributing to an increasing holistic
vision for a multi-domain evaluation of the benefits reached by energy efficiency measures.
This multi-domain perspective was embraced by the EU during the development of the
building Smart Readiness Indicator (SRI), where buildings’ energy efficiency and flexibility,
comfort and health are weighted according to different impact criteria and included in
the evaluation of the potential contribution to the overall building smartness offered by
different HVAC systems technology solutions.

In this context, the great potential of mechanical ventilation systems to find synergies
between different domains and address the need for air renewal, dehumidification and
smart energy efficiency at the same time appears to be far from its full exploitation, espe-
cially in the residential sector. A recent review on the integrated radiant heating/cooling
with ventilation system [5] recognised that many design parameters need to be considered
when designing such a system, such as location, the amount of heat sources, contaminant
source types and condensation risk. While it provides guidelines for their optimisation
considering the impacts on thermal comfort and indoor air quality, their mutual impact
on energy performance is recognised but not studied, leaving space for further studies.
Further, the economic issues are not considered. Another review [6] on the application of
radiant low-temperature heating and high-temperature cooling compares latest studies
addressing the domains of energy, thermal comfort, indoor air quality, design and control,
and suggests further investigations on the economic incentives for radiant systems based on
the country studied for different markets. Further, it recommends extending the application
of radiant systems in residential buildings in addition to commercial buildings.

In fact, especially after the implementation of energy efficiency measures on the
building envelope (thermal insulation and increase in air tightness above all), the issues
related to low indoor air quality (IAQ) that were typically addressed for densely occupied
non-residential buildings have been extended to residential buildings [7]. Figure 1 reports
an example of IAQ monitoring in a single-family house equipped with a radiant panel,
showing a typical trend of a significant increase in CO2 levels, especially at night in
bedrooms when CMV is not present. A recent study [8] demonstrated that the impact of a
low IAQ may also be significant in residential buildings, as the one-year long comparative
study has shown that an increased level of indoor air quality parameters, and particularly
CO2 above 1000 ppm, which is closely related to the indoor ventilation rate, was associated
with the daily risk of eye fatigue, allergic rhinitis and atopic dermatitis symptoms.

In this context, the great potential of mechanical ventilation systems to optimally
address the need for air renewal and health, dehumidification (especially when radiant
systems are used for space cooling) and energy efficiency at the same time appears to be
far from its full exploitation, preventing mechanical ventilation systems from following
the increasing positive trend in the implementation of radiant systems, especially in the
residential sector. This appears to be mainly due to a wrong perception of related costs and
benefits from both the private investor and policymakers’ perspectives.
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Figure 1. Two-day example of indoor monitoring of a typical residential unit in Italy. 
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• Energy efficiency: evaluation of the annual primary energy performance and related 
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the comfort and health aspects of a smart building. 
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The building used as a reference for the development of the analyses is an all-electric 
NZEB named CORTAU House (see Figure 2), built in 2016 based on the retrofit of a tradi-
tional rural building. The building is located in the Piedmont region, in the north-west of 
Italy (climate zone E), and has a 140 m2 floor area. Because it has already been analysed in 
detail in the literature regarding its design [9], based on a cost-optimal approach accord-
ing to the latest EU directives [10], and its performance in operation [11], it is recognised 
as a representative case study of NZEB buildings in Italy. 
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Figure 1. Two-day example of indoor monitoring of a typical residential unit in Italy.

Objectives and Approach

The objective of the present work is to provide methods and results for qualitative
and quantitative integrated analysis on the multi-domain impacts of the implementation
of a controlled mechanical ventilation system (CMV) coupled to a radiant system in a
residential case study building in Italy.

With the support of the decision-making tools and performance indicators established
by the EU for decision-making in the fields, the quantification of the different impacts is
performed in terms of:

• Energy efficiency: evaluation of the annual primary energy performance and related
energy cost before and after CMV installation;

• Financial feasibility: determination of the relevant financial parameters, calculation of
the global cost over a time period from an investor’s perspective and sensitivity to the
variation of financial parameters, energy prices and inventive policies;

• Multi-domain benefits: perspectives for the quantification of the impact of CMV on
the comfort and health aspects of a smart building.

