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Abstract

Peripheral-station and representative-year weather files can misrepresent urban thermal
conditions. This study quantifies how reference, weather construction, and temporal def-
inition condition urban heat-island (UHI) effects on residential performance in Turin to
support proper sustainable climate design studies. Seven-station observations (2014–2023)
underpin processed actual meteorological years (AMYs), calendar-hour-average years
(AvMYs), and regenerated typical meteorological years (TMYs). We introduce a new
method, the Controlled Urban Weather Forcing (CUWF), which substitutes declared psy-
chrometric variables within a common Caselle background; full-field and al, it is correct.
Since polito is also the affiliation of mine (Chiesa), do we also need my email here, or is
it ternative-reference cases test the boundaries. A DOE–TABULA apartment archetype,
with two envelope states and three operating modes, was evaluated through 452 annual
EnergyPlus simulations. Across ten matched AMYs, urban forcing increased useful sensi-
ble cooling by 2.8–12.3% and reduced heating by 5.3–25.8%. Original-envelope full-field
Consolata relative to Caselle changed heating by −13.7% and cooling by +17.8%. TMY
needs remained near AvMY values, but original-envelope cooling peaks increased by 38.7%
at Caselle and 57.5% at Consolata. The AMYs contained 26 Caselle-defined persistent
hot events, whereas the AvMY contained none under the same threshold. Rank-based,
leave-one-year-out, daily aggregation, and lag analyses retained response directions but
confirmed that degree-hours, dynamic loads, and overheating exposure are not interchange-
able. Climate-resilient design should therefore specify the reference, weather representation,
envelope, and control mechanism rather than treat UHI as a uniform offset, thereby prop-
erly supporting building and urban sustainable design and policy-correlated aspects.

Keywords: urban heat island; urban dry island; controlled urban weather forcing;
building energy simulation; climate-resilient design; integrated sustainable design; actual
meteorological year; average meteorological year; typical meteorological year; Turin

1. Introduction
An urban heat island (UHI) is spatially and temporally variable, and its inferred

magnitude depends on the reference, local surface and morphology, station exposure,
weather conditions, season, and hour [1–3]. Urban–reference humidity contrasts require
comparable care, because relative humidity responds directly to temperature. An urban
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dry island (UDI) is more physically interpretable when expressed in terms of a temperature-
independent moisture metric, such as the humidity ratio or vapour pressure [4]. UHI is
therefore not a unique city constant. This matters for buildings because warmer urban air
can reduce winter heating needs, increase summer cooling needs, and alter the outdoor heat
sink available to passive or hybrid cooling [5,6]. In a mixed station network, the measured
contrast should be interpreted as an exposure-inclusive station-air difference rather than as
a pure canopy-layer or morphology effect unless source areas and measurement heights
are demonstrably comparable [7,8].

Several methods introduce urban climate into building-performance simulation, in-
cluding direct observations, fixed-offset or empirical morphing, simplified urban-canopy
weather generators, mesoscale or microscale coupling, and spatial or statistical localisa-
tion [9,10]. Direct measurements preserve site-specific temporal behaviour, but their use
is limited by station siting, missing variables, data processing, and the frequent need to
combine urban psychrometric observations with radiation, wind, and pressure data from
other sources. Urban meteorological generators and localised station assignments can
represent more weather fields or spatial contexts, while comparisons with climate-station
and conventional EPW data show that the selected weather source can materially affect
simulated building outcomes [11–13]. Synthetic and localised methods can therefore sup-
port morphology or intervention studies, but their conclusions depend on calibration,
representative inputs, and explicit field provenance. The weather intervention and its
uncertainty must be stated.

Observational and simulation studies have established that urban overheating can
reduce heating requirements while increasing cooling needs, peak demand, and thermal
exposure. Large-scale empirical building data show simultaneous increases in cooling
and reductions in heating associated with urban overheating [14], while Mediterranean
and Italian residential studies using urban and non-urban weather have demonstrated
that reference weather and absolute-moisture conditions can materially affect sensible
and latent loads [15,16]. Long records and multi-station networks have also been com-
bined with dynamic simulation in Beijing, Nanjing, San Francisco, Rome, and other
cities [17–22]. Recent studies have examined seasonal and diurnal effects in residential
buildings, interactions between UHI and building or operational parameters, and nighttime
cooling during heat waves [23–25]. A Turin station dataset and its EPW/TMY-generation
(Typical Meteorological Year) procedure were published previously [26]. Turin UHI and
UDI, including sensitivity to northern and southern reference contexts, have also been char-
acterised [27], and representative Turin urban and non-urban sites have been investigated
using temperature-difference matrices and principal-component analysis [28]. The present
study does not claim novelty for those source-data or TMY procedures. Its contribution is
to construct and evaluate calendar-hour AvMYs (average Meteorological Year), define a
controlled urban weather forcing method, propagate alternative-reference and full-field
weather choices through a common residential archetype, and align climate indicators with
dynamic building-response mechanisms across AMY (Actual Meteorological Year), AvMY,
and TMY representations.

This temporal correspondence is central to the present study. Urban heat can per-
sist beyond daytime forcing due to heat storage in urban materials, whereas observed
indoor temperatures respond more slowly than outdoor air temperatures and can retain
heat for multiple days [29,30]. Mechanically cooled buildings respond to heat gains ac-
cumulated throughout the cooling season, whereas night ventilation depends directly
on the availability of cooler outdoor air during the ventilation period. Previous research
has demonstrated the importance of UHI, neighbourhood climate, wind shielding, and
urban mitigation for ventilative cooling [31–36]. Building on this evidence, the present
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analysis examines whether UHI summaries defined over different time intervals yield
different interpretations when urban sites, source years, reference stations, envelope states,
operating modes, temporal aggregation, and response lag are evaluated within a common
controlled-weather framework.

Weather-year construction introduces an additional methodological time dimension,
consistent with the need to treat climate inputs as time-dependent design information rather
than immutable site constants [37]. A standard TMY is assembled from representative
source months selected from a multiyear record, whereas an AMY preserves a source-year
sequence [38]. The AvMY considered here differs from both in that the corresponding
calendar hours are averaged across source years, thereby smoothing the chronology and
joint extremes. The length and recency of the source record affect representative-weather
construction [39], and comparisons using DOE reference buildings show that typical-
year simulations may approximate central annual outcomes without reproducing the
range of historical years [40]. Typical or average-pattern weather files may therefore
approximate central annual loads while underrepresenting interannual variability, peaks,
persistence, and threshold events [41]. Accordingly, AvMY is evaluated as a mean-pattern
representation; regenerated station-specific TMYs are evaluated as selected-month design
representations; and matched AMYs provide evidence of variability and sign persistence.

1.1. Research Questions

The study addresses one primary research question and three supporting questions:

1. Primary question: To what extent, and through which response-relevant time scales,
do measured urban station-air conditions translate into useful thermal needs, overheat-
ing exposure, and night-ventilation performance in a controlled residential archetype?

2. Supporting question 1: How do the magnitude and temporal signature of station-air
UHI and humidity-ratio UDI vary among the four Turin urban stations, and how
sensitive are the inferred climate and building effects to the non-urban reference?

3. Supporting question 2: What characteristics are preserved or suppressed when the
2014–2023 station record is represented as chronological AMYs, calendar-hour AvMYs,
or selected-month TMYs, and how do those representations affect annual, peak, and
persistent-heat indicators?

4. Supporting question 3: How do reference choice, controlled versus processed full-field
weather, envelope state, operating mode, temporal aggregation, and lag affect the
relationship between UHI, outdoor degree-hours, and dynamic building responses?

To answer these questions, this paper introduces a new approach for defining and
computing the controlled urban weather forcing (CUWF) at a given location.

1.2. Study Objectives and Contribution

The general objective is to quantify and interpret how measured urban station-air
conditions, represented through traceable weather products and the newly defined CUWF
method, alter the thermal performance of a controlled residential archetype in Turin.

The specific objectives are to (i) characterise station-specific UHI, humidity-ratio
UDI, and outdoor degree-hour signatures on matched temporal support; (ii) determine
how reference selection and weather-field provenance affect the inferred urban building
response; (iii) compare the roles of chronological AMY, mean-pattern AvMY, and selected-
month TMY representations; (iv) evaluate whether envelope state and conditioned, sealed
free-running, or night-ventilated operation change the magnitude or temporal alignment
of the response; and (v) test the robustness of the principal annual relationships through
rank-based, leave-one-year-out, aggregated, and exploratory lag analyses.
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The principal contribution is not the previously published Turin station archive or its
EPW/TMY-generation workflow [26], but the response-relevant experiment built upon it:
a named CUWF method with declared retained fields, matched AMY and AvMY building
comparisons, complementary alternative-reference and processed full-field sensitivities, a
regenerated TMY benchmark, and an explicit distinction between mathematically coupled
climate indicators and dynamic building responses. This combination provides a repro-
ducible basis for weather-informed retrofit, conditioning, and passive-cooling decisions
without treating UHI as a uniform offset.

The analysis is limited to useful thermal energy needs, Ideal Loads peaks, and mod-
elled thermal exposure; delivered energy, utility consumption, costs, carbon emissions,
health outcomes, and energy-performance certification are not evaluated. Heating reduc-
tions and cooling increases are therefore reported as separate seasonal design consequences
rather than combined as a net annual benefit.

2. Materials and Methods
2.1. Study Design

The analysis comprised five connected stages. First, the seven-station 2014–2023
record was screened for station suitability, quality, common temporal support, and ur-
ban/reference roles. Second, the processed station observations were organised as chrono-
logical AMYs, calendar-hour AvMYs, and regenerated selected-month TMYs with ex-
plicit field lineage. Third, CUWF files were constructed by substituting declared psy-
chrometric variables within a common Caselle background, while alternative-reference
and processed full-field cases were prepared as separate sensitivities. Fourth, the identi-
cal DOE–TABULA building cases were simulated under the declared weather, envelope,
and operating-mode combinations. Fifth, urban-minus-reference climate and building
responses were compared at hourly, aggregated, annual, and decadal-summary scales,
including persistence, robustness, and lag checks. These stages distinguish measured sta-
tion contrasts, weather-year representation, controlled attribution, building response, and
mechanism-specific interpretation.

2.2. Source Weather Records and Station Roles

The source archive comprised 70 processed, measurement-derived EPWs represent-
ing seven stations and ten source-weather years from 2014 to 2023. These files pre-
serve the processed station-year sequences used to construct the AMY, AvMY, TMY, and
controlled products described in Sections 2.3 and 2.4; they are not assumed to contain
only direct measurements or to satisfy every executable-field gate without the declared
downstream preparation.

Station suitability was assessed from (i) availability within the common 2014–2023
study period; (ii) availability and usable support for dry-bulb temperature and relative hu-
midity; (iii) the geographical role required for an urban or plausible peripheral/background
comparison; (iv) a dated ARPA station configuration and coordinates; and (v) suffi-
cient matched records for the intended analysis. Temperature deployment, elevation,
land-cover context, detected invalid values, and known lineage limitations were treated
as interpretation qualifications rather than as retrospective homogenisation variables
(Tables 1 and A7).

Figure 1 summarises the station context and analytical design.
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Figure 1. Station context and analytical workflow: (a) station positions from the dated ARPA configu-
ration records, with a star denoting the primary peripheral reference proxy, plus symbols denoting
alternative non-urban references, and circles denoting the four urban cases; and (b) the five-stage
sequence from station-role and quality assessment, through AMY/AvMY/TMY weather construction
and the controlled urban weather forcing method, to EnergyPlus simulation and response-specific
comparison. The processed full-field sensitivity is shown outside the CUWF boundary. Symbols
indicate analytical roles rather than LCZ assignments.

Table 1. Station metadata, temperature-sensor deployment, and analytical role.

Station ARPA Point ID API-Period
Coordinates Elevation (m) Temperature

Deployment Role

Caselle PIE-001063-900 45.19206 N, 7.65189 E 285 Not labelled rooftop;
height unavailable

Primary
peripheral/background

proxy

Bauducchi PIE-001156-900 44.96000 N, 7.70861 E 226 Near ground; 1.5 m AGL Alternative
non-urban reference

La Mandria PIE-001292-901 45.17500 N, 7.55917 E 337 Not labelled rooftop;
height unavailable

Alternative non-urban
reference; 2019 excluded

Via della Consolata PIE-001272-906 45.07583 N, 7.67833 E 244 Rooftop; 25.3 m AGL Urban case

Giardini Reali PIE-001272-907 45.07137 N, 7.69035 E 236 Near ground; 1.4 m AGL Urban case; near-ground
comparison
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Table 1. Cont.

Station ARPA Point ID API-Period
Coordinates Elevation (m) Temperature

Deployment Role

Alenia PIE-001272-908 45.07893 N, 7.61029 E 280 Rooftop; 35.5 m AGL Urban case

Reiss Romoli PIE-001272-905 45.11250 N, 7.67083 E 241 Rooftop; 33.0 m AGL Urban case

Note: elevation is reproduced as reported by ARPA; the public API does not define its physical
reference or vertical datum. Three urban records are rooftop measurements, whereas Giardini Reali
is measured near ground level. Table A6 documents the land-cover basis for describing Caselle as an
airport proxy rather than pristine rural land.

Four stations were selected as urban cases: Via della Consolata, Giardini Reali, Ale-
nia, and Reiss Romoli. Caselle was used as the primary peripheral/background proxy
because it provides the complete common non-psychrometric control required by CUWF;
at 285 m elevation, it is a peripheral airport setting rather than undisturbed rural land.
Bauducchi, at 226 m and within a predominantly agricultural 500 m context, was used
both as an alternative climate reference and as a controlled thermohygrometric building
baseline. Venaria La Mandria was retained as an additional climate-reference sensitivity,
but its 2019 record was excluded because the temperature/humidity lineage and header
are corrupted. Multiple plausible reference definitions, including airport references, can
produce materially different UHI estimates [42].

Meteoidro API records [43]. Surrounding land-cover context was quantified at radii of
100 and 500 m using Regione Piemonte Land Cover Piemonte 2021 [44]. These fractions
provide contextual information and were not used to assign LCZ classes or to correct
measurements for height. Table 1 summarises the station metadata and analytical roles;
detailed land-cover fractions are reported in Table A6, and the post-generation quality and
completeness audit is reported in Table A7.

2.3. Controlled Urban Weather Forcing and Complementary Weather Sensitivities

The station records described in Section 2.2 were checked for structural coverage,
ordered timestamps, duplicate calendar keys, physically invalid values, and complete-
ness before their assembly as executable weather products. The audit confirmed 8760 or-
dered records in each of the 70 processed AMYs. Three invalid urban dry-bulb records
(0.000856% of 350,400 urban records) were linearly interpolated between the nearest valid
same-station hours for executable matched-year forcing; 70 zero or invalid urban relative-
humidity records (0.01998%) were replaced by matched-hour Caselle relative humidity; and
185 Caselle pressure records reported as 600 hPa (0.21119% of Caselle records) were in-
terpolated before conversion to pascals. Table A7 distinguishes these downstream exe-
cutable corrections from upstream processing whose per-record measured, filled, or re-
computed status cannot be reconstructed. Controlled AvMY forcings and retained-field
rules are recorded in UHI_FORCING_EPW_MANIFEST.json; matched-year AMY forcings
and executable corrections are recorded in AMY_YEARLY_FORCING_MANIFEST.json;
and complementary full-field, TMY, and alternative-reference inputs are recorded in RE-
VISION_WEATHER_MANIFEST.json. The three machine-readable manifests are publicly
available at Zenodo at https://doi.org/10.5281/zenodo.22249269 (accessed on 13 September
2026), and Table A8 provides their human-readable field-provenance summary.

