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Abstract

Cities often show nighttime air temperatures higher by 3-4 °C than adjacent non-urban areas.
This yields to cooling loads in average higher by 13% for urban than rural buildings. Here we
assess the hygrothermal performance and the heating and cooling loads of a reference
building representative of the Italian stock. We compare its performance calculated with
hourly urban weather data (2002-2008) with the performance of the same building using a
rural dataset instead. Milan’s Urban Heat Island reduces the heating loads by 12% and 16%,
for the non-insulated and insulated building, respectively, while the cooling loads are
increased by 41% and 39%. The urban building also shows dehumidification loads 74-78%
lower than the rural building. Moreover, during the 2003 heat wave, the indoor air
temperature is computed to be 1.5 °C-2.2 °C higher in a non-conditioned urban building than
in the rural one. This increases the wakefulness, occupants’ vulnerability to overheating, and
impacts the overall hygrothermal performance. Our findings highlight the need of a different
design concept for urban with respect to non-urban buildings, even though they are, by law, in
the same climate zone.

Key Words: Urban Heat Island; Building energy simulation; heating; cooling; moisture.
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Highlights

» We simulated the heat & moisture balance of a residential building in Milan, Italy.
» We used weather data from 2002 to 2008 collected by a rural and an urban station.
» The UHI reduces heating loads by 12-16% and increases cooling loads by 39-41%.
» Dehumidification loads are 74-78% lower for the urban than for the rural building.
+ During heat waves, mortality increases with body overheating and wakefulness.
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1. Introduction

As the growth of world’s population mostly concerns urban areas, which are responsible
for 71% of global energy-related carbon emissions [1], zero energy and healthy communities
are nowadays a key target. Therefore, a robust understanding and description of the
microclimates where most of buildings are located is necessary, as demonstrated by the
increasing number of studies on Urban Heat Islands (UHIs) and their impacts [2,3].

Urbanization is known to induce local climate change phenomena [4]: urban areas
present higher air temperatures than their rural proximities, especially during the night [5],
often by 3-4 °C, with higher peak differences, sometimes exceeding 10 °C [3]. For instance,
in London, a maximum daytime Urban Heat Island Intensity (UHII) of 8.9 °C was found in a
semi-urban area during a partially cloudy period, while a maximum nocturnal UHII of 8.6 °C
was found in the urban area in clear sky conditions with wind velocity below 5 m s™ [6,7]. In
Athens, UHIIs from 2.7 °C up to 10 °C are reported by studies using data from dedicated
meteorological stations [8]. UHIs determine a higher number of extreme hot nights at an
urban location than at a rural site, which is expected to be exacerbated by global climate
change [4], likely increasing the mortality during heat waves [9].

Metropolitan areas present also lower humidity than non-urban adjacent zones [10],
with monthly average differences in relative humidity exceeding 10% [11], although some
short duration events of urban moisture excess may occur [12]. Moreover, the wind velocity
within the urban canopy is a fraction of that over the rooftops [13], in the range of one fourth
to one third [14]. In addition, at 1.5-2 m above the street level the air temperature is about 1-3
°C warmer than over the urban canopy layer [15]. Also rainfalls are affected by the urban
texture: precipitations can be increased downwind, slightly increased over the city, and
reduced upwind in the rural surroundings [16].

Each city has its specific features which result in different UHIs [2]. An interesting case
study is that of Milan, Italy. Its metropolitan region is populated by ~ 7.4 million people [17],
with an average urban population density of ~ 7400 people/km? and exceeding 15000
people/km? in the semi-central wards of the city [18]. The first study on Milan’s UHI is that
by Bacci and Maugeri [19], who report a yearly average UHII exceeding 1.2°C relative to the
period 1951-1981, and found a positive correlation between UHII increase and increase in the
average radius of the city from 1850 to 1981. Anniballe et al. [20], by means of satellite
remote sensing, found an urban-rural surface temperature difference of 9-10 °C during
daytime and about 50% less during nighttime within Milan’s urban fabric.

Despite the vast literature on the topic, as yet, building energy simulations (BES) are
often performed with old weather datasets, mainly collected by weather stations located at the
airports. With urban weather data instead of a rural reference, the cooling loads are in average
13% higher, and for each 1 °C of UHII the cooling load is increased by 20% [3]. For a tertiary
building in Modena, Italy, Magli et al. computed higher heating primary energy needs outside
the city by 19-20%, lower cooling primary energy needs by 8-10%, and lower CO; equivalent
emissions by 5-7% [21]. Considering instead the overheating risk, although dwelling features
and users’ behavior are the determinant factors in the exposure to the heat risk, the UHI draws
the spatial variation [22]. While the general trend for typical buildings in a given region can
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fairly estimate the exposure to overheating, modeling specific dwellings remains challenging.
A comparison between EnergyPlus simulations and measurements in 823 dwellings in the UK
has shown an average RMSE of 2.7 °C for the indoor maximum daily temperature [23].