2. Materials and Methods
2.1. Description of the Case Study Building

The building used as a reference for the development of the analyses is an all-electric
NZEB named CORTAU House (see Figure 2), built in 2016 based on the retrofit of a
traditional rural building. The building is located in the Piedmont region, in the north-west
of Italy (climate zone E), and has a 140 m2 floor area. Because it has already been analysed in
detail in the literature regarding its design [9], based on a cost-optimal approach according
to the latest EU directives [10], and its performance in operation [11], it is recognised as a
representative case study of NZEB buildings in Italy.
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Figure 2. The case study building: (a) 3D visualisation; (b) main plan of the ground floor. 
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Figure 2. The case study building: (a) 3D visualisation; (b) main plan of the ground floor.

The externally insulated opaque envelope meets the local requirements for deep energy
retrofit, resulting in a highly insulated building (Uwall = 0.14 W/(m2K), Uroof = 0.11 W/(m2K),
Uslab = 0.12 W/(m2K); Uwin = 1.2 W/(m2K)).

The building is all-electric, with a system composed of an air-to-water geothermal heat
pump and radiant floors for space heating and cooling. The same heat pump is also used
for domestic hot water production through a heat exchanger in a dedicated water storage.

2.1.1. Definition of Scenarios for the HVAC System

According to the scope of the present work, two alternative scenarios were identified
for the building system (Table 1). Both scenarios include a reversible heat pump and low-
thickness radiant floor intended for use in both the heating and cooling modes. In the NV
scenario, there is no control of fresh air exchange, which is assumed to be provided through
natural ventilation (window opening). In the CMV scenario, a mechanical ventilation
system with enthalpic heat recovery is added for the purpose of air dehumidification and
increased energy efficiency, therefore reducing the radiant system sizing.

Table 1. Name and description of the two defined scenarios for HVAC system.

Scenario Description

NV Heat pump with radiant heating and cooling system, air renewal is
provided through natural ventilation

CMV Reversible heat pump with radiant system for heating and cooling,
mechanical ventilation with heat recovery and dehumidification capacity

2.1.2. Inputs for Energy Calculation

For the purpose of the determination of energy needs through dynamic simulation
(EnergyPlus), the latest typical reference year available for the nearest weather station
(Torino 160590—IWEC) was used for carrying out simulations. The operational parameters
were defined to be consistent with the building typology. The occupancy was fixed to
0.04 person/m2, according to Italian Standard UNI 10339 [12]. Lighting and electric
equipment maximum power densities were, respectively, set equal to 4.5 W/m2 and
2.98 W/m2, according to European Standard ISO 13790 [13], and their daily and weekly
profiles refer to those reported in ASHRAE 90.1 standards for reference residential buildings.
In addition, the control of the solar shading was scheduled based on the total solar radiation
incident on each window (threshold 300 W/m2).

The heating system was assumed to be active from 15 October to 15 April, according
to Italian regulations for Climatic Zone E (Turin), with a set point that was fixed to 20 ◦C
from 7 a.m. to 8 p.m. and to 18 ◦C during the rest of the day. The cooling system was set to
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operate from 30 April to 30 September with a set point that was set to 26 ◦C from 7 a.m. to
5 p.m. and to 28 ◦C in the other hours.

According to the Italian standard for energy calculation [14], the ventilation rate was
set to 0.5 ach. Considering that the net building conditioned volume is 378 m3, the required
fresh air flow rate is 190 m3/h.

For the purpose of the calculation of electrical energy consumptions, the reference
efficiencies were considered according to the Italian law [15] for the heat pump (COP 3,
EER 2.5) and radiant system (the considered value of 0.81 includes losses due to distribution,
regulation and emission). Such seasonal efficiencies are in line with real data obtained from
the monitoring of similar systems in residential contexts [16]. For the calculation of primary
energy, the Italian primary energy conversion factors for electricity are used (2.42 is the
total primary energy conversion factor, 1.95 and 0.47 are the non-renewable and renewable
parts, respectively).