The controlled urban weather forcing (CUWF) method is defined here as a paired EPW
construction in which predeclared urban psychrometric fields replace the corresponding
reference fields, dependent psychrometric variables are recomputed, and the reference
location, calendar, radiation, long-wave radiation, wind, pressure, and all remaining EPW
fields are held fixed. Two CUWF AvMY variants were constructed:

https://doi.org/10.3390/su18199762
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• TEMP_ONLY: urban dry-bulb temperature replaces Caselle dry-bulb temperature
while Caselle dew point is retained as a fixed absolute-moisture proxy; relative humid-
ity is recomputed psychrometrically.

• TEMP_RH: urban dry-bulb temperature and relative humidity replace the Caselle
values; dew point is recomputed psychrometrically.

Both AvMY variants retain the declared Caselle control fields. For each source-year
AMY, only the joint temperature–relative-humidity (TEMP_RH) substitution was applied;
TEMP_ONLY was evaluated only in the AvMY sensitivity analysis. The 50 matched-year
forcings comprise ten source years, each represented by one Caselle control and four
urban TEMP_RH files, and therefore evaluate chronological thermohygrometric forcing.
Paired TEMP_ONLY and TEMP_RH AvMY cases distinguish moisture-field specification.
A controlled Bauducchi AvMY baseline was additionally generated by inserting Bauducchi
dry-bulb temperature and relative humidity into the same Caselle non-psychrometric
context, permitting reference propagation without confounding the comparison by full-
field differences.

A processed full-field Consolata AvMY was simulated as a complementary sensitiv-
ity outside CUWF. It uses the same Consolata dry-bulb temperature, relative humidity,
and recomputed dew point as the controlled Consolata TEMP_RH case, but releases the
common-background constraint by retaining the processed Consolata location and avail-
able station-specific or derived radiation, wind, pressure, long-wave, and remaining fields.
This comparison tests the collective consequence of releasing the Caselle non-psychrometric
background; it does not decompose individual fields or represent a wholly measured urban
microclimate. The mutually coupled nature of urban temperature, humidity, radiation,
wind, and other meteorological fields is therefore treated as a claim boundary rather than
ignored [11,45].

All simulations use a standardised non-leap 2017 schedule calendar, UTC+1 standard
time, no daylight-saving time, and no holidays or special days. A filename year identifies
the source thermohygrometric sequence, not a reconstructed historical weekday calen-
dar. AMY, AvMY, and regenerated TMY construction are used; Section 2.8 defines the
corresponding simulation families.

2.4. Measurement-Derived EPW Generation

The production of the 70 processed, measurement-derived station-year EPWs followed
the previously published Turin data workflow [26]. For each station and year, the ARPA
Piemonte variable-specific CSV records were acquired, timestamps and units were stan-
dardised, and air temperature, relative humidity, wind speed and direction, atmospheric
pressure, and global solar irradiation were merged on a common hourly index. Missing
or invalid observations were treated using the variable-dependent procedures reported
with the source dataset: short gaps were interpolated, while wind and solar gaps could
use information from correlated stations. EPW-required variables that were not directly
observed were then derived. In particular, global horizontal irradiation was partitioned
into diffuse horizontal and direct normal components using the PREDYCE implementa-
tion of the Boland approach, and horizontal infrared radiation and psychrometric fields
were calculated as required by the compiler. Station metadata and the completed hourly
records were written using custom Python (v3.13.6) routines to the EPW structure used by
EnergyPlus (v26.1.0). These published source-data and EPW-generation procedures are
inputs to, rather than the novelty claimed for, the present CUWF and building-response
analysis. The additional corrections required for the present executable forcing set are
reported separately in Section 2.3 and Tables A7 and A8.

https://doi.org/10.3390/su18199762
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Each processed station-year sequence is termed an AMY in this study and preserves
the temporal ordering of its source year after the declared processing. A station AvMY was
generated by independently averaging corresponding non-leap calendar hours across the
ten AMYs to obtain an 8760-record mean-pattern year. The AvMY is therefore neither a
chronological observed year nor a TMY and can attenuate persistence, covariance, and
extremes. For the representative-year benchmark, Caselle and Consolata TMYs were re-
generated from all ten 2014–2023 AMYs using a declared implementation of ISO 15927-4.
For each calendar month, daily mean dry-bulb temperature, global horizontal irradiation,
and relative humidity were ranked independently by their Finkelstein–Schafer statistics;
the three lowest equal-weight rank sums were retained, and the candidate whose monthly
mean wind speed was nearest the ten-year monthly mean was selected. Ties at the three-
candidate cutoff were resolved by the lower summed unrounded Finkelstein–Schafer statis-
tic and then the earlier year. Selected months were joined using an additive cubic-Hermite
correction over the last eight and first eight records at each of the 12 seams, after which dew
point was recomputed; pressure repairs and all selected month/year lineages are reported
in the complementary weather-input manifest (REVISION_WEATHER_MANIFEST.json;
Table A8). The previously published TMY candidates were audited but not simulated
because their traceable source-month lineage covered only 2014–2016; they were retained as
provenance comparators. The regenerated TMYs are compared with AvMYs only through
annual, seasonal, and peak KPIs, not hour by hour [38].

2.5. Climate Indicators and Temporal Definitions

The station-air UHI intensity was calculated at each matched reported hour as

I_UHI(t) = T_u(t) − T_r(t), (1)

where T_u and T_r are the urban and selected reference dry-bulb temperatures. Positive
values indicate warmer urban-station air. No interpolation was performed solely to increase
matched coverage.

Because relative humidity depends on air temperature, UDI was evaluated using the
humidity ratio w, expressed as grams of water vapour per kilogram of dry air. Vapour
pressure e and humidity ratio were obtained from the reported dry-bulb temperature,
relative humidity, and pressure using

e(t) = [φ(t)/100] p_ws[T(t)]; w(t) = 1000 × 0.621945 e(t)/[p(t) − e(t)], (2)

where φ is relative humidity (%), p_ws is saturation vapour pressure, and p is atmospheric
pressure. The signed humidity-ratio UDI intensity was then defined as

I_UDI,w(t) = w_r(t) − w_u(t), (3)

where positive values indicate lower urban moisture content and hence a dry-island
episode; negative values indicate an urban moisture-island episode. This sign convention
permits the term UDI to be retained without interpreting a relative-humidity deficit caused
by warming as an independent reduction in atmospheric water content [4].

For the AvMY UDI diagnostic, the humidity ratio was calculated in each matched
AMY before the ten corresponding calendar-hour values were averaged. The urban and
reference members used their respective dry-bulb and relative-humidity sequences with
the common matched Caselle pressure retained by the controlled-weather design. This
derive-first, average-second sequence avoids the psychrometric inconsistency that can arise
when independently averaged AvMY dry-bulb, relative-humidity, and dew-point fields
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are recombined through a nonlinear relation. The averaged AvMY dew-point field was
therefore not used to determine UDI.

Outdoor cooling and heating degree-hours were used as weather-derived screening
indicators for comparing station contrasts with building simulations. For an hourly interval
∆t = 1 h,

CDH_24 = Σ_t max[T_o(t) − 24, 0] ∆t, (4)

HDH_18 = Σ_t max [18 − T_o(t), 0] ∆t, (5)

where T_o is the outdoor dry-bulb temperature. The bases of 24 ◦C for CDH and 18 ◦C
for HDH follow the climate-indicator definition adopted in the earlier methodological
framework and are distinct from the 26 ◦C cooling and 20 ◦C heating setpoints used in
the EnergyPlus model. Annual urban effects are expressed as ∆CDH_24 = CDH_24,u
− CDH_24,r and ∆HDH_18 = HDH_18,u − HDH_18,r. Thus, urban warming generally
produces a positive cooling-degree-hour difference and a negative heating-degree-hour
difference; neither quantity is a building energy need.

Because UHI, CDH, and HDH are all calculated from the same urban–reference
outdoor-temperature pair, their annual correlations are mathematically coupled weather-
indicator consistency checks rather than independent validation. The more consequential
test is whether the imposed meteorological contrast translates into a dynamic building
response conditioned by storage, gains, ventilation, schedules, and control.

The cooling season was defined as 16 April–14 October, consistent with the com-
plement of Turin’s prescribed heating period of 15 October–15 April, as set out in D.P.R.
412/1993 and subsequent modifications. The nighttime interval was 19:00–07:00 local
standard time; under EPW hour-ending labels, this corresponds to hours 20–24 and
1–7 [46]. Cooling-season UHI was paired with CDH and mechanically cooled response,
heating-season UHI with HDH and heating response, and cooling-night UHI with the
night-ventilation response. Source-year means were equally weighted. Ninety-five per cent
intervals were calculated using a fixed-seed whole-year bootstrap with 10,000 resamples.
Reference sensitivity used identical common-year and matched-hour support.

Heat-event persistence was evaluated using Caselle cooling-season daily maximum
temperatures across the ten AMYs. The fixed threshold was the pooled AMY 90th percentile
(31.8 ◦C), and an event required at least three consecutive days above that threshold. The
identical threshold and the duration rule were then applied to the Caselle AvMY. For each
AMY event, the following-night interval comprised EPW hour-ending records 20–24 on
each hot day and 1–7 on the next day; station-specific UHI means were first calculated
by source year and then equally weighted across the ten years. This is a study-defined
weather-persistence indicator, not a health, regulatory, or event-level building-performance
threshold [29].

2.6. Building Archetype and Envelope States

The building was represented by a generic comparative DOE–TABULA hybrid
archetype. Its four-storey geometry, zoning, multipliers, and approximately 15% window-
to-wall ratio derive from the official DOE New2004 Midrise Apartment Version 1.4/Ener-
gyPlus 7.2 prototype [47]. The model was converted through the official version-transition
sequence and simulated with EnergyPlus 26.1.0 [48]. The former office-zone geometry was
retained, while schedules, loads, infiltration, outdoor-air sizing, and the domestic-hot-water
connection were converted to a residential programme aligned with EN 16798-1:2019. The
model contains 24 representative occupied apartment zones and three corridors, represent-
ing 32 apartments after the retained DOE middle-floor multipliers. The conditioned floor
area is 3134.59 m2, and the occupied residential area used for threshold KPIs is 2823.9579 m2.

https://doi.org/10.3390/su18199762
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This controlled geometry is suitable for comparative sensitivity analysis, not for calibrated
prediction of the Turin residential stock; Table A9 records the source, implementation, and
claim boundary for each model element [49].

Envelope targets follow the Italian AB.05 apartment-block typology in the European
TABULA building-typology framework for 1961–1975 and its advanced
refurbishment [50,51]. The same DOE geometry, window arrangement, schedules, and
represented apartment count are used in both states; TABULA supplies comparative
envelope-performance targets rather than the building geometry. Massive layers are recon-
structed [52,53].

The original-to-advanced component targets are 1.10 to 0.25 W m−2 K−1 for exterior
walls, 1.65 to 0.23 W m−2 K−1 for the direct-roof/upper-slab proxy, 1.30 to 0.23 W m−2 K−1

for the lower-floor/cellar proxy, 4.90 to 1.70 W m−2 K−1 for windows, and 0.85 to 0.50 for
the whole-window SHGC proxy.

The baseline residential programme uses 2.5 persons per representative apartment,
3.88 W m−2 lighting, and 5.38 W m−2 plug equipment. Twenty-seven ZoneInfiltra-
tion:DesignFlowRate objects use Flow/ExteriorArea at 0.000302 m3 s−1 m−2, approximately
0.284–0.296 h−1 cooling-season occupied-area-weighted mean infiltration in baseline runs.
Schedules and gains are common to both envelopes. The envelope states change bundled
U-value, glazing, SHGC, and reconstructed-material assumptions; their difference can-
not be attributed to insulation alone. Table A5 provides the compact input register, and
Table A9 distinguishes DOE, TABULA, standard, and study-defined inputs.

2.7. Operating Modes and Seasonal Controls

Space conditioning uses ZoneHVAC:IdealLoadsAirSystem; outputs are useful thermal
energy needs rather than final energy or primary energy. Three cases are simulated, varying
the summer season ventilation approach:

• SYS_ON: heating is available from 15 October to 15 April at a 20 ◦C setpoint; cooling
is available from 16 April to 14 October at a 26 ◦C setpoint; windows remain closed.

• FREE: the same winter heating is available, summer mechanical cooling is unavailable,
and windows remain closed.

• FREE_NV: the same winter heating is available, and summer mechanical cool-
ing is unavailable, with conditional wind-and-stack window opening during the
cooling season.

FREE therefore means cooling-season free-running, not a fully unconditioned year.
The FREE_NV case uses 36 ZoneVentilation:WindandStackOpenArea objects. Each apart-

ment window is modelled as 50% operable; a 20% opening schedule, when eligible, gives a
10% effective opening relative to the total glazing. Eligibility is 19:00–07:00 in the cooling
season, with heating off, indoor air temperature at least 18 ◦C, and T_in − T_out ≥ 3 K.
Opening effectiveness and discharge coefficient are Autocalculate; façade angle follows each
window, and the opening height difference is 0.60955 m. The controller represents one
simplified implementation within the broader family of ventilative-cooling principles and
controls [46].

The primary maximum-wind field is 40 m s−1. A 10 m s−1 closure check and a second
threshold of 2.5 m s−1 were also tested. The latter was specified a priori by rounding the
Caselle cooling-night site-wind 90th percentile, 2.483 m s−1, to 2.5 m s−1. The building
terrain category is City; consequently, EnergyPlus applies height- and terrain-adjusted local
wind velocities at each zone rather than the EPW site wind value directly.
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2.8. Simulation Design and Sensitivity Analyses

The simulation matrix comprises 452 annual EnergyPlus cases: 54 AvMY cases (nine
weather forcings × six building cases), 300 matched-year cases (ten years × five weather
variants × six building cases), 74 deterministic physical and operational sensitivity cases,
and 24 complementary cases. The latter comprise six processed full-field Consolata AvMY
cases, six controlled Bauducchi-reference AvMY cases, and 12 regenerated station-specific
TMY cases (Caselle and Consolata × six building cases).

The three complementary simulation families address distinct methodological ques-
tions. Controlled Consolata relative to controlled Caselle or controlled Bauducchi tests
reference propagation within the common Caselle non-psychrometric context. Full-field
Consolata relative to controlled Consolata tests the collective sensitivity to releasing that
common background, while full-field Consolata relative to the Caselle AvMY control pro-
vides an exposure-inclusive practical contrast. Regenerated Caselle and Consolata TMYs
are compared with their corresponding AvMYs only through aggregate annual, seasonal,
and peak KPIs. The location-dependent full-field and TMY simulations use model copies
aligned with the respective Caselle or Consolata weather location; the building physics,
envelopes, schedules, and operating modes remain otherwise identical.

