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Abstract: The building sector greatly contributes to energy consumption and Greenhouse Gas
emissions, relating to the whole building life cycle. Boasting a huge building heritage of historical and
architectural value, Europe faces challenging retrofit perspectives, as the potential for high energy
efficiency has to be exploited while preserving the buildings’ original characteristics. The present
work aims to feature the influence of a passive strategy on a heritage building in a mild climate. As
historical its facade cannot be modified, its large glazing areas involve multiple issues, such as an
increase in the heating (Qp) and cooling (Qc) energy demands and the risk of thermal discomfort.
Thus, window replacement was proposed for retrofitting. A dynamic simulation model in TRNSYS
was validated with experimental data collected by the continuous monitoring of walls of different
thicknesses and orientations. Solutions from replacement with Double Glazing Units (DGUs) with
improved thermal insulation, to internal shading activation were applied. All configurations were
compared in terms of Qp, Qc, thermal performance of the building and user comfort (Fanger). Low-e
DGU enabled the saving of up to 14% of the annual energy demand, and shading also offered good
results in summer, reducing Q¢ by 19%. In summer, DGU involved a maximum PPD reduction of
10 units.

Keywords: historic buildings; microclimatic monitoring; dynamic simulation; energy efficiency;
HVAC systems

1. Introduction

The building sector is one of the main contributors to energy consumption and Green-
house Gas (GHG) emissions. According to the European Commission, in 2014 the energy
involved in operating heating, cooling, ventilation and artificial lighting is responsible for
between 40% and 70% of the total building energy consumption [1] and a large percentage,
around 55%, is in charge of the heating and cooling system [2]. Improving the environmen-
tal footprint of the existing building stock, in terms of energy demand, thus represents a
key strategy to be pursued. Europe boasts a building heritage characterized by a significant
number of old buildings of high historical, architectural and cultural value, increasing the
energy efficiency of which represents a challenging issue, since the sustainable retrofit has
to also achieve the preservation of the building’s original characteristics.

The design phase in refurbishment projects is often problematic; historical buildings
present many artistic and architectural constraints that make the problem difficult [3],
especially in the application of envelope refurbishment measures. Therefore, even more
than in modern buildings, it is necessary to focus efforts on their efficiency. Plant efficiency,
and the application of alternative and renewable energy supply systems purposed for
modern constructions and common retrofit, has not generally been fully explored for
historical buildings [4]. In [5], Heat Pump (HP) typologies exploiting different renewable
sources (air, water, ground), and control systems for heating and cooling (economic and

Energies 2023, 16, 151. https:/ /doi.org/10.3390/en16010151

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16010151
https://doi.org/10.3390/en16010151
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6389-5292
https://doi.org/10.3390/en16010151
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16010151?type=check_update&version=1

Energies 2023, 16, 151

2 of 25

energy needs) in a historical house were compared. The energy analysis showed that the
inverter-driven Ground Coupled Heat Pump (GCHP) was the most convenient solution
among those analyzed, since it had the lowest annual requirement of primary energy from
non-renewable sources (66,297 kWh/year). Emmi et al. [6] demonstrated that the use of
low enthalpy geothermal energy as a heat source/sink for the HP was very promising,
confirming that HPs able to increase the supply of high temperature at the condenser
side make this technology suitable for their application in buildings characterized by low
thermal insulation and high thermal capacity, such as historical buildings.

Passive retrofit is, however, the most commonly adopted strategy for existing build-
ings, with direct intervention on the weakest element [7]. Energy performance has been
widely assessed considering the substitution of frame and glasses, external infills and the
insulation of the roof and ground floor using green building concepts [8,9].

In historical buildings it is quite common to observe scarce thermal parameters for
walls: in case they have very low thermal mass they are responsible for contained thermal
shifts and low values of internal areal heat capacity [10]. Even outdated windows are
a penalizing element for the building envelope, especially when Window-to-Wall Ratio
(WWR), amount often significative of the building construction period, is high [11].

Intervening on windows means acting on an element which is responsible for a signif-
icant portion of undesired thermal loss or gain in a building, and at the same time does not
involve the external fagade being modified [8].

This has led to increasingly stringent recommendations and regulations for both new
constructions and the retrofitting of older buildings, alongside a technological improvement
of the element itself [12]. Jelle et al. [13,14] extensively reviewed current fenestration
technologies from double- and triple-pane windows, to vacuum glazing and low-emissivity
coatings, to photochromic glass and smart windows.

Proposing the use of low solar heat gain glasses for a public historical building in a hot-
humid climate, and assessing it in combination with other passive and active retrofit solu-
tions by a validated dynamic model, Ozbalta et al. [3] confirmed that low Solar Heat Gain
Coefficient (SHGC) glasses represent a measure that greatly improves energy consumption
(from 0.96% to 1.19%) and global costs. Pereira et al. [15] proposed Solar Control Films
(SCFs) as a passive retrofitting solution for single-glazed windows, analyzing through an
EnergyPlus simulation model experimentally validated, how to change their solar-optical
properties, in order to reduce solar gains and energy use and to increase indoor comfort
conditions. The reduction of solar gains involves a decrease in the cooling energy use for
South, East and West orientations, while there is an increase in the heating and lighting
energy use; when compared to the bare single clear glass, the glass with the SCF reduces
the average indoor temperature during working hours in both the winter and summer
seasons, with a maximum percent reduction during summer days (14.7%), two times larger
than that of winter days (7.1%).

However, often, fenestration retrofitting is interpreted as window replacement, whilst
the energy-saving potential allowed by window maintenance or non-destructive measures
is rarely investigated. In [16], the validity of different retrofitting measures was assessed in
terms of their long-term Life Cycle (LC) operating energy saving potential. Considering
their performance obsolescence, it was demonstrated that destructive retrofitting techniques
(such as window replacement) did not necessarily allow for the largest energy savings.
Among window-maintenance strategies, the introduction of shading is also one of the
preferred interventions in the case of historic buildings, when partial solutions are preferred
to integral ones [17,18].

Moreover, control strategies must be properly evaluated, knowing that shading affects
energy demand, especially in warm to hot climates [19], simultaneously influencing thermal
and visual comfort. The integration of these two aspects represents a lack in Building
Simulation Programs (BSP), in terms of inaccuracy and computational intensiveness, so
much that methods to optimize input in dynamic BSP have become a topic of interest
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over the years, from accurate time series for solar loads generation [20] to glare predictive
models using machine learning algorithms developed from pre-simulated data [21].