In this paper we show the analysis of hourly weather data series (2002-2008) collected
at an urban station in Milan, and at a rural one. With these, we computed the heating, cooling,
humidification and dehumidification loads, as well as the overheating and over-drying risk
(i.e., too low humidity) for a representative residential building. Moreover, we considered the
conditions that induce wakefulness and reduce sleep efficiency, the transmission of bacteria,
viruses, and respiratory infections, as well as the proliferation of house mites. We gave special
attention to the indoor conditions during the heat wave of 2003, when in Milan the mortality
increased by 23% over the 1995-2002 average, corresponding to 559 deaths in excess [24].

2. Method
2.1. Simulation model

We computed the whole building (3-D) dynamic heat and moisture balance using the
software model WUFI Plus 3.0.3 [25]. It resolves the enthalpy balance with the finite control
volumes method, coupling heat transfer with liquid and vapor moisture transport in porous
media, accounting for latent heat transformations as well as for temperature and moisture
dependent thermal and moisture transport properties [26]. Wind driven rain is also considered.
WUFI Plus was validated within the context of IEA Annex 41 [27], and tested with
measurements in the laboratory and experimental buildings [28-30]. For a residential building
in Quebec City (Canada) and Phoenix (AZ, USA), Ge and Baba found a difference within
2.7% between the heating and cooling loads computed with WUFI or EnergyPlus [31].

2.2. Case study

As a case study, we selected a typical residential building, based on a survey of Milan's
building stock [32]. It is a stand-alone ten-story tower building, representative of the 1961-
1975 housing stock [33]. Being an isolated building, thus not surrounded by urban canyons,
there are no significant obstructions around it that may influence the radiative and convective
exchanges. The dimensions of the selected building equal to 20.3 m x 20.3 m x 30 m with the
facades facing the cardinal directions. The net floor area is of 3307 m?, and windows of 1.6 m
x 1.7 m are on each facade, sized according to local regulations. The same building is
simulated in a non-insulated and in a retrofitted condition (Table 1). The non-insulated case
presents a building envelope technology representative of multi-story residential buildings in
Italy. The refurbished case, instead, complies with the new energy regulation [34], with
external wall insulation (ETICS) and an insulated cool roof. The shading coefficient was
adjusted to achieve a reduction of solar loads correspondent to the target value of 0.35 for the
solar heat gain coefficient as required by the Italian Law [34], as a function of the angle of
incidence of solar radiation. Aged values for the roof and wall solar reflectance ( p,) and

thermal emittance (&) are experimental results achieved at the same location [35,36]. The
capillary water absorption coefficient ( A, ) of the exterior wall finish (a 0.002 m thick top

coat) is equal to 0.002 kg m? s%°: a typical value for exterior finish systems. The opaque
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building components (Table 1) were modeled with a mesh of 70 finite control volumes each,
namely discretized in layers thinner than 0.01 m. The simulations were initialized with the
data of 2006, i.e. the closest to the average of the dataset, and then run with hourly time step
from 1% January 2002 to 31* December 2008.

Table 1. Building envelope characteristics and surface areas used for the simulations.