The opening-area, SHGC (solar heat gain coefficient), wind, gain, infiltration, and
lower-floor analyses were restricted to the CONTROL_CASELLE and
TEMP_ONLY_CONSOLATA AvMY forcings; they did not include TEMP_RH, the other
three urban stations, the full-field case, alternative-reference case, or TMYs. The opening
area was evaluated in 12 additional cases using 5%, 10%, and 20% effective opening across
Caselle, Consolata, and both envelope states. The SHGC analysis combined 18 additional
simulations with 18 corresponding core cases, yielding 36 comparison cells. Eight addi-
tional simulations and four corresponding core cases formed the 12-cell wind-threshold
analysis. Finally, 36 one-factor simulations and 12 corresponding baselines formed a 48-cell
analysis of internal gains, infiltration, and lower-floor boundary conditions. The SHGC
scenarios comprised each envelope’s primary value (0.85 for the original and 0.50 for the
advanced envelope), a common value of 0.50, and a fixed lower bound of 0.25. Residential
gains were varied uniformly by −25% and +25%, while infiltration flow per exterior area
was halved and doubled. The heating-only lower-floor analysis compared the baseline
direct-ground treatment with a non-calibrated adjacent-cellar temperature-reduction proxy,
T_other = 0.5T_out + 0.5T_zone, without adding cellar geometry or mass. These one-factor
cases are deterministic bounds, not a factorial or probabilistic uncertainty analysis [54].

2.9. Building-Performance Metrics

SYS_ON results are normalised by 3134.59 m2 conditioned floor area. Primary out-
comes are useful sensible heating and useful sensible cooling in kWh m−2. For the TMY–
AvMY benchmark, coincident Ideal Loads heating and operational cooling peaks are
reported in W m−2. Total supply-air cooling and the inferred latent residual (total supply-
air cooling minus useful sensible cooling) remain secondary moisture diagnostics. Neither
annual needs nor peaks represent delivered HVAC energy or measured consumption.

For the Consolata–Caselle temporal comparison, hourly useful sensible needs were
retained from the original-envelope SYS_ON simulations. Area-normalised hourly differ-
ences are denoted as δq_c(t) and δq_h(t), expressed in Wh m−2 per hourly record; seasonal
sums are reported as ∆Q_c and ∆Q_h in kWh m−2. In FREE and FREE_NV, δdh_26(t)
denotes the urban-minus-reference difference in the occupied-area-weighted hourly contri-
bution to DH_26. It is expressed in K·h for a one-hour record and is evaluated only as a
cooling-season overheating indicator.
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For occupied apartment zones z, cooling-season operative degree-hours above 26 ◦C
are calculated zone-by-zone and then floor-area and multiplier weighted:

DH26 = (1/Aocc) ∑z Az mz ∑t Iocc,z,t max(Top,z,t − 26, 0) ∆t, (6)

where Az is the representative zone area, mz is the EnergyPlus multiplier, Iocc,z,t is the
scheduled-occupancy indicator, and Aocc = ∑zAzmz = 2823.9579 m2. Hours above 28 and
30 ◦C are reported as analogous area-equivalent hours; the 95th percentile is an area-
weighted percentile of scheduled-occupied zone-hours. These are threshold-exposure
indicators, not adaptive-comfort or regulatory-compliance assessments.

Night-ventilation effectiveness is

ηNV = 1 − DH26,FREE_NV/DH26,FREE, (7)

paired by weather, envelope, and source year. Active-equivalent building hours, area-
weighted mean ACH (air changes per hour) when active, and maximum zone-hour ACH
are controller diagnostics. Every urban result is contrasted with matched Caselle; percent-
age change is shown only beside its absolute value and a non-zero baseline.

2.10. Statistical Analysis

For each station, envelope, mode, and metric, the ten urban-minus-same-year-Caselle
differences were summarised by their mean, range, sign count, and a 95% fixed-seed whole-
year bootstrap interval based on 10,000 resamples. The time-interval analysis was defined
a priori from the physical mechanism: all-hour cooling-season UHI was compared with the
useful sensible-cooling response, and cooling-night UHI with residual FREE_NV degree-
hours. Mechanism-aligned and alternative time intervals were reported. An all-hour
annual UHI comparison is included in Table A3 as an exploratory context and is not used to
support response-alignment conclusions. Pooled and station-centred Pearson correlations
were calculated over 40 station-years per envelope and interpreted descriptively rather
than as causal estimates or citywide prediction models. The Giardini Reali–Alenia ordering
contrast was specified as an exposure-inclusive station comparison rather than a controlled
morphology experiment.

A focused climate-to-building analysis was additionally performed for Consolata
relative to Caselle using the original envelope. The ten matched AMYs were the primary
independent analysis units for comparing seasonal UHI with ∆CDH_24, ∆HDH_18, ∆Q_c,
∆Q_h, and annual ∆DH_26. Pearson r, Spearman’s ρ, Kendall’s τ_b, and the complete
range obtained by omitting each source year in turn were calculated. Coefficients describe
the ten fixed source years; no p-value, population confidence interval, causal effect, or
universal conversion factor is inferred. The UHI–∆CDH_24 and UHI–∆HDH_18 pairs
are treated as mathematically coupled consistency checks, whereas the dynamic UHI–∆Q
and UHI–∆DH_26 relationships provide the principal building-response evidence. Time-
aligned AvMY pairs were retained only for within-year visualisation and complementary
temporal analyses.

Complementary aggregation used the retained temperature-only controlled Consolata
and Caselle AvMY outputs. SYS_ON cooling, SYS_ON heating, and sealed FREE responses
were aggregated by complete calendar day; FREE_NV used complete 19:00–19:00 response
days so the ventilation night and subsequent daytime response remained together. Non-
overlapping complete seven-day blocks formed a weekly sensitivity. Pearson, Spearman,
Kendall, and month-centred coefficients were calculated without naive significance tests
because the single AvMY is synthetic and the daily responses remain serially autocorre-
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lated. These aggregation analyses test scale dependence; they do not create additional
independent source years.

Exploratory 0–24 h lag curves were calculated from the controlled AvMY. At positive
lag L, the response at time t was paired with UHI at t − L, so a positive lag means that the
outdoor contrast leads the modelled response. Outcomes were Consolata-minus-Caselle
differences in useful sensible cooling, occupied-area-weighted sealed FREE operative
temperature, occupied-area-weighted FREE_NV operative temperature, and the FREE-to-
FREE_NV operative-temperature benefit, for both envelopes. Raw Pearson, Spearman, and
Pearson correlations after centring each series by month and hour of day were retained.
The centred curve reduces shared seasonal and diurnal structure but does not remove
serial dependence; a maximum is therefore not interpreted as a causal delay or calibrated
building time constant.

AvMY contrasts are evaluated against the mean and minimum–maximum range of
ten like-for-like thermohygrometric AMY contrasts. Regenerated TMYs are compared
separately with corresponding station AvMYs using aggregate annual, seasonal, and
peak outcomes. Neither comparison validates hour-by-hour chronology, persistence,
or extremes.

2.11. Simulation Verification

All 452 simulations were performed using EnergyPlus 26.1.0 (build 6f2e40d102). The
executable identity, SHA-256 checksum, and verification records are reported in Table A8
and the reproducibility repository. Before analysis, each case was required to contain
8760 hourly records, no severe errors, finite values for every required output, the specified
executable, model, and weather hashes, and the intended seasonal availability schedules.
Additional checks confirmed the absence of mechanical cooling in FREE and FREE_NV,
the absence of daylight-saving and holiday hours, weather-field equivalence within CUWF,
the permitted scope of model variations, KPI arithmetic, pair matching, uncertainty calcu-
lations, monotonicity, and warning provenance. All 24 complementary simulations passed
20 independently implemented validation checks. Non-fatal psychrometric solver warn-
ings were retained in the reproducibility records and considered in the interpretation;
complete outputs and zero severe errors were not treated as evidence that these warnings
were numerically immaterial.

3. Results
3.1. Station-Specific UHI, UDI, and Outdoor Degree-Hours

The four urban sites exhibit distinct station-air signatures relative to Caselle. Conso-
lata has the largest cooling-season and cooling-night temperature contrast. Reiss Romoli
and Alenia retain positive cooling-night warming in all ten source years. Giardini Reali
is warmer than Alenia throughout the cooling season, but shows almost no decadal-
mean cooling-night contrast. Because deployment is mixed, particularly between near-
ground Giardini Reali and rooftop Alenia, this ordering cannot be attributed solely to
urban morphology.

The Consolata–Caselle moisture comparison depends on the selected humidity vari-
able. Caselle relative humidity exceeds Consolata by 6.69 percentage points in the stored
AvMY fields. When the humidity ratio is instead calculated within each matched AMY
and the corresponding calendar hours are subsequently averaged, mean I_UDI,w is
+0.163 g kg−1. Figure 2a contains both dry-island and moisture-island calendar-hour
states, but its positive mean indicates a modest humidity-ratio UDI at Consolata relative
to Caselle. Deriving the humidity ratio before averaging is essential because the indepen-
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dently averaged AvMY dry-bulb, relative-humidity, and dew-point fields are not exactly
psychrometrically interchangeable.

Figure 2. Consolata–Caselle climate-indicator relationships. (a) Joint distribution of hourly mean-
pattern station-air UHI intensity, I_UHI = T_Consolata − T_Caselle, and signed humidity-ratio
UDI intensity, I_UDI,w = w_Caselle − w_Consolata, with marginal histograms. Humidity ratio was
derived within each matched AMY before corresponding calendar hours were averaged. Positive UHI
denotes warmer Consolata air, and positive UDI denotes lower absolute moisture at Consolata; mean
UDI is +0.163 g kg−1. (b) Matched-year consistency checks for 2014–2023: cooling-season mean UHI
against ∆CDH_24, and heating-season mean UHI against ∆HDH_18. Each point is one source year;
annotations report Pearson r, Kendall’s τ_b, and the complete leave-one-year-out Pearson range. Both
axes derive from the paired outdoor-temperature records, so the relationships are mathematically
coupled checks rather than independent building-response evidence.

The outdoor degree-hour indicators provide a threshold-based climate comparison
before a building model is introduced. For the five primary AvMYs, CDH_24 ranges
from ·h at Caselle to 4384 K·h at Giardini Reali, while HDH_18 ranges from 43,579 K·h
at Consolata to 53,015 K·h at Caselle (Figure 3). Consolata records 3925 K·h of CDH and
43,579 K·h of HDH. These rankings differ from the cooling-night UHI ranking because
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CDH and HDH integrate threshold exceedances or deficits over the full year. Across the
ten matched Consolata–Caselle AMYs, ∆CDH_24 is positive, and ∆HDH_18 is negative
in every year. Cooling-season UHI versus ∆CDH_24 gives r = 0.613, τ_b = 0.378, and a
leave-one-year-out r range of 0.538–0.734; heating-season UHI versus ∆HDH_18 gives
r = −0.939, τ_b = −0.644, and a leave-one-year-out range of −0.967 to −0.840. In both
relationships, omitting any individual year changes the magnitude of the coefficient but
not its sign.

Figure 3. Outdoor degree-hours calculated from the five primary-station AvMYs: (a) heating degree-
hours below 18 ◦C, HDH_18, and (b) cooling degree-hours above 24 ◦C, CDH_24. Values are
weather-derived screening indicators in K·h and do not represent simulated building heating or
cooling needs. The five files are Caselle, Consolata, Giardini Reali, Alenia, and Reiss Romoli.

Table 2 reports the decadal Caselle-referenced UHI means, and Figure 4 shows their
year-to-year structure and uncertainty. The year-cluster 95% interval for cooling-night UHI
is 1.84–2.06 K at Consolata and −0.21–0.26 K at Giardini Reali. The latter is a weak and
year-dependent nighttime contrast rather than a persistent nocturnal UHI.

3.2. Dependence on the Background Reference

Reference choice changes the assigned UHI at every urban station. On identical nine-
year support, replacing Caselle with Bauducchi raises the cooling-night urban contrast by
approximately 0.72 K, while replacing Caselle with La Mandria raises it by approximately
1.80 K. The common shift arises from differences in the reference series rather than an
urban-station-specific transformation. Weak-signal interpretations can therefore change
qualitatively with the reference.

Figure 5 compares the three reference choices on identical matched-hour support.
Reference dependence also propagates to the building response. For the original

envelope in the controlled AvMY comparison, Consolata relative to Caselle changes useful
heating by −12.7% and cooling by +12.6%; relative to the controlled Bauducchi baseline, the
same Consolata forcing changes heating by −16.8% and cooling by +13.7%. The advanced-
envelope effects are −27.2% and +8.1% relative to Caselle, compared with −34.7% and
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+9.0% relative to Bauducchi. These are two named, controlled baselines, not alternative
estimates of one reference-free urban penalty.

Table 2. Caselle-referenced cooling-season and cooling-night UHI.

Urban Station Cooling-Season Mean UHI Cooling-Night Mean UHI Years with Positive Cooling-Night UHI

Consolata 1.21 K 1.95 K 10/10
Giardini Reali 0.52 K 0.02 K 5/10

Alenia 0.41 K 0.91 K 10/10
Reiss Romoli 0.65 K 1.12 K 10/10

Figure 4. Caselle-referenced cooling-night UHI (K): (a) matched annual means for 2014–2023, with
lines identifying the four fixed urban stations; and (b) equal-weight ten-year means, with whiskers
showing the 2.5th–97.5th percentiles of 10,000 fixed-seed whole-year bootstrap resamples. Positive
values indicate warmer urban-station air.

3.3. Useful Heating and Cooling Response

Across the 16 station–envelope–load combinations, thermohygrometric urban forcing
increases useful sensible cooling and reduces useful sensible heating in every source year.
Mean cooling increases are 0.78–3.49 kWh m−2 (2.8–12.3%); mean heating reductions
are 0.63–5.23 kWh m−2 (5.3–25.8%). The advanced envelope has a small Caselle heating
baseline, so percentage reductions appear large despite smaller absolute changes.

Table 3 reports the matched levels and paired mean changes, while Figure 6 emphasises
their direction and uncertainty.
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Figure 5. Mean cooling-night urban-minus-reference dry-bulb contrast (K) for the four urban stations
under Caselle, Bauducchi, and La Mandria references. Points are equal-weight means on identical
nine-year matched-hour support (2019 excluded); whiskers show 2.5th–97.5th percentiles from
10,000 fixed-seed whole-year bootstrap resamples. Caselle is used as the primary peripheral reference
for the controlled comparisons.

Table 3. Matched-year useful-load baselines and urban responses.