The influence of different glazing types and exposures on thermal comfort and energy
performance of a lecture room in a non-residential building was evaluated in [22] by
experimental investigation and numerical analysis in unsteady-state conditions. Two codes,
TRNSYS and EnergyPlus were compared, considering both the Direct Root Finding (DRF)
method, with the former, and the State-Space method, with the latter. In mid-season from
South to East orientation, the Predicted Percentage of Dissatisfied (PPD) ranged from 37%
to 13% for a double-glazed window with a total area of 14.00 m? in a room of about 340 m?.
The two simulation codes results were in good agreement; small differences were attributed
to the different approach for the evaluation of solar irradiance on tilted surfaces and to the
transient heat conduction model.

Analyzing buildings inserted in an urban context, as is usually the case for historical
buildings, even more public, also implies that the influence of the surrounding environment
on the energy demand for space cooling and heating [23,24] should be taken into account,
including the shading effect of nearby buildings.

To assess their complex hygrothermal behavior and possible strategies for their conser-
vation, and to evaluate the suitability of energy retrofit scenarios, building dynamic simula-
tion tools (traditionally used to study the hygrothermal performance of new buildings) have
recently been adopted in historical buildings. The most widespread are EnergyPlus (26%),
DesignBuilder (22%), TRNSYS (15%), and Wufi Plus (12%). Lack of reliable thermophysical
input data for various envelope components, as well as intrinsic limitations in the models,
compromises the accuracy of the results of these simulation software tools when employed
for such a specific purpose [25]. The customization of modeling tools for recent buildings
results in oversimplification, overlooking elements of the past architectural language, such
as basements, columns, frames, portals, cornices and the shape of windows; this affects
thermal results by underestimating the not negligible thermal bridging effects, or by in-
troducing errors in the interpretation of the results. Among the most significant intrinsic
limitations are those relating to heat and mass transfer processes [26]. In addition, the
collection of stratigraphy data can very often be difficult, and several assumptions must be
made. The optimization of the geometric and constructive model is therefore a fundamental
node to bridge the discrepancy between actual performance and simulations.

Furthermore, the ISO 7730 assessment method [27] is often integrated with simulations
in order to evaluate the comfort level in terms of Fanger’s indices: Predicted Mean Vote
(PMV) and Predicted Percentage of Dissatisfied (PPD). The Predicted Mean Vote takes
into account temperature, humidity, air movement, clothing and metabolic activity. It is
a thermal scale that spans from —3 (Very Cold) to +3 (Very Hot). Acceptable values lie
between =+ 1, but the recommended comfortable PMV range is within +0.5. Predicted
Percentage of Dissatisfied is another thermal comfort index complementing PMV, to which
it relates; as PMV changes from zero in either a positive or negative direction, PPD in-
creases. Recent studies have highlighted the inaccuracy of PMV in predicting the observed
thermal sensation in absolute terms, increasing towards the ends of the thermal sensation
scale [17,28]. In addition, if the PMV model would perfectly predict thermal sensation, then
PPD accuracy would be higher close to neutrality, but it would overestimate dissatisfaction
by approximately 15-25% outside of it. Moreover, PMV-PPD accuracy varies strongly
between ventilation strategies, building types and climate groups. To establish quantitative
indices for supporting adaptive models in indoor thermal comfort evaluation, a correlation
between experimental data measured by the instruments and subjective responses given
by the occupants in different seasons and climatic zones was suggested, coupling Fanger
and Wray comfort indices [29]. However, even if their performance is a contested topic,
PMYV and PPD remain the most widely used thermal comfort indices, representative for
comparative qualitative analysis. They can therefore be satisfactorily adopted as indicators
of passive action for public building refurbishment [10,11,30,31].
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The present work aimed to feature the advantage of passive strategies and to ana-
lyze their influence on the indoor comfort level of a heritage building located in a mild
climate. An interdisciplinary methodology was employed to evaluate the construction’s
conservation conditions and propose refurbishment and restoration interventions, on the
basis of which to apply an experimental and numerical approach. The case study is the
historical seat of the Faculty of Engineering of Sapienza University of Rome. The four-story
construction was born as a conventual complex, became a university seat in 1873, and is
listed as cultural property of the city, meaning that the external facade cannot be modified.
The presence of large glazing areas there creates multiple issues, such as heat gain and heat
loss, which increases the risks of thermal discomfort of occupants and the energy demands
for space cooling and heating. Aiming to improve the thermal performance of the building,
the replacement of the windows was proposed as a retrofitting solution, which avoids
compromising the original fagades.

From the energetic side, the development of this research followed mainly four phases:

e  First phase: the thermal parameters (indoor and outdoor air temperature and thermal
flux) of the external walls of the building in the original state were monitored. Mea-
surements were made continuously on walls with different orientations, located on
different floors, and with different thicknesses and stratigraphies.

e  Second phase: data experimentally obtained, in addition to characterizing the building,
enabled the validation of a dynamic simulation model created by TRNSYS Software,
focusing the left wing of the building.

e  Third phase: dynamic simulations of the building in the original state and in the energy
efficient versions were performed, after the deployment of different glazing systems.
Solutions from replacement with Double Glazing Units (DGUs) (with improved per-
formance in terms of thermal insulation) to internal shading activation were applied.
The behavior of the building before and after the hypothesized retrofit interventions
was assessed in terms of energy loads and heating and cooling energy demand. For
the analysis of the outcomes at the building level, internal air temperature and internal
and external surface temperatures of the glass (Tsig and ngg) were considered, in order
to detail the influence of the building envelope on the global thermal performance.

e  Fourth phase: the thermal performance of the building and the comfort of the users in
the original and the improved configuration were compared; the parameters chosen
as evaluation indicators were Fanger’s PMV and PPD indices.

The implemented unsteady-state model represents a powerful tool in building design:
many different solutions can be investigated, and the most appropriate design option can
be selected from the simulation results.

2. Materials and Methods
2.1. Case Study

The framework is that of the historical seat of the Faculty of Engineering of Sapienza
University of Rome, leaning against the Paleochristian Basilica (440 A.D.) of S. Pietro in
Vincoli. The changes in the intended use of the building, from the original conventual com-
plex to the current university seat, implied a series of functional adaptations, culminating
in the planned extension of the end of the 1800 which was followed by continuous changes;
substantial but without an organic project.