2.1.3. Inputs for Cost Calculation

The process for the determination of the costs of the materials related to the NV and
CMV scenarios is reported in Figure 3. Starting from real detailed quotes provided by
manufacturing companies operating in the region, several simulated quotes were created
based on available price lists from other manufacturers. All data are referred to the market
prices applied in the first semester of the year 2022. Detailed quotations include the supply
and installation of all the components of systems that are subject to variation in the different
scenarios, which are radiant systems and the mechanical ventilation system. For radiant
systems, the costs regarding pipes and hydraulic connections (collectors, valves) and other
package components (insulation panels, cement screed, regulation) were considered. For
the ventilation system, the costs regarding central units (ventilation units with enthalpic
heat recovery and dehumidification, regulation system) and distribution components
(plenums, ducts, vents) were considered.
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Data were then elaborated to obtain an average quote for each of the two main systems
(radiant and ventilation) associated to a variability range, also considering their consistency
with the regional price list. Starting from a detailed average quote, a specific cost breakdown
could be obtained according to the inputs required by the implemented impact calculation
models, as reported in the next section.
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A summary of the resulting cost breakdown, for the systems involved in the two
scenarios of the present paper, is reported in Table 2, specific for relevant units. The annual
maintenance costs are expressed as a percentage of investment as for EN 15459.

Table 2. Specific cost breakdown.

System Sub-System Investment (Supply + Installation) Maintenance

Radiant system
Piping 0.18 €/Wheat ± 30% 2% of investment cost

Others 65.2 €/m2
floor ± 10% 2% of investment cost

Ventilation system
Central unit 21.3 €/m3

Vcond ± 10% 4% of investment cost

Distribution 12.2 €/m3
Vcond ± 20% 4% of investment cost

Regarding the energy costs, the average electricity price (including taxes) for Italian
households for the year 2022 was considered (0.3 €/kWh), according to the latest statistics
and projections made by the EU statistical institute (Eurostat [17]).

2.2. Impact Calculation Models
2.2.1. The Cost-Optimal Approach and the Global Cost Calculation Model

The concept of cost-optimality was introduced by the European Directive 2010/31/
EU [18], also known as the recast of Energy Performance of Buildings Directive—EPBD
recast. Such methodology allows the comparison of alternative energy design scenarios
so that the decision-maker, who can be either represented by the private investor or the
policymaker, can increase his consciousness of their impact on the building energy and
financial-economic performance. The combined calculation for each of the evaluated
scenarios of the energy indicator, expressed in terms of primary energy, and of the global
cost indicator, determined as the sum of the investment (also including maintenance,
replacement and disposal costs) and operational energy cost, allows identifying the scenario
leading to the lowest cost during the estimated economic life cycle of the building, which
therefore defines the cost-optimal level for decision-making.

The so-called cost-optimal graph is reported in Figure 4, where the global cost values
of the different scenarios (each orange point is an alternative energy design scenario) are
on the y-axis (y) and the annual primary energy consumption is on the x-axis.

Energies 2023, 16, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 4. Graph for determination of cost-optimal levels. nZEB indicates the nearly Zero Energy 
Buildings’ performance level, C_OPT indicates the energy performance level related to the lowest 
global cost over the considered calculation period (economic life cycle of the building), where each 
orange point represents a different design alternative. 

The most recent model for the calculation of the global cost was developed in 
EN15459:2018 [19], where the global cost CG is formulated for the calculation period TC, 
and referred to the starting year T0 as follows: 

CG = CINIT + Σj [Σi=1 TC (COa(i)(j) × (1 + RATXX(i)(j)) + COCO2(i)(j)) × (D_f (i)) + COfin(TLS)(j) − Vft(TC)(j)] (1)

where CG, CINIT are the initial investment costs; COa(i)(j) is the annual cost for year i for 
component or service j (including maintenance and energy costs); RATXX(i)(j) is the price 
development for year i for component or service j; COCO2(i)(j) is the CO2 emissions cost for 
measure j during year i; COfin(TLS)(j) is the final (disposal) cost for decommissioning, decon-
struction and disposal in the last year of life cycle TLS of component j or of building (re-
ferred to starting year T0); Vft(TC)(j) is the residual value of component j in year TC at the 
end of the calculation period (referred to starting year T0); and D_f(i) is the discount factor 
for year i based on the real interest rate RR. 

