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Sustainability, health and well-being are strictly connected. The WHO has recently 

highlighted the importance of designing, management, organization and also retrofitting 

and refurbishment interventions for health care facilities based on climate-resilient and 

environmentally sustainable health criterion. In this study we propose a practical method 

based on the combination of physical-real and virtual information, i.e. the integration 

between continuous monitoring system and transient simulations, for the assessment of 

microclimatic and ventilation parameters, user influx/presence and behaviour, real 

operation (on demand) of plants and control/regulation system adjustment. The method 

is based on a system thinking that assures people and environment health, safety, quality 

of services and management, reducing energy and facility costs. Findings provided the 

fundamentals for training health workers and people/patients, aiming at conscious 

interaction for health and wellbeing protection, but also environmental sustainability and 

management quality. This is particularly important for healthcare environments housed 

in historic buildings, such as the one studied. 
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1. INTRODUCTION

Health care systems have a considerable environmental 

impact but they also can have positive effects on the 

environment. The WHO [1] has proposed a guidance on 

climate-resilient and environmentally sustainable health care 

facilities that is the results of an integrated and coordinate 

work and contributions of different experts within and outside 

the WHO. The WHO Regional Office for Europe has a clear 

policy mandate for action in this area. E.g., the Health 2020, 

the Tallinn Charter: Health Systems for Health and Wealth and 

the Parma Commitment to Act on Environment and Health 

provide a solid basis upon which to engage in technical work, 

advocacy and support to Member States in policy development, 

adoption and implementation. Most of the researches and 

scientific-technical reports in this area have demonstrated that 

an environmentally sustainable health care system really 

improves, maintain or restore people health, while minimizing 

negative impacts on the environment and leveraging 

opportunities to improve it, to the benefit of health, security 

and well-being of current and future generations [2, 3]. Many 

recent works have shown that energy-environmental 

sustainability in health systems can be achieved with a 

systemic approach that recognizes the synergies between 

health and sustainability [4-6]. There is clear evidence that 

health system activities entail significant impacts and 

pressures on the environment. These pressures include the 

generation of hazardous and conventional waste, wastewater 

and greenhouse gas emissions, and high resources 

consumption (water and energy). E.g., the environmental 

impact of health-care waste largely depends on the method of 

disposal. Water pollution from health systems can originate 

directly from health care facilities, through patients as a result 

of health systems activities, through activities in the health 

systems supply chain, and from inadequate health-care waste 

disposal. As a matter of fact, pollutants in hospital wastewater 

include pharmaceutical products, microorganisms, heavy 

metals, cleaning products and other chemicals such as organic 

halogens or free chlorine. 

Literature evidences suggest that environmental 

sustainability of health care systems is an effective factor/goal 

of safety, health and well-being for people [7-9]. 

They have shown that several measures oriented to 

sustainability, environmental quality, resilience and 

reversibility of interventions, can provide the potential to 

guarantee health and environmental benefits simultaneously: 

rational use of energy and renewable energy integration; 

design, construction and/or rehabilitation and refurbishment of 

buildings housing health care facilities, based on 

environmental quality and energy sustainability; rational and 

sustainable use of energy for plant systems (e.g. heating, 

ventilation and air conditioning, lighting systems) within 

health care facilities (e.g. reducing unnecessary usage, 

increasing energy efficiency, understanding where energy 

supply resilience can be improved). Others studies have 

highlighted that energy efficiency of building-plant systems is 

a crucial task, but health risk prevention deriving from 

environmental and pollution factors, microorganism 

dispersion and environmental contamination, has become a 

priority and requires interdisciplinary approaches with 

involvement of different competent subjects [10-16]. 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 
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wellbeing is on the increase [17, 18]. 

Some recent researches concern experimental investigation 

on IAQ, effective ventilation, and occupant behaviour and 

satisfaction inside existing and newly designed buildings. 