Building  Crientation Case 1: Case 2:
and area ; . .
components (m?) No insulation Insulated building
U =049 Wm?K™* U=022Wm?*K*!
Tot. 2014  0.015 m Cement lime plaster,  0.015 m Cement lime plaster,
N: 503.5  Double hollow-brick masonry  Double hollow-brick masonry
Wall E:503.5  withairgap (0.08 m—0.05m with air gap (0.08 m —-0.05m —
S: 5035 —0.12 m), 0.015 mcement  0.12 m), ETICS with 0.1 m EPS
W: 503.5 plaster and finish coat. p, = insulation.
0.50; ¢ =0.90 ps =0.90; ¢ =0.90
U=0.56 Wm?K* U=0.23Wm?K*
0.015 m Cement lime plaster,  0.015 m Cement lime plaster,
0.25 m precast reinforced 0.25 m precast reinforced
Roof 412 concrete slab, 0.08 m slope concrete slab, 0.08 m slope
screed, 0.05 m concrete screed, 0.05 m concrete screed,
screed and modified bitumen 0.1 m EPS insulated panel, cool
roofing felt. p, =0.25; ¢ = PVC roof membrane ( p, = 0.56;
0.90 ¢ =0.90)
U=051Wm?K*! U=051Wm?K*!
0.015 m Cement lime plaster,  0.015 m Cement lime plaster,
Floor 412/ 0.25 m precast reinforced 0.25 m precast reinforced
Tot. 3709  concrete slab, 0.05 m concrete  concrete slab, 0.05 m concrete
screed and 0.008 m granite screed and 0.008 m granite
finishing finishing
_ 21 U=029Wm?K?
U=052Wm"K 0.015 m Cement plaster, 0.06 m
0.25 m precast reinforced .
Floor over EPS insulated panel, 0.25 m
412 concrete slab, 0.05 m concrete .
cellar . precast reinforced concrete slab,
screed and 0.008 m granite d and
finishing 0.05m concre_te screed an
0.008 m granite finishing.
— 211
Tot. 418.5 U=285W m?K?! Er ;mle"gé\{orp_ *g o
N: 108.8 Frame factor = 0.8 value = 0_57'
Window E: 106 g-value = 0.75 g-value ="u.of
. . : Double glazing unit with low
S:97.92 Standard double glazing unit emissivity coating + external
E: 106 + external venetian blinds y g

venetian blinds

2.3. Outdoor boundary conditions
The outdoor climate data used in this study were collected from 2002 to 2008 by two

weather stations of the network of ARPA Lombardia [37]: Milano Juvara, within the city
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centre, and Lacchiarella, approximately 18 km further south (12 km from the city boundaries).
Both stations provide hourly averages of ambient temperature (T,,) and relative humidity (
RH.,), wind velocity and direction, global horizontal solar radiation, air pressure, and
rainfall, while the diffuse solar radiation and the long-wave incoming radiation were modeled
[38,39].

When using raw data measured by weather stations, encountering missing values is
inevitable [40] (our raw data show a maximum of 3.4% gaps for the urban T,,). To fill these
gaps and control the spatial consistency of the measured quantities, we used a multilayer
perceptron (MLP) [41], which in our case is a Back-Propagated Neural Network (BPNN)
trained by using the Levenberg-Marquardt algorithm. The perceptron replicates the relation
between other climatic observations at nearby weather stations, seven in our case, with the
target stations, namely Juvara and Lacchiarella (Figure 1).

S. Angelo Lodigiano

. S.Colombano Al Lambro

Figure 1. Network of stations. The yellow stars identify the target stations (i.e., the stations

used as backbones), the red circles are the stations used to feed the BPNN for Tex and RHex |
while the green squares identify the stations used for spatial consistency tests and gap filling
of wind speed and velocity, solar radiation, and rainfall.

We applied this procedure on the missing observations of T, and RH,, and we

performed quality tests on the infilled data, with the thresholds for the general range tests
identified by Estevez et al. [42], and relation tests with site specific thresholds for Milan’s
context (Table 2). The latter are the 99.9™ percentiles of the hourly variations for the period
2011-2015 from a weather station (Vaisala WXT 520) in Politecnico di Milano, managed by
the Osservatorio Meteo Milano Duomo [43]. Then, we performed validation, spatial
consistency, range, and relation tests on all measured quantities.
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Table 2. Range test and relation test thresholds.

Test Quantity Threshold

Relative Humidity (RH) 10% <RH < 100%
Range test
Temperature (T) -20°C<T<50°C
_ Relative Humidity (RH) |IRHi — RHh.1| < 18.8%
Relation
ot Temperature (T) ITh — Tha|<3.85°C
es
Wind Speed (WS) IWSh — WSha| <2.3ms™

Over seven years, the median UHII is of 1.1 °C, with the interquartile range comprised
between 0 °C and 2.7 °C, and for 5% of the time the UHII is greater than 5 °C, while the
absolute UHII peak is of 12.2 °C during the winter of 2003 (Figure 2a). The maximum UHIIs
occur almost always during the heating season, while some cool islands phenomena take
place during the intermediate and cooling season. For most of the time the urban area shows
lower specific humidity than the rural surroundings (Figure 2b). The interquartile range is
comprised between -1.44 and -0.27 g kg™, with a median of -0.67 g kg™, while for less than
10% of the time the city is moister than the non-urban adjacent area.

a) 12; b) 20
151
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Figure 2. Difference between urban and rural (a) Tex and (b) specific humidity, computed
considering the simple moving averages over three hours.