As shown in Equation (1), the global cost considers the initial investment cost to im-
plement energy efficiency interventions, to which the operational costs, also known as 
annual costs (the energy costs, ordinary and extraordinary costs related to maintenance 
and replacement costs), are added during the overall life of the investment; that is, until 
the intervention itself may have a residual value. 

For the present application, a financial calculation from the perspective of a private 
investor is considered, therefore excluding COCO2(i)(j), which should only be considered at 
a macroeconomic level, but including taxes and current incentive policies (50% of invest-
ment is discounted as tax deductions in 10 years). Initial investment costs were set accord-
ing to Table 2, tailored to each scenario (the investment costs of the radiant systems con-
sider the different sizing in each scenario, and the costs for the mechanical ventilation 
systems are not considered in the NV scenario). Moreover, the disposal costs for radiant 
systems were not considered as the estimated TLS (50 years). 

A summary of the values assigned to the different calculation parameters considered 
for the present study is reported in Table 3. 

  

Figure 4. Graph for determination of cost-optimal levels. nZEB indicates the nearly Zero Energy
Buildings’ performance level, C_OPT indicates the energy performance level related to the lowest
global cost over the considered calculation period (economic life cycle of the building), where each
orange point represents a different design alternative.
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Typically, when comparing multiple scenarios, the ones leading to the best perfor-
mances (towards zero-energy objectives) are related to higher investment costs, which
may lead to an overall increase in the global cost if the savings on energy costs are not
enough to compensate for such increase. Therefore, as shown in Figure 4, the cost-optimal
approach also involves identifying the extra investment cost that is acceptable to ensure
the cost-optimality of the more energy-efficient scenarios.

The most recent model for the calculation of the global cost was developed in EN15459:
2018 [19], where the global cost CG is formulated for the calculation period TC, and referred
to the starting year T0 as follows:

CG = CINIT + Σj [Σi=1 TC (COa(i)(j) × (1 + RATXX(i)(j)) + COCO2(i)(j)) × (D_f (i)) + COfin(TLS)(j) − Vft(TC)(j)] (1)

where CG, CINIT are the initial investment costs; COa(i)(j) is the annual cost for year i for
component or service j (including maintenance and energy costs); RATXX(i)(j) is the price
development for year i for component or service j; COCO2(i)(j) is the CO2 emissions cost
for measure j during year i; COfin(TLS)(j) is the final (disposal) cost for decommissioning,
deconstruction and disposal in the last year of life cycle TLS of component j or of building
(referred to starting year T0); Vft(TC)(j) is the residual value of component j in year TC at the
end of the calculation period (referred to starting year T0); and D_f(i) is the discount factor
for year i based on the real interest rate RR.

As shown in Equation (1), the global cost considers the initial investment cost to
implement energy efficiency interventions, to which the operational costs, also known as
annual costs (the energy costs, ordinary and extraordinary costs related to maintenance
and replacement costs), are added during the overall life of the investment; that is, until
the intervention itself may have a residual value.

For the present application, a financial calculation from the perspective of a private
investor is considered, therefore excluding COCO2(i)(j), which should only be considered at a
macroeconomic level, but including taxes and current incentive policies (50% of investment
is discounted as tax deductions in 10 years). Initial investment costs were set according to
Table 2, tailored to each scenario (the investment costs of the radiant systems consider the
different sizing in each scenario, and the costs for the mechanical ventilation systems are
not considered in the NV scenario). Moreover, the disposal costs for radiant systems were
not considered as the estimated TLS (50 years).

A summary of the values assigned to the different calculation parameters considered
for the present study is reported in Table 3.

Table 3. Parameter values for global cost calculation.