Main findings have proved that low energy consumption, 

IAQ, efficacy of different air flow patterns and behaviour and 

self-reported occupant wellbeing can be obtained by 

integrating building physics improvement and controlled 

mechanical ventilation systems [19-22]. Moreover, the current 

standards and provisions imposed by 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 

with possible night attenuation and for the non-occupation 

periods [23-32]. Literature on this subject has also shown that 

IAQ, people safety and health, environmental 

quality/sustainability 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 

components [10, 21]. Any intervention solution on building-

plant system, especially for historic building, should find a 

compromise between energy saving, energy costs necessary to 

ensure ventilation effectiveness and air quality, the 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 [12].  

In this our research, a methodological approach based on 

the combination of physical-real and “virtual” information, i.e. 

measured and simulated, developed in a recent work [33] was 

improved and expanded. The proposed method provides a 

setting up continuous monitoring systems on: indoor 

microclimate and ventilation pattern, influx/presence and 

people behaviour, plants and control systems real operation 

conditions (on demand) and their adjustment/management. 

The obtained results can be fundamental tools to draw up 

useful guidelines for different subjects (i.e. health workers and 

people/patients), training and orientation towards a conscious 

interaction between sustainability, health and safety protection 

and wellbeing, but also a better management of the 

environmental quality towards sustainable/resilience of 

healthcare facilities, as the one studied. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Setting 

 

The waiting room testing centre, of S.M. Nuova, the oldest 

hospital in Florence was the case study. 

 

 
(a) Entrance 

 
(b) Waiting room 

 

 
(c) Reception desks 

 

Figure 1. Internal view of the waiting room-testing centre 

 

From the external porch, two sliding doors lead on to the 

long corridor and waiting room. This latter (Figure 1) has a 

volume of 409m3 with a vaulted ceiling, an average height of 

3.82m and an enveloping surface of very thick mixed masonry. 

There are two double glazed windows facing the only oriented 

South-West external side (Figure 1). The VAV air flow system 

works on an external air flow rate of 5700m3/h with 4vol/h air 

renewal. The air inlet operates through micro-nozzle diffusers 

located above the two sliding doors, at a supply temperature 

with a maximum velocity respectively of 23.2°C and 0.10 m/s 

in winter, 26°C and 0.15m/s in summer. The total air flow rate 

of the two diffusers is 2240m3/h. The air conditioning system 

of the corridor has two circular diffusers with a helical shape 

on the ceiling, and two high induction and adjustable cones in 

anodized aluminium above the sliding doors. Each of the latter 

has an inlet air flow rate 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 expulsion 

air flow rate of 1690 m3/h. The VAV is integrated with a four-

pipe radiant floor panel system that works with a delivery and 

return fluid temperature, respectively of 16°C and 20°C for 

summer, 38°C and 34°C for winter operating conditions. 

There are four reception desks on the window-wall side and 

50 seats arranged in regular rows. The lighting system is a set 

of discharge lighting fixtures placed on the wall near the vault 

shutter. 

 

2.2 Experimental measurement campaign 

 

The environment monitoring was carried out during a short 

time period due to access problems connected to this type of 

environment and all the limitations due to the COVID-19 

pandemia [33]. A measurement protocol and experimental set-

up were defined to obtain sequentiality, continuity and 

repetitiveness of the microclimatic measurements carried out 

in the waiting room and corridor, during a typical working 

week (from 12 March to 29 March 2019). Data were acquired 

every 5 minutes to take into account the influence of the 

opening/closing sliding doors and people passage. Table 1 

provides the instruments list and their technical data. 
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Table 1. Technical characteristic of the instruments used 

 
Flir T620 bx 

IR resolution 640 × 480 pixels 

Thermal 

sensitivity/NETD 

<30 mK @ +30°C (+86°F) 

Accuracy ±2°C (±3.6°F) or 2%, whichever 

is greater, at 25°C (77°F) 

nominal. 

