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 The pandemic COVID-19 era we are experiencing has changed our way of seeing, thinking 
and designing indoor and outdoor environments and, above all, plant systems and building-
plant management. Energy environmental sustainability is a common fundamental target 
for buildings and plant systems, but health protection and prevention are the priority issues 
for the basis of any retrofitting and refurbishment operation. This question becomes even 
more complex if the building is historic and used for hospital or for healthcare facilities. 
In this research we propose a methodological approach based on the combination of 
physical-real and “virtual”, i.e. measured and simulated information. The proposed method 
can be a useful tool for setting up continuous monitoring systems for microclimatic and 
ventilation conditions, user influx/presence and behaviour, real operation (on demand) of 
the plants and control/regulation system adjustment. Results show the importance of 
drawing up useful guidelines for training health workers and people/patient subjects, aiming 
at conscious interaction for health and wellbeing protection, but also better indoor 
environment management. This is particularly important for healthcare environments such 
as the one studied. 
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1. INTRODUCTION 
 

It is well known that energy efficiency is a common task for 
buildings and related plant systems, but the issue concerning 
health risk prevention deriving from environmental and 
pollution factors, microorganism dispersion and 
environmental and surface contamination, has become a 
priority, so much so that it requires the involvement of 
different competent subjects and imposes an integrated 
interdisciplinary approach [1-7]. On the other hand, among 
stakeholders, researchers, technicians and public decision 
makers, awareness of the importance of indoor air quality 
(IAQ) for guaranteeing people's health and wellbeing is on the 
increase [8]. Crucial findings have been discussed by recent 
literature and research concerning experimental and simulated 
investigation on IAQ, effective ventilation, and occupant 
behaviour and satisfaction inside historic, existing and newly 
designed energy-efficient buildings. These studies highlighted 
the fact that low energy consumption, IAQ, efficiency and 
efficacy of different air flow patterns and behaviour and self-
reported occupant wellbeing can be obtained by integrating 
solutions for building physics improvement and controlled 
mechanical ventilation systems [9-12]. Moreover, the current 
standards and provisions on IAQ, controlled mechanical 
ventilation, hygiene, health and prevention of contagion risks, 
imposed by international and national organizations (i.e. WHO, 
ASHRAE, RHEVA, AICARR and ISS), suggest that heating, 
ventilation and air conditioning plants (HVAC) must be 
working 24 hours a day and continuously 7 days a week, 
without air recirculation and possibly with night attenuation 
also provided for periods of environmental non-occupation 

[13-23]. As a consequence, controlled mechanical ventilation 
systems must be equipped with high air filtration systems 
without recirculation and with large air flows to be treated. 
Most of the literature on this subject shows how the IAQ and 
infection risks are closely related to the air flow field and 
specific air flow patterns, internal pressure regimes, indoor 
thermo-hygrometric conditions, air filtration systems, as well 
as the correct maintenance and cleaning of plants and their 
components [1, 11]. Therefore, plant adaptation, retrofitting 
and refurbishment design solutions for existing buildings and 
in some cases that are also historical and also subject to 
protection and conservation constraints, are very complex 
issues. Any intervention solution must find a compromise 
between energy saving, energy costs necessary to ensure 
ventilation effectiveness and air quality, health protection of 
people and cultural heritage objects. Physical distancing and 
the increase in natural ventilation, both with automatic and 
manual techniques, are not sufficient to ensure health 
protection and reduction of contagion and contamination risks.  

In this research, a methodological approach based on the 
combination of physical-real and “virtual”, i.e. measured and 
simulated information, is developed. The proposed method 
can therefore be a useful tool for setting up continuous 
monitoring systems on microclimate and ventilation systems, 
on user influx/presence and his behaviour, on the real 
operation (on demand) of the plants and control systems and 
their adjustment/management. The results obtained show the 
importance of drawing up useful guidelines for subject (i.e. 
health workers and people/patients) training and orientation 
towards a conscious interaction for health protection and 
wellbeing, but also for better management of environmental 
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quality, which is particularly important for healthcare ambient 
such as the one studied. 
 