The building object of the work is the Eastern wing of the Engineering Faculty seat of
Sapienza University of Rome, realized in 1766 as an extension of the complex, intended
for hosting the library (Figure 1). The building has a rectangular footprint (22 m long and
12 m wide) and originally constituted two noble floors beyond the ground floor, with as
many orders of windows. The spaces were later lowered by inserting intermediate slabs,
constructed interrupting the continuity of the windows, which allowed the building to
obtain two more floors. The current configuration comprises five levels above ground,
of different ceiling heights, between 3.00 m and 5.20 m. The “typological” floor (second-
floor) has a total volume of about 1135 m3. The rooms on the first floor are intended for



Energies 2023, 16, 151

50f 25

—
nill

classrooms and laboratories, those on the upper floors are used as offices, while the ground
floor is currently unused. Except for the latter, the floors are all heated. Only the North-East
side and the upper part of the South-East fagade are inner walls. The ground level has no
openings to the outside, while all the other floors are characterized by four windows on
the North-West side, two on the South-East side and one on the South-West side, except
for the first floor. The windows of the even floors are very wide and with an arched shape,
and those of the odd floors, rectangular and ribbon-shaped; although smaller in size, they
extend continuously on the facades. The total Window-to-Wall Ratio is 13%. The current
glazing system is a single glass layer 4 mm thick, and the frame is made of galvanized steel
0.0062 m thick. The opaque envelope’s stratigraphy is made by a layer of full bricks and
plaster mortar, of different thicknesses at the pilasters or at portions above or below the
window, with internal and external finishing in lime gypsum plaster. There is no insulating
layer. The ground floor is cast in place directly on the ground.

7 +21,70

Figure 1. Case study. Investigated wall: Northern facade (b), Eastern facade (c) and particular of the
stratigraphy (a).
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In Table 1 the envelope’s features are reported for each floor and orientation.
Table 1. Characteristics of the envelope.
N-O S-0 S-E
Opaque Window WWRs Opaque Window WWRs Opaque Window WWRs

Floor Area Area [%] Area Area [%] Area Area [%]
[m?] [m?] * [m?] [m?] * [m?] [m?] *

Fourth 114.3 21.2 19 62.7 53 8 69.0 10.6 15
Third 73.0 8.1 11 40.0 43 11 442 41 9
Second 929 15.3 16 50.9 38 8 56.1 7.7 14
First 92.9 47 5 50.9 0.0 0 56.1 24 4
Ground 66.3 0.0 0 36.4 0.0 0 40.1 0.0 0

* WWRs = Specific Window-to-Wall Ratio: fraction of gross exterior wall area occupied by windows, referred to
a specific facade portion.

2.2. Experimental Campaign

Thermal parameters, i.e., the indoor and outdoor air temperature and thermal flux of
the external walls of the building in the original state, were measured. Three subsequential
continuous monitoring campaigns, each lasting about three days, were carried out in the
winter of 2021 on walls of different orientation, floor location, thickness and stratigraphy
(Figure 2) (Table 2). The first measuring point (M1) was located on the second floor,
obtained from a later division of the original volume of the first floor, in correspondence
with a pilaster; it had a thickness of 1.30 m and was North oriented. The second measuring
point (M2) belonged to the basement, 1.40 m thick and facing East; the third investigated
wall (M3) was placed on the main fagade, facing West, at the height of the fourth floor and
it was 1.20 m thick (Figure 1). During the investigation, conducted midweek, the rooms
had a normal presence of people and the HVAC system was operational.

Figure 2. Indoor thermal conditions monitoring: M1 (a), M2 (b), M3 (c).
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Table 2. Dimensions and thermophysical characteristics of the investigated fagades: M1 (a), M2 (b),
M3 (0).

(a) M1
s A R;
: U
Materials m W/(mK) (m2K)/W
External laminar 0.130
layer
External plaster 0.05 0.7 0.071
Solid brick 1.14 0.8 1.425
Internal plaster 0.05 0.7 0.071
Internal laminar layer 0.040
Global heat transfer coefficient (U ) [W/(m?K)] 0.575
(b) M2
s A R;
: U
Materials m W/(mK) (m2K)/W
External laminar 0.130
layer
External plaster 0.05 0.7 0.071
Roman travertine 0.42 3.0 0.140
Solid brick 0.85 0.8 1.063
Internal plaster 0.05 0.7 0.071
Internal laminar layer 0.040
Global heat transfer coefficient (U ) [W/(m?K)] 0.660
(c) M3
s A R;
; j
Materials m W/(mK) (m2K) /W
External laminar 0130
layer
Solid brick 1.15 0.8 1.438
Internal plaster 0.05 0.7 0.071
Internal laminar layer 0.040
Global heat transfer coefficient (U ) [W/(m?K)] 0.596

Data acquisition was performed using the Heat Flow Meter TESTO 435. The device
consisted of a heat-flow plate for heat flux measurements, and two thermal probes for
internal and external air temperature collection. The heat-flow sensor needed to be stuck to
the inner side of the building envelope in a representative part of the wall. Effects related
to cold bridges were avoided as they would potentially be responsible for errors that could
affect the measurements; therefore, areas near corners and zones influenced by irregularities
were excluded. The thermal sensors were made to be placed in correspondence with the
heat-flow plate, on the two opposite sides of the investigated wall. The device automatically
applied the Heat Flow Meter (HFM) method, following the ISO 9869-1 [32] standard,
recording the global heat transfer coefficient (U, W/ (m?K)) derived from heat fluxes (qm)
and indoor (T} ,,,) and outdoor (T, ) air temperature measurements. The sampling rate for
each probe was 10 min. The progressive average method was applied to determine the
stationary U:

N
U= . Z]:l qm,j (1)
Zj:] (Ti,m,j - Te,m,j)
where j is for the j-th measured value and N represents the overall recorded samples.