 

Tinytag TGP-4500 

Temperature 

Reading Range -25°C to +85°C (-13°F to 

+185°F) 

Sensor Type 10K NTC Thermistor (Internally 

mounted) 

Accuracy ±0.5 °C between 0°C & 40°C 

Relative Humidity 

Reading Range 0% to 100% RH 

Sensor Type Capacitive (externally mounted) 

Accuracy ±3.0% RH at 25°C / 77°F 

Airflow TA465 

Velocity (TA Probe) 

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

Accuracy ±3% of reading or ±3ft/min 

(±0.015m/s), whichever is greater 

Resolution 1 ft/min (0.01m/s) 

Temperature (TA Probe) 

Range 14 to 140°F (-10 to 60°C) 

Accuracy ±0.5°F (±0.3°C) 

Resolution 0.1°F (0.1°C) 

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°C) 

Resolution 0.1°F (0.1°C) 

Dew Point (TA Probe) 

Range 5 to 120°F (-15 to 49°C) 

Resolution 0.1°F (0.1°C) 

 

The sensors were connected to a radio master R-log data 

logger capture system: a multifunction thermo-anemometer 

(10K NTC Thermistor), in the waiting room, fixed to the 

reinforcement chain of the cross vault; two Tinytags TGP-

4500 in the corridor positioned on the sign support and on the 

ceiling light grid (Figure 2). An infra-red FLIR thermo-camera 

was used to analyse the surface temperature of the walls and 

floor. 

 

 
 

Figure 2. The instruments 

 

2.3 Computational fluid dynamics application 

 

The CFD transient simulations, integrated with 

experimental data and applied to three-dimensional models of 

the studied environment, were used to assess the indoor 

microclimate, IAQ and thermal comfort conditions. A 3D 

solid model, where all the different computational domains 

and the health care workers and patients sitting and standing 

were identified, was used for CFD simulations. Dynamic 

energy analysis of the building-plant system provided basic 

results in compliance with the current standards [34, 35] and 

was used as input data for simulations, developed for the 

coldest day of the monitoring campaign referred to the real 

external climatic data. The commercial software Design-

builder was used. From the real data on people influx and room 

usage time profiles, two basic conditions were identified: the 

first with a maximum number of 40 seated persons, and the 

second with a minimum of 7 with two health workers. The 

condition of minimum people presence 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, 63W sensible heat and 39W latent 

heat per person, clothing thermal resistance of 1 cloth [36] and 

the CO2 emission of 0.012m3/h were set as boundary 

conditions for each patient and sanitary worker [37]. Heat 

loads due to the lighting system (10W/m2) and computers 

(80W/workplace) were also input [36]. Thermo-physical 

properties of building materials provided by the technical 

offices were used. Constant air temperature conditions of the 

surrounding rooms, provided (i.e. typical offices with 20±2°C 

indoor air temperature and 50% relative humidity, for winter; 

[33]) were assumed as boundary conditions for the walls and 

ceiling. The VAV plant system, four-pipe radiant floor panel 

system, and the connected regulation and control system were 

modelled. The simulation model was calibrated and validated 

by means of the experimental data: standard deviation between 

all the measured and the corresponding calculated data was 

2.8%. In order to compute the basic indexes of IAQ and 

thermal comfort, three important sub-volumes within the room 

total volume were identified, once the air temperature and air 

velocity fields were solved. These are: the sliding door-zone 

(hereinafter SDZ), i.e. the air volume that extends 0.61m from 

the doors and the wall for the entire height of the room and 

adjacent to the first rows of seats, including the two micro-

nozzle diffusers; the patients-sitting-zone (hereinafter PSZ), 

i.e. the air volume that includes all the rows of chairs and 

therefore the area occupied by people/patients for the entire 

height of the room. In particular, referring to [38], PSZ was 

defined as encompassing all space from the floor level to 

1.83m above the floor by excluding the space from the wall to 

0.61m away from any wall. The sanitary workers-zone 

(hereinafter SWZ), i.e. the air volume that includes all the 

workstations of healthcare workers up to the opposite glazed 

wall for the entire height of the room, is the third sub-volume 

of the room. For each of these sub-volumes/zones the 

following fundamental indexes were calculated. The local 

mean air age (LMA) that 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. LMA 