 
2. THE CASE STUDY 
 

Santa Maria Nuova is the oldest hospital in Florence, the 
only one of the four city hospitals located in the historic centre. 
The testing centre, a portion of the historic building, defined 
as a space and public service - hospital complex, is the case 
study. It is classified in the Municipality Planning Regulation 
as an emergency of historical and architectural value, and 
subjected to the constraints of the city Department for listed 
buildings (Figure 1). The waiting room-testing centre has a 
volume of 409 m3 with vaulted ceilings, an average height of 
3.82 m and an enveloping surface of very thick mixed masonry. 
From the external porch, two sliding doors, with glass and 
aluminium frames, lead on to the long corridor and waiting 
room. The latter has internal walls covered up to a height of 
2.20 m by Gavatex-type fiberglass fabric, and double glazed 
windows (Visarm double glazing of 6 mm thickness), 
darkened with opal film, up to a height of 2.20 m, facing the 
only oriented South-West external side (Figure1). By means 
of analyses of evidence from historical information and 
literature, and all the data provided by the technical offices, it 
was possible to define internal and external wall stratigraphy: 
3 cm external plaster - mixed type masonry of 78 cm thickness 
- 7 cm air gap - plasterboard double slab of 5 cm thickness 
with fiberglass fabric finishing. The floor consists of a crawl 
space in plastic cupolex placed on a 20 cm lean concrete, 5 cm 
thick concrete screed and 3 cm polyestyrene layer on which 
the radiant panels and its covering are laid. The air 
conditioning plant is integrated with a four-pipe radiant floor 
panel system. This operates with a delivery fluid temperature 
of 16℃ with return of 20℃ for summer operating conditions; 
and a delivery fluid temperature of 38℃ with return of 34℃ 
for winter operating conditions. The HVAC is a typical VAV 
with simple air flow system the operating conditions of which 
are fixed at 4 Vol/h air exchange. The air inlet operates from 
above, through micro-nozzle diffusers located above the 
sliding doors, at a maximum velocity of 0.10 m/s in winter and 
0.15 m/s in summer. The total air flow rate of the two diffusers 
is 2240 m3/h. The air conditioning system of the corridor zone 
includes: two circular diffusers on the ceiling with a helical 
shape with high induction and adjustable cones in anodized 
aluminium. Each of these is positioned near the first and 
second sliding door and has an inlet air flow of 370 m3/h. Air 
extraction takes place on the corridor ceiling through two 
simple order extractors of fixed anodized aluminum fins, each 
of them with an air flow rate of 1690 m3/h. Furnishings is 
generally consist of laminate counter with four reception 
stations on the window-wall side and on the opposite side by 
50 seats arranged in regular rows. The lighting system is 
provided by discharge lighting fixtures placed on the wall near 
the vault shutter. 

 

    
(a)                                      (b) 

    
(c)                                 (d) 

 
Figure 1. Photo of S.M.Nuova Hospital: a) the façade with 

portico, texting centre side; b) the corridor; c) and d) internal 
view of the waiting room-texting centre 

 
 
3. MICROCLIMATIC MEASUREMENT CAMPAIGN 
 

The experimental measurement campaign was carried out 
during a short time period due to access problems connected 
to this type of environment and all the limitations subsequently 
imposed by the COVID-19 pandemia, that we are still 
experiencing. The period is short but representative of a 
typical working week (from 12 March to 29 March 2019). A 
measurement protocol and experimental set-up were defined 
to obtain sequentiality, continuity and repetitiveness of the 
measurements, both in the waiting room and corridor. A time 
step of 5 minutes was fixed for data acquisition and recording. 
This fact allowed taking into account the influence of the 
sliding doors opening and closing and people passage. 