In Figure 3, the measured global heat transfer coefficient trends of the examined
facades are reported. Looking at Figure 3a, the negative U values observed during the
night are significant in the delay time, with which the wall—of remarkable thickness—
releases the heat accumulated during the day, due to the exposure to sunlight. From data
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reported in Figure 3b, an average value of the global heat transfer coefficient, around
0.65 W/(m?K), was obtained. U was also calculated (Table 2) by applying ISO 6946 [33]
to the stratigraphy of the wall, according to which, for an unventilated facade under
steady-state conditions, it can be derived from Equation (2):

1 1
U=~ = - 2
R Frr il

where R is the thermal resistance, s; [m] and A; (W/(mK)) are the thickness and thermal
conductivity of the j-th layer of the wall, n is the number of layers, i; and k. are the

internal and external surface heat transfer coefficients, conventionally assumed to be 7.7
and 25.0 W/ (m?K).

a)M1
25.0 2.000
T 20.0 1.500
£ 150 1000 &
& £
2 10.0 0.500 E
g —
= 50 0.000 =
0.0 -0.500
12:55:58 05:45:58 22:25:58 15:15:58 07:55:58 00:45:58
12/02/2021 13/02/2021 13/02/2021 14/02/2021 15/02/2021 16/02/2021
Tin Tout ——U
b) 2M
30 1
25
= I [\ 0s
E 20 | <l =
2 =
15 0 €
()] ~
Q.
£ 10 =
& 05 D
5 M
oLl I | .
10:46:13 03:36:13 20:26:13 13:06:13 05:46:13
01/03/2021 02/03/2021 02/03/2021 03/03/2021 04/03/2021
— Ti[C] Te[C] ——U
c)M3
25 4
o 20 3
L1 2 g
© £
@ 10 1>
Q
g 2
{7}
— 5 0 D
0 -1
14:41:45 23:01:45 07:21:45 16:41:45 01:11:45 10:31:45

16/02/2021 16/02/2021 17/02/2021 17/02/2021 18/02/2021 18/02/2021

—Ti

Te

u

Figure 3. Temperature and heat flux measurements of the investigated fagades: M1 (a), M2 (b),
M3 ().
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The layers, in thickness and material, have been hypothesized through information
on historical stratigraphies and direct observation of defects and lacks on the artifact, by
naked eye and laser scanning. The estimated value was comparable with that measured
and reported in the literature for similar wall elements [25]. It can be observed that the
measured U is 8% higher than the average value calculated applying the standard [33] to
the stratigraphy of the wall, equal to 0.55 W/(m?K). The percentage difference between
HFM and the theoretical values is less than 20%, which satisfies the ISO 9869-1 [32] criterion.
The global heat transfer coefficient estimated for the opaque envelope (M1) of the building
block object of the present study was about 0.58 W/(m?K).

2.3. Dynamic Simulation Model

TRNSYS Software [34] was used for assessing the dynamic thermal behaviour and the
energy performance for current and designed configuration conditions during a typical
year. TRNSYS is a transient simulation program with a modular structure that considers
the Transfer Function Method (TFM) and the main input data, which are: geometry and
materials of the building, meteorological data, building internal gains, air infiltrations and
ventilation rates.

2.3.1. Experimental Validation

The geometric 3D model of the building was implemented in TRNSYS by means of the
Google SketchUp plug-in [35] and integrated with non-geometric information, managed
by the TRNBuild interface through the multi-zone subroutine called Type 56 (Figure 4).
The methodology included the subdivision of the building in thermal zones, taking into
account the end uses (and expositions). In detail, five thermal zones were identified: the
ground floor, the only one not heated (ZONE 0); the first floor (ZONE 1), which houses
classrooms and offices; and the remaining three (ZONE 2, ZONE3, ZONE 4), consisting
exclusively of offices. The North-Eastern wall, between the investigated wing and the
main block of the building, was modelled as an adiabatic surface considering all of the two
buildings at the same temperature: a boundary temperature input controlled by a custom
equation was set. Other walls and floors were considered to be exchanging surfaces, where
boundary conditions of the external walls and the roof were outside air conditions, whilst
the lowest floor exchanged with the ground.

2

=A'
b

D

T
/]

=
=

Figure 4. Model of the building.

Several previous works highlighted numerical problems in using the TEM with thick
walls [26]. TRNSYS bases simulations on two different variables: time-step, which is the
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time variable of the simulation, set in Simulation Studio; and time-base, the time series
which characterizes the wall, set in TRNBuild. If the time-base from which the thick wall
comes is too low, or the thick wall to be integrated is not associated to a correct choice of
time-step, the software can lead to a miscalculation of the transfer function of the wall; this
is caused by the wall model that considers the Z-transform. Walls which nearly reach the
TRNSYS thickness limit (about 1.30 m), were cut into thinner walls, taking into account the
maximum permissible thickness for each layer, which depends on the type of material [26].
After trials, a time-base of 4 h (greater than the default, which is equal to one hour) was
used; indeed, in this case TRNBuild did not allow the calculation of the transfer function
with a time-base less than or equal to 3 h. The STEP value in Simulation Studio must be
bigger than the default (0.1), at least bigger than 0.5. The time-step used for the simulations
was equal to 30 min.

TRNSYS allows the setting of the first indoor air temperature (T; g) and relative humid-
ity (RHp) values, which were considered for all the floors to be 23 °C and 50%, respectively,
and corresponding to the start of the run period (o). Different initial temperatures caused
the change of temperature-time trend, as observed by comparing the results obtained in
T; o =23 °Cand T;( = 20 °C. The values achieved convergence after 3 days; therefore, to
avoid the influence of the T; o input, all of the simulations started 3 days before the first day
of interest, including those for comparison with the experimental campaign.

The validation of the transient model was based on the indoor air temperatures
measured on 12-16 February 2021 (Figure 5), using as input the outdoor air temperature
registered during the same time period.

25.00 10.00%

. 8.00%

20.00 TR e o , 6.00%
— N N e T2 s00% X
S § . . ‘ =
e O ~_J @
v 2.00% %
3 % 1=
© es 0.00% Q&
o 9]
g -2.00% <
(0] o
= -4.00% <
w

—6.00%

—8.00%

0.00 —10.00%
13.0 23.0 9.0 19.0 5.0 15.0 1.0 11.0 21.0 7.0 Hour
12.0 12.0 13.0 13.0 14.0 14.0 15.0 15.0 15.0 160 Day
Ti,m  ======-Ti Te «  Error

Figure 5. Experimental validation. Temperature profiles by measured data and TRNSYS simulations.

In modeling the infiltration and ventilation rates, internal gains associated with occu-
pation, number of operating computers and lighting and thermal gains related to heating
were considered, setting proper weekly schedules as the control strategy (Table 3). To create
an appropriate gain type, heating loads for each floor were determined from information
about the current HVAC system and then implemented in TRNBuild, split in radiative
power and convective power equal to 20% and 80%, respectively.
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Table 3. Model simulation hypotheses.