Finally, the seven-year average rainfall is of 785 mm at Milano Juvara and of 731 mm
at Lacchiarella, with documented strong spatial differences, even of 300 mm, during rainy
years [37,44]. However, the wind velocity in Milan’s area is typically low (in average ~ 1.5
m™), and thus the integral of wind driven rain in all directions does not show strong spatial
variability (< 60 mm y), while the main direction is affected. Trees and other buildings, rain
type and angle of incidence may induce larger differences in the absorption of wind driven
rain [45,46].




Paolini et al. (2016). Energy and Buildings - http://dx.doi.org/10.1016/j.enbuild.2016.11.018

2.4. Indoor boundary conditions

We assumed the internal specific heat and moisture loads from the literature and
standards [47,48], and we computed the occupancy factor after the survey by Papakostas and
Sotiropoulos [49] (Table 3). Starting from the ranges and duration for the events that lead to
moisture generation (e.g., meal preparation, showers, etc.) [48], we defined three moisture
load scenarios (Table 4). Table 5 details the set points for the building services.

Table. 3. Occupancy and internal heat gains and moisture sources. *Other moisture loads
consider different people activities and small events like bath and cleaning **Clothes drying

loads were distributed during evening and night hours.

Occupancy and internal heat and moisture loads

E Heat Moisture | Other
. d N° of loads/ | Moisture
Time (occupan- loads Events
occupants ) person loads
cy factor) (W m™) © hi p'l) @ h'l)*
Shower (220 g h™
7:00 - per person),
9:00 0.62 81 6 50 100 Breakfast (200 g h’
! per family)
9:00 - Lunch (300 g h™*
17-00 0.27 35 6 90 100 oer family)
17:00 -
19-00 0.62 81 13 90 100 -
19:00 - Dinner (635 g h™
2100 0.96 125 13 90 100 oer family)
21.00 - Dishwasher (310 g
2300 0.96 125 13 90 100 hL per family)
23:00 - Clothes drying
200 0.98 127 3 50 100 (1500 g h™ per
' family)**

Table. 4. Total specific moisture loads in the three moisture generation scenarios.

Total specific moisture loads (g h*m?)

Hours Low Normal High
7:00 - 9:00 5.3 7.1 11.2
9:00 - 17:00 1.5 2.2 2.4

17:00 - 19:00 3.2 4.6 5.6
19:00 - 21:00 7.7 11.5 15.2
21.00 - 23:00 5.3 10.7 14.4
23:00 - 7:00 2.5 2.7 2.9
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Table. 5. Building services and set points.

Heating T=20°C
Cooling T=26°C
Humidification RH >20%
Dehumidification RH <70%

With regard to the air change rates per hour ( ACH ), first we computed the daily mean (
ACH ) as the maximum between the correlation given by ISO 13788 [50] and a minimum
threshold [51]:

ACH = max(0.2+0.04-Teq; 05) (1)
where Te is the daily mean of the outdoor air temperature. The hourly ACH is the

product between ACH and an hourly distribution for winter and summer conditions [52],

including natural ventilation and infiltrations/exfiltrations rates (Figure 3), suited for
residential buildings [53]. We computed the rain load on the facades corresponding to 24% of
the wind driven rain [54] at 15-20 m, with medium exposure and walls subject to runoff.
Finally, we set p, and ¢ of the surroundings equal to 0.15 and 0.90, respectively.
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Figure 3. Winter and summer hourly ACH coefficient (i.e., hourly value / daily mean).

2.5. Descriptors of the indoor environmental performance
To assess the difference between the simulated and the target indoor thermal conditions,

we used the building Thermal Deviation Index (TDI,) [55]. Considering here a specific
analysis focused on summer conditions, TDI, describes the frequency and the intensity of the
gap between the target and the measured/computed indoor operative temperature (T, ;,) in

the middle of the thermal zone. TDI, is then calculated as follows (2):

Lh Ty in—26 dz + jpc 23-T,, u, @
TDI g t
where 26 and 23 (in °C) are, respectively, the maximum and minimum acceptable
for the cooling season, as defined in EN 15251 [53], t, is the period of the

dr
t

DI,

ranges for T,

p—in

analysis and t;_ is the period when T, ;, is within the thermal target range. B, and P, are
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the integration domains, when T, ;. is out of the defined target. Finally, TDI . is the arbitrary

p-in
base case scenario represented by a constant T, ;,, i.e. 3 °C far from each thermal target.