An initial investigation was carried out with a survey using 
an infrared FLIR camera. In Figure 2 some significant results 
of this investigation are shown. The main microclimatic 
parameters were measured: in the waiting room with a 
multifunction thermo-anemometer fixed to the reinforcement 
chain of the cross vault, so as not to hinder the activity carried 
out within the environment, and in a particular position that is 
not affected by the influence of the air supply diffusers and/or 
the sliding doors; in the corridor with two Tinytags positioned 
on the sign support and on the ceiling light grid. Figure 3 
shows the instrument location and measuring points. 
Technical characteristics of the instruments used are given in 
Table 1. 

 

 
 

Figure 2. FLIR infrared camera measurements: test areas 
(left) and the corresponding samples of IR images (right) 
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(c)                                       (d) 

 
Figure 3. Instruments locations a) thermoanemometer (T1), 

tinytags (TAG1 and TAG2) in a plan view; b), c), d) 
respectively, photos: (T1), TAG1 and TAG2 

 
Table 1. Technical characteristics of the used instruments 
 

Flir T620 bx 
Imaging and optical data 

IR resolution 640 × 480 pixels 
Thermal 

sensitivity/NETD 
<30 mK @ +30℃ (+86°F) 

Measurement 
Object temperature 

range 
–40℃ to +150℃ (–40°F to +302°F) 

+100℃ to +650℃ (+212°F to +1202°F) 
Accuracy ±2℃ (±3.6°F) or 2%, whichever is 

greater, at 25°C (77°F) nominal. 
Measurement analysis 

Emissivity correction Variable from 0.01 to 1.0 or selected 
from materials list 

Tinytag TGP-4500 
Temperature 

Reading Range -25℃ to +85℃ (-13°F to +185°F) 
Sensor Type 10K NTC Thermistor (Internally 

mounted) 
Response Time 25 mins to 90% FSD in moving air 

Reading Resolution 0.01℃ or better 
Accuracy ±0.5℃ between 0℃ & 40℃ 

Relative Humidity 
Reading Range 0% to 100% RH 

Sensor Type Capacitive 
Accuracy ±3.0% RH at 25℃ / 77°F 

Reading Resolution Better than 0.3% RH 
Sensor Location Externally mounted 
Response Time 40 seconds to 90% FSD (current data 

loggers, from SN 613165) 
Airflow TA465 

Velocity (TA Probe) 
Range 0 to 9999 ft/min (0 to 50 m/s) 

Accuracy ±3% of reading or ±3 ft/min (±0.015 
m/s), whichever is greater 

Resolution 1 ft/min (0.01 m/s) 
Temperature (TA Probe) 

Range 14 to 140°F (-10 to 60℃) 
Accuracy ±0.5°F (±0.3℃) 

Resolution 0.1°F (0.1℃) 
Relative Humidity (TA Probe) 

Range 5 to 95% RH 
Accuracy ±3% RH 

Resolution 0.1% RH 
Wet Bulb Temperature (TA Probe) 

Range 40 to 140°F (5 to 60℃) 
Resolution 0.1°F (0.1℃) 

Dew Point (TA Probe) 
Range 5 to 120°F (-15 to 49℃) 

Resolution 0.1°F (0.1℃) 
Logging Interval 

Intervals 1 second to 1 hour 
 

3.1 Experimental results 
 

In this section experimental results on the waiting room 
microclimate are analysed and discussed.  Table 2 provides the 

analysis of the microclimatic parameters obtained during the 
monitoring campaign: measured data reability and accuracy 
can be noted. The mean air temperature in the corridors, but 
especially in the waiting room, as well as the air velocity value, 
agree with those suggested [13-24]. However, the relative 
humidity values are generally lower.  
 