Station Envelope Outcome Caselle Mean
(kWh m−2)

Urban Mean
(kWh m−2)

Urban − Caselle
(kWh m−2)

95% Bootstrap Interval of
Mean Change (kWh m−2)

Change
(%)

Consolata Original Heating 43.79 38.56 −5.23 [−5.51, −4.93] −12.0
Consolata Original Cooling 28.78 32.27 +3.49 [+3.28, +3.71] +12.3
Consolata Advanced Heating 5.76 4.29 −1.47 [−1.56, −1.38] −25.8
Consolata Advanced Cooling 28.31 30.62 +2.30 [+2.19, +2.42] +8.2

Giardini Reali Original Heating 43.79 41.49 −2.30 [−2.58, −1.99] −5.3
Giardini Reali Original Cooling 28.78 30.36 +1.58 [+1.06, +2.13] +5.3
Giardini Reali Advanced Heating 5.76 5.13 −0.63 [−0.70, −0.55] −11.1
Giardini Reali Advanced Cooling 28.31 29.31 +0.99 [+0.68, +1.32] +3.4

Alenia Original Heating 43.79 40.77 −3.02 [−3.26, −2.76] −6.9
Alenia Original Cooling 28.78 29.91 +1.13 [+0.87, +1.42] +4.0
Alenia Advanced Heating 5.76 4.88 −0.88 [−0.95, −0.82] −15.5
Alenia Advanced Cooling 28.31 29.10 +0.78 [+0.62, +0.95] +2.8

Reiss Romoli Original Heating 43.79 40.45 −3.34 [−3.49, −3.19] −7.7
Reiss Romoli Original Cooling 28.78 30.56 +1.78 [+1.56, +1.99] +6.2
Reiss Romoli Advanced Heating 5.76 4.82 −0.95 [−1.00, −0.90] −16.6
Reiss Romoli Advanced Cooling 28.31 29.53 +1.22 [+1.10, +1.33] +4.3

Each interval is the 95% bootstrap interval of the mean paired urban-minus-Caselle change across ten
source years. Change (%) is the mean of ten paired annual percentage changes relative to matched
Caselle and therefore need not equal the ratio of the displayed means.
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Figure 6. Mean urban-minus-matched-Caselle useful sensible load changes (kWh m−2) across ten
source-weather years for (a) the original and (b) the advanced envelope. Circles denote heating,
squares denote cooling, and whiskers show 95% bootstrap intervals of the mean paired change.
Negative heating and positive cooling values indicate the urban shift. Values are Ideal Loads useful
needs, not delivered energy.

The processed full-field Consolata AvMY produces a larger original-envelope urban
contrast than the CUWF thermohygrometric case. Relative to the Caselle AvMY, full-
field Consolata changes useful heating by −13.7% and cooling by +17.8% for the original
envelope, and by −25.4% and +7.3% for the advanced envelope. Relative to controlled
Consolata itself, releasing the common Caselle non-psychrometric fields changes original-
envelope heating by −1.1%, cooling by +4.6%, sealed FREE DH_26 by +5.8%, and FREE_NV
DH_26 by +11.0%. The corresponding advanced-envelope changes are +2.5%, −0.8%,
−0.1%, and +7.3%. Because radiation, wind, pressure, long-wave radiation, remaining
fields, and location are released together, these increments are a collective processed-field
sensitivity rather than a field-by-field attribution.

Table 4 consolidates the principal reference-propagation, processed full-field, and
TMY–AvMY comparisons; the TMY results are interpreted in Section 3.7 because those
cases test weather-year representation rather than urban forcing.

Table 4. Building-response sensitivity obtained from the 24 complementary EnergyPlus simulations.
Panel (a) reports changes in annual or seasonal KPIs, and panel (b) reports changes in operational
coincident peaks for the regenerated TMY cases.

(a) Annual and seasonal KPI changes

Comparison (Candidate − Baseline) Envelope ∆Qh (%) ∆Qc (%) ∆DH26, FREE (%) ∆DH26, FREE_NV (%)

Full-field Consolata AvMY − Caselle AvMY Original −13.7 17.8 18.3 65.0

Full-field Consolata AvMY − Caselle AvMY Advanced −25.4 7.3 7.7 73.8
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Table 4. Cont.

(a) Annual and seasonal KPI changes

Comparison (Candidate − Baseline) Envelope ∆Qh (%) ∆Qc (%) ∆DH26, FREE (%) ∆DH26, FREE_NV (%)

Full-field Consolata AvMY − controlled Consolata Original −1.1 4.6 5.8 11.0

Full-field Consolata AvMY − controlled Consolata Advanced 2.5 −0.8 −0.1 7.3

Controlled Consolata − controlled Bauducchi Original −16.8 13.7 12.9 74.6

Controlled Consolata − controlled Bauducchi Advanced −34.7 9.0 8.5 105.6

Regenerated Caselle TMY − Caselle AvMY Original 1.7 7.4 4.3 17.8

Regenerated Caselle TMY − Caselle AvMY Advanced 0.3 −0.7 −0.5 7.5

Regenerated Consolata TMY − full-field
Consolata AvMY Original 1.1 −1.8 −5.1 2.7

Regenerated Consolata TMY − full-field
Consolata AvMY Advanced −0.4 −2.9 −3.3 2.7

(b) TMY peak changes

Weather-Year Comparison (Candidate − Baseline) Envelope ∆ Heating Peak (%) ∆ Cooling Peak (%)

Caselle TMY − Caselle AvMY Original 15.7 38.7

Caselle TMY − Caselle AvMY Advanced 22.5 7.6

Consolata TMY − full-field Consolata AvMY Original 21.0 57.5

Consolata TMY − full-field Consolata AvMY Advanced 16.1 23.6

Note: Every value is 100 × (candidate − baseline)/baseline. Qh and Qc are useful sensible Ideal
Loads per conditioned floor area; DH26 is the area-weighted operative-temperature degree-hour sum
above 26 ◦C. FREE is sealed free-running, whereas FREE_NV applies the declared night-ventilation
control. Full-field contrasts are processed as weather sensitivities rather than causal decompositions
of individual weather variables. AvMY–TMY comparisons are limited to annual/seasonal aggregates
and peaks; the two representative years are not paired hour by hour. Heating and cooling are
reported separately.

3.4. Moisture-Field Intervention

For the controlled AvMY cases, changing from the primary fixed-Caselle-dew-point
intervention to urban relative humidity has little effect on sensible or threshold outcomes.
The TEMP_RH minus TEMP_ONLY increment ranges from −0.105 to +0.023 kWh m−2

(−0.37 to +0.08%) for useful sensible cooling, −76.0 to +17.7 K·h (−0.33 to +0.07%) for
sealed FREE degree-hours, and −30.9 to +4.2 K·h (−0.42 to +0.06%) for FREE_NV. Moisture-
sensitive diagnostics vary more and with station-specific signs: total supply-air cooling
changes by −0.892 to +0.308 kWh m−2 (−2.36 to +0.76%), and the inferred latent residual
by −0.849 to +0.302 kWh m−2 (−8.15 to +2.75%). Thus, the primary sensible-load and
threshold responses are dominated by dry-bulb substitution in this model, while humidity
remains relevant for interpreting latent effects (Table A2).

3.5. Sealed Free-Running Overheating and Night Ventilation

In sealed FREE mode, urban thermohygrometric forcing increases degree-hours above
26 ◦C in all eight station–envelope combinations and in every source year. Mean increases
range from approximately 876 to 3727 K·h, or 2.6–11.7% relative to matched Caselle.

The modelled night-opening controller reduces degree-hours in every station, source
year, and envelope at the primary 10% effective opening. Table A1 reports the absolute
FREE and FREE_NV levels, urban-minus-Caselle changes, bootstrap intervals, and positive-
year counts. Mean effectiveness falls from 69.9% at Caselle to 61.3% at Consolata for
the original envelope and from 85.8% to 79.2% for the advanced envelope. Across the
four controlled Caselle and temperature-only Consolata AvMY diagnostic cells, active-
equivalent time is 2078–2184 h, mean ACH when active is 2.361–2.498 h−1, and maximum
zone-hour ACH is 6.325–6.971 h−1 (Table A4).
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Mean FREE_NV urban-minus-Caselle degree-hour changes for the original envelope
are approximately 1180 K·h at Alenia, 3038 K·h at Consolata, 480 K·h at Giardini Reali, and
1571 K·h at Reiss Romoli. Corresponding advanced-envelope values are 1588, 3982, 423,
and 2079 K·h. At Giardini Reali, the residual is positive in only six of ten years, and its
advanced-envelope interval crosses zero. Nevertheless, night ventilation reduces exposure
relative to sealed operation in every matched case. Figure 7 displays both the residual
exposure increments and paired night-ventilation effectiveness.

 
Figure 7. Matched-year overheating response and modelled night-ventilation effectiveness. Panels
(a,c) show mean urban-minus-Caselle degree-hours above 26 ◦C (K·h) for sealed FREE and FREE_NV
modes under the original and advanced envelopes, respectively; whiskers are 95% bootstrap in-
tervals of the mean paired change. Panels (b,d) show original- and advanced-envelope reductions
relative to each paired sealed FREE case (%); diamonds are ten-year means and whiskers span the
annual minimum–maximum. Results represent modelled technical potential, not observed window
operation or adaptive comfort.

3.6. Response-Relevant UHI Time Intervals

The exposure-inclusive Giardini Reali–Alenia contrast illustrates why temporal def-
inition matters. Giardini Reali is warmer throughout the cooling season and produces
the largest original-envelope useful-cooling increase, whereas rooftop Alenia is much
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warmer during the summer night window-opening operation and produces the largest,
most persistent FREE_NV residual.

For useful sensible cooling, pooled correlations with cooling-season UHI are 0.990
and 0.998 for the original and advanced envelopes, versus 0.738 and 0.784 with the al-
ternative cooling-night metric. Corresponding station-centred values are 0.974 and 0.993
for cooling-season UHI and 0.718 and 0.775 for cooling-night UHI. For FREE_NV degree-
hours, pooled cooling-night correlations are 0.939 and 0.958, versus 0.895 and 0.865 for
cooling-season UHI. However, after station centring, original-envelope FREE_NV correla-
tions are effectively equal for cooling night and cooling season (0.797 versus 0.798), while
the advanced-envelope comparison is 0.815 versus 0.754. These results indicate stronger
evidence for response alignment at the pooled cross-site level than for universal superiority
of the cooling-night metric within individual stations (Table A3). Figure 8 presents the two
a priori response-window associations.

Figure 8. Response-aligned station-year associations (40 points per panel). Panels (a,b) relate all-hour
cooling-season UHI (K) to useful sensible-cooling change (kWh m−2) for the original and advanced
envelopes; panels (c,d) relate cooling-night UHI (K) to residual FREE_NV degree-hours above
26 ◦C (K·h). Point colour and shape identify the four urban stations; dashed lines are pooled least-
squares fits. Pooled and station-centred Pearson coefficients are descriptive, not causal or citywide
predictive estimates.
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The focused Consolata–Caselle relationships retain their directions under rank-based
and complete leave-one-year-out checks (Figure A2). For the original envelope, cooling-
season UHI versus ∆Q_c gives r = 0.899, τ_b = 0.689, and leave-one-year-out r = 0.865–0.926;
heating-season UHI versus ∆Q_h gives r = −0.952, τ_b = −0.867, and leave-one-year-out
r = −0.962 to −0.945. Cooling-season UHI versus sealed FREE ∆DH_26 gives r = 0.944,
τ_b = 0.778, and leave-one-year-out r = 0.920–0.962. The cooling-night UHI–FREE_NV
relationship is less linear (r = 0.579) than monotonic (Spearman’s ρ = 0.818; τ_b = 0.644),
with leave-one-year-out r = 0.492–0.659. Every single-year omission preserves the sign of
all eight principal annual relationships.

The 0–24 h analysis does not reveal a stable positive response lag after shared month,
and hour-of-day structure is removed. For the original envelope, the month-by-hour-
adjusted lag-zero Pearson coefficients are 0.367 for cooling need, 0.408 for sealed FREE
operative temperature, 0.596 for FREE_NV operative temperature, and −0.511 for the
urban change in ventilation temperature benefit; the largest absolute adjusted coefficient
occurs at lag 0 for every outcome and both envelopes. Raw curves peak at lag 1 h for
several operative-temperature responses and at lag 24 h for advanced-envelope cooling,
but these maxima disappear after adjustment and are consistent with diurnal persistence
rather than evidence of a causal time constant. Section 4.6 and Figures 9 and A4 compare
the adjusted and raw curves.

Figure 9. Exploratory 0–24 h month-by-hour-adjusted Pearson associations between Consolata–
Caselle UHI and Consolata-minus-Caselle modelled AvMY response differences under TEMP_ONLY
CUWF. Positive lag L pairs respond at t with UHI at t − L. Panels show useful sensible cooling, sealed
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FREE operative temperature, FREE_NV operative temperature, and the urban change in the FREE-to-
FREE_NV operative-temperature benefit for the original and advanced envelopes. For every series,
the largest absolute adjusted coefficient occurs at lag 0. Curves are descriptive and do not estimate a
causal delay or calibrated building time constant; raw Pearson and Spearman curves are provided in
Figure A4.

3.7. AMY, AvMY, and TMY Weather-Year Representations

For all 16 conditioned thermohygrometric heating/cooling comparisons, the AvMY
response falls within the minimum–maximum range of the 10 matched annual responses.
The largest difference between an AvMY delta and its corresponding ten-year mean delta is
approximately 0.13 kWh m−2. AvMY reproduces the central useful-load response closely
for this controlled experiment, but cannot represent interannual spread, event persistence,
or threshold risk.

Figure 10 compares every AvMY load contrast with its like-for-like annual distribution.

Figure 10. Urban-minus-matched-Caselle useful-load changes (kWh m−2) for (a) sensible heating
and (b) sensible cooling. Horizontal lines span the minimum–maximum of the ten 2014–2023 thermo-
hygrometric annual effects, diamonds show their means, and open circles show the corresponding
AvMY effects. In-range agreement does not validate chronology, persistence, or extremes.

The regenerated TMYs differ modestly from the corresponding AvMYs in original-
envelope annual useful needs: Caselle TMY changes heating by +1.7% and cooling by +7.4%,
whereas Consolata TMY changes heating by +1.1% and cooling by −1.8% (Table 4). Peak
responses are more sensitive to weather-year construction. Original-envelope cooling peaks
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are 38.7% higher under Caselle TMY than Caselle AvMY and 57.5% higher under Consolata
TMY than the full-field Consolata AvMY; the corresponding heating-peak increases are
15.7% and 21.0%. The selected-month TMY is therefore not “more accurate” than the
mean-pattern AvMY in a general sense: it answers a different design question and can
preserve sharper conditions relevant to sizing.

The AMY persistence test further demonstrates the limit of the AvMY mean pattern
(Figure 11). Across 2014–2023, 177 Caselle cooling-season days exceeded the fixed 31.8 ◦C
threshold; 134 of these belonged to 26 qualifying events, with a median duration of 4 days
and a maximum of 15 days. The Caselle AvMY reaches a maximum daily temperature
of 31.1 ◦C and contains no event under the identical threshold and duration rule. Mean
UHI on nights following hot-event days is 2.366 K at Consolata, 1.332 K at Reiss Romoli,
1.100 K at Alenia, and 0.022 K at Giardini Reali, with positive source-year means in 10/10,
10/10, 10/10, and 7/10 years, respectively. These are weather-only station-air results; no
event-level building or health inference is made.

Figure 11. Persistence and following-event-night station-air UHI relative to Caselle. (a) Caselle-
defined events in the ten AMYs, where daily maximum temperature exceeds the pooled AMY
cooling-season 90th percentile (31.8 ◦C) for at least three consecutive days; the Caselle AvMY is
shown under the identical fixed rule. (b) Urban-minus-Caselle mean UHI during nights following
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hot-event days. Open circles are source-year means, filled circles are equal-weight ten-year means,
and whiskers are 95% fixed-seed whole-year bootstrap intervals. The definition is a study-specific
weather indicator, not a health or regulatory threshold.