13 people—150 W /person * (floor 4)

People 12 people—150 W /person * (floor 2, floor 3) Working days from 8:00 a.m. to 8:00 p.m.
48 people—150 W /person * (floor 1)
13 PCs with monitor—140 W /device (floor 4)

Devices 12 PCs with monitor—140 W /device (floor 2, floor 3) ~ Working days from 8:00 a.m. to 8:00 p.m.
48 PCs with monitor—140 W /device (floor 1)

Lighting 5 W/m? Working days from 8:00 a.m. to 8:00 p.m.

Heating and cooling systems operating periods
Heating (20 °C) Cooling (26 °C)

01/11-15/04

01/06-15,/09 Working days from 7:00 a.m. to 8:00 p.m.

Infiltration rate

0.4 vol/h Working days from 8:00 a.m. to 8:00 p.m.

Ventilation rate

Classroom
Office

0.6 vol/h (floor 1)

0.6 vol /h (floor 2, floor 3, floor 4) Working days from 8:00 a.m. to 8:00 p.m.

* Heat gain rates from occupants, based on a 25.5 °C room at dry-bulb temperature. The value is adjusted on the
basis of the normal percentage of men, women (gain equal to 85% of that for an adult male) and children (gain
equal to 75% of that for an adult male) [36].

The following hypotheses were also assumed:

e The absorption coefficients were equal to 0.6 for the floor surface and 0.3 for
the others [22];

e  The wall external emissivity was equal to 0.9 [22];

e  The convection coefficients were equal to 20 W/ (m?K) for the external side and
5 W/ (m?K) for the internal side, according to UNI EN ISO 6946 [33];

e The ground floor exchanged directly with the ground at 10 & 5 °C [34], with the
occurrence of the minimum surface temperature at the beginning of the calendar year.

Unless otherwise specified, the values refer to all floors. Internal gains from people and
equipment were differentiated, other than by the size of the rooms, by destination. On floor
1, where together with the offices there are also classrooms, loads were referred respectively
to 8 and 40 people, with their devices. As a heat source, people were considered “seating,
light working, or typing”, contributing with 75 W to latent heat and 75 W to sensible heat,
embracing the value assumed by TRNSYS [36] according to ISO 7730 [37]. Ventilation rates
were determined as Air Changes Per Hour (ACPH, vol/h) from the surface of each floor
and its prevalent actual use according to ASHRAE 62.1 [38], which requires for classrooms
and offices an Area Outdoor Air Rate equal to 0.3 L/ sm?. Infiltration rates were identified
according to the UNI EN 12207 [39], referring to the floor with the maximum glass surface,
e.g., floor 4 (Table 1), and assuming that the windows belonged to Class 3. The amount of
artificial light was calculated based on the mean Illuminance (E) for classrooms, E = 300 lux,
and for laboratories and offices, E = 500 lux, in compliance with EN 12464 [40]; taking into
account the floor area and a typical efficiency of the appliances equal to 80 Im/W. The
closest of the default selectable values of TRNSYS Software was therefore adopted.

Calculated and measured data of indoor air temperatures are reported in Figure 5. The
curves of the simulation are phase coincident with the experimental data. TRNSYS slightly
overestimates the minimum temperatures, while the maximum are in good agreement
with the measurements. The maximum difference between simulation and experimental
data is about 2.75 °C. This discrepancy could be easily attributed to the experimental
setup: measured values refer to local temperatures, whereas simulations give volume
averaged results.

The weather data file intended to be used for the simulations was the Typical Meteoro-
logical Year (TMY) in the Meteonorm files format (.TM2), specifically Roma-Ciampino, the
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closest location to the building available in the TRNSYS database. It includes solar irradi-
ance components (direct normal and global solar radiation on a horizontal plane), dry bulb
temperature, relative humidity, wind velocity and direction. A preliminary comparison of
outdoor air temperature (Figure 6) showed that experimental weather data were very differ-
ent from the ones reported in the TMY meteorological file. In order to feed the model with
more reliable data the Agenzia Regionale per lo Sviluppo e I'Innovazione dell’Agricoltura
del Lazio (ARSIAL) [41] temperature database of the years 2020-2022 (T, arsiaL) was taken
into account. The data, with a frequency of 30 min, were averaged between three years and
the values obtained were compared with those of the TRNSYS Meteonorm file, experienc-
ing an average temperature increase by 4.1 °C during the summer months and by 2.1 °C
during the winter months. The weather input file was modified accordingly.

25.00
20.00
15.00
10.00

5.00

External air temperature [°C]

0.00

—5.00

12 0 12 0 12 0 12 0 12 0 12 0 12 0 Hour
12/02/2021  13/02/2021 14/02/2021 15/02/2021 16/02/2021 17/02/2021 18/02/2021 19/02/2021  Day

Te,m Te, TMY Te,ARSIAL

Figure 6. Outdoor air temperature: difference between original Meteonorm file, ARSIAL weather
database and measurements.

2.3.2. Numerical Analysis

The validated model was used to evaluate the current scenario and to compare it with
several passive solutions, with the aim of improving energetic performance and thermal
comfort of the building by means of proposals that can be adopted in similar situations
with constrained Architectural Heritage.

In order to assess the annual energy demand of the building, the desired temperature
conditions were set for each floor, except for the ground floor: the room air temperature
setpoint was equal to 20 °C for the heating period and 26 °C for the cooling period,
1 November-15 April and 1 May-15 September respectively, as stated for the D climatic
zone [42]. The operation of the HVAC system was set on the basis of the occupants’
presence, following a schedule which required the system being turned on from 8:00 a.m.
to 08.00 p.m. in the workdays (max 12 h heating as per regulation [42]) and turned off
during the weekend. Humidification and dehumidification were not taken into account.
Moreover, in order to evaluate the annual energy consumption, the ventilation rate was not
considered when the HVAC system was turned on. Gains were the same as those used for
validation (Table 3), whereas, unlike the previous case, air conditioning system was not
considered as an input gain, but configured as described just above.

For the evaluation of the thermal behavior of the glazings, indoor thermal condi-
tions and thermal comfort, no HVAC system was considered in the simulation model.
Additionally, in this case, gains and assumptions were those listed in Table 3.