Table 2. Microclimatic parameters analysis 
 

 Air 
velocity 

(m/s) 

Air 
temp. 
(℃) 

Relative 
humidity 

(%) 

Wet-bulb 
air 

temp.(℃) 

Specific 
humidity 
(gv/ga.s) 

waiting room-thermo anemometer  
mean 0.057 23.67 27.74 13.06 5.128 
max  0.110 24.40 30.80 13.60 5.686 
min 0.020 23.00 24.70 12.70 4.669 

median 0.060 23.80 28.20 12.95 5.113 
standard 
deviation 

0.014 0.316 1.598 0.266 0.265 

corridor tinytag 1  
mean - 21.93 31.45 - 5.213 
max  - 23.15 34.88 - 5.848 
min - 21.49 28.90 - 4.683 

median - 21.74 31.98 - 5.279 
standard 
deviation 

- 0.430 1.706 - 0.252 

corridor tinytag 2  
mean - 21.66 31.23 - 5.095 
max  - 22.18 36.70 - 6.128 
min - 21.32 28.34 - 4.531 

median - 21.54 31.33 - 5.161 
standard 
deviation 

- 0.267 1.639 - 0.290 

 
Figure 4 a, b shows the trends of the mean air temperature 

and relative humidity of the waiting room and corridor, in 
comparison with the corresponding trends of the air 
temperature and relative humidity in the external environment, 
during the coldest day of the monitoring campaign. It can be 
noted, especially during the central hours of the day, how the 
internal air temperature of the waiting room is affected by the 
mutual influence between people influx, door opening and 
closing phases, and higher values of the external air 
temperature.  

In the corridor this value is always lower, both because this 
is a zone characterized by continuous people passage, and due 
to the greater influence of the sliding doors opening and 
closing.  

An appreciable effect of thermal-buffer and humidity-
damping of the corridor on the thermo-hygrometric conditions 
of the waiting room, compared to the external climatic 
conditions, is evident if the trend of the relative humidity 
values is taken into account (Figure 4 a, b). 
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(b) 

 

Figure 4. Hourly data of the air temperature (a), the air 
relative humidity (b), measured in the waiting room and 

corridor in relation to the real data for the coldest day of the 
experimental campaign 

 
 

4. CFD TRANSIENT SIMULATION 
 

Starting from the construction of a three-dimensional model 
of the environment studied, the dynamic energy analysis of the 
building-plant system carried out in compliance with the 
current standards [24, 25] was developed. These results 
provided the necessary input data for the CFD transient 
simulations developed for the coldest day of the monitoring 
campaign using the real external climatic data. Design-builder 
a well-known commercial software was used. The furnishings, 
all the chairs, reception desk, healthcare workers and people 
sitting were modelled. With reference to the real data on 
people influx and room usage time profiles, two basic 
conditions were defined: the first with a maximum number of 
40 seated persons, and the second with a minimum of 7. In 
both cases, only two health workers were modelled. The 
condition of minimum presence of people was chosen as a 
limit and precautionary condition of quota admissions and 
physical distancing imposed by the pandemic context.  

The total thermal load due to people sitting, clothing 
thermal resistance of 1 cloth [26, 27] and the CO2 emission of 
0.012 m3/h were set as boundary conditions for all the persons 
(patients and sanitary workers [27]). Heat loads due to the 
lighting system and computers were taken into account [26, 
27]. The thermo-physical characteristics of the walls, i.e. 
internal dividing walls, of the separating ones with the external 
environment, ceiling, floor and large windows, were 
implemented. Fixed and constant temperature conditions of 
the surrounding rooms, provided by the technical offices (i.e. 
typical offices with 20±2℃ indoor air temperature and 50% 
relative humidity) were assumed as boundary conditions for 
the walls and ceiling. Hourly variations of the external climatic 
parameters were set as the boundary conditions for the large 
glazed surfaces, facing South-West to the external 
environment. The HVAC with VAV system, combined with a 
four-pipe radiant floor panel system, and the connected 
regulation and control system were modelled. For the VAV, 
i.e. a typical simple air flow system in the waiting room, the 
external air flow rate was assumed to be 5700 m3/h with 4 
vol/h air renewal. In particular, the air inlet diffusers, placed 
above the two sliding doors, were modelled, assuming a 
maximum air velocity of 0.10 m/s for winter with a total air 

flow rate of 2240 m3/h. For all the transient CFD simulations, 
a sufficiently dense and accurate computational mesh was 
used and all the parameters relating to convergence, were 
checked in relation to time and computational costs. The 
simulation model was calibrated and validated by means of the 
experimental data: standard deviation between all the 
measured and the corresponding calculated was 2.8%. Taking 
into account the standard deviation value and both the 
modelling simplifications as well as the quality/quantity of the 
received information (e.g. thermo-physical characteristics, 
plant set-point conditions, regulation and control systems, 
lighting systems, etc.) the model was found to be sufficiently 
reliable and robust. 
 