expresses the average time for air to travel from a supply inlet 

area to any location in a forced ventilated room, therefore, 

lower values are more favourable and at the inlet opening it 

was assumed to be zero (100% fresh). Comparison of LMA 
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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 considered zone, 

the AEE was calculated by the formula: 

 

𝐴𝐸𝐸 =
(1 𝐴𝐶𝐻⁄ )𝑟𝑒𝑎𝑙

𝐿𝑀𝐴𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
 (1) 

 

The Air Diffusion Performance Index (ADPI), that allows 

the quantification of diffusers performance with respect to the 

air velocity and temperature spatial uniformity, and their 

contribution to thermal comfort, was calculated. ADPI is 

defined as the percentage of occupied zone within which the 

acceptable velocity and temperature values, determined as 

function of the local Effective Draft Temperature (EDT), are 

satisfied [39]. The existing VAV plant inside the waiting-room 

is based on a typical better-mixing ventilation/air distribution 

system with high side-wall located nozzles. Therefore, it was 

possible to apply the method proposed by Liu and Novoselac 

[40] for the heating mode assessment. The EDT in heating 

mode was defined by comparing the region of EDT in the 

ADPI method to the region of 80% thermal comfort in the 

Predicted Mean Vote (i.e. PMV, the Fanger index for thermal 

comfort, [36] then deriving a heating mode EDT and applying 

the ADPI method in terms of the derived heating mode EDT. 

The ADPI is implicitly linked to thermal comfort and was 

developed mainly for mixing ventilation/air distribution 

aiming to achieve a uniform air condition: higher ADPI value 

corresponds to a higher mixing level in the space. 

The heating mode EDT was calculated using the formula 

suggested by Liu and Novoselac [40] applied to each point of 

cell that identifies the specific air sub-volume: 

 

𝐸𝐷𝑇 = (𝑇𝑝 − 𝑇𝑎) − 9.1 ∗ (𝑣𝑝 − 0.15) (2) 

 

with Tp local air dry bulb temperature at each point of the cell 

defining the sub-volume/zone considered (°C), Ta mean air dry 

bulb temperature in the environment/total-volume (i.e. the 

HVAC system set-point value (°C)) and vp mean air velocity 

at each point of the cell describing the considered sub-

volume/zone, i.e. local airstream centerline velocity (m/s). The 

optimal EDT value for heating mode, which guarantees 

comfort conditions for people with poor metabolic activity and 

sessions, is in the range -2.2°C and 2°C, assuming the criterion 

of the air velocity value less than or equal to 0.35m/s 

corresponding to the occupants comfort condition due to air 

velocity higher than 0.2m/s for warm air, as reported in [38]. 

Because the isothermal throw length of each diffuser for the 

terminal velocity of 0.25m/s was provided by diffuser 

manufacturer catalogue, in accordance with the airflow rate, 

using the EDT (Eq. (2)) for heating mode, the ADPI value was 

calculated by means of the calculated air velocity and 

temperature data obtained from CFD simulation, as suggested 

in the studies [40-42]. The PMV and PPD indexes were 

calculated by means of the software CFD dedicated 

application in accordance with [36]. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Indoor microclimate monitoring 

 

The waiting room microclimatic parameters obtained 

during the monitoring campaign are provided in Table 2: it can 

be noted the reability and accuracy of measured data. The 

mean air temperature and velocity values in the corridors and 

in the waiting, room agree with those suggested [23-35]. 

However, the relative humidity values are generally lower. 