3.8. Sensitivity to Physical and Operational Assumptions

A monotonic response is observed across the 5%, 10%, and 20% effective-opening
cases: larger openings reduce absolute overheating in both Caselle and Consolata. The
Consolata residual remains positive for both envelopes at every opening, ranging from
approximately 2788 to 4584 K·h. Reducing each envelope’s primary whole-window SHGC
to 0.25 lowers absolute degree-hours by 23.6–51.4% and the modelled 95th percentile
operative temperature by 1.29–4.68 K, but does not reverse the controlled heating, cooling,
or overheating directions.

One-factor gain and infiltration tests confirm magnitude sensitivity. Relative to
baseline degree-hours, −25% gains change exposure by −24.8 to −12.9%, +25% gains
by +12.7 to +26.4%, half infiltration by +6.4 to +36.3%, and double infiltration by −37.6
to −10.6%. Nevertheless, Consolata-minus-Caselle degree-hours remain positive in all
20 gain/infiltration · h, and FREE_NV remains beneficial relative to FREE in all 20 paired
cells, reducing exposure by 58.2–88.9%. A non-calibrated cellar-adjacent boundary changes
absolute heating but preserves the negative urban heating delta: −5.36 versus −6.13 kWh
m−2 for the original envelope and −1.47 versus −1.31 kWh m−2 for the advanced envelope
under direct-ground versus cellar-proxy treatment.

The wind-threshold analysis does not provide evidence of behavioural wind clo-
sure. EPW site wind exceeds 2.5 m s−1 during 201 of 2184 cooling-night hours (9.20%),
but EnergyPlus evaluates the threshold after terrain and zone-height adjustment. With
City terrain, the maximum local cooling-night wind at the highest occupied centroid is
only 1.657 m s−1. No active zone-hour reaches 2.5 m s−1; consequently, the 40, 10, and
2.5 m s−1 thresholds produce exactly identical KPIs. The maximum-wind field is therefore
inactive under the modelled conditions, and sensitivity to high-wind closure cannot be
quantified. No lower wind threshold was introduced post hoc. Figure A1 summarises the
six sensitivity families and the tested units and bounds for each.

4. Discussion and Limitations
4.1. UHI as a Response-Specific Boundary Condition

The consistent shift from winter heating toward summer cooling agrees with the
direction reported in previous measured-weather and building-simulation studies [17–25].
The present results further show that a single mean UHI cannot explain all building conse-
quences because different responses integrate outdoor conditions over different periods.
Useful mechanical cooling reflects heat gains accumulated throughout the cooling season,
whereas night ventilation depends directly on the indoor–outdoor temperature differ-
ence during the controller interval; persistent heat additionally reveals information that a
calendar-hour mean pattern suppresses. Combining seasonal and event-sensitive building
indicators is likewise important when thermal mass and passive cooling are assessed [55].
Cooling-season UHI is therefore the clearer descriptor of useful-cooling response in both
the pooled and station-centred analyses. Cooling-night UHI is more closely associated with
pooled residual night-ventilated exposure, but its station-centred advantage is envelope-
dependent and is essentially absent for the original envelope. These findings support
defining the UHI averaging interval a priori according to the building-response mecha-
nism, reporting alternative intervals as sensitivity comparisons, and retaining chronological
AMYs when persistence is material.
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The Giardini Reali–Alenia comparison illustrates this temporal dependence but does not
isolate a morphological mechanism. Giardini Reali is measured near ground level, whereas
Alenia is a rooftop station; accordingly, their contrast is interpreted as an exposure-inclusive
station result rather than as a pure canopy-layer or park-versus-industrial comparison.

4.2. Influence of Envelope Characteristics

The influence of envelope and operational parameters on the building response to
UHI has also been identified in recent residential studies [23,24]. In the present analysis,
the advanced envelope reduces heating needs and alters relative sensitivities, but a large
percentage reduction in heating under urban forcing does not imply a large absolute saving
when the advanced Caselle baseline is small. Conversely, lower transmittance does not
guarantee low sealed summer temperature when internal and solar gains cannot be rejected.
Empirical stock evidence similarly indicates that the effect of energy-efficiency measures
on overheating depends on the measure and built form rather than following one universal
direction [56]. Reporting the absolute baseline, absolute difference, percentage difference,
and between-year interval together is therefore necessary to avoid overstating relative
changes or treating winter heating reductions as compensation for summer cooling and
overheating penalties.

The two TABULA states are bundled typological scenarios. Differences cannot be at-
tributed solely to insulation, because glazing, SHGC, and reconstructed material properties
also change. The solar-gain, internal-gain, infiltration, and lower-floor analyses show that
the absolute magnitudes depend strongly on the physical assumptions, while the tested
urban-minus-Caselle directions remain within the evaluated bounds.

4.3. Night Ventilation as Modelled Technical Potential

The deterministic controller represents modelled technical potential rather than ob-
served household behaviour. Noise, security, pollution, rain, occupant presence, and
window-use preference are not represented, and the active-flow diagnostics indicate high
modelled ACH. Previous studies have demonstrated the importance of urban wind and
neighbourhood climate for night ventilation [25,31–35]. In the present simulations, the
terrain-adjusted local wind does not reach the a priori specified 2.5 m s−1 threshold. Be-
cause none of the tested wind thresholds is activated, sensitivity to wind-induced window
closure cannot be evaluated under the modelled conditions.

Within that boundary, the controlled experiment isolates a thermal mechanism: per-
sistent warm urban nights reduce the indoor–outdoor driving temperature difference
while Caselle wind and radiation remain fixed. A complete urban microclimate, including
sheltering and altered long-wave exchange, could further alter realised ventilation.

4.4. Applicability of AMY, AvMY, and TMY Representations

The close agreement between AvMY and the central annual useful-load effects is
consistent with evidence that typical or averaged weather representations can approxi-
mate central energy outcomes while understating variability and extremes [40,41]. In this
experiment, AvMY preserves the mean calendar-hour thermohygrometric pattern and
closely reproduces the central controlled useful-load response, but it removes all 26 events
identified in the AMYs under the same fixed persistence rule. The regenerated TMYs retain
selected source-month sequences and yield annual useful needs close to their corresponding
AvMYs, yet produce substantially higher original-envelope cooling peaks. Neither result
constitutes a general validation of hour-wise averaging or selected-month construction.
AvMY is useful for a central mean-pattern experiment; TMY is useful for a transparent
representative-year benchmark; matched AMYs remain necessary for interannual spread,
sign persistence, event duration, and threshold risk. Source-record length and selection
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procedure must remain explicit because representative files inherit the limits of the archive
from which they are built [38,39].

4.5. Reference, Field-Provenance, and Transferability

The dependence of UHI estimates on station context and reference selection is well
established [1–3,28] and remains consequential when propagated through the building
model. Alternative climate references shift cooling-night UHI sufficiently to change the
interpretation of a weak signal, while controlled Consolata produces larger heating reduc-
tions and cooling increases when Bauducchi rather than Caselle is the named comparator.
Caselle is retained because it supplies the complete common CUWF background and
represents a peripheral airport setting; its 500 m context is 99.032% airport, and it is not
interpreted as pristine rural land. Recent reference-method research likewise shows that
airport and other rural definitions can contain distinct surface and advection influences [42].
Every urban effect must therefore be reported relative to an explicit reference and common
matched support.

The processed full-field Consolata comparison addresses a different uncertainty. Re-
leasing the Caselle non-psychrometric background increases original-envelope cooling and
overheating but has a smaller or opposite effect for several advanced-envelope outcomes.
This confirms that local radiation, wind, pressure, long-wave, location, and their processing
can matter collectively, as found in comparisons of local monitoring and standard weather
sources [12,13]. It does not identify which released field causes the change, because the
fields are mutually coupled and some EPW quantities are derived. CUWF therefore re-
mains the principal attribution experiment, and the full-field case is reported as a practical
sensitivity rather than a complete urban-microclimate replacement.

The four urban sites are fixed case studies, not a probability sample. Their results show
within-network heterogeneity and response alignment; they do not estimate a Turin-wide
mean or support interpolation to unsampled neighbourhoods. Transferability is therefore a
methodological hypothesis rather than validation outside Turin. Application elsewhere
requires a common-period station network, exposure and source-area documentation, one
or more justified reference candidates, field-level weather provenance, locally defensible
building and control definitions, and repeated testing across climate and building contexts.

For climate-resilient residential design, the practical implication is to compare the
conventional peripheral or airport weather file with at least one urban alternative before
fixing envelope, cooling-capacity, or passive-cooling decisions. Annual useful loads alone
may conceal peak or persistent-heat sensitivity, and a retrofit that reduces winter trans-
mission does not by itself ensure acceptable summer heat rejection. Municipal or regional
data providers can support this process by publishing stable station metadata, versioned
AMY/AvMY/TMY products, field-level manifests, and reusable preparation scripts. These
inputs enable weather-informed screening while retaining dynamic simulation for decisions
affected by thermal storage, ventilation, and control.

4.6. From Climate Indicators to Building-Response Indicators

CDH and HDH provide a useful intermediate layer between an urban–reference
temperature contrast and a dynamic building model because they integrate threshold
exceedance or deficit while remaining independent of geometry, fabric, gains, and con-
trol. Their correlations with UHI are nevertheless mathematically coupled because both
indicators are derived from the same paired outdoor temperatures; they should be read
as climate-consistency checks, not independent validation. Useful sensible cooling and
heating additionally depend on solar and internal gains. Agreement in response direction,
therefore, does not require proportional agreement in magnitude.
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The matched Consolata–Caselle results support this distinction. Across all ten AMYs,
urban forcing produces positive ∆CDH_24 and ∆Q_c, together with negative ∆HDH_18
and ∆Q_h, for the original envelope. The coupled weather checks are directionally stable
under Kendall and leave-one-year-out analysis, but the more relevant evidence is the
dynamic translation: cooling-season UHI is associated with ∆Q_c (r = 0.899; τ_b = 0.689) and
heating-season UHI with ∆Q_h (r = −0.952; τ_b = −0.867), with every omission preserving
the signs. The direct annual associations between climate and building increments are also
positive in magnitude (r = 0.825 for ∆CDH_24 versus ∆Q_c and r = 0.888 for ∆HDH_18
versus ∆Q_h). These coefficients describe ten fixed source years. They support sign and
broad ordering, not a universal conversion from degree-hours to useful thermal need.

The AvMY hourly comparison in Figure 12 complements the annual evidence by
showing when the response occurs. Under the temperature-only CUWF case, same-hour
UHI is positively associated with δq_c (r_h = 0.429) and negatively associated with δq_h
(r_h = −0.704). These joint distributions are mechanism views, not independent annual
replications: many records have zero load, adjacent hours are serially correlated, and
building response can lag outdoor forcing because of thermal storage. The panels are
therefore interpreted together with the aggregated and 0–24 h analyses, not as instantaneous
causal conversions.

The degree-hour analysis is restricted to cooling-season free-running exposure.
Consolata-minus-Caselle DH_26 is positive in every matched year in both FREE and
FREE_NV for the original envelope. Sealed FREE exposure is closely associated with
cooling-season UHI at the matched-year scale (r = 0.944), whereas residual FREE_NV
exposure has a moderate linear but stronger monotonic association with cooling-night
UHI (r = 0.579; ρ = 0.818). Aggregating the retained temperature-only AvMY pre-
serves the response directions: original-envelope daily Pearson coefficients are 0.399
for cooling, −0.811 for heating, 0.348 for sealed FREE, and 0.302 for FREE_NV; the
corresponding non-overlapping weekly coefficients are 0.516, −0.957, 0.522, and 0.455
(Figure A3 and Table A11). Daily response lag-one autocorrelation ranges from 0.668 to
0.996 across the eight series, so aggregation reduces visual pseudoreplication but does not
create independent observations. Night ventilation does not reverse the urban penalty; it
changes the timing and proportional translation from outdoor warming to indoor exposure.

Figure 9 presents the month-by-hour-adjusted lag curves. Every adjusted relationship
has its largest absolute coefficient at lag 0, including the advanced-envelope cooling series
whose raw curve peaks at 24 h. The raw 1 h peaks for several operative-temperature out-
comes are physically compatible with short-term storage, but they are not stable to removal
of the shared diurnal structure. The analysis therefore shows that same-hour association
is incomplete, while providing no defensible evidence for a unique positive delay. This
caution is consistent with observed indoor thermal inertia and persistence, although an
empirical residential lag cannot be transferred directly to the present archetype [30]. Raw
Pearson and Spearman curves are reported in Figure A4.

Taken together, Figures 2b, 8, 9 and 12 answer the linking question posed in the
Introduction. Coupled degree-hour relations verify weather-indicator consistency; annual
dynamic relationships provide stronger evidence that the meteorological perturbation
reaches the building response; and daily and lag analyses reveal the temporal-aggregation
and autocorrelation boundaries. Weather-only indicators can screen direction and relative
importance before a detailed building model is available. Dynamic simulation remains
necessary when envelope state, thermal mass, gains, HVAC control, or ventilative cooling
can change the slope, lag, peak, or threshold response.
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Figure 12. Same-hour AvMY climate-to-building response contrasts for the original envelope under
TEMP_ONLY Consolata CUWF relative to the Caselle control. Panels relate UHI to (a) hourly useful
sensible-cooling difference during the cooling season; (b) hourly useful sensible-heating difference
during the heating season; (c) the occupied-area-weighted hourly DH_26 contribution difference in
sealed FREE during cooling-season night hours; and (d) the corresponding difference in FREE_NV.
Text boxes report paired-hour count, same-hour descriptive Pearson r_h, AvMY aggregate difference,
and matched-year sign persistence. Useful-load axes show Ideal Loads needs in Wh m−2 per hourly
record, not delivered energy or consumption; DH_26 axes show temperature-time exposure in K·h,
not energy. Same-hour densities are descriptive because serial dependence and thermal lag preclude
treating records as independent or causal.

4.7. Limitations

This study is a controlled, archetype-based assessment rather than a calibrated pre-
diction of occupied buildings across Turin. The reported UHI is reference-dependent and
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exposure-inclusive, while CUWF modifies only declared psychrometric variables, and the
full-field Consolata case releases several processed fields together; neither represents a com-
plete causal decomposition of urban microclimate. The generic DOE–TABULA hybrid and
Ideal Loads outputs support comparative useful-need and thermal-exposure analysis, not
delivered energy or stock-wide performance, and absolute free-running results remain sen-
sitive to solar and internal gains, infiltration, boundary conditions, and occupant-controlled
ventilation. Uncertainty is therefore treated through four evidence classes: interannual
and reference effects are quantified within the fixed record; selected physical inputs are
deterministically bounded; behavioural wind closure remains tested but unresolved; and
sensor, upstream infilling, occupant, and full covariance uncertainties remain unquantified.
This is not formal probabilistic propagation [54]. Finally, annual, daily, and lag correlations
are descriptive under substantial temporal autocorrelation and cannot establish causality, a
universal time constant, adaptive-comfort compliance, or citywide prediction. The compact
uncertainty register is provided in Table A12.