 
5. RESULTS AND DISCUSSION 
 

   
(a)                                     (b) 

   
(c)                                  (d) 

 
Figure 5. CFD simulation results for the max people 

presence condition: a), b) air velocity field at two different 
section planes; c), d) air temperature distribution at two 

different section planes 
 

   
(a)                                   (b) 

   
(c)                                (d) 

 
Figure 6. CFD simulation results for the min people presence 

condition: a), b) air velocity field at two different section 
planes; c), d) air temperature distribution at two different 

section planes 
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In this section, all the results obtained by transient CFD 
simulations for the characteristic day and for the two 
conditions of maximum and minimum people presence are 
analysed and discussed. Figures 5 and 6 show respectively the 
air velocity field on different section planes for the condition 
of maximum and minimum people presence: in the first 
condition, the effect of short-circuiting and partial air 
stagnation in the occupied zone can be noted.  

This effect is absent for minimum people presence 
condition. In this last condition, the air velocity field is much 
more uniform throughout the volume of the environment with 
relatively higher velocity values near the ceiling, where the 
Coanda Effect, the shape of the jet and the effect of the launch 
length from the delivery diffusers, combined with the different 
temperature distributions, are particularly evident (Figures 5, 
6).  

These effects can be noted in the distribution maps of the 
local average air age (LMA) (Figure 7). LMA is one of the 
most important parameters to evaluate the ventilation 
efficiency and/or contaminants removal and to quantify the 
average lifetime of air at a closed space for a steady airflow 
achieved. The local air age concept expresses the average time 
for air to travel from a supply inlet area to any location in a 
forced ventilated room: lower values are more favourable. At 
the inlet opening it was assumed to be zero (100% fresh). The 
average value of LMA was computed in the occupied zone at 
the two conditions of max and min people presence.  

 

   
(a)                                   (b) 

   
(c)                                  (d) 

 
Figure 7. CFD simulation results. a), b) mean air age at two 

different section planes for the max people presence 
condition; c), d) mean air age at two different section planes 

for the min people presence condition 
 
Comparison of these values with the theoretical residence 

time of air inside the room (i.e. the ratio between the total 
volume of the room and the mass flow rate of incoming 
ventilating air), provided the fundamentals for the Air 
Exchange Efficiency (AEE) index computation. In particular, 
applying a zonal method and referring to the LMA results 
obtained for the occupied zone, the AEE by means of the post-
processing CFD results in the occupied zone was calculated as 
follows: 
 

𝐴𝐴𝐴𝐴𝐴𝐴 = (1 𝐴𝐴𝐴𝐴𝐴𝐴� )𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐿𝐿𝐿𝐿𝐴𝐴𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑐𝑐

  (1) 
 

For the max and min people presence condition, the AEE 
obtained was respectively 0,768 and 1,326. This fact means 
that in the condition of max people presence with EEE <1 (i.e. 
0.768) a partial short-circuit of the air with stagnation zones, 
happens, in particular, in the sitting zone. It can be noted that 
the air flow pattern in the total volume of the room is strongly 
conditioned by the subzones with inadequate and insufficient 
ventilation (Figure 7). Considering the air temperature 
distribution, it can be noted that for the max people presence 
condition, the values are on average higher, both in the total 
environment, and in the sitting zone, compared to those 
obtained for the min people presence condition (Figure 7). As 
expected, the zone near the double glazed wall, facing South-
West, has lower air temperature values for both conditions. For 
people wellbeing evaluation, strictly connected to the air 
quality due to ventilation effectiveness, the Effective Draft 
Temperature (EDT) was calculated for both the max and min 
people presence conditions. By means of the CFD results post-
processing for the sitting zone, the local average values of the 
air temperature and air velocity were calculated. Therefore, the 
following equation for EDT was used: 
 