Results of the surface temperature analysis carried out by the 

infrared FLIR camera are shown in Figure 3. 

 

 

 
 

Figure 3. Infrared thermo-camera FLIR investigation: at the 

top, real photo South-West wall (left) and its FLIR image 

(right); at the bottom, real photo of the floor towards the 

sliding doors (left) and its FLIR image (right) 

 

The trends of the mean air temperature and relative 

humidity indoor and outdoor, for the coldest day of the 

monitoring campaign are provided in Figure 4. 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, due to the continuous 

people passage and greater influence of sliding doors opening 

and closing. The 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). 
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(b) Relative humidity 

 

Figure 4. Hourly data measured in the waiting room and 

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

experimental campaign 

 

Table 2 provides the results of measured microclimatic 

parameters: good 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 [23-36], the relative humidity values are 

generally lower. 

 

Table 2. Basic results of the experimental measurements 

 
 Air 

velocity 

(m/s) 

Air 

temp. 

(°C) 

Relative 

humidity 

(%) 

Wet-

bulb 

air 

temp. 

(°C) 

Specific 

humidity 

(gv/ga.s) 

waiting room-thermo anemometer  

Mean 0057 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 

 

3.2 CFD transient simulations 

 

In this section, transient CFD simulation results obtained for 

the characteristic day and for the two conditions of maximum 

and minimum people presence are analysed and discussed. Air 

velocity field on different section planes for the condition of 

maximum and minimum people presence are respectively 

shown in Figure 5: in the first condition, a visible effect of 

short-circuiting and partial air stagnation in the occupied zone 

can be noted. This effect is absent for minimum people 

presence condition: air velocity distribution is much more 

uniform throughout the total 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 evident (Figures 5, 6). 

 

 
 

Figure 5. CFD simulation results for air velocity field at two 

different section planes 

 

 
 

Figure 6. CFD simulation results for air temperature 

distribution at two different section planes 

 

For the max and min people presence condition, the air flow 

pattern in the room total volume is strongly conditioned by 

stagnant flow above the occupied zone, due to the combined 

effect of hot air buoyancy towards the ceiling and thermal 
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plume above people sitting (Figures 5, 6). 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 6). As expected, the zone near the double 

glazed wall, facing South-West, has lower air temperature 

values for both conditions. For people thermal comfort 

evaluation, strictly connected to the air quality due to 

ventilation effectiveness, the EDT and ADPI were calculated 

for all the three sub-volumes, SDZ, PSZ, SWZ, at max and 

min people presence conditions. Results are reported in Table 

3. A threshold limit value of ADPI > 80% was assumed for the 

ADPI computation referred to SDZ, PSZ, SWZ. This 

assumption corresponds to the condition with the occupied 

space falling into the equation boundaries and having a high 

air mixing level and high uniformity of the air velocity 

distribution. 

 

Table 3. Results of the experimental measurements 

 
Sub-

volume/ 

zone 

Condition 
AEE 

(-) 

LMA

A (s) 

EDT 

(°C) 

ADPI >

80% 

SDZ 
max people 

presence 
0.78 8.01 0.74 ok 

PSZ 
max people 

presence 
0.33 10.91 0.75 ok 

SWZ 
max people 

presence 
0.27 12.35 0.36 ok 

SDZ 
min people 

presence 
0.72 5.81 0.54 ok 

PSZ 
min people 

presence 
0.82 8.77 1.16 ok 

SWZ 
min people 

presence 
0.87 10.73 0.57 ok 

 

However, thermal comfort also depends on some important 

parameters like as air relative humidity, mean radiant 

temperature, metabolic rate and clothing insulation of people. 