5. Conclusions
The analysis demonstrates that UHI cannot be represented by one interchangeable

temperature offset in building-performance studies. The four Turin urban stations exhibit
distinct seasonal and nocturnal station-air signatures, and the selected background refer-
ence materially affects both the reported intensity and the simulated building consequence.
UHI characterisation should therefore identify the reference station, weather-field prove-
nance, and temporal interval relevant to the response mechanism. The CUWF method
provides one reproducible means of isolating declared psychrometric forcing while keeping
that boundary explicit.

Across the ten matched AMYs, urban thermohygrometric forcing consistently shifts
useful thermal need from winter heating toward summer cooling and increases sealed
free-running overheating exposure. Modelled night ventilation reduces exposure across
every weather–envelope pairing, although warmer urban nights result in greater residual
overheating. The magnitude is not reference-free: controlled Consolata effects increase
when Bauducchi rather than Caselle is the comparator. Releasing the common Caselle
background in the processed full-field Consolata AvMY further changes original-envelope
cooling and overheating, confirming that a temperature-only or thermohygrometric inter-
vention should not be presented as a complete urban weather file. Heating and cooling
remain separate seasonal design outcomes because delivered energy, system efficiency, cost,
and carbon were not modelled.

Climate degree-hours and simulated responses agree in the direction of the Consolata–
Caselle effect, but are not interchangeable. Kendall and complete leave-one-year-out checks
preserve the principal annual signs, while daily aggregation retains the directions under
substantial autocorrelation. The adjusted 0–24 h analysis is strongest at lag 0 for every
tested response; raw 1 h and 24 h peaks are not stable after shared month, and hour-of-day
structure is removed. The results therefore support response-specific temporal indicators
but not an instantaneous conversion, causal delay, or universal building time constant.

AvMY reproduces the central useful-load response of the controlled experiment but
does not replace matched AMYs for variability, persistence, and threshold events: the ten
source years contain 26 Caselle-defined events, whereas the AvMY contains none under the
same rule. Regenerated TMY annual useful needs remain relatively close to AvMY values,
but cooling peaks differ substantially, demonstrating that weather representation must
match the design question. Deterministic sensitivities preserve the tested urban-minus-
reference directions while confirming that absolute magnitudes depend on the envelope,
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gains, infiltration, boundary conditions, and control assumptions; behavioural wind closure
remains unresolved because none of the tested thresholds are activated.

Application in another city should be treated as a new test of the method, not as a
validation transferred from Turin. The minimum protocol is to assemble a sufficiently
long common-period station record; document station exposure and field-level quality;
justify and test alternative references; distinguish chronological AMY, mean-pattern AvMY,
and representative TMY roles; declare every retained and substituted weather field; and
simulate locally relevant archetypes, envelope states, and controls. For practical climate-
resilient design, municipalities and data providers can lower implementation barriers by
publishing stable metadata, versioned weather products, transformation manifests, and
reusable scripts. Sustainable designers can then compare conventional peripheral weather
with urban alternatives before sizing cooling, selecting retrofit packages, or relying on
night ventilation, while retaining matched AMYs whenever persistence or threshold risk
is material.
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Abbreviations
The following abbreviations are used in this manuscript:

ACH Air changes per hour
AGL Above ground level

AMY
Processed measurement-derived annual record associated with
one source-weather year—Actual Meteorological Year

AvMY
Independently averaged 8760 h mean-pattern year; not a TMY
or chronological year—Average Meteorological Year

CUWF
Controlled urban weather forcing; paired EPW attribution method
with declared substituted and retained fields

DOE U.S. Department of Energy
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EPW EnergyPlus Weather file
FREE Winter heating available; summer cooling unavailable; windows closed
FREE_NV FREE mode plus controlled physical night-window opening
KPI Key performance indicator
LCZ Local Climate Zone
RH Relative humidity
SHGC Whole-window solar heat-gain coefficient
SYS_ON Ideal heating and cooling available in their declared seasons
TABULA European Typology Approach for Building Stock Energy Assessment framework
CDH Cooling degree-hours above a 24 ◦C outdoor base temperature
HDH Heating degree-hours below an 18 ◦C outdoor base temperature

TMY
Typical meteorological year assembled from representative source
months; regenerated for Caselle and Consolata from 2014 to 2023 AMYs

UDI Signed humidity-ratio urban dry-island intensity, wreference − wurban

UHI Urban-minus-reference station-air temperature difference—urban heat island

Appendix A. Supporting Analyses, Provenance, Model Inputs,
and Robustness

Appendix A contains the physical-assumption bounds (Figure A1), annual-correlation
robustness (Figure A2), daily aggregation (Figure A3), raw lag curves (Figure A4), matched-
year free-running responses (Table A1), moisture-field sensitivity (Table A2), response-
interval correlations (Table A3), night-ventilation diagnostics (Table A4), model inputs
(Table A5), station land-cover context (Table A6), station and weather-data quality checks
(Table A7), weather-field provenance and the human-readable forcing manifest (Table A8),
DOE–TABULA model provenance (Table A9), annual rank and leave-one-year-out robust-
ness (Table A10), daily and weekly aggregation coefficients (Table A11), and the com-
pact uncertainty register (Table A12). Detailed TMY source-month lineage and machine-
readable model, weather, and verification evidence are retained in the accompanying
reproducibility package.

Table A1. Matched-year free-running operative-temperature exposure under Caselle and urban
thermohygrometric forcing, 2014–2023.

Station Envelope Mode
Matched
Caselle

Mean (K·h)

Urban Mean
(K·h)

Urban −
Caselle (K·h)

95% Bootstrap
Interval for Mean
Difference (K·h)

Change (%) Positive
Years

Consolata Original FREE 23,200 25,890 +2689 [+2539, +2839] +11.7 10/10

Consolata Original FREE_NV 7119 10,157 +3038 [+2745, +3329] +45.2 10/10

Consolata Advanced FREE 48,057 51,784 +3727 [+3568, +3897] +7.8 10/10

Consolata Advanced FREE_NV 6921 10,903 +3982 [+3581, +4363] +62.5 10/10

Giardini
Reali Original FREE 23,200 24,406 +1205 [+820, +1603] +5.0 10/10

Giardini
Reali Original FREE_NV 7119 7599 +480 [+71, +924] +5.3 6/10

Giardini
Reali Advanced FREE 48,057 49,696 +1639 [+1120, +2164] +3.3 10/10

Giardini
Reali Advanced FREE_NV 6921 7344 +423 [−91, +959] +3.9 6/10

Alenia Original FREE 23,200 24,076 +876 [+673, +1090] +3.8 10/10

Alenia Original FREE_NV 7119 8299 +1180 [+1001, +1337] +17.2 10/10

Alenia Advanced FREE 48,057 49,317 +1260 [+1006, +1528] +2.6 10/10

Alenia Advanced FREE_NV 6921 8509 +1588 [+1358, +1801] +24.2 10/10

Reiss Romoli Original FREE 23,200 24,593 +1393 [+1234, +1544] +6.0 10/10
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Table A1. Cont.

Station Envelope Mode
Matched
Caselle

Mean (K·h)

Urban Mean
(K·h)

Urban −
Caselle (K·h)

95% Bootstrap
Interval for Mean
Difference (K·h)

Change (%) Positive
Years

Reiss Romoli Original FREE_NV 7119 8690 +1571 [+1389, +1733] +23.1 10/10

Reiss Romoli Advanced FREE 48,057 50,033 +1976 [+1788, +2154] +4.1 10/10

Reiss Romoli Advanced FREE_NV 6921 9000 +2079 [+1856, +2279] +32.2 10/10

Notes: FREE has winter heating available and summer cooling unavailable with windows closed;
FREE_NV adds the primary 10% effective night-opening controller. Degree-hours are cooling-season
occupied-apartment-area-weighted exceedances above 26 ◦C, normalised by occupied residential
area. Displayed levels and differences are arithmetic means over ten paired years. The 95% interval
is a fixed-seed bootstrap interval for the mean paired annual difference, based on 10,000 resamples.
Change (%) is the mean of annual percentage differences relative to matched Caselle; Positive years
count annual urban-minus-Caselle differences greater than zero. These are fixed-threshold exposure
metrics, not adaptive-comfort exceedances.

Figure A1. Deterministic physical-assumption checks using TEMP_ONLY Consolata CUWF relative
to the Caselle control. Consolata-minus-Caselle operative-temperature degree-hours above 26 ◦C
are shown for (a) effective opening area in FREE_NV, (b) whole-window SHGC in sealed FREE,
(c) the FREE_NV maximum-wind field, (d) residential internal gains, and (e) infiltration de-
sign flow; (f) shows the useful-heating difference for direct-ground and b = 0.5 cellar-proxy
lower-floor boundaries. In (d,e), diamonds are means and horizontal ranges are minima–maxima
across both envelopes and FREE/FREE_NV; other panels show both envelopes separately. Bounds
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are deterministic parametric cases, not calibrated probability distributions. The 2.5, 10, and 40 m s−1

wind settings are identical because terrain-adjusted local wind never reaches 2.5 m s−1 during active
hours; wind-closure behaviour therefore remains unresolved.

Figure A2. Robustness of the eight principal ten-year Consolata-minus-Caselle relationships. Filled
circles show full-data Pearson r, horizontal lines show the complete leave-one-year-out Pearson range,
and open squares show Kendall’s τ_b. All coefficient signs remain stable after omitting any source
year. The two UHI–degree-hour rows are mathematically coupled climate-consistency checks; the
remaining rows relate climate indicators to dynamic building responses. Coefficients are descriptive
for the fixed 2014–2023 source period.

Figure A3. Daily controlled Consolata-minus-Caselle AvMY relationships under TEMP_ONLY
CUWF for the original and advanced envelopes: (a) SYS_ON useful sensible cooling; (b) SYS_ON
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useful sensible heating; (c) sealed FREE degree-hours above 26 ◦C; and (d) FREE_NV response-
day degree-hours above 26 ◦C. Panels (a–c) use complete calendar days; panel (d) uses complete
19:00–19:00 response days. Lines are descriptive least-squares fits, and annotations report Pearson r,
Kendall’s τ_b, and sample size. Aggregation reduces hourly density but not serial dependence and
does not enlarge the ten-year AMY support.

Figure A4. Exploratory raw 0–24 h Pearson lag curves between Consolata–Caselle UHI and Consolata-
minus-Caselle modelled response differences under TEMP_ONLY CUWF: (a) useful sensible cooling;
(b) sealed FREE operative temperature; (c) FREE_NV operative temperature; and (d) the urban change
in the FREE-to-FREE_NV operative-temperature benefit. Positive lag means UHI leads response.
Original and advanced envelopes are shown separately. Raw peaks include shared seasonal, diurnal,
and serial structure and must not be interpreted as causal delays; Figure 9 reports the month-by-hour-
adjusted curves.

Table A2. Incremental effect of substituting urban relative humidity, in addition to urban dry-bulb
temperature, in the controlled AvMY simulations.

Station Envelope Mode Outcome Unit Fixed-Dew-
Point Value

Urban-RH
Value

Urban-RH
Increment

Increment
(%)

Consolata Advanced FREE Degree-hours above 26 ◦C K·h 51,929.252 51,904.432 −24.820 −0.05

Consolata Advanced FREE_NV Degree-hours above 26 ◦C K·h 10,493.454 10,487.098 −6.356 −0.06

Consolata Advanced SYS_ON Useful sensible cooling kWh m−2 30.642 30.627 −0.015 −0.05

Consolata Advanced SYS_ON Total supply-air cooling kWh m−2 41.920 41.206 −0.714 −1.70

Consolata Advanced SYS_ON Inferred latent residual kWh m−2 11.278 10.579 −0.699 −6.20

Consolata Original FREE Degree-hours above 26 ◦C K·h 25,099.496 25,043.642 −55.854 −0.22

Consolata Original FREE_NV Degree-hours above 26 ◦C K·h 9229.411 9204.524 −24.887 −0.27

Consolata Original SYS_ON Useful sensible cooling kWh m−2 30.565 30.487 −0.078 −0.26

Consolata Original SYS_ON Total supply-air cooling kWh m−2 40.624 39.889 −0.735 −1.81

Consolata Original SYS_ON Inferred latent residual kWh m−2 10.059 9.402 −0.657 −6.53
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Table A2. Cont.

Station Envelope Mode Outcome Unit Fixed-Dew-
Point Value

Urban-RH
Value

Urban-RH
Increment

Increment
(%)

Giardini
Reali Advanced FREE Degree-hours above 26 ◦C K·h 49,823.075 49,830.669 +7.594 +0.02

Giardini
Reali Advanced FREE_NV Degree-hours above 26 ◦C K·h 6864.147 6864.658 +0.511 +0.01

Giardini
Reali Advanced SYS_ON Useful sensible cooling kWh m−2 29.321 29.326 +0.005 +0.02

Giardini
Reali Advanced SYS_ON Total supply-air cooling kWh m−2 40.330 40.637 +0.308 +0.76

Giardini
Reali Advanced SYS_ON Inferred latent residual kWh m−2 11.009 11.311 +0.302 +2.75

Giardini
Reali Original FREE Degree-hours above 26 ◦C K·h 23,590.361 23,608.047 +17.686 +0.07

Giardini
Reali Original FREE_NV Degree-hours above 26 ◦C K·h 6654.298 6658.494 +4.197 +0.06

Giardini
Reali Original SYS_ON Useful sensible cooling kWh m−2 28.639 28.662 +0.023 +0.08

Giardini
Reali Original SYS_ON Total supply-air cooling kWh m−2 38.329 38.611 +0.282 +0.73

Giardini
Reali Original SYS_ON Inferred latent residual kWh m−2 9.690 9.948 +0.258 +2.67

Alenia Advanced FREE Degree-hours above 26 ◦C K·h 49,461.396 49,427.583 −33.813 −0.07

Alenia Advanced FREE_NV Degree-hours above 26 ◦C K·h 8087.748 8080.222 −7.526 −0.09

Alenia Advanced SYS_ON Useful sensible cooling kWh m−2 29.110 29.090 −0.020 −0.07

Alenia Advanced SYS_ON Total supply-air cooling kWh m−2 40.127 39.257 −0.870 −2.17

Alenia Advanced SYS_ON Inferred latent residual kWh m−2 11.016 10.167 −0.849 −7.71

Alenia Original FREE Degree-hours above 26 ◦C K·h 23,305.129 23,229.131 −75.998 −0.33

Alenia Original FREE_NV Degree-hours above 26 ◦C K·h 7362.381 7331.469 −30.912 −0.42

Alenia Original SYS_ON Useful sensible cooling kWh m−2 28.218 28.113 −0.105 −0.37

Alenia Original SYS_ON Total supply-air cooling kWh m−2 37.874 36.981 −0.892 −2.36

Alenia Original SYS_ON Inferred latent residual kWh m−2 9.655 8.868 −0.787 −8.15

Reiss Romoli Advanced FREE Degree-hours above 26 ◦C K·h 50,177.548 50,157.383 −20.165 −0.04

Reiss Romoli Advanced FREE_NV Degree-hours above 26 ◦C K·h 8593.098 8587.997 −5.101 −0.06

Reiss Romoli Advanced SYS_ON Useful sensible cooling kWh m−2 29.555 29.543 −0.012 −0.04

Reiss Romoli Advanced SYS_ON Total supply-air cooling kWh m−2 40.652 40.184 −0.468 −1.15

Reiss Romoli Advanced SYS_ON Inferred latent residual kWh m−2 11.096 10.640 −0.456 −4.11

Reiss Romoli Original FREE Degree-hours above 26 ◦C K·h 23,814.224 23,769.262 −44.962 −0.19

Reiss Romoli Original FREE_NV Degree-hours above 26 ◦C K·h 7768.864 7749.204 −19.660 −0.25

Reiss Romoli Original SYS_ON Useful sensible cooling kWh m−2 28.876 28.813 −0.063 −0.22

Reiss Romoli Original SYS_ON Total supply-air cooling kWh m−2 38.655 38.164 −0.491 −1.27

Reiss Romoli Original SYS_ON Inferred latent residual kWh m−2 9.779 9.351 −0.428 −4.38

Notes: Fixed-dew-point (TEMP_ONLY) uses urban dry bulb with Caselle dew point retained and rel-
ative humidity recomputed; Urban-RH (TEMP_RH) uses urban dry bulb and relative humidity with
dew point recomputed. Radiation, long-wave radiation, wind, pressure, location, calendar, and all
other fields remain Caselle. Urban-RH increment = TEMP_RH − TEMP_ONLY, with TEMP_ONLY
as the percentage denominator. Useful sensible cooling is an ideal load zone load; inferred la-
tent residual = total supply-air cooling − useful sensible cooling, and is a diagnostic rather than
metered energy.
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Table A3. Descriptive correlations between declared UHI time intervals and matched-year building-
response differences.