𝐴𝐴𝐸𝐸𝐸𝐸 = (𝐸𝐸𝑖𝑖 − 𝐸𝐸𝑎𝑎) − 0,8 ∗ (𝑣𝑣𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚 − 0,15)  (2) 
 
with Ti mean air temperature in the sub-volume/zone 
considered, Ta mean air temperature in the environment/total-
volume (e.g. the HVAC system set-point value) and vmean 
mean air velocity in the considered sub-volume/zone. 

 

   
(a)                                             (b) 

 
Figure 8. CFD simulation results. a) PMV at the max people 

presence condition; b) PMV at the min people presence 
condition 

 

   
(a)                                          (b) 

 
Figure 9. CFD simulation results. a) operative air 

temperature at the max people presence condition; b) 
operative air temperature at the min people presence 

condition 
 
Usually, the optimal EDT value, which guarantees comfort 

conditions for people with poor metabolic activity and 
sessions, is in the range -1.7℃ and 1.1℃ [28, 29]. For the 
condition of max people presence, EDT was 0.98 and for the 
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min people presence was -0.12. These results confirm those 
obtained by the VMP and PPD maps (Figure 8). Although the 
relative humidity is generally low (a condition imposed on the 
regulation and control system, as indicated by the technical 
office), the wellbeing conditions for the occupants are still 
guaranteed, as can be seen from the PMV and PPD distribution 
(Figure 8) and operative temperature distribution (Figure 9).  

The zone around the large glazed surface shows local 
discomfort, as expected from the analysis of the building's 
thermo-physical behaviour. From result comparisons, it can be 
seen how the air motion field, temperature distribution and 
trend of the mean air age both for precautionary conditions of 
max people presence, and for the min people presence 
condition with physical distancing and limited entrances, the 
HVAC system guarantees air quality, good ventilation and 
comfortable conditions for occupants.  

In particular, ventilation effectiveness and air washing are 
present in both conditions studied, but with better results for 
the min people presence condition. 
 
 
6. CONCLUSIONS 
 

Health, safety and wellness of people can be achieved with 
HVAC plant system designs finalised to IAQ, solutions based 
on demand ventilation regulation and control, airflow scheme 
effectiveness and correct air change rates [29, 30]. In addition, 
the HVAC system design must be based on demand, 
controlled mechanical ventilation and its correct management, 
because the air permeability of the building envelope and the 
natural ventilation due to manual window/door airing cannot 
ensure the correct and efficient air ventilation rate, 
contaminant dilution and/or removal [3]. 

Effective plant system management and control, for a 
special ambient just like the one studied, can be developed by 
means of a methodological approach based on the integration 
between the experimental/real measurements with the 
connected transient simulations. 

Our research highlighted how the above findings are 
particularly complex but crucial and necessary when they must 
be designed for assuring health requirements, adapting the 
existing building-plant systems to the present pandemic 
context. The proposed methodological approach can be a 
fundamental tool for defining and developing continuous 
monitoring of environments and plant systems (e.g. 
microclimatic and biological monitoring, on the influx, 
presence and different user behaviours, on the actual 
functioning conditions and management of the plants and the 
connected control and regulation systems) that can be easily 
correlated and interfaced with DIGITAL TWIN simulation 
and modelling systems. The proposed method can be a useful 
support to identify basic guidelines for training concerning 
wellbeing, safety and security and health of workers and 
people and/or patients, towards a conscious interaction for the 
best management and protection/conservation of the indoor 
environmental quality. This is particularly mandatory for 
healthcare environments such as the one studied and also 
provides the key elements to stimulate effective 
participatory/training processes, supporting BIM techniques 
for facility management and maintenance, enhancing the 
ability to plan and implement intervention scenarios on critical 
elements, analysing and evaluating technologies/performance, 
IAQ & wellbeing, health & hygiene, energy and maintenance 
costs & management. 
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