Then, the ADPI can be used for the assessment of effective 

draft temperature field in the occupied zone of the 

environment studied, that means the assessment of the air flow 

pattern performance and uniformity of the air velocity 

distribution. For the max people presence condition, it can be 

noted a significant reduction of the local AEE and the 

simultaneous higher growth of the LMAA from SDZ to SWZ 

(Table 3). This trend is also present for the minimum people 

presence condition, but with relatively higher AEE with 

optimal values in the PSZ and SWZ, proportional to the 

reduction of the local LMAA value for all the three sub-

volumes/zones (Table 3). Results comparison from Table 3, 

show that there are no very important differences between the 

three different zones in terms of AEE, LMAA and EDT. So 

much so that even the ADPI index is always satisfied for all 

the three zones: this is due to the good mixing condition 

obtained with a highly homogeneous air inlet diffuser system 

from the top/ceiling and with the plant integration between the 

VAV with 4vol/h air renewal, and the floor radiant panel 

system. These results are consistent with recent literature 

researches [43-47]. 

These results are also confirmed by the VMP, PPD and 

operative temperature maps (Figure 7a-f). Although the 

relative humidity is generally low (a condition imposed on the 

regulation and control system, as indicated by the technical 

office), people well-being conditions are generally guaranteed, 

as can be deduced comparing PMV and PPD distribution 

(Figure 7a, c) with the operative temperature distribution 

(Figure 7b, d). However, the SWZ, i.e. the zone around the 

large glazed surface, shows a local discomfort, as expected 

from the local PVM and building's thermo-physical behaviour 

assessment: this is due to the local air thermal stratification, 

more properly caused by the mean radiant temperature 

asymmetry. 

 

 

 

 
 

Figure 7. CFD simulation results on different section planes 

 

Within the air flow scheme modelling of the total volume of 

the room, the PMV and PPD distribution at the two 

investigated people presence conditions, may produce 

acceptable values both for low air temperature with low air 

velocity and high air temperature with high air velocity. But 

this cannot happen for the ADPI also computed for the room 

total volume. The reason why the ADPI value can be high, 

when PPD is high, is due to the fact that for the existing air 

flow ventilation scheme, the hot air stagnates on the ceiling of 

the room and the occupied area below, still has a relatively 

uniform air velocity and temperature distribution. From result 

comparisons, it can be seen how the air motion field, 

temperature distribution and the trend of the LMAA values, 

both for precautionary conditions of max people presence, and 

for the min people presence condition with physical distancing 

and limited entrances, the HVAC plant with demand-
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controlled ventilation combined with floor radiant panel 

system, guarantees air quality, good ventilation and 

comfortable conditions for occupants. Analysing the 

variability of the aforementioned and assessed parameters and 

indexes, it can be deduced that the environmental quality, 

health, wellbeing and safety, cannot be guaranteed by air 

permeability of the building envelope and natural ventilation 

due to manual window/door airing, as also deeply 

demonstrated in the study [12]. In particular, as expected, 

ventilation effectiveness and air washing effect are present in 

all the three SDZ, PSZ and SWZ, both at max and min people 

presence conditions, but with better results for the min people 

presence condition. 

 

 

4. CONCLUSIONS 

 

The energy-environmental sustainability of health care 

facilities implies the realization and management of building-

plant system projects that aim at the IAQ and ventilation 

effectiveness, but at the same time at hygiene, safety and 

health of the occupants.  

This fact implies that they can only be reversible, adaptive 

and resilient. Moreover, 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 [42, 48]. 

The methodological approach, that was developed in this 

present research, based on a systemic view for design and 

organisation processes of building-plant system, can be a 

useful tool to define climate resilience guidelines for the health 

care facilities, especially for those housed inside historic 

buildings. The proposed method should be understood as a 

living document for continuous improvement, ongoing 

collaboration, and focused contribution to health care facilities 

management, organization and planning.  

The body of the living/resilient knowledge/information of 

the method, is the integration between continuous monitoring 

system and transient simulations, for the assessment of 

microclimatic and ventilation parameters, user influx/presence 

and behaviour, real operation (on demand) of plants and 

control/regulation system adjustment. 

The proposed perspective and systemic