Response Envelope UHI Time Interval Pooled Pearson r Station-Centred Pearson r Support

FREE_NV degree-hours > 26 ◦C Advanced Annual 0.915 0.652 40 station-years

FREE_NV degree-hours > 26 ◦C Advanced Cooling night 0.958 0.815 40 station-years

FREE_NV degree-hours > 26 ◦C Advanced Cooling season 0.865 0.754 40 station-years

FREE_NV degree-hours > 26 ◦C Original Annual 0.927 0.676 40 station-years

FREE_NV degree-hours > 26 ◦C Original Cooling night 0.939 0.797 40 station-years

FREE_NV degree-hours > 26 ◦C Original Cooling season 0.895 0.798 40 station-years

Useful sensible cooling Advanced Annual 0.946 0.837 40 station-years

Useful sensible cooling Advanced Cooling night 0.784 0.775 40 station-years

Useful sensible cooling Advanced Cooling season 0.998 0.993 40 station-years

Useful sensible cooling Original Annual 0.917 0.782 40 station-years

Useful sensible cooling Original Cooling night 0.738 0.718 40 station-years

Useful sensible cooling Original Cooling season 0.990 0.974 40 station-years

Notes: Each coefficient uses 40 paired station-years: four fixed urban stations × ten source years.
Predictors are matched urban-minus-Caselle mean dry-bulb differences for annual, cooling-season
(16 April–14 October), or cooling-night (19:00–07:00 local standard time within that season) time
interval. The annual interval is an exploratory context; response-alignment claims use the pre-
declared cooling-season and cooling-night windows. Pooled r combines between-station order-
ing and within-station annual variation. Station-centred r is calculated after subtracting each sta-
tion’s ten-year predictor and response means. Coefficients are descriptive, not causal or citywide
predictive estimates.

Table A4. Night-ventilation activity and airflow diagnostics for the primary controlled AvMY cases.

Weather Forcing Envelope Active-Equivalent
Hours (h)

Mean ACH when
Active (h−1)

Maximum Zone-Hour
ACH (h−1)

Degree-Hours
Above 26 ◦C (K·h)

Caselle control Advanced 2183.9 2.498 6.325 6473

Caselle control Original 2112.3 2.410 6.808 6192

Consolata dry-bulb/fixed
Caselle dew point Advanced 2183.1 2.471 6.971 10,493

Consolata dry-bulb/fixed
Caselle dew point Original 2077.7 2.361 6.906 9229

Notes: All rows use FREE_NV, 10% effective open glazing, City terrain, and the primary 40 m s−1

maximum-wind field. Consolata substitutes the urban dry bulb at the fixed Caselle dew point;
remaining weather fields are Caselle. Active-equivalent hours normalise positive-ventilation zone-
hours by occupied residential area. Mean ACH is area-weighted across active zone-hours; maximum
ACH is the largest individual zone-hour value. These diagnostics describe the simplified ZoneVentila-
tion:WindandStackOpenArea model, not AirflowNetwork flow or observed window behaviour.

Table A5. Fixed geometry, internal-gain, infiltration, conditioning, and night-ventilation inputs for
the DOE-derived/TABULA-envelope archetype.

Category Input Fixed Value Interpretation/Scope

Geometry and representation Conditioned floor area 3134.59 m2 Analysis model and
KPI records

Geometry and representation Occupied residential
floor area 2823.9579 m2 Area- and multiplier-weighted

KPI denominator

Geometry and representation Thermal zones 24 apartment zones
+ 3 corridors

DOE-derived geometry; former office
programme residentialized

Geometry and representation Represented apartments 32 after DOE
middle-floor multipliers

Multipliers retained; not applied twice
to outputs

Residential internal gains People 2.5 persons per
representative apartment DOE residential schedule retained

https://doi.org/10.3390/su18199762

https://doi.org/10.3390/su18199762


Sustainability 2026, 18, 9762 38 of 46

Table A5. Cont.

Category Input Fixed Value Interpretation/Scope

Residential internal gains Lighting 3.88 W m−2 Apartment objects only

Residential internal gains Plug equipment 5.38 W m−2 Apartment objects only

Infiltration 27 ZoneInfiltra-
tion:DesignFlowRate objects

Flow/ExteriorArea;
0.000302 m3 s−1 m−2

Common to both envelopes; sensitivity uses
half/double

Conditioning Ideal Loads
availability/setpoints

Heating 15 October–15 April
at 20 ◦C; cooling 16 April–14

October at 26 ◦C
Useful thermal needs, not delivered energy

Night ventilation EnergyPlus object
36 ZoneVentila-

tion:WindandStackOpenArea
objects

Simplified empirical wind-and-stack model;
not AirflowNetwork

Night ventilation Effective opening 50% operable glazing × 20%
schedule = 10% total glazing Primary case; 5% and 20% tested

Night ventilation Availability and
temperature controls

19:00–07:00; cooling season; Ti
≥ 18 ◦C; Ti − To ≥ 3 K;

heating off
EPW local standard time, no DST

Night ventilation Flow coefficients
Opening effectiveness and

discharge coefficient:
Autocalculate

Façade angle taken from each window

Night ventilation Opening height difference 0.60955 m Half of modelled window height

Night ventilation Wind/terrain settings 40 m s−1 primary maximum;
Building terrain = City

10 and pre-declared 2.5 m s−1 checks
remained inactive after local

wind adjustment

Notes: Values are fixed model inputs and analysis definitions, not calibrated measurements of a Turin
building. Areas, apartment counts, and aggregation retain DOE zone and list multipliers; multipliers
are not reapplied to EnergyPlus energy outputs. Ideal Loads represent useful thermal needs rather
than delivered energy. Envelope-component targets are reported in Section 2.6. The night-opening
representation is a deterministic ZoneVentilation:WindandStackOpenArea technical-potential model,
not AirflowNetwork or observed occupant behaviour; wind-threshold checks remained inactive after
terrain and height adjustment.

Table A6. Land-cover context around the seven meteorological stations at 100 and 500 m radii.

Station 100 m Land-Cover Context 500 m Land-Cover Context

Caselle 100.000% artificial; 94.722% airport 100.000% artificial; 99.032% airport

Bauducchi 95.300% agricultural 76.043% agricultural; 18.443% artificial

La Mandria 60.606% agricultural; 38.105% forest/semi-natural 65.253% agricultural; 29.334% forest/semi-natural

Via della Consolata 100.000% artificial; 63.989% continuous urban 100.000% artificial; 50.124% continuous urban

Giardini Reali 100.000% artificial; 22.297% urban green 97.823% artificial; 1.512% urban green

Alenia 100.000% artificial, entirely classified as
industrial/commercial 95.293% artificial; 4.703% agricultural

Reiss Romoli 100.000% artificial; 95.360% industrial/commercial 82.138% artificial; 9.743% agricultural;
7.943% forest/semi-natural

Notes: Percentages are exact circular-buffer intersections of the 1:10,000 Land Cover Piemonte 2021
land_cover_bdtre polygons in EPSG:32632. The displayed entries retain the dominant or analytically
relevant classes from the full audit. In this classification, artificial land includes airports and urban
green. Fractions provide source-area context but do not assign Local Climate Zones or isolate
morphology effects.

Table A7. Station role, exposure, land-cover context, and quality-assurance qualification.

Station Analytical Role Recorded Exposure 500 m Context Qualification and Retained QA Issue

Caselle
Primary periph-

eral/background
proxy

Non-rooftop; effective
sensor height
unavailable

99.032% airport

Complete matched background for
controlled comparisons; airport/peripheral
proxy, not an undisturbed rural reference;
reference dependence tested separately.
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Table A7. Cont.

Station Analytical Role Recorded Exposure 500 m Context Qualification and Retained QA Issue

Bauducchi Alternative
background proxy

Near-ground; 1.5 m
effective height 76.043% agricultural

Used in climate and controlled-building
reference sensitivity; one zero-RH record

excluded from its AvMY mean; not a
full-field source.

La Mandria Alternative
background proxy

Non-rooftop; effective
sensor height
unavailable

65.253% agricultural;
29.334%

forest/seminatural

Used in common-support climate reference
sensitivity; 2019 excluded because its

header and temperature-humidity lineage
are inconsistent.

Consolata
Primary

representative
urban forcing

Rooftop; 25.3 m
effective height

100% artificial; 50.124%
continuous urban fabric

Used in controlled, station-specific
processed-field, and regenerated-TMY

comparisons; unavailable processed
pressure is explicitly reconstructed

where required.

Giardini Reali Urban near-ground
exposure contrast

Near-ground; 1.4 m
effective height 97.823% artificial

Two −42 ◦C dry-bulb and two zero-RH
records require declared treatment;
exposure differs from the rooftop

urban stations.

Alenia Urban station Rooftop; 35.5 m
effective height 95.293% artificial

One −42 ◦C dry-bulb value, 68 zero-RH
values, and 94 h in detected long dry-bulb

flatlines are inventoried.

Reiss Romoli Urban station Rooftop; 33.0 m
effective height 82.138% artificial

No invalid dry-bulb values detected; 62 h
occur within detected long

dry-bulb flatlines.

Note: Across the 70 source AMYs, all 613,200 records are structurally ordered, with 8760 records per
file and no duplicate calendar keys. Three urban dry-bulb records outside −30 to 50 ◦C and 70 urban
zero-RH records were excluded from AvMY means; executable matched-year replacements follow
the declared forcing rules. Detected dry-bulb flatlines were retained in the main archive and used
only as a strict observational sensitivity flag. These checks establish downstream reproducibility but
cannot reconstruct unavailable upstream per-record measurement/filling lineage.

Table A8. Weather-field provenance and forcing-manifest metadata. (a) Weather-family field prove-
nance and interpretation boundary. (b) Machine-readable forcing and validation records.

(a)

Weather Family Dry Bulb and Moisture Other Fields and Location Identified Contrast Claim Boundary

Processed station AMYs

Station-derived temperature
and RH after upstream

preparation; psychrometric
variables derived as required

Station inputs where available;
documented gap filling; direct
normal irradiance (DNI) and
diffuse horizontal irradiance

(DHI) derived using
PREDYCE/Boland procedures

Chronological
measurement-

derived processed
archive

Not entirely measured
because per-hour
source lineage is

unavailable.

Matched-year CUWF
Year-specific Caselle control

or urban TEMP_RH
substitution only

Caselle radiation, long-wave,
wind, pressure, location, calendar,

and remaining fields

Chronological
annual thermohy-
grometric forcing

effect in a common
background

TEMP_ONLY was
evaluated only for

AvMY sensitivity; not a
complete urban
microclimate.

CUWF reference AvMY
(CONTROL_CASELLE)

Caselle dry bulb and RH; dew
point recomputed

Caselle non-psychrometric fields,
location, and calendar

Peripheral/
background

mean-pattern
control

AvMY is a
calendar-hour

arithmetic mean, not a
chronological typical

year.

CUWF TEMP_ONLY
urban AvMY

Urban dry bulb; Caselle dew
point retained; RH

recomputed consistently

Caselle non-psychrometric fields,
location, and calendar

Dry-bulb-only
urban forcing

Humidity is a
consistency result, not

an independently
imposed urban RH

series.

CUWF TEMP_RH
urban AvMY

Urban dry bulb and RH; dew
point recomputed

Caselle non-psychrometric fields,
location, and calendar

Joint temperature-
humidity urban

forcing

Controlled
psychrometric

experiment, not full
urban weather.
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Table A8. Cont.

(a)

Weather Family Dry Bulb and Moisture Other Fields and Location Identified Contrast Claim Boundary

CUWF controlled
Bauducchi AvMY

Bauducchi dry bulb and RH
calendar-hour means; dew

point recomputed

All non-psychrometric fields and
location retained from
CONTROL_CASELLE

Alternative-
reference

thermohygromet-
ric baseline

Not full Bauducchi
weather.

FULL_FIELD_AVMY
_CONSOLATA

Same dry bulb, RH, and
recomputed dew point as

controlled Consolata
thermohygrometric forcing

Processed Consolata
fields/location; horizontal

infrared radiation intensity (HIRI)
completed as 2014–2023

calendar-hour mean; declared
pressure preparation

Sensitivity to
releasing the

common Caselle
non-psychrometric

background

Processed-field
sensitivity, not wholly
observed or complete
urban microclimate.

Regenerated Caselle and
Consolata TMY

Selected 2014–2023
source-month

temperature/RH; 16-record
seam smoothing; dew point

recomputed

Other fields retained from
selected source AMY rows;

pressure repaired; station location

Representative-
year construction

versus
corresponding

AvMY

Annual/seasonal and
peak KPI comparison
only; no hour-by-hour

pairing and no claim of
independent
certification.