The influence of three different solutions for the transparent surfaces on indoor envi-
ronmental conditions and occupant thermal comfort was investigated. The results were
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compared with the current glazing system, constituted by a single 4 mm glass pane (SGU).
In particular, the replacement with Double Glazing Units (DGUs) with low-e or sun-
light control glass panes was considered. Beside this, one of the examined cases was the
threshold-driven internal shading activation. The blinds are closed completely if a thresh-
old is exceeded: more than 150 W/m? on the outside vertical facade. On the other hand,
the blinds will be retracted when the irradiation on the outside vertical facade falls below
that threshold [20]. The above-mentioned strategy, although it is the most conservative, is
therefore most easily achievable and needs to be compared with the window substitution
strategies in terms of energy demand for the electric lighting. The reason for this is that the
daylight autonomy needs to be implemented with artificial lighting in order to respect the
minimum requirements during office hours [20], e.g., here 500 lux.

The assessed scenarios are summarized below, where the lowercase letter followed by
Roman numeral represents the scenario’s ID: the letter “a” or “p” is to specify whether it is
an ante operam or post operam case; the number identifies the glazing type. The respective
glazing system properties, alongside the corresponding glass and assembly details, are
explained in Table 4.

a.l.: SGU float glass (currently employed);

p-1I: SGU float glass coupled with internal shading;
pIII: DGU sunlight control glass;

p-IV: DGU low-e glass.

Table 4. Glazing system properties (from TRNBuild database [36]).

ID s ) Tois Psol SHGC 2 *
Scenario Glazing Characteristics 4 L -] U [W/(m?*K)] TRN Code
al 4 Float glass 0.901 0.075 0.855 5.68 1101
Float and sunlight control glasses
pllI 6/16/6 with argon (90%) in the interspace 0.659 0.218 0.333 1.29 3004
Float and low-e glass with argon
pIv 4/16/4 (90%) in the interspace 0.713 0.311 0.533 0.98 12005
plI 4 Float glass+ shading 0.901 0.075 0.855 5.68 1101

* TRN code is the identification code in TRNSYS Software.

The glazing system used for the p.III scenario is characterized by a low Solar Heat
Gain Coefficient (SHGC), equal to 0.333. The one used for the p.IV scenario features instead
a low-e treatment, consisting of a coating on the third surface from the outer to the inner
layer, responsible for a global heat transfer coefficient value of 0.98 W /(m?K).

For the evaluation of PMV and PPD thermal comfort indices, a comfort type was
created, which considers for the whole year a metabolic rate of M = 1.2 met, and rela-
tive air velocity equal to 0.1 m/s; additionally, it has a clothing factor set by an input
file in Simulation Studio that provides Icl = 1.5 clo from December to May and Icl = 0.5
clo in the remaining months, both for men and women. The Mean Radiant Tempera-
ture was determined by the TRNBuild internal calculator, based on area-weighted mean
surface temperatures.

3. Results
3.1. Energy Performance Results

The monthly energy consumption can be deduced for each heated/cooled floor
from Figure 7.
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Figure 7. Monthly energy demand: comparison between thermal performance of different floors in
current configuration.

The winter energy demand increases noticeably for the fourth floor (average value
around 1805 kWh), as it has a higher number of surfaces dispersing to the outside, and a
greater percentage of glazing than the other floors (Table 1). Summer loads are considerable
for floor 1, because of the higher occupancy index; hosting rooms for university classrooms,
it has a standard presence of 48 people with as many devices, that both contribute to
internal loads against about 12 people on the other floors. The overall maximum energy
demand for this configuration is in August and is equal to 2907 kWh. The occupancy is
also responsible for the fact that for the same glass area and with a floor in contact with an
unheated room, floor 1 has a winter energy demand equal to 0.43 times that of floor 3. For
the same number of occupants, floor 2, with a larger window area than floor 3 (+62%), has
a heating requirement of 6272 kWh against 5410 kWh, while the energy demands during
the cooling period are comparable (2480 kWh and 2356 kWh, respectively).

Currently, at the level of the entire building (Table 5), the unfavorable situation is the
winter one, with 24,869 kWh against the 14,847 kWh of the summer period. The most
efficient solution is represented by the use of low-e glass (scenario IV), which offers an
improvement in heating by 15% and cooling by 12%. This result is in line with the trend
observed for even more recent buildings [22]. The option of introducing solar shading
offers a good performance in summer, reducing the energy demand by 19%.

Table 5. Summer, winter and overall annual energy demand.

al p-II p-III pIV
TOTAL Summer [kWh] 14,847.10 11,961.83 11,104.07 13,099.10
TOTAL Winter [kWh] 24,869.16 29,456.64 24,793.91 21,219.84
TOTAL Overall [kWh] 39,716.25 41,418.47 35,897.98 34,318.95

It was decided to further investigate the second floor, as it was representative for the
use prevalent in the building (offices) and significant in terms of the glazed to opaque sur-
face ratio, which is of central interest in this work. The most onerous situation is confirmed
to be the winter season (Figure 8). By means of TRNSYS Software, ante and low-e (p.IV)
assessment showed an overall annual reduction of 17%, decreasing from 8752 kWh/year to
7304 kWh/year, as reported in Figure 8. This optimization brings the greatest benefits in
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winter, while in summer it is overcome by the use of solar control glazings, which offer a
further reduction of 17%. The drawback of sunlight control systems is a winter behavior
similar to that of current windows, particularly throughout the temperate months. Without
the need to replace the glass, it is possible to achieve a summer performance similar to that
of low-e systems, obtaining even better results, with the introduction of shading elements.
Shading reduces the monthly cooling demand compared to the current case to up to more
than 25%. Maintaining the shading control linked to the radiation amount incident on the
wall, even in winter is noted, for the floor under consideration, an increase of 1028 kWh
compared to the situation with single float glass, significant of how the treatment of visual
discomfort could adversely affect seasonal consumption. In the specific situation of the
investigated floor, the aforementioned increase is more contained than what is seen for the
entire building, being limited to 16% (vs. 18%).

Monthly Energy demand

Jun

Q ZONE2 al mQ_ZONE2 p.il Q ZONE2 p.ll mQ_ZONE2 p.lV

Figure 8. Monthly energy demand: comparison between thermal performance in current and
optimized configurations for a typical inner floor with high transparent percentage (floor 2).

In Figure 9, the annual distribution of thermal loads for the current state and for the
designed configuration with low-e windows were compared. This took into account a
guaranteed room air temperature during working hours equal to 20 °C in winter and 26 °C
in summer, based on occupancy and other internal gains and boundary conditions such as
infiltration (see Section 2.3.1). The average maximum power drops in the heating season
were from 12.4 kW to 11.0 kW, and in the cooling season from 6.3 kW to 5 kW.
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Figure 9. Annual distribution of instantaneous power: current and designed configuration p.IV (floor 2).