Parameter Value Reference

TC [yr] 30 EU guidelines for cost-optimal calculation [20]

TLS [yr] 50 (rad sys)
15 (vent sys) EN 15459:2018, Annex D

RR 3.5% Base rate year 2022 [21] + 100 basis points according to [22]

RATXX 2% (energy)
1% (all others) EN 15459:2018, Annex B

2.2.2. The Multi-Domain Approach and the SRI Evaluation Model

As mentioned, the 2018 revision of the European Energy Performance of Buildings
Directive heavily emphasised the potential of smart technologies in the building sector to
decarbonise the building sector, while offering healthier, more efficient and comfortable
living environments. Therefore, the concept of a “Smart Readiness Indicator” (SRI) was
introduced as a framework for rating the smart readiness of buildings, and its calculation
model was launched in 2022 [23].
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The SRI assesses buildings (or building units) based on their capacity to satisfy three
key functionalities: (1) optimise energy efficiency and overall in-use performance; (2) adopt
the building operation to the needs of the occupants; and (3) adopt the signals from the
grid (energy flexibility). For each functionality, different impact criteria were identified, as
shown in Figure 5. For grouping the different smart ready services that the building has or
could use (“service catalogue”), nine technical domains are identified, and ventilation is
one of them (Figure 6).
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The different functionality levels are then identified for the different smart ready
services in each technical domain (from 0-baseline to a maximum of 4), and a score is
assigned to each functionality level in relation to each impact criterion.

The proposed score matrix for services related to the ventilation technical domain is
shown in Figure 7. According to the simplified smart services catalogue provided by the
EU [24], the NV scenario corresponds to Level 0, while the CMV scenario refers to level 3.
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As described in [25], smart readiness scores SRd,ic of a single technical domain d along
each impact criterion ic can be calculated (expressed as a percentage) as follows:

SRd,ic = I(d,ic)/Imax(d,ic) × 100 (2)

where I(d,ic) is the impact criterion score of domain number d for impact criterion number
ic according to the functionality level of each scenario, and Imax(d,ic) is the maximum impact
criterion score of domain number d for impact criterion number ic referring to the highest
functionality level.

When aggregating multiple domains (up to N) for each of the impact criteria, the smart
readiness scores of each technical domain can be determined by weighing the calculated
scores as follows:

SRic = ΣN(wd,ic × I(d,ic))/ΣN(wd,ic × Imax(d,ic)) × 100 (3)

where wd,ic is the weighting factor expressed as a percentage of the technical domain number
d for the impact criterion number ic. The approach proposed by the EU allocates weighting
factors based on climate zones, building typology and overall building energy balance for
heating, cooling, DHW, ventilation and lighting and electricity technical domains, while
otherwise fixing equal weighting factors by up to 100% for each impact criterion.

The smart readiness scores along the three key capabilities c can be determined by
further weighting the calculated scores as follows:

SRc = ΣM(Wd,ic × SRic) (4)

where SRc is the smart readiness score for key capability c, M is the total number of impact
criteria, Wd,ic is the weighting factor expressed in the percentage of the impact criterion
number ic for key functionality f and SRic is described in Equation (3). Among the same
key functionality, equal weight is assigned to all the relevant impact criteria. The total
smart readiness score SRI for a building can be then determined by equally weighting the
calculated smart readiness scores SRc for the key capability as follows:

SR = Σ 1/3 × SRc (5)

As shown in Figure 7, the ventilation domain may affect the score of impact criterion
“energy efficiency” in the key capability (1) and the impact criteria “comfort”, “conve-
nience” and “health” on the key capability (2). In the present study, calculations have been
performed to estimate the potential contribution of scenario CMV to increasing the smart
readiness score at different levels (Equations (2)–(5)) with respect to scenario NV, therefore
only considering variations in the technical domain of “controlled ventilation”.
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3. Results

After presenting the energy calculations resulting from the implementation of the two
scenarios, the impacts of the implementation of the CMV scenario with respect to the NV
scenario are quantified according to the described models for impact calculation.