(b)

Record Filename or
Identifier Project-Relative source Bytes SHA-256 or DOI Archive Status

EnergyPlus
simulation engine

EnergyPlus
26.1.0, build
6f2e40d102

energyplus_models/10_major
_revision_simulations/inputs/
ENGINE_PROVENANCE.json

—

187a4a2a4e4c99
cae7406ce4844bdb2d
59877600bbb554a93
20062c5d5546d6e

Official release;
executable version,

download URL, and
archive checksum

recorded in the
deposited provenance

file

Controlled AvMY
forcing-

construction
manifest

UHI_FORCING
_EPW

_MANIFEST.json

energyplus_models/09_publication
_rerun/01_controlled_weather/UHI
_FORCING_EPW_MANIFEST.json

39,833

e1e204d526677
b9dda10d180f5d51
ac16c5f53c87f9ef541
46d92697904a870b

Prepared for Zenodo
deposit;

https://doi.org/10.528
1/zenodo.22249269

Matched-year
AMY forcing-
construction

manifest

AMY_YEARLY
_FORCING

_MANIFEST.json

energyplus_models/09_publication
_rerun/11_amy_yearly_weather/

AMY_YEARLY_FORCING
_MANIFEST.json

177,719

fa526b220c84923fe
69e5e573e65e70f8af
70b39a3a741f67bea

0a2153bfb57b

Prepared for Zenodo
deposit; provenance for

the 50 matched-year
weather files

Field-level forcing
validation

UHI_FORCING
_EPW

_VALIDATION
.json

energyplus_models/09_publication
_rerun/01_controlled_weather/

UHI_FORCING_EPW
_VALIDATION.json

11,849

9658a917dccc4d
2221967c8e2529b

18948fe116cf6d1af
563b68a1427eabc72d

Validated companion
included in the

prepared Zenodo
package

Complementary-
analysis

weather-input
manifest

REVISION
_WEATHER

_MANIFEST.json

energyplus_models/10_major
_revision_simulations/weather/

REVISION_WEATHER
_MANIFEST.json

311,380

f790c3b48e82d3c
4d626f69f07a369

e9a11f3ede9679738
d785f6ec9048ab57b

Prepared for Zenodo
deposit; provenance for

full-field, TMY, and
alternative-reference

inputs

Processed weather
source dataset

Turin 2014–2023
weather dataset Public repository — 10.5281/zenodo.14905721 Public

Dataset description
article

Data in Brief
dataset article Published article — 10.1016/j.dib.2025.111708 Published

Note: The public Zenodo record and the final DOI/URL are inserted in the Data Avail-
ability Statement and in panel (b). The deposited UHI_FORCING_EPW_MANIFEST.json,
AMY_YEARLY_FORCING_MANIFEST.json, and REVISION_WEATHER_MANIFEST.json retain the
SHA-256 values shown above. The human-readable table and machine-readable JSON records serve
complementary roles: the table states the field logic concisely, whereas the JSON records preserve in-
put hashes, output variants, and quality-control details. https://doi.org/10.5281/zenodo.22249269.
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Table A9. Provenance and interpretation boundaries of the DOE–TABULA residential archetype.

Model Element Source Implementation Claim Boundary Reference

Geometry, zoning,
windows, multipliers

DOE New2004 Midrise
Apartment v1.4;

EnergyPlus 7.2 model
converted to 26.1

DOE four-storey, 27-zone
geometry retained; about

15% WWR and
middle-floor multipliers

DOE reference-building
geometry, not a surveyed

Turin building.
DOI 10.2172/1009264

Residential
programme

DOE apartment lineage
plus documented
residentialisation

Ground-floor office
programme replaced with

matching apartment
programme; 24 apartment

zones, 3 corridors,
32 represented apartments

after multipliers

Comparative residential
archetype, not exact

Italian dwelling layouts.

Model preparation log; no
separate DOI

Simulation areas EnergyPlus model audit 3134.592 m2 conditioned;
2823.958 m2 occupied

Simulation-model areas,
not TABULA AB.05

geometry.

Analysis model manifest;
no DOI

Envelope targets Italian TABULA AB.05,
1961–1975

Original/advanced
U-values W m−2 K−1:

wall 1.10/0.25; roof proxy
1.65/0.23; lower-floor

proxy 1.30/0.23; window
4.90/1.70; SHGC 0.85/0.50

TABULA supplies
performance states; DOE

geometry remains
unchanged.

DOI
10.1016/j.enpol.2014.01.027;

brochure ISBN
978-88-8202-065-1 (no DOI)

Opaque layers and
thermal mass

TABULA targets and
supporting Italian
material-property

literature

Existing cores retained;
advanced insulation

external; effective
conductivities calibrated

to target U-values

Reconstructed
EnergyPlus-compatible

assemblies, not published
TABULA layer stacks.

DOI 10.3390/en13236217

Roof and lower floor TABULA upper-slab and
cellar-adjacent targets

Targets applied to
unchanged DOE roof and
Ground surfaces; no attic

or explicit cellar zone

Thermal proxies, not
physical attic/cellar

models.

DOI
10.1016/j.enpol.2014.01.027

Windows TABULA whole-opening
U-value plus study SHGC

EnergyPlus
SimpleGlazingSystem

Whole-window
equivalent; no pane,

frame, spacer, or shading
reconstruction.

TABULA brochure, no DOI

Gains and infiltration DOE residential lineage
and study assumptions

2.5 people per represented
apartment; lighting

3.88 W m−2; equipment
5.38 W m−2; infiltration

0.000302 m3 s−1 m−2

exterior

Deterministic archetype
inputs, not measured

occupancy or airtightness.

DOI 10.2172/1009264; DOI
10.3390/smartcities3040061

Conditioning Study protocol
EnergyPlus Ideal Loads;
20 ◦C heating and 26 ◦C

cooling setpoints

Useful thermal needs and
ideal peaks, not delivered

energy or actual HVAC
consumption.

EnergyPlus documentation; no
DOI

Natural ventilation Study control scenario

Physical open-area
wind/stack model at
36 windows; effective

open glazing 10%;
deterministic schedule
and temperature logic

Technical-potential
scenario, not

AirflowNetwork or
observed occupant

behaviour.

Simulation protocol; no DOI

Note: The model combines retained DOE reference-building geometry with TABULA envelope-
performance targets and declared study controls. It is therefore a comparative archetype rather than
a calibrated occupied Turin building. DOI entries identify the source documents that support each
element; entries marked ‘no separate DOI’ are documented in the reproducibility package.

Table A10. Annual correlation coefficients and complete leave-one-year-out robustness checks.
(a) Full ten-year coefficients. (b) Ranges across the ten nine-year leave-one-year-out subsets.

(a)

ID Relationship Case n Pearson r Spearman’s ρ Kendall’s τ_b

A01 Cooling UHI vs. ∆CDH24 Weather only 10 0.613 0.576 0.378

A02 Heating UHI vs. ∆HDH18 Weather only 10 −0.939 −0.794 −0.644
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Table A10. Cont.

(a)

ID Relationship Case n Pearson r Spearman’s ρ Kendall’s τ_b

A03 Cooling UHI vs. ∆Qc (original) Original/SYS_ON 10 0.899 0.855 0.689

A04 Heating UHI vs. ∆Qh (original) Original/SYS_ON 10 −0.952 −0.964 −0.867

A05 ∆CDH24 vs. ∆Qc (original) Original/SYS_ON 10 0.825 0.745 0.511

A06 ∆HDH18 vs. ∆Qh (original) Original/SYS_ON 10 0.888 0.891 0.778

A07 Cooling UHI vs. ∆DH26 FREE
(original) Original/FREE 10 0.944 0.927 0.778

A08 Cooling-night UHI vs. ∆DH26
FREE_NV (original) Original/FREE_NV 10 0.579 0.818 0.644

A09 Cooling UHI vs. ∆Qc (advanced) Advanced/SYS_ON 10 0.964 0.939 0.822

A10 Heating UHI vs. ∆Qh (advanced) Advanced/SYS_ON 10 −0.834 −0.927 −0.778

A11 ∆CDH24 vs. ∆Qc (advanced) Advanced/SYS_ON 10 0.639 0.673 0.467

A12 ∆HDH18 vs. ∆Qh (advanced) Advanced/SYS_ON 10 0.753 0.867 0.689

A13 Cooling UHI vs. ∆DH26 FREE
(advanced) Advanced/FREE 10 0.961 0.952 0.867

A14 Cooling-night UHI vs. ∆DH26
FREE_NV (advanced) Advanced/FREE_NV 10 0.670 0.806 0.600

(b)

ID LOO Pearson Range LOO Spearman
Range

LOO Kendall
Range

All LOO Signs
Stable

A01 0.538 to 0.734 0.483 to 0.767 0.333 to 0.500 Yes

A02 −0.967 to −0.840 −0.917 to −0.717 −0.778 to −0.556 Yes

A03 0.865 to 0.926 0.800 to 0.917 0.611 to 0.778 Yes

A04 −0.962 to −0.945 −0.967 to −0.950 −0.889 to −0.833 Yes

A05 0.798 to 0.869 0.650 to 0.783 0.389 to 0.556 Yes

A06 0.808 to 0.950 0.850 to 0.950 0.722 to 0.889 Yes

A07 0.920 to 0.962 0.900 to 0.950 0.722 to 0.833 Yes

A08 0.492 to 0.659 0.767 to 0.900 0.611 to 0.722 Yes

A09 0.952 to 0.976 0.917 to 0.967 0.778 to 0.889 Yes

A10 −0.925 to −0.815 −0.950 to −0.900 −0.833 to −0.722 Yes

A11 0.558 to 0.732 0.583 to 0.783 0.389 to 0.556 Yes

A12 0.710 to 0.845 0.817 to 0.917 0.611 to 0.778 Yes

A13 0.940 to 0.979 0.933 to 0.983 0.833 to 0.944 Yes

A14 0.600 to 0.735 0.750 to 0.883 0.556 to 0.667 Yes

Note: LOO denotes leaving one source year out. Coefficient signs remain unchanged for every
omission and for all three coefficient families. No p-values or independent-sample confidence
claims are made. Relationships A01 and A02 are mathematical consistency checks because both
variables derive from the same paired temperature records; they are not independent validation of the
building response.

Table A11. Daily aggregation and non-overlapping weekly sensitivity of the retained AvMY climate-
to-building relationships. (a) Daily aggregation. (b) Non-overlapping weekly sensitivity.

(a)

Envelope Relationship Daily n Daily r Daily ρ Daily τ_b

Original Cooling UHI vs. ∆Qc 182 0.399 0.477 0.356

Original Heating UHI vs. ∆Qh 183 −0.811 −0.856 −0.676

Original Cooling UHI vs. ∆DH26 FREE 182 0.348 0.382 0.266

Original Cooling-night UHI vs. ∆DH26 FREE_NV 181 0.302 0.359 0.258
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Table A11. Cont.

(a)

Envelope Relationship Daily n Daily r Daily ρ Daily τ_b

Advanced Cooling UHI vs. ∆Qc 182 0.362 0.746 0.606

Advanced Heating UHI vs. ∆Qh 183 −0.741 −0.844 −0.660

Advanced Cooling UHI vs. ∆DH26 FREE 182 0.224 0.318 0.221

Advanced Cooling-night UHI vs. ∆DH26 FREE_NV 181 0.299 0.391 0.288
(b)

Envelope Relationship Weekly n Weekly r Weekly ρ Weekly τ_b

Original Cooling UHI vs. ∆Qc 26 0.516 0.644 0.489

Original Heating UHI vs. ∆Qh 26 −0.957 −0.964 −0.858

Original Cooling UHI vs. ∆DH26 FREE 26 0.522 0.568 0.415

Original Cooling-night UHI vs. ∆DH26 FREE_NV 25 0.455 0.534 0.360

Advanced Cooling UHI vs. ∆Qc 26 0.617 0.843 0.692

Advanced Heating UHI vs. ∆Qh 26 −0.894 −0.922 −0.754

Advanced Cooling UHI vs. ∆DH26 FREE 26 0.313 0.456 0.329

Advanced Cooling-night UHI vs. ∆DH26 FREE_NV 25 0.465 0.601 0.432

Note: Daily analyses use the retained temperature-only controlled Consolata AvMY cases. Cooling,
heating, and sealed free-running rows use calendar days; FREE_NV uses a 19:00–19:00 ventilation-
response day so the night-control interval is not split at midnight. Weekly values use non-overlapping
complete seven-day blocks. Aggregation reduces hourly pseudoreplication but does not remove
temporal autocorrelation; all coefficients are descriptive, with no significance claim.

Table A12. Compact evidence-based uncertainty matrix.

Uncertainty Domain Treatment/Evidence Evidence Class Supported Interpretation Residual Boundary

Interannual variability
and annual association

Ten chronological AMYs
and 10,000 fixed-seed
whole-year bootstrap
resamples on matched

support; complete ten-way
leave-one-year-out and

Kendall’s τ_b checks

Quantified/descriptive

Observed 2014–2023
variability and sign

robustness within the ten
source years

Not a long-term
climate-normal

distribution, causal model,
or citywide prediction

Background-reference
choice

Caselle, Bauducchi, and
La Mandria climate

comparison; Bauducchi
propagated into controlled

building simulations

Quantified/partially
propagated

UHI magnitude and
building impacts depend
on the chosen reference

La Mandria is not
propagated through
building simulations.

Weather-year
representation and

persistence

AMY event persistence,
Caselle AvMY test, and
regenerated 2014–2023

Caselle/Consolata TMY
comparisons

Deterministically
quantified

AvMY suppresses the
defined

persistent-hot-event
sequence; TMY

construction changes
annual and especially

peak outputs

The TMY contrast is
methodological, not error

against a true year; the
event threshold is

study-defined

Controlled versus
station-specific fields and

moisture

TEMP_ONLY, TEMP_RH,
and full-field processed
Consolata contrasts for

two envelopes and three
modes

Quantified within model

Thermohygrometric
forcing can be isolated,

and the effect of releasing
the common

non-psychrometric
background is bounded

Not a complete urban
microclimate or causal
decomposition of each

released field

Station exposure and
upstream data lineage

Recorded exposure,
configuration validity, and

land-cover context
documented; detectable

QA corrections
inventoried

Documented but
unquantified

Station-air contrasts are
exposure inclusive and

downstream preparation
is reproducible

No height correction,
calibration/sensor-

continuity history, formal
LCZ control, or per-hour

mea-
sured/filled/recomputed

fraction
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Table A12. Cont.

Uncertainty Domain Treatment/Evidence Evidence Class Supported Interpretation Residual Boundary

Archetype, envelope, and
model inputs

DOE–TABULA
provenance,

original/advanced
envelopes, and bounded

opening/SHGC/
gains/infiltration/lower-

floor sensitivity tests

Scenario-bounded

The selected tests bound
response sensitivity under

the declared inputs and
show dependence on

envelope state

Not a calibrated occupied
building; bundled

envelope changes are not
attributable to one

parameter

Natural ventilation
and operation

Maximum-wind
thresholds tested but

inactive; declared
deterministic schedules
and temperature logic

Tested but unresolved
Technical-potential
response under the
declared controller

Not AirflowNetwork or
observed behaviour;

wind-closure behaviour
remains unresolved

Thermal lag and temporal
autocorrelation

Exploratory 0–24 h AvMY
curves; raw Pearson,
Spearman’s ρ, and

month-by-hour-centred
Pearson; original and

advanced envelopes; daily
and weekly aggregation

sensitivities

Descriptively quantified

Centred associations are
strongest at lag 0; raw 1

h/24 h peaks are sensitive
to diurnal persistence

Autocorrelation and
thermal response remain

intertwined; no causal
delay or time constant is

identified

Numerical execution

All retained cases
complete with 8760

records, finite outputs,
and zero severe errors

Verified
computational QA

Numerically available
results under

declared model

Not empirical building
validation.

Note: ‘Quantified’ indicates a calculation within the declared dataset/model rather than a probabilis-
tic uncertainty distribution. The matrix separates conclusions directly supported by the analyses
from residual limitations that remain outside the study scope.
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