3.2. Temperature and Comfort

Floor 2 was analyzed further, delving into ambient and surface temperatures and
the comfort of the occupants. The temperature trends during a typical week in winter
and summer, of the inner surface of the single glass currently adopted, are displayed in
Figures 10 and 11. The maximum radiation is reached in summer on the surface of the
South-oriented glass surface (dotted green line), but corresponds to a time of the day in
which the external air temperature is low. The maximum peak of surface temperature
occurs for the West surface (solid blue line), because there the radiation is maximum at the
same time as the maximum temperature of the external air.
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Figure 10. Internal surface temperature of current glazing system for different orientations; winter
period: January, first week (floor 2).
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Figure 11. Internal surface temperature of current glazing system for different orientations; summer
period: July, first week (floor 2).

Figure 12 compares the different solutions proposed in the winter season, and refers
to windows facing North-West. Changing the type of glass, with the introduction of
double-glazings, we immediately found the ability to maintain a higher internal surface
temperature; the increases are of about 8 °C, emphasized in the hours between 8.00 and
16.00, in which the contribution of solar radiation takes place. In this case, the low emission
treatment enhances the benefits of the double glass, allowing to reach up to 11 °C more than
the temperature you would have on the inside of the single glass of the current window.
The fact that the use of this type of glass is particularly indicated in situations where the
solar contribution is substantial is evident in days such as the fifth of Figure 12, where for a
day with solar radiation incident less than 0.042 kW /m? the difference between DGU low-e
and with solar control is about 1 °C. The external surface temperature of the two proposed
glass alternatives is exactly overlapping with the profile of the external air temperature, and
the deviations occur when there is also solar radiation. In general, therefore, in the winter
season between the internal and external surface of a double glass, there is a temperature
difference of 10 °C, while for the single panel there were similar values between the two
sides (Figure 10).

Total incident solar radiation [kW/m?]

ORNWARUON®O

Jan Jan Jan Jan Jan Jan Jan
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oo TSOg_W_a.l - TSOg_W_plll e TSOg_W_p.IV TSOg_W_p.II s _W

Figure 12. Surface temperature for different glazing systems North-West oriented; winter period:
January, first week (floor 2).
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In winter, the indoor temperature trend (not considering HVAC systems) keeps very
far from the setpoint (Figure 13) in a constant way over time, unlike that in the summer
period (Figure 14) which is extremely high and limited to shorter time periods; this is
one of the reasons why thermal loads are remarkable for the heating period. In winter
(Figure 13), the current glazing and the solar control DGU (III) are comparable. Instead,
during the night the mean air temperature obtained with solar control DGU (IlI) is higher
than that of the existing glazing because of the lower global heat transfer coefficient value
(1.3 W/(m?K)). DGU 1V raises the temperature in comparison with SGU by about 1 °C.
Glazing IV allows the best peak temperature control during the morning. Existing glazing
and shading do not allow a very good control of the indoor air temperature, which drops
below 13 °C during the coldest hours.
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Figure 13. Effects of glazing systems on mean indoor air temperature; winter period: February (floor 2).
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Figure 14. Effects of glazing system on mean indoor air temperature; summer period: July (floor 2).

In summer (Figure 14) all the proposed solutions for the windows ensure better
temperature control, decreasing the morning peaks by at least 0.5 °C. The behavior during
the coolest hours with glasses I and IV is comparable, because of the lower thermal global
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heat transfer coefficient value of type IV (U =098 W/ (m?K)); the daytime improvement is
particularly noticeable on days in which the radiation is higher, thanks to the low SHGC
(0.533 vs. 0.855) of the low-e DGU under consideration. The fact that solar control is the best
solution for the cooling period is evident from the trends reported for the month of July: the
mean temperature from the current case to Il is lowered by 0.6 °C. This can be attributed
to a SHGC equal to 0.333. Shading decreases all temperature extremes of the current
configuration by about 1 °C, with a daily AT higher than that of other solutions. This
particularly significant mitigation during daytime peak hours makes this configuration not
distant in performance from DGU with low-e. The use of shading is the most outperforming
configuration in the evening hours; although they represent an additional obstacle to the
passage of heat between the inside and outside, they do not significantly reduce the high
global heat transfer coefficient of the single glass currently used (U = 5.68 W/(m?K)).

While evaluating PMV during the occupancy period (8.00 a.m. to 8.00 p.m.) in the
current scenario, it can be noted that in winter the discomfort (in relation to PMV values on
the negative half-axis as expected) is lower than in the hot months (Figures 15 and 16). The
mean PMV is —0.54, light cold, whereas in summer it stands around 2.03, warm. The daily
winter PMV variation is equal to 0.6 (between —0.31 and —0.95), lower than that of summer,
A =0.7 (between 1.65 and 2.33). Both in summer and in winter, referring to working hours,
the greater improvement obtainable by employing glazing systems with a low-e treated
pane (scenario p.IV) happens at the maximum discomfort time, which in the former case
occurs at 8.00 a.m., and in the latter at 4:30 p.m. During the cold season (Figure 15) the
low-e DGU enhances the worst registered PMYV, bringing it to —0.81; this raises it to about
0.14 points. In summer, the greatest discomfort is not due to the maximum temperature
of the external air, as seen in the first day reported in Figure 16 (PMV = 1.98), but is more
affected by solar radiation, as shown in the same Figure 16 for the last simulated days (PMV
=2.29). This shows a significant need to intervene at the level of transparent elements to
improve the performance of the building for the occupants. During the hot season, the
lowering of the maximum indoor air temperature of floor 2 by the low-e DGU by 0.56 °C
corresponds to a reduction in the sensation of heat by 0.18 points (day 1 in Figure 16),
passing from the feeling of warm to slightly warm. During the cool hours, the difference
from the SGU case is limited by the reflective effect of the glazed surface in IR wavelengths;
the same phenomenon causes the increase of the PMV from 1.12 to 1.23 during the evening
hours of days in the presence of high solar radiation.

PMV (21/01-27/01)

PMV [-]
T[°C)
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Figure 15. Comparison between PMV in current and low-e configuration during a typical winter
week (floor 2).
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Figure 16. Comparison between PMV in current and low-e configuration during a typical summer
week (floor 2).