3.1. Energy Evaluation

The resulting overall electricity consumption and the primary energy demand are
reported in Figure 8. As shown, the overall energy demand in the CMV scenario is 30%
lower than the NV scenario (because of the all-electric energy consumptions, the resulting
percentage reduction is equal in both graphs). Regarding the breakdown of electricity
consumptions, the orange part related to the ventilation system in the CMV scenario is
related to the consumption of mechanical ventilation fans. The energy needed for covering
thermal loads due to the introduction of fresh air is included in the electricity consumption
allocated to the radiant systems. Regarding the breakdown representation of the primary
energy demand, the orange bar includes both the thermal and electrical consumptions
related to ventilation.

Energies 2023, 16, x FOR PEER REVIEW 10 of 14 
 

 

“convenience” and “health” on the key capability (2). In the present study, calculations 
have been performed to estimate the potential contribution of scenario CMV to increasing 
the smart readiness score at different levels (Equations (2)–(5)) with respect to scenario 
NV, therefore only considering variations in the technical domain of “controlled ventila-
tion”. 

3. Results 
After presenting the energy calculations resulting from the implementation of the 

two scenarios, the impacts of the implementation of the CMV scenario with respect to the 
NV scenario are quantified according to the described models for impact calculation. 

3.1. Energy Evaluation 
The resulting overall electricity consumption and the primary energy demand are 

reported in Figure 8. As shown, the overall energy demand in the CMV scenario is 30% 
lower than the NV scenario (because of the all-electric energy consumptions, the resulting 
percentage reduction is equal in both graphs). Regarding the breakdown of electricity 
consumptions, the orange part related to the ventilation system in the CMV scenario is 
related to the consumption of mechanical ventilation fans. The energy needed for covering 
thermal loads due to the introduction of fresh air is included in the electricity consumption 
allocated to the radiant systems. Regarding the breakdown representation of the primary 
energy demand, the orange bar includes both the thermal and electrical consumptions 
related to ventilation. 

  
(a) (b) 

Figure 8. For the two NV and MV scenarios, quantification of (a) electricity consumption; (b) pri-
mary energy demand“  

3.2. Cost Evaluation 
The results related to the calculation of the global cost for the two scenarios are pre-

sented in Figure 9, where the top graph shows the calculated global cost (specific to the 
conditioned floor area of the case study), with their variability resulting from the uncer-
tainty regarding the estimation of costs. It is shown that the calculated global cost for the 
CMV scenario is on average 86% higher than the NV scenario (with a potential variability 
between +74% and +97%). The bottom graph of Figure 9 reports the breakdown of the 
calculated average global cost, showing that the CMV scenario determines a high increase 
in the investment cost (despite a slight decrease in the investment for the radiant system 
due to reduced sizing). 

26.50

18.60

0.00

5.00

10.00

15.00

20.00

25.00

30.00

NV CMV

El
ec

tr
ici

ty
[k

W
h e

le/
m

2 y
]

Electricity consumption

Heating
system
(radiant)

Ventilation
system

Cooling
system
(radiant)

−30%
51.68

36.26

0.00

10.00

20.00

30.00

40.00

50.00

60.00

NV CMV

Pr
im

ar
y 

en
er

gy
 [k

W
h p

e/
m

2 y
]

Primary energy demand 

Heating

Ventilation

Cooling

−30%

Figure 8. For the two NV and MV scenarios, quantification of (a) electricity consumption; (b) primary
energy demand.

3.2. Cost Evaluation

The results related to the calculation of the global cost for the two scenarios are
presented in Figure 9, where the top graph shows the calculated global cost (specific to
the conditioned floor area of the case study), with their variability resulting from the
uncertainty regarding the estimation of costs. It is shown that the calculated global cost
for the CMV scenario is on average 86% higher than the NV scenario (with a potential
variability between +74% and +97%). The bottom graph of Figure 9 reports the breakdown
of the calculated average global cost, showing that the CMV scenario determines a high
increase in the investment cost (despite a slight decrease in the investment for the radiant
system due to reduced sizing).
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The graphs in Figure 10 report the analysed scenarios on the cost-optimal graph,
showing the sensitivity of the global cost to the variation of the interest rate (from 2.5%,
the current base rate, to 4.5%, as suggested by the EU guidelines), energy price (up to
0.7 €/kWh, reflecting the peak price of the latest months) and incentives (up to 110% on
investment costs as tax deduction, reflecting the incentive policies implemented in the
latest 3 years).
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3.3. SRI Evaluation