Although several thermal comfort indices were validated for indoor environments
[56,57], here we consider the Humidex index [58], as it is used in epidemiologic studies on
the extra-mortality during the 2003 heat wave in Northern Italy [59,60]. Other descriptors
concern the conditions that increase wakefulness and low quality sleep (computed only for the
summer of 2003), favorable conditions to house mites [61], and the conditions that favor the
transmission of bacteria, viruses, respiratory infections, and that promote dryness of skin and
mucous membranes (Table 6). Low sleep efficiency and increased wakefulness are counted
when both the specific humidity exceeds that at the temperature and relative humidity values
at which the sleep efficiency studies were performed [62], and the indoor temperature the
threshold of 29°C [63]. To compare the indoor hygrothermal performance in the different
considered scenarios, we counted the hours when the defined thresholds are trespassed.

Table 6. Risk conditions with regard to bacteria, viruses and respiratory infections
transmission, dry skin, sleep efficiency and wakefulness.

Condition Threshold/Interval Reference

Favored bacteria transmission RH <30%; RH > 60% (@23°C) [64]

Favored viruses transmission RH <50%; RH>70% (@23°C) [64]

Favored rter;ps)lr;aitzirg nmfectlons RH > 70% (@23°C) [64]

Mortality of house mites during Regression from experimental data [61]
development phase (eq. (13) and (14))

Dry skin / mucous membranes RH <30% (@23°C) [64]

Low sleep efficiency T =35°C; RH =50% [62]

Increased wakefulness for tropical nights T>29°C [63]

3. Results and discussion
3.1. Heating, cooling, humidification, and dehumidification loads

A non-negligible and systematic inter-annual variability is detected across the simulated
period (i.e., 2002-2008), both in terms of heating and cooling loads (Figure 4a,b). The rural
scenarios show always higher heating loads both with and without insulation compared to the
urban scenarios (Figure 4a). Considering the specific loads referred to the net floor area, the
peak rural-urban difference is of 8.1 and 4.8 kWh m?y™ in 2002 for the non-insulated and
insulated envelope configurations, respectively. In average, the differences account for 5.1
and 3.4 kWh m? y*, for non-insulated and insulated buildings, corresponding to 12% and
16% of the rural heating load.

On the contrary, always lower cooling loads are computed in the rural scenario with
respect to the urban one, almost irrespective of the presence of building insulation (Figure
4b). This is not surprising as the solar heat gains through the transparent envelope are mainly
controlled by the shading devices. Thermal insulation, in average, reduces the heating loads
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by approximately 20 kwh m y™* within the metropolitan area, and by 22 kwh m? y* in the
rural surroundings, while it slightly increases the cooling loads (with a small reduction only in
2003), without relevant urban-rural differences. The maximum gap between the urban and
rural scenarios is equal to 5.2 and 4.9 kWh m™ y* (in 2003) for the non-insulated and
insulated envelope configurations, respectively. The difference for the seven-year average is
of 3.6 kwh m?y*, which is 39-41% of the cooling load for the rural building.

A larger reduction of the heating needs compared to the increase in cooling needs due to
the UHI is not surprising, considering the prevalence of peak UHIIs during winter, as
previously discussed. Moreover, the reduction in heating loads thanks to insulation is slightly
larger (i.e., by 1.7 + 1.4 kWh m™ y™?) for a rural building compared to the urban one. Focusing
on the variability from 2002 to 2008, the half range is 10-14% of the heating loads of the
urban building, while it is of 13-17% for the rural case. Therefore, the urban fabric seems to
dampen the inter-annual variability in heating needs. On the contrary, the cooling loads show
very large inter-annual variability, with a half range of 40-47% of the average cooling needs
for the urban building and 48-55% for the rural one.

This is largely due to the climate anomaly of the summer of 2003, when a heat wave
impacted Continental Europe, with several weeks characterized by outdoor air temperatures
above 35°C [60]. In fact, excluding 2003, the ratio between the half-range and the average
cooling load is of 15-17% in the urban area, and of 22-24% for the rural building. Considering
an extreme year such as 2003, the cooling load of the urban building is 2.3 times larger than
the average for the rural building. The use of design years for hot summers, instead of typical
meteorological years, has been previously addressed as a better option for cooling loads and
ventilation analyses [40]. However, we argue that using a whole data series could provide
relevant information for decision making about the building envelope design and building
services, not just in terms of sizing, but also in terms of flexibility in use and design of the
response to climate anomalies. Using whole data series can be particularly important for heat
and moisture balance analyses.