During a typical day in the summer (Figure 17), the PPD with a SGU varies from 82%
to 20%, corresponding to a PMV of 2.14, warm, and 0.83, light warm, respectively; the
lower peaks are only qualitatively indicative, since the occupation period does not include
the time period from 8.00 p.m.to 8.00 a.m. The abovementioned values refer to the trend of
the fourth floor, which undergo the greatest oscillation due to the greater area of external
dispersant surfaces compared to the other floors. PPD fluctuation is reduced as you move
to the lower floors: at the first floor, the minimum PPD of 32% has a significant ground
contribution. In the mid-season period (May), PPD during working hours is between 95%
for the early hours of the day and 50% around 3 p.m., in compliance with outdoor air
temperature values, about 12 °C and 21 °C respectively; this is unlike what is seen for July
(Figure 17) when the mean external temperature is approximately 30 °C. By employing
low-e glasses the highest peaks are reduced up to 12.5%, with the maximum benefit found
for floor 4. The dissatisfied percentage increase during cold hours is slight: PPD becomes
23% (A = +3 percentage units).
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Figure 17. Comparison between PPD in current and low-e configuration of different floors during a
typical summer week.
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4. Conclusions

In the last decade, the issue of energy efficiency has become increasingly important,
taking a prominent role in the development goals of countries. Given that buildings have a
high share in total energy consumption, it is crucial to improve their energy performance
both in environmental and economic terms. Although efforts are involved in enhancing
new buildings, existing buildings are especially attractive, as proved by the publication of
several guidelines for their improvement. They represent an interesting topic mainly due to
the consistency of the stock on the Italian area, which is equal to 30% of the total amount of
the built environment; and to the need to balance energy efficiency improvement with the
requirements of preservation. When facing constructions of historical value, between major
constraints occurs the impossibility of modifying the facade. Working on the substitution
of the current windows allows us to achieve promising results, while maintaining a low
visual impact of the intervention.

The seat of the Engineering Faculty of Sapienza University of Rome, belonging to
cultural heritage and characterized by a quite high Window-to-Wall Ratio, was selected in
the present study with the aim of defining the most suitable solutions for fenestration for
public buildings of the XVIII century located in warm climate areas. High performance
glazing solutions, together with the introduction of shading systems as “not-destructive”
options to reduce overheating (which may occur especially during the hot season) were
proposed and assessed, quantifying their direct impact on the indoor temperature, energy
consumption and occupants’ comfort (PMV and PPD).

For this purpose, a dynamic simulation model in TRNSYS was validated by data from
the on-site monitoring campaign for wall characterization.

A useful tool for historical buildings was therefore provided, which enabled us to
hypothesize different technological solutions and HVAC systems for controlling the indoor
thermo-hygrometric conditions, and to evaluate their effects on energy performance and
thermal comfort, individuating the most appropriate design option and giving recommen-
dations for a specific building category.

The main results are summarized as follows:

e  The software limitation in understanding thick and inertial walls was fixed by divid-
ing walls with thickness near to the TRNSYS limit (about 1.30 m) in thinner layers,
considering that each layer has a maximum permissible thickness, which depends on
the material’s type (0.5 m for bricks).

e  Since the cooling and heating demand are strongly affected by the external climate
conditions, a Meteonorm weather file correction was performed to make it more
representative of the real climatic conditions. It was based on data gathered during
the experimental campaign and ARSIAL Society climatic database, and allowed us
to better compare the simulation results and the experimental data, and to validate
the model.

e  Configuration IV offers savings of up to 5397 kWh/year for the seat; shading also
offers good results for the summer period, leading to a reduction of 2285 kWh in the
energy demand.

e  Existing glazing and shading do not allow for good control of the indoor air temper-
ature, which drops below 13 °C during the coldest hours in winter. All proposed
solutions for the windows ensure better temperature control during summer, decreas-
ing the morning peaks by at least 0.5 °C.

e  The substitution of the current SGU with low-e DGU in the summer season results in a
PPD reduction of up to 72% for floor 4 (A = —10 percentage units, maximum reduction),
with proportional advantages to the number of dispersant surfaces. The dissatisfied
percentage during cool hours is similar to that of ante operam configuration, increasing
only by 3 percentage units.
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Abbreviations
ARSIAL
BSP
DGU
DRF
GCHP
GHG
HFM
HP

LC

M1

M2

M3
SGU
SCF
TFM
™Y

a

p
Roman numeral(I-IV)
Symbols
ACPH

SHGC

Agenzia Regionale per lo Sviluppo e I'Innovazione dell’Agricoltura del Lazio
Building Simulation Programs
Double Glazing Unit

Direct Root Finding

Ground Coupled Heat Pump
Greenhouse Gases

Heat Flow Meter

Heat Pump

Life Cycle

First measuring point

Second measuring point

Third measuring point

Single Glazing Unit

Solar Control Film

Transfer Function Method
Typical Meteorological Year
Scenario ante operam
Scenario post operam

Glazing type

Air Changes Per Hour [vol/h]
Mean illuminance [lux]
External surface heat transfer coefficient [W/(m?K)]
Internal surface heat transfer coefficient [W/(m2K)]
Total horizontal incident radiation [kW/m?]
Total vertical incident radiation [kW/m?2]
Predicted Mean Vote [-]
Predicted Percentage of Dissatisfied [-1
Measured heat flux [W/m?]
Thermal energy [kWh]
Thermal energy for cooling [kWh]
Thermal energy for heating [kWh]
Thermal resistance [(mZK)/W]
Relative humidity [%]

First relative humidity (¢t = tg) [%]
Thickness [m]

Solar Heat Gain Coefficient [-]

Time [h]

Start time [h]
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Te ARSIAL External air temperature from ARSIAL [°C]
Te TMY External air temperature from TMY [°C]
Tem Measured external air temperature [°C]
T, External air temperature [°C]
Tip First indoor air temperature (f = t() [°C]
T m Measured indoor air temperature [°C]
T; Simulated indoor air temperature [°C]
Tseg External surface temperature of the glass  [°C]
Tsig Internal surface temperature of the glass ~ [°C]
u Global heat transfer coefficient [W/(m?2 K)]
WWR Window-to-Wall Ratio [%]
WWRs Specific Window-to-Wall Ratio [%]
A Thermal conductivity [W/(mK)]
Psol Solar reflectance [-]
Tois Visible transmittance [-1
Subscripts
C heating
e external
g glass
h horizontal
H cooling
i indoor
j index for j-th value/element
m measured
s simulated
se external surface
si internal surface
sol solar
v vertical
vis visible
_ZONEx thermal zone “x”
0 first value (¢t = tg)
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