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1 Introduction

Energy consumption for space cooling is characterized by a continuously rising
trend [1]. In parallel, the number of installed domestic cooling units is significantly
growing, as confirmed by International Energy Agency (IEA) documents and by
yearly reports of sector-specific companies [2—4]. The global penetration of the air
conditioning market is, in fact, quickly increasing, especially in Asia, but also in the
Americas and in Europe [5]. This trend is connected to several causes, including
climate change, urban heat islands, comfort culture, and building design choices
that are inconsistent with respect to local climate [1, 6]. It is hence evident that
alternative solutions for cooling, when environmental conditions are favourable,
may be adopted and developed in order to reduce cooling energy needs and conse-
quent GHGs (greenhouse gas emissions) [7]. Among low-energy alternatives, ven-
tilative cooling (VC) is a valuable technique to reduce energy needs and consumption
in buildings supporting free-running and/or fan-assisted ventilation for space cool-
ing. This technique was demonstrated to be very effective in reducing overheating
risks, but also to guarantee thermal and IAQ (indoor air quality) comfort in build-
ings during the summer season. However, the ventilative cooling potential occurs
when external air temperatures are below comfort thresholds; therefore, its applica-
bility is local and time-specific and is connected to local climate/weather conditions
[8, 9]. As underlined for the majority of passive and low-energy cooling solutions,
the non-homogeneous specific local potential has limited the current applications of
VC with respect to passive heating technologies, that is sunspaces. Nevertheless, a
consistent need to support the diffusion of VC solutions is evident, given this
approach is not sufficiently covered and valorised by current regulations — see, for
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example, the recent analysis reported in [10] — even in those climates in which it
may support thermal comfort without cooling system activations during the major-
ity of hours [11, 12]. This requires the development of methodologies to calculate
the potential of ventilative cooling — see, for example, the results of the IEA EBC
ANNEX 62 on Ventilative Cooling and other references [13, 14] supporting the
widespread of VC.

1.1 Objectives and Organisation

This chapter aims at investigating, on one hand, climatic key performance indicators
(KPIs) for ventilative cooling (VC) (extended summer season from May to
September) and, on the other hand, the impact of the same low-energy cooling tech-
nology on thermal comfort variations in dynamically simulated building spaces.
Additionally, the chapter aims at comparing the two analyses to help define and
choose early design indicators to estimate the ventilative cooling potential in terms
of thermal comfort and building cooling energy need reduction. The methodology
is applied to a large sample of locations, covering the whole Italian territory, to map
the thermal comfort/climatic potential of this low-energy dissipation cooling
technique.

The chapter is composed of the following sections: Section 2 describes the pro-
posed methodology and introduces the considered KPIs, the assumed reference
building, and the climate dataset; Sect. 3 is devoted to reporting the results of the
analyses, including climate and comfort KPI distribution at the Italian level.
Furthermore, Sect. 3 reports the comparison between the two approaches (the cli-
matic one and the building simulated one); and finally, Sect. 4 reports chapter
conclusions.

2 Methodology

As mentioned, the chapter describes, calculates, and compares the climate and com-
fort/energy effects of VC. This analysis is applied to a sample territory (Italy) to
study the local distribution of KPIs. Furthermore, potential correlations between
climate-based and building-simulation-based indices are also discussed. The
adopted KPIs and their calculation methodology — including the defined simulated
sample building and the locations selected for the analysis — are reported in this sec-
tion. Section 2 is structured in sub-sections that are devoted to defining the assumed
key performance indicators (KPIs) considering climate-based analyses (Sect. 2.1)
and building-comfort analyses based on dynamic energy simulations (Sect. 2.2).
Furthermore, additional sub-sections are included, describing the assumed sample
building (Sect. 2.3) and the considered set of locations (Sect. 2.4).
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2.1 Climate-Comfort KPIs

Several climate-related KPIs are reported in literature to estimate the local cooling
needs and the local potential of ventilative cooling solutions.

Among them, one of the most popular KPIs defining the local climatic cooling
needs is the Cooling degree hours/days (CDH/CDD), which was demonstrated to be
linearly correlated to the local intensity of building cooling needs — see, for exam-
ple, [5, 15]. Furthermore, this KPI is also compared to overheating risks during the
free-running mode. CDH and CDD integrate hourly differences in temperature
between environmental values and a building base temperature over which cooling
or overheating is expected. The assumed cooling base temperature may differ
according to the purposes of the analysis, ranging from 15.5 °C [16] to 26 °C [17].
Furthermore, the calculation may be assessed for the whole summer period or for
specific calculation times. For the purpose of this chapter, the following expression
is adopted for the CDH index:

m,=1<38,,>9

m,=0«39,,<8

CDH=Ym,(9,,-9,) {
(0

where:

the variable m, is a climate cooling activation check and 9, is the cooling base tem-
perature, ranging for the purpose of this chapter in the domain {18 °C; 21; 24;
26; 28}, while 9., is the hourly dry-bulb environmental temperature.

Additional calculation approaches are suggested in literature, such as the
approach described in EN ISO 15927-6:2008. European Statistical Office
(EUROSTAT), for example, supports the calculation of CDD on the basis of two
thresholds and considering daily average temperatures. The first threshold defines
for which days the CDD needs to be calculated, while the second, lower one is used
as base calculation temperature — see Eq. (2) [18].

m, =19, ,>24°C

CDD,, = Xm,{9,,-21) {md L0, <2aeC

(2)
where:

9. q41s the environmental daily average temperature, and 24 °C and 21 °C are the first
and second mentioned thresholds, respectively.

Degree days/hours are also at the basis of different KPIs that were developed to
climatically analyse the potential impact of low-energy technologies. For example,
a series of indices are able to define the residual amount of the CDH (CDH,.,, per-
centage or absolute) by calculating the theoretical impact of different heat gain
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dissipation technologies, that is evaporative cooling and ground-coupled earth-to-
air exchangers — see, for example [19-21].

Nevertheless, for this work, we calculated the climate cooling potential (CCP)
and index that was firstly defined by Artman et al. [22] and supported in several
publications, for example [12, 13]. This index is based on the internal-external air
temperature difference and is expressed in Kelvin per hour [K/h], suggesting the
night cooling potential of ventilative cooling. The calculation methodology is
expected to work during night hours (from 19:00 to 7:00), considering an office
space conditioned only during the daytime in which internal temperature is follow-
ing a sinusoidal variation around 24.5 °C of +2.5 °C (max temperature is set at
19:00). These internal temperature ranges were suggested on the basis of European
Committee for Standardization (CEN) thermal comfort categories — for example in
EN 16798-4:2019, the comfort category III for offices suggests temperature ranges
between 22 and 27 °C in internally conditioned spaces [23]. CCP is generally con-
sidered only during night hours to define the night-time mean CCP value in a given
period. Hence, the daily average (CCP4) may be defined by dividing the CCP by the
number of days in the considered period. Nevertheless, it is also possible to calcu-
late the cumulative distribution of CCP.

In this chapter, the cumulative CCP is assumed to directly compare results with
the cumulative cooling energy savings due to ventilative cooling activation in a
conditioned space — see Eq. (3). Nonetheless, this analysis is performed for the
whole summer period, considering that ventilative cooling may be also performed
during the daytime when external conditions are favourable (controlled ventilation).
The CCP; is also calculated.

eh —

) 1m, =09, -9, <2°C

CCPZth‘(Sb’h—S ) {mh:l(_'gb’h_g =2

3)

where:

9,,= [24.5 +2.5. COS(MD[%]
’ 24
“)

and 4 is the number of daily hours [1-24]. A critical difference in temperature
between the base and environmental temperature of 2 °C is assumed, even if higher
differences may be considered for a precautionary approach.

In addition to DH-DD indices and based on the same principle, it is possible to
define a KPI to calculate the climate heat gain dissipation potential of ventilative
cooling. By knowing the airflow rate and the thermal properties of air it is possible
to calculate the cooling dissipation Q,., [Wh] by considering the difference in tem-
perature between internal and external air and adopting the well-known expression
[9, 24, 25]:
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where:

the variable ACH is the number of air changes per hour, which is assumed for this
paper in the domain {0;2.5;5}; Vol is the assumed net volume [m?] of the build-
ing; air density and heat capacity are assumed to be, respectively, 1.2 [kg/m?] and
0.28 [W/kg°C], while the set point temperature was set to be equal to the simu-
lated cooling set point (26 °C). Finally, 2 °C was the assumed minimal difference
in temperature from the set point, to consider a sufficient activation of ventilative
cooling. The latter value generally ranges between 2 and 3 °K — see also the criti-
cal temperature description defined in the IEA EBC Annex 62 documents [13].

2.2 Building-Comfort KPIs

Focusing on building thermal comfort indices, two approaches are followed in line
with EU standard 16798-1:2019. The first approach refers to mechanically cooled
building configurations. In these cases, we assumed the thermal comfort model
described in ISO 7730, which is based on the PMV (predicted mean vote) and PPD
(predicted percentage of dissatisfied) indices. This approach, in line with the Fanger
comfort theory [26, 27], is based on six parameters: four environmental parameters
(air temperature, humidity, mean radiant temperature, and relative air velocity) and
two personal parameters (metabolic rate and clothing level). Considering statistical
correlations based on personal expected thermal sensations, the PMV index classi-
fies user thermal sensation on a 7-point scale, ranging from —3 (very cold) to +3
(very hot), in which values around 0 are the most comfortable (neutral). Different
comfort categories are suggested in the EU standard according to PMV ranges
around the neutral point — that is category I (+0.2 PMV); II (0.5 PMV); and III
(0.7 PMV).

The calculation procedure for the PMV and PPD was implemented in line with
the one described in both EN and ISO standards by developing a specific Python
code. The clothing level is assumed to be 0.7 clo, considering underwear, shirt,
trousers, socks, and shoes (ISO 9920) — an intermediate balance between hot central
hours of summer and September/May evening — while the metabolic rate was set to
1.2 met, corresponding to standing relaxed or sitting activity conditions — a typical
value for residential living spaces (EN 16798-1). In addition to these basic indices,
cumulative versions are available. For this study, the cumulative value of PPD
whenever hourly PMV is higher than category III is calculated according to the fol-
lowing rule:
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m, =1« PMV, >0.7
m, =0« PMV, <0.7

PPD

exceedance

=X m,PPD, {
(6)

where:

PMYV,, is the hourly computed value for predicted mean vote and PPD,, the corre-
sponding hourly predicted percentage of dissatisfied.

The second thermal comfort approach is assumed for free-running building con-
figurations. For the purpose of this work, it is considered that a building is working
in a free-running mode in the summer when cooling systems are not present or are
turned off. This definition is in line with past and current research projects, that is
IEA Annex 62 and H2020 EU-co-funded project E-DYCE [28]. In these cases, the
adaptive thermal comfort theory is assumed — see the works of Fergus and
Humphreys [29, 30]. The calculation was performed in line with the above-
mentioned EN standard, assuming the upper comfort category II as a reference.
Additionally, cumulative values of hourly distances from the central comfort line
and from upper thresholds of different comfort categories are calculated according
to the following rules:

. . m, =1<«dist, .., >0
2my-dist,, ... if10°C< 8 , <33°C where L
e ’ m, =0 <« dist .., <0
dist, = .
) ) m, =1« dist, . >0
>m,dist,, , if3, , =233°C where o
P ’ m, =0« dist,, , <0
(N
. ) m, =1<«dist; .., >0
Ym,dist,, ., if10°C <8 , <33°C where L
e : m, =0 <«dist,,,,, <0
dist, = )
. ) m, =1<«dist, , >0
Xmy,disty,, if8,  >33°C where T
o ' m, =0« dist,, , <0
®)
where:

— disty mig, n = dop,i,n — (0.33 - 94, + 18.8) is the distance from the central comfort
line whenever the running mean is in the (10,33) °C range;

— disty up, s = 9op, i, — (0.33 - 33 + 18.8) is the distance from the central comfort line
whenever the running mean is in the [33,x] °C range;

— dist3 mia,n = Sop,i,n — (0.33 - Iy, + 18.8 + 3) is the distance from the upper thresh-
old of comfort category II whenever the running mean is in the (10,33) °C range;
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— disty yp, 4 = Op,i,n — (0.33 - 33 + 18.8 + 3) is the distance from the upper threshold
of comfort category II whenever the running mean is in the [33,x] °C range;

and 9,, ; , is the hourly indoor operative temperature, while 9., , is the hourly
updated running mean temperature calculated in line with EN 16798-1:2019.
Different comfort categories are also considered assuming limits mentioned in the
standard.

The cumulative intensity of discomfort for free-running buildings may be
adapted to a simpler indicator: the cooling internal degree hours (CIDH). This indi-
cator is the building-correlated counterpart of the CDH indicator — see the definition
reported in Pellegrino et al. [31]. For this research, it was calculated as below:

CIDH = X m, (9, -9

c

) {m =1¢<39,>9

=0«3,<9
<« ih (9)

where:

the variable m, is the climate cooling activation check and . the cooling comfort
temperature, assumed in this chapter not only as a fixed reference set point (i.e.
26 °C) but ranging in the domain {18 °C; 20; 22; 24; 26; 28} to verify correla-
tions with climate CDH, while &, , is the hourly indoor air temperature.

2.3 Building Sample Definition

A sample residential building unit was adopted to test the proposed methodology.
The considered unit is a typical flat of a multi-storey building. Its internal organisa-
tion and definition are in line with suggested residential building typologies included
in well-known architectural technical manuals — see, for example [32, 33] — and in
line with the methodological approach followed in previous climate-correlated
studies [34]. The considered building is composed of two units per floor, while a
single unit is simulated for this chapter. The simulated spaces are considered to be
at an intermediate floor with an upper floor and lower floor working at the same

Fig. 1 The considered sample residential building unit
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temperature (adiabatic). Similarly, the simulated unit is touching a specular one:
Confining walls are also assumed to be adiabatic. Upper-floor balconies are included
to consider shading effects — see Fig. 1.

Dynamic hourly energy and thermal simulations are performed by adopting
EnergyPlus [35]. Different simulations were performed for each location to com-
pare building scenarios. We investigated, on one hand, the free-running building
mode and, on the other hand, the mechanically cooled building mode, assuming
EnergyPlus ideal loads and retrieving net energy needs. Five configurations are con-
sidered assuming different levels of ventilative cooling air changes per hour (ACH)
in order to test the impact of ventilative cooling (VC) — indifferently natural or fan-
driven — on cooling energy needs (mechanical cooling mode) and on thermal com-
fort indices (free-running cooling mode). Table 1 describes the adopted set of
simulations.

Ventilative cooling is defined by adopting the scheduled natural ventilation
approach in EnergyPlus, supporting VC activation by controlling temperature
thresholds. For the free-running mode, external temperature control rules assume
that there is no maximum outdoor temperature above which the ventilation is shut-
off since there is no other cooling system in the building, although an activation
difference in temperature between internal and external values of 2 °C is defined in
line with climate KPIs described above. Differently, for the mechanical cooling
mode, a control on maximum outdoor temperature (26 °C) is also added to avoid the
risk to introduce external airflows in the building at a temperature higher than the
cooling set point, which is set to 26 °C, with a consequent rise of cooling loads.
Cooling scheduling is activated, when control conditions are appropriate, for the
whole extended summer period. Internal gains and occupancy profiles are assumed
in line with the ones suggested by EnergyPlus references — see also the description
in [34]. Envelope definition is the same in both free-running and mechanically
cooled modes. The U-value of walls was set to 0.287 [W/m?K] (10 cm of insula-
tion), while the U-value for windows was 1.499 [W/m’K] (Double glass, Low-E
with argon). Simulations are controlled by using Python coding.

Table 1 The adopted simulation configurations (VC = ventilative cooling)

Free-running mode ACH Mechanical-cooling mode ACH
la. Reference case 0 1b. Reference case 0

2a. low VC 2.5 2b. low VC 2.5
3a. VC 5.0 3b. VC 5.0
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2.4 Climate Data and Locations

For this chapter, the above-described KPIs are applied to the whole Italian territory,
assuming a calculation point for each municipality. The Italian municipality data-
base was based on the ISTAT (national statistics agency) data (31/12/2017 version)
and includes 7978 data points.

Typical meteorological years (TMY) for each point are retrieved by the
Meteonorm tool [36] assuming reference periods 1991-2010 and 2000-09 for irra-
diation and for temperatures, respectively. For all locations, the entire set of simula-
tions was performed, including the calculation of simulated and climate-related
KPIs. This large dataset (47,868 simulations) allows comparison analyses among
different KPIs. A comparison between building comfort-related indices and
external-climatic KPIs is performed to verify the possibility to predict the ventila-
tive cooling potential on building comfort and energy needs without running
dynamic building energy simulations.

The analysis is performed for an extended summer period ranging from May to
September (included). This assumption will allow us to better evaluate the ventila-
tive cooling potential to cover the summer overheating also in the hottest locations,
in which a reduced summer period (e.g. June to August) will not be representative
of the whole summer season. This assumption is in line with previous analyses [20].

KPI devoted maps are produced by using a geospatial Python plotting library,
while the Italian borders are retrieved by a GeoJSON file provided by Openpolis [37].

3 Results

Three main categories of results are presented. On one hand, KPI results — both
climatic (Sect. 3.1) and building-related ones (Sect. 3.2) — are illustrated. On the
other hand, mutual correlations between climate and simulated building KPIs are
analysed (Sect. 3.3) to verify consistencies and the ability of climate indices to rep-
resent preliminary building trends.

3.1 Climate-Based KPIs

The distribution of climatic KPIs over the Italian territory is illustrated, with the aim
to represent local specific behaviours.

In line with the description in Sect. 2, the CDH indicator represents the cumula-
tive hourly differences between the environmental air temperature and an assumed
base reference temperature, while CDD considers a daily cumulative cooling sever-
ity. Figure 2a shows the CDH distribution for the whole dataset, considering 18 °C
as base temperature, while Fig. 2b illustrates the CDD distribution. Both KPIs
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Fig. 3 Distribution of (a — left) CCP and (b — right) CCP, indicators on the Italian territory

largely depend on the specific local climate conditions. In the northern mountain
zones, lower values of both CDH and CDD are retrieved, given the number of over-
heating hours or days is very limited. Only for a few hours, the TMY environmental
temperatures are above the assumed thresholds, while in the central and southern
areas these KPIs reached higher values due to the warmer climate conditions. It
could be interesting to notice that locations nearer to Rome and Milan, which are the
two most populated Italian cities — see ISTAT databases [38], show higher CDH and
CDD values. This phenomenon is in line with the expected impact of urban heat
island conditions. In these sites, higher cooling needs or higher discomfort condi-
tions are expected. Furthermore, the high concentration of building units underlines
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that the adoption of low-energy cooling technologies in these locations may have an
impact on a high number of end-users.

Focusing on the climate ventilative cooling KPIs, Fig. 3 reports the Italian distri-
bution of (a) CCP and (b) CCPd values. These two maps show that the zones in Italy
with the higher climate cooling potential are located in the north of the peninsula,
due to the colder climate, which allows a higher natural dissipative cooling potential
by adopting air as a heat sink. For most summer hours, the environmental air tem-
perature in such zones is low enough to provide climate comfort conditions. Instead,
the southern Italian locations are affected by lower ventilative cooling potentials
due to higher external temperatures. This condition limits in both time and intensity
the possibility to adopt ventilative passive cooling methodologies to achieve a cli-
matic indoor comfort when internal temperatures rise above the comfort threshold.
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Figure 4 underlines that CDD is correlated with CCP, by following a decreasing
exponential trend. In fact, a high CDD means that the cooling-correlated energy
demand of a virtual building is high when the daily external temperature is above
the assumed base threshold, prompting people to turn on mechanical cooling sys-
tems when present. Nevertheless, CCP, values retrieved for hotter days are also
expected to be low, since the high environmental air temperature limits the applica-
bility of ventilative cooling. Oppositely, a higher climate cooling potential for a
specific day means that, at least at night, environmental temperatures are lower,
allowing ventilative cooling activations and consequently a lower virtual climatic
cooling demand.

Figure 5 shows the cooling dissipation potential (Q,.,) — see Eq. (5) — for the two
assumed ACH values. The ACH values in climate analyses are based on the assumed
sample building volume to allow KPI comparison. The analysis shows that with an
ACH equal to 2.5, the cooling dissipation potential by ventilative cooling is limited
in most locations. Differently, considering an ACH equal to 5, several Italian zones —
in particular the mountain ones in the north and the one at the centre of the
Peninsula — are characterized by an evident natural ventilation dissipative potential
able to virtually reduce space cooling needs.

Furthermore, Fig. 6 compares the two calculated climatic ventilative cooling
potential KPIs. This figure shows that Q,., and CCP, are almost linearly correlated.
The CCPd may in fact be translated to a dissipation potential by considering an
airflow — see, for example, [39]. Although, this result underlines that both indices
may be adopted to describe the ventilative cooling potential of a location, even if
Q.a is directly reflecting the dissipative potential for a given ACH, while CCP,
focuses on climate ventilative cooling availability.
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ACH values .
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15000( (RS s oe = ,“//
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210000
= o
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Fig. 6 Q,q, vs. CCP; comparison
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Fig. 8 No. of hours over ACM Cat. II for (a) the case without ventilative cooling, (b) with a ven-
tilative cooling ACH of 2.5, and (¢) an ACH of 5

3.2  Building-Based Comfort KPIs

Section 3.2 reports the building simulation results focusing on both mechanical-
cooling mode and free-running building mode. Considering the mechanical-cooling
mode, Fig. 7 shows that cooling needs in Italy are correlated to different climate
conditions — see Fig. 7a. This location-dependent distribution of cooling needs is
even more evident when ventilative cooling is considered — see Fig. 7b, c.
Nevertheless, the adoption of ventilative cooling strategies can drastically reduce
the cooling needs in the majority of locations of the Peninsula. In several cases,
ventilative cooling is more than halving the local energy cooling need. The differ-
ence between the case with an ACH of 2.5 and the one with an ACH of 5 is not as
large as the difference between ACH 2.5 and no ACH, suggesting that even with
limited airflow rates, ventilative cooling may strongly reduce building cooling needs
in Italy.

Focusing on the free-running mode, Fig. 8 shows the distribution of the number
of discomfort hours (above adaptive comfort mode — ACM — upper category II)
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Fig. 10 Average distances from ACM Cat. III lower threshold, varying ventilation ACH

under different ACHs — (a) without ventilative cooling; (b) with ACH set to 2.5; and
(c) with an ACH of 5. These maps clearly underline that ventilative cooling may
strongly reduce the number of discomfort hours in free-running buildings in almost
all Italian locations. In this building mode, a difference between ACH values is
underlined especially in southern coastal locations and in the Po Valley. Residual
discomfort hours are evident even with a higher ACH in the Eastern part of Apulia
regions and in some Tyrrhenian sites, which are also the ones that show higher
residual cooling needs in the mechanical cooling mode.

To consider not only the time distribution of discomfort hours but also the dis-
comfort intensity, Fig. 9 reports the cumulative distance from the adaptive comfort
model category II upper limit. Comfort category II is assumed considering general
suggestions for residential spatial units, assuming in this analysis that discomfort is
composed of hours in which building simulated conditions are in both summer Cat.
IIT and Cat. IV —see EN 16798-1. This figure is, on one hand, confirming the above
results, while, on the other hand, it shows that even in those locations in which
residual discomfort hours are underlined, the intensity of the discomfort may be
drastically reduced by adopting ventilative cooling solutions.

Figure 10 shows the same results reported in Fig. 9, but averaged on the basis of
the number of discomfort hours shown in Fig. 8. These specific maps are useful to
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Fig. 11 Cooling consumption (simulated cases B — see Table 1) vs. No. of hours in ACM category
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give consistency to the discomfort intensity expressed in Kelvin per hour, a syn-
thetic value able to clearly represent discomfort consistency. The aforementioned
ability of ventilative cooling to reduce discomfort is immediately evident here, the
discomfort intensity shifting in the hottest locations from about 5 [K/h] to about 2
[K/h], a more tolerable value, very near to the upper comfort boundary of adaptive
comfort category III (moderate expectations). The distance between the upper limit
of Cat. IT and IIT is in fact 1 °C.

Furthermore, a series of correlation analyses have been performed by plotting the
cooling energy needs of buildings under mechanical cooling mode as a function of
the number of hours for different adaptive comfort categories, considering the simu-
lation results of buildings under free-running cooling mode with the same ACH —
see Table 1. These graphs are useful to underline potential virtual correlations
between cooling needs and free-running discomfort values. Figure 11 shows the
cooling needs of mechanically cooled cases in relation to the number of free-running
hours recorded in (a) adaptive comfort category I, (b) Cat. II, (¢) Cat. III, and (d)
Cat. IV, where the latter includes all discomfort hours outside the moderate comfort
category, and the others encompassing, respectively, the hours below the Cat. I
upper limit, between Cat. I and Cat. II upper limits, and the hours between Cat. II
and IIT upper limits to avoid hour repetitions (theoretically, Cat. II also includes all
hours in Cat. I). These graphs illustrate that in the first three cases — the ones repre-
senting different comfort expectations — there is an inverse relationship (ACH = 0)
between the number of hours in the comfort category (free-running mode) and cool-
ing needs (mechanical-cooling mode). Other than the last category (discomfort for
all expectation levels), a direct correlation is shown for all ACHs, although when
VC is considered, a reduction in hours in this category is strongly underlined in all
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Qe vs distance from ACM comfort line Q¢ vs distance from ACM cat. Il upper threshold
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Fig. 12 Cooling consumption (simulated cases B — see Table 1) vs. the cumulative distance from
the adaptive thermal comfort (a) running mean temperature and (b) upper limit of category II
(simulated cases A — see Table 1) considering different ACHs

Qc vs PPD exceedance
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Fig. 13 Cooling consumption (mechanical-cooling mode) vs. PPD exceedance (free-running
cooling mode), varying ACH

cases — as mentioned in the previous analyses. ACH activation is impacting the
number of hours moving from higher to lower adaptive comfort categories. The dif-
ference between ACH activated and ACH = 0 cases is linked to the fact that mechan-
ical cooling works on a fixed set point (26 °C) while adaptive comfort does not. For
this reason, hours turned to comfort by ventilative cooling in free-running mode
have a corresponding mechanical cooling need for the same ACH value, and the
higher the comfort category, the higher the slope of the regression line of VC cases —
see, especially, the change among Fig. 11b—d. Nevertheless, it is expected that this
outcome will be more evident when discomfort intensity is assumed instead of com-
fort hours, while direct correlations will be underlined for all cases.

Figure 12 plots the simulated building energy needs as a function of the adaptive
comfort cumulative distance from (a) the running mean temperature and (b) the
upper limits of comfort Cat. II considering free-running corresponding cases. These
graphs show that a correlation is evident between the two building functioning
modes. The envisaged slope of regression lines is higher when ACH is active. A
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slight difference is underlined for ACH 5 with respect to 2.5, but a very evident
benefit is retrieved between ventilated cases with respect to the reference case
(ACH = 0) supporting the high potential of VC in the Italian territory.
Additionally, cooling needs are compared to the PPD exceedance calculated for
the corresponding free-running building cases. This analysis is forcing the above
results when Fanger-correlated comfort indices are assumed — which is a VC non-
favourable model. Figure 13 shows that cooling needs and free-running PPD
exceedance define evident correlation paths for all ACH cases. Hence, the positive
impact of VC is underlined even when the adaptive comfort model is not assumed.

3.3 Comparisons Between Climate and Building KPIs

In this section, the results of Sects. 3.1 and 3.2 are compared. Firstly, the building
energy need is compared to the climate CDH and CDD. Figure 14 shows the com-
parison regression lines for (a) Qc vs. CDH considering different CDH base tem-
peratures, and (b) Qc vs. CDD. In all cases, the three levels of ACH are also plotted.
A clear correlation between climate and building indices is underlined and the
regression model confidence is growing at higher ACHs, given that in these cases
the extra effects of building gains are reduced by dissipation. Table 2 reports the
retrieved coefficients of determinations (R?) for different polynomial degrees for the
CDH case considering the different base temperatures. In line with other works
[34], lower base temperatures better represent, as climate KPIs, the correlated build-
ing cooling energy need, especially when VC is not activated. This outcome is
directly correlated to the meaning of base temperature in the summer, cooling needs
in a building being connected not only to external air temperature, but also to solar
and internal gains. Hence, the adoption of a CDH;; (or lower) is suggested when this
climate KPI is used to climatically analyse the local energy needs. Similarly, Table 3

Q¢ vs CDD
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Fig. 14 Building cooling energy needs vs. (a) CDH - for different base temperatures, and (b)
CDD considering different ACH values
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Table 2 R’ results of Qc vs. CDH for different base temperatures — see also Fig. 14a

Base=18°C 21°C 24°C 26°C 28°C
ACH = 0.0 0.893 0.844 0.749 0.656 0.537
ACH=2.5 0.930 0.904 0.828 0.745 0.629
ACH =5.0 0.930 0.915 0.850 0.772 0.661
AQc vs CCPy Qc vs CCPy
ACH
e 25
e 5
g
7
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Fig. 15 The difference (percentage of the reference case) in building cooling needs between the
reference case (ACH = 0) and the other ACH cases vs. (a) CCP, and (¢) Q,¢. Building cooling
energy needs vs. (b) CCP, and (d) Q,¢, considering different ACH values for cooling needs

Table 3 R?results of Qc vs. CDD analysis — see also Fig. 14b

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3
ACH=0.0 0.805 0.850 0.862
ACH =25 0.893 0912 0.916
ACH=5.0 0.918 0.929 0.930

shows R? values for the regression lines of the case reported in Fig. 14b. The
retrieved values, performed for different polynomial degrees, show that CDD also
has a very good potential in representing (climatically) the building cooling energy
needs. Even in this case, higher ACHs will increase the correlation. Nevertheless,
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the CDHyg looks to have a slightly higher correlation potential being based on
hourly values as opposed to average daily ones.

Furthermore, the other considered climate KPIs are compared with the building
simulation results. Figures 15a, b show the difference in building cooling needs
between the reference case (ACH=0) and the other ACH configurations (mechanical
cooling mode), respectively, expressed as a percentage of the reference case and
plotted as a function of the climate CCP, indicator. Graph (b) underlines that CCP,
and building cooling needs are strongly inversely correlated and that when an ACH
of 5 is assumed for the VC building configuration, a slightly higher dissipative
potential is shown. The percentage of coverage of the original building cooling
needs with VC — see Fig. 15b — ranges from 9.5% to 93.5% for an ACH of 2.5 and
from about 12.9% to 98.5% for an ACH of 5.

A similar result is also shown for the Q,q, indicator. Figures 15c, d report the
same analyses for the latter KPI. Unlike CCPy, Q,., better represents differences
between ACH values since it includes the airflow in its calculation process, while
the other indicator is only based on cumulative temperature differences. Nevertheless,
both may be adopted to predict, since early design (climate analyses), the local VC
potential.

Climate vs. building analyses are also performed by comparing climate indices
and the adaptive thermal discomfort defined for building cases in the free-running
mode. Firstly, following the same approach as above, CDD, CDH g, and CDH,4 are
compared with the cumulative intensity of adaptive discomfort. Two reference lim-
its are assumed: a theoretical distance from the running mean temperature — here
called “>0” — also including comfort conditions until upper Cat. I, but able to repre-
sent all cases; and distances from the upper limit of comfort Cat. II (positive values
only). Tables 4 and 5 report the R? values of polynomial regression lines plotting the
adaptive comfort cumulative discomforts as a function of the local CDD and CDH
(both CDH,5 and CDH,), respectively. For higher polynomial degrees, a slightly
higher coefficient of determination is reached in both cases, even if these differ-
ences are very limited, especially when buildings are set at a high ACH value, that
is 5. Similarly, Fig. 16 shows the same behaviour described above by using a graphi-
cal representation. As underlined in both tables, the case without VC (ACH = 0) is
highly statistically dispersed, while stronger correlations are underlined in VC
cases. Both indices are able to represent the expected discomfort intensity in the
free-running building mode. Also in this case, a low CDH base temperature (18 °C)
shows a higher correlation with respect to adaptive cumulative discomfort values
when compared to a higher CDH base temperature (26 °C).

Table 4 R’ results (adaptive cumulative discomfort vs. CDD)

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3

>0 >3 >0 >3 >0 >3
ACH=0.0 0.711 0.734 0.765 0.768 0.787 0.783
ACH =2.5 0.916 0.930 0.926 0.940 0.930 0.940
ACH=5.0 0.961 0.926 0.961 0.968 0.963 0.968
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Table 5 R?results (adaptive cumulative discomfort vs. CDH)

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3
>0 >3 >0 >3 >0 >3
CDHyg
ACH=0.0 0.811 0.805 0.822 0.806 0.825 0.807
ACH =25 0.932 0.852 0.940 0.942 0.940 0.943
ACH=5.0 0.934 0.803 0.967 0.962 0.967 0.965
CDHy
ACH=0.0 0.567 0.584 0.647 0.645 0.693 0.679
ACH=2.5 0.790 0.848 0.823 0.848 0.838 0.850
ACH=5.0 0.857 0.883 0.869 0.894 0.877 0.895
pr— ACM cumulative distances vs CDD 35000, PEM cumulative distances vs COH ACM cumulative distances vs COH
ACH ACM th ’ ACH ACM th 40000 ACH ACM th
35000, « 00 " >0 30000, * 00 = >0 e 00 = >0
'} . 25 x >43 3 . 25 x =43 P i . 25 x> 43
5 30000 £25000 g 30000 * 50
gj?:: émon ' g
3 $1s00 §awon
20 H H
51«»0 5" S gmooo
< 5000 = X 5000 =
ol 0 0

800 0 5000 10000 15000 20000 25000 30000 [ 2000 4000 G000 8OO0
CDH [*C] CDH [*C]

Fig. 16 Building free-running mode. Adaptive thermal comfort cumulative distances from the
running mean temperature and upper limit of Cat. II vs. (a) CDD, (b) CDH s, and (¢) CDHy

Furthermore, CCP (cumulative) values are compared to adaptive thermal com-
fort hours in free-running building mode considering the effect of VC. This com-
parison is based on changes due to VC in the number of hours for comfort categories
with respect to the hour distribution of the reference case (ACH = 0). Figure 17a
plots the number of hours for different adaptive comfort categories as a function of
the local CCP when ACH=0. This figure underlines that, at low CCP values, a high
number of hours are included in Cat. IV, while a higher number of hours in Cat. I is
underlined for higher CCP values. Differently, the other graphs in Fig. 17 show dif-
ferences in the number of hours for each category between the reference case and
the VC ones. Figure 17b shows an almost linear correlation between the increase
(negative delta) in hours below the comfort Cat. I and local CCP values when VC is
considered. Focusing on Cat. I, Fig. 17c underlines that at low CCP, an increase in
hours in this category is underlined for VC cases, while a reduction in the original
hours in this range is shown at a higher CCP, suggesting that VC is moving them
below the lower limit. The same trend is evident in all the following graphs, which
show that VC is supporting a reduction in space temperatures with respect to the
reference case (ACH = 0), especially for locations with a high CCP. Nevertheless,
Fig. 17f shows that a reduction in hours above the upper limit of Cat. III is evident
for all sites.

Considering the other VC climate indicator, a strict inverse proportionality is
underlined in Fig. 18 between local Q,., and the corresponding cumulative distance
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No. hours in ACM categories, with ACH = 0 AACM vs CCP lower category
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Fig. 17 Free-running building hours for adaptive comfort categories vs. CCP, considering (a) the
simple number of hours in the reference case with ACH = 0; differences in the number of hours
(case ACH,, — case ACH, s and ACHs) by adaptive comfort category: (a) below the lower limit of
Cat. [; (c) in Cat. [; (d) in Cat. II; (e) in Cat. III; and (f) above the upper limit of Cat. III
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CIDH vs CDD CIDH vs CDH, with setpoint = 26
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Fig. 19 Building CIDH plotted as a function of local (a) CDD and (b) CDH. In (a), different
CIDH base temperatures are assumed, while in (b), both KPIs have a base temperature of 26 °C

Table 6 R?results (CIDH,,, vs. CDD)

Base=18°C 20°C 22°C 24°C 26°C 28 °C
ACH=0.0 0.778 0.779 0.787 0.801 0.820 0.843
ACH =2.5 0.851 0.873 0.904 0.940 0.970 0.971
ACH=5.0 0.878 0.907 0.943 0.974 0.987 0.961

from the adaptive thermal comfort upper limit of Cat. II (considering only the hours
above this limit). A higher ACH value, that is 5 instead of 2.5, increases the local VC
potential.

Finally, for the free-running building cooling mode, the CIDH is also assumed,
considering that in mechanical cooling mode this indicator is functional to the
selected set point temperature, thus losing relevance. Figure 19 compares local cli-
mate (a) CDD and (b) CDH vs. building CIDH. In graph (a), different CIDH base
temperatures are compared with CDD, showing good correlations especially for
higher bases — see Table 6. Differently, in graph (b), CIDH,4 is compared to the cor-
responding environmental CDH, for different ACH values. High R? values are
retrieved, as shown in Table 7.

A deeper analysis was performed by comparing the coefficient of determinations
for different CDH and CIDH base temperatures (free-running building mode).
Results are plotted in Fig. 20a—c for the three considered ACH values {0;2.5;5},
respectively. As mentioned above, a very high correlation is underlined in all cases,
especially for CDHys, in line with the results of the mechanical-cooling building
mode. For lower CDH bases, medium-to-high CIDH temperatures show a higher
R?, while by increasing the ACH the optimal combination moves to lower CIDH
base temperatures. This latter result is due to the increase in the correlation between
indoor and environmental conditions, thanks to greater airflow exchanges.
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Table 7 R’ results (CIDH vs. CDH - base temperature 26 for both)

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3
ACH = 0.0 0.820 0.866 0.883
ACH =25 0.970 0.972 0.973
ACH=5.0 0.987 0.988 0.988

CIDH vs CDH, with ACH = 0: R-squared
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Fig. 20 R? values combining different ACH and CIDH base temperatures for: (a) ACH = 0; (b)
ACH = 2.5; and (¢) ACH =5 in free-running building mode

4 Conclusions

The chapter analyses the ventilative cooling potential in Italy by performing climate-
based and dynamic building energy simulation analyses. The research defines a
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series of KPIs, both climate and building-simulation based, to represent VC poten-
tialities. A correlation is underlined between climate and building-simulation
retrieved KPIs. This supports the possibility to analyse, since the early design
stages, such as building programming — that is when a specific building shape is not
yet finalized — the VC potential of a location and the local need for cooling in terms
of climate intensity. This possibility is very important to support, in the earliest
stage possible, the identification of correct bioclimatic and low-energy solutions to
reduce space cooling energy needs and take advantage of the local natural/low-
energy cooling heat sink potential.

Additionally, the chapter underlines a direct correlation between mechanically
cooled building indicators and free-running building ones, which is an important
outcome toward the possibility to correlate the performances of these two types of
cooling approaches considering potential evaluations and optimisations, for exam-
ple for advanced control modes or to define the urgency of cooling system
installation.

Finally, results have shown that in almost all Italian locations VC may consider-
ably reduce cooling energy needs when coupled with mechanically cooled spaces
and turn a large number of discomfort hours to comfort hours in free-running
buildings.

Considering the limitations of this study, the presented work is based on a single
TMY database, while in another ongoing research, a larger set of climate databases
will be considered including past, present, and future TMY models to verify the
consistency of the VC potential under climate changes and under specific perturba-
tion phenomena, such as heatwaves. Additionally, in this study, building data is
based on the simulation of a single residential model, while in the future, this analy-
sis is expected to be expanded considering different building configurations, for
example referencing the Typology Approach for Building Stock Energy Assessment
(TABULA) building database and different envelope parameters. Finally, these
indicators will be compared in real building operational conditions to verify the
obtained results.
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