In average, the dehumidification load at the rural site is roughly three times that within
the urban area, and it is one third of the cooling load with a normal moisture load, and half of
the cooling load with high indoor moisture generation (Figure 4c). However, during moist
years, the dehumidification loads of rural buildings can be as much as the cooling loads (with
a set point at 70% relative humidity), and of a magnitude greater than the dehumidification
loads of urban buildings. Small humidification loads — in the range of one thousandth of the
dehumidification loads — are computed only for urban buildings only during very dry years
(Figure 4d), specially with low indoor moisture generation. Higher insulation levels induce
higher indoor air temperatures also during the intermediate season, and therefore slightly
lower dehumidification loads and higher humidification loads with the same moisture loads.

Since we selected a wall finishing with a low water absorption coefficient, the heating
loads of the non-insulated building with and without driving rain differ by less than 0.5%.
Therefore, with the considered building envelope, urban-rural differences concerning the
heating, cooling, and dehumidification loads due to this aspect are negligible.
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Figure 4. Heating (a) and cooling loads (b), and latent heat loads for dehumidification (c) and
humidification (d) in the different assessed scenarios: urban and rural without envelope
insulation, and urban and rural with envelope insulation. Note that the latent heat load for
humidification is in Wh m™. The whiskers of the error bars indicate the results with low or

high indoor moisture loads (as in Table 3).

3.2. Indoor conditions without cooling and humidity services

Without air conditioning, a significant and pseudo-constant difference in the seven-year
average indoor air temperature profiles is evident (Fig. 5a). The UHI induces an indoor urban-
rural air temperature difference, with peak values of 1.4 °C in non-insulated building and 1.5
°C in the insulated case, up to 2.2 °C and 2.3 °C during 2003 (Figure 5b). While the
persistence of the absolute difference is interesting, the frequent peak values of the indoor air
temperature isolate the issues: during 2003 the 95™ percentile of the indoor air temperature of
the urban building is of 31.5-32.5 °C, while it is of 30.3-30.9 °C for rural buildings (the higher
values relate to the insulated scenario).
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Considering the heating season (15" Oct — 15™ Apr), the differences between the
seven-year average peak indoor air temperatures are of 0.6 °C for insulated buildings and
negligible in the non-retrofitted scenario. During the intermediate season (Apr 15" — May 31%,
Sept 1% — Oct 15™), instead, the peak values differ by 0.8 °C and 1 °C for the non-insulated
and insulated cases, respectively. This indicates an overheating risk already during the
intermediate season, when the set point for cooling, i.e., 26 °C, is trespassed for 28% of the
time in insulated urban buildings, and 17% of the time in rural ones. During hot years like
2003, in urban buildings the air conditioning would be necessary for 40% of the time already
during the intermediate season (23% in the rural area). Considering the whole dataset, with a
set point for cooling equal to 26 °C, in urban insulated buildings the air conditioning would be
operating for 31% of the time, and 284 more hours per year (in average) than at a rural site.

The most significant differences between the urban and rural indoor conditions relate to
the moisture levels (Figure 5c¢,d). With a medium moisture generation, the urban buildings,
insulated or not, show a systematically lower seven-year average indoor specific humidity
than the rural ones, with the maximum differences exceeding 3.5 g kg™ in summer.

This difference exceeds 7 g kg™ during the hot summer of 2003. Although the absolute
values are different, the differences between urban and rural buildings are roughly the same in
all moisture generation scenarios (within 0.2 g kg™). Between high and low moisture loads
scenarios, at the same location, the differences account for 2.2-2.5 g kg™ during the heating
season, and for 0.8-0.9 g kg™ in summer. Therefore, for the analyzed cases, the uncertainty in
the outdoor boundary conditions described by microclimate around a specific building may
prevail over the uncertainty in the indoor moisture loads during the intermediate season and
summer. This can be explained considering that ACH , in our case, approaches 2 during the
cooling season.

Usually, high indoor moisture levels are associated with mould growth risk, but in our
case we computed low probability of biological growth with Sedlbauer’s model, considering
the indoor surface temperature and relative humidity [65]. This is not surprising, as the indoor
relative humidity seldom and for short time intervals is greater than 80%. Instead, indoor
relative humidity never exceeds 89% for more than one week or 100% for one day, that can
be regarded as a quick indicator of mould growth risk, as it is the critical threshold for
Aspergillus versicolor [66]. In fact, ventilation rates that comply with the indoor air quality
standards usually can lower the indoor humidity in a time that is shorter than the minimum
time that is necessary for the germination of biological species.

However, mold growth is not the only issue related to unsuited indoor moisture levels
[64]. Considering the thresholds summarized in Table 5, we computed a higher risk of
bacteria transmission in the rural buildings, similar risk for the transmission of viruses such as
that of influenza, and remarkably higher risk of respiratory infections in urban buildings
(Figure 6a). Of course, with this metric we just compute the percentage of time when there are
favorable conditions to the transmission, but if no bacteria or viruses are present (i.e., no sick
person in the dwelling) the risk is anyway zero. As well, also dry skin and mucosal irritation
are more likely in urban buildings than in similar buildings in the countryside. Even though
the time exceeding the thresholds for mucosal irritation is less than 10% in one year, this may
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be sufficient to induce acute symptoms. In fact, approaching 20% of relative humidity, serious
hygrothermal discomfort and health risk is reported, in terms of, mucosal irritation, dry eye,
ophthalmic pain, and other respiratory symptoms [64,67-69]. Therefore, over-drying of urban
buildings could represent a more significant issue than overheating, on which most of the
literature focuses.
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Figure 5. Difference between the urban and rural (a) sever-year average and (b) 2003 indoor
air temperature (insulated or not), and (c) sever-year average and (d) 2003 indoor specific
humidity (only for the insulated case). The urban-rural differences are computed between the
simple moving averages over three hours.

In rural buildings, especially those poorly insulated with intermediate-to-high indoor
moisture loads, the mortality of house mites is clearly lower than in urban buildings (Figure
6b). Ucci et al. developed a model to compute the population dynamics of house mites in beds
[70], but their model considers vapor diffusion only, and neglects liquid transport and
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hygroscopicity, that are relevant for mattresses and beddings. Therefore, we decided to
consider only the indoor environmental conditions, as an indicator of the general risk.

All the analyses presented so far are helpful to grasp the general indoor hygrothermal
quality, but do not explain another relevant difference between rural and urban dwellers: why
the mortality rate, especially for the elderly, is higher in urban than in rural areas during heat
waves, predominantly at home [71]. Semenza et al., for the Chicago heat wave of 1995,
observed a prevalence in excess deaths for people who lived on the top floor (4.7 times the
average of those not living on the top floor) and did not leave home (6.7 times the average of
those who left home at least once per week) [72]. Therefore, outdoor conditions seem to be
less helpful to understand the extra mortality than the indoor environment, since we spend
most of our lifetime indoors, and significant overheating occurs during heat waves.
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Figure 6. a) Time exceeding the thresholds that identify the lowest risk conditions for
bacteria, viruses, and respiratory infections transmission, and dry skin / mucosal irritation; b)
mortality of house mites.

Considering only the summertime, we observed that the deviation from the target
conditions is more pronounced during the night than during the day (Figure 7). In detail,

during the summer of 2003, TDI, is greater than 0.7 for non-insulated urban buildings, while

is of approximately 0.4 for rural building, and in both cases, the summertime TDI, is roughly
double during 2003 than during other years.

Following the metrics used by epidemiologic studies [59], we computed the Humidex
index indoors, for urban and rural buildings during the summer of 2003 (Figure 7b). From this
analysis would emerge that dangerous conditions prevail in rural buildings, which is in
contrast with the observation of higher extra-mortality in urban areas [73]. Moreover, the
Humidex, like other thermal stress indices, is a steady state indicator, that does not take into
account the accumulation of stress, which is a key factor as revealed by epidemiologic studies
[74]. In fact, during the Chicago 1995 heat wave, those who either had operating air
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conditioning, or visited other air-conditioned places were less impacted by extra mortality
(between 20% and 30% of the average of those who had no access to air conditioning) [72].
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Figure 7. Plots of the Thermal Deviation Index during the summertime (a), and of the
humidex index during the summer of 2003 (b).