The results related to the potential increase in SRI at different levels due to the im-
plementation of the CMV scenario are reported in Table 4. CMV may increase the SR for
energy efficiency by almost 15% and for health by 20%. Overall, the implementation of
mechanical ventilation may increase the SRI of the whole building by 7.2%.
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Table 4. Potential increase in SRI in CMV scenario.

Key Functionality Impact SR(Ic) Increase SR(c) Increase SRI Increase

Optimise energy efficiency and
overall in-use performance

Energy savings on site 14.57%
7.29%

+7.21%

Maintenance and fault prediction 0.00%

Adapt their operation to the
needs of occupants

Comfort 16.00%

14.00%Convenience 10.00%

Health and Well-being 20.00%

Information to occupants 10.00%

4. Discussion

The results show that the implementation of a mechanical ventilation system may
have a significant impact on energy efficiency (30% reduction of primary energy needs,
which is consistent with the findings of previous studies [6]), but the global cost calculations
demonstrate that, in the current market and policy scenario, the reduction of energy costs
in CMV is not enough to compensate for the higher investment and maintenance costs
occurring in the CMV scenario.

The performed sensitivity analysis shows that the trend is substantially the same even
when there is variation in the financial scenario (interest rate) or an increase in the incentive
investments. The increase in energy prices may lead to the relative increase in the global
cost of CMV with respect to NV to be reduced, but the global cost of the CMV scenario
is still 28% higher than NV, with the electrical energy cost being 0.7 €/kWh. In view of
these results, and in the context of the post-COVID-19 era, more efforts in research and
technological advancements may help to decrease the costs of such systems. In addition,
different incentive policies could be designed and tailored according to the sector of the
ventilation systems, considering their multi-domain impacts on energy efficiency, comfort
and health.

In fact, when considering the SRI approach for a multi-domain impact estimation
of the implementation of the CMV scenario, results are more promising, as envisioned
in [25]. Beyond the demonstration of the potential significant contribution of a mechanical
ventilation system to increase the overall SRI of a residential building, the multi-domain
approach and the weighting system for the different impact sectors at the basis of the model
can be further applied to properly weight and integrate energy efficiency aspects and
occupants’ health and well-being in indoor environment from a holistic, human-centered
perspective that should also drive economic factors.

Moreover, further research efforts may lead to the evolution of the global cost approach
towards the form of the so-called Cost-Benefit Analysis (CBA) [26], which allows combining
the financial approach with a larger economic perspective that introduces additional exter-
nalities in the assessments, such as the increase in the market value of an asset as a result
of energy efficiency interventions, the positive effects on occupant health induced by the
use of efficient technologies for improving air quality, or the high levels of indoor comfort
achievable in the building itself. A cost-benefit analysis tailored to ventilation systems is
expected to be able to improve the formulation itself and the resulting positive impacts
by introducing the quantification of not only economic benefits, but also social benefits or
benefits related to the occupants’ comfort and well-being in the indoor environments.

5. Conclusions

The impact of the installation of a controlled mechanical ventilation and dehumidifica-
tion system for use with a radiant heating and cooling system has been studied in terms of
energy efficiency, global cost and whole building multi-domain smart readiness.

The results show that the sole CMV may decrease primary energy demand and energy
costs by more than 30% and contribute to increasing the smart readiness of the building by
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7.2%, but further advancements in technologies and policies must be developed to cover
the still high investment and maintenance cost.

Future work should deepen the analysis on a real building by monitoring the actual
energy and cost performance before and after the installation of the studied CMV system.

Moreover, based on the multi-domain approach offered by the SRI model, a quantifica-
tion of the benefits in the area of health and well-being may help to develop better assessment
tools to consider energy efficiency interventions from a human-centered perspective.
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