Since sleep deprivation increases resting blood pressure [75], and “short sleep over a
prolonged period may be associated with an increased risk of mortality” [76], although it is
not fatal by itself [77], we computed the number of hours when the sleep quality is affected or
wakefulness is more likely. Reading the number of deaths in Milan during the summer of
2003 against the hours when sleep quality is likely to be affected, we note a correlation
between deaths and prolonged conditions that may impair rest (Figure 8). In urban buildings
there is a prevailing number of consecutive hours when wakefulness is likely to be increased,
as the indoor air temperature is greater than 29°C [63]. The situation is even worsened with
increasing insulation levels. In rural buildings, instead, there seem to be some interruptions
offering relief to this sequence of non-resting nights, but tropical night conditions are more
frequent, with increased wakefulness due to inefficient transpiration because of high
humidity. The sleep efficiency is also reduced for the same reasons. Although high humidity
may jeopardize the cooling of a human body by means of transpiration, excessively low
humidity may yield to dehydration, and during the Chicago heat wave of 1995, “the majority
of excess hospital admissions were due to dehydration”, in addition to heat stroke, and heat
exhaustion [78].

Michelozzi et al. [24], for the 2003 heat wave in Milan, report an excess in the deaths
due to respiratory issues by 82%, by 68% for metabolic/endocrine gland disorders (that
comprise dehydration), and by 118% for illness related to the central nervous system (e.g.,
Parkinson’s and Alzheimer’s disease). We computed, in fact, a higher fluid loss by respiration
and transpiration within urban dwellings (Figure 8b).
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However, the indicator that seems to better fit with the mortality profile is the heat
balance of the human body, here shown for 0.25 clo and 50 W of metabolic activity (Figure
8c). Therefore, when there is heat accumulation even for semi-nude subjects in rest condition,
the mortality peaks. There is not a peak in deaths corresponding to the second increase in
body heat storage, after the second half of June, and this might be explained by an increase in
humidity and lower body fluid losses (Figure 8b), or by a harvesting effect (i.e., the subjects
at risk already died during the first event). Comparing the number of deaths (Figure 8e) with
the indoor or outdoor air temperatures does not seem helpful to identify the significant
thresholds and the reasons of the excess mortality (Figure 8d).

4. Future developments

In this paper, we considered a stand-alone building. The next step is to address the
hygrothermal performance of urban buildings located in different urban canyons, considering
also the heat and moisture balance of the whole canyon [79,80]. A further area of
investigation is represented by the influence of occupancy on the hygrothermal response, as it
is known for the energy performance [81-83], and different patterns in users’ behavior can be
identified in urban or rural dwellings.

5. Conclusions

A vast literature documents the impact of urban heat islands on the building energy
performance. However, less information is available about the impacts over long periods and
on the hygrothermal performance. In this study we considered a residential stand-alone
building representative of the Italian stock, and we performed whole building heat and
moisture transport simulations with weather data from 2002 to 2008 collected by a rural and
an urban station in Milan, Italy.

Within the city, with respect to the rural case, the heating loads are reduced by 12% and
16%, for a non-insulated and insulated building, respectively, while the cooling loads are
increased by 41% and 39%. The urban building also shows dehumidification loads 74-78%
lower than for a rural building. During hot years such as 2003, the cooling load of the urban
building is 2.3 times larger than the average for the rural building, namely than with the
boundary conditions that commonly drive the design of building envelope and services.

In buildings without air conditioning, there is an indoor urban-rural air temperature
difference, with peak values of 1.4-1.5 °C (2.2-2.3 °C during 2003). In hot years such as
2003, in urban buildings the air conditioning would be necessary for 40% of the time already
during the intermediate season (23% in the rural area), with a set point for cooling of 26 °C.
We computed a higher risk of bacteria transmission in the rural buildings, and higher risk of
respiratory infections and mucosal irritation in urban buildings, where, instead, house mites
are less likely to survive.

During the heat wave of 2003 the mortality rate was found to be correlated to the
number of consecutive nights when sleep is impaired because of increased wakefulness.
Moreover, we computed a greater fluid loss by respiration and transpiration within urban
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dwellings than in rural ones. Considering the body thermal balance, when there is heat
accumulation even for semi-nude subjects in rest condition, the mortality peaks.

The key findings of our work outline the need to improve the metrics to assess the
impact of hygrothermal conditions on sleep, since existing thermal comfort models are not
suited for the purpose. Moreover, they compute lower risk with lower humidity, since they
were designed with questionnaires, and human beings are not provided with humidity
receptors. We only sense high humidity indirectly, as increased thermal discomfort. This
might induce a dangerous bias, especially during heat wave conditions in urban areas, where
the air is consistently drier than in the rural proximities. Our findings also highlight the need
of different design concepts for urban buildings with respect to non-urban ones, even though
they are, by law, in the same climate zone. Finally, using whole weather data series is
important to design the hygrothermal response of buildings to changing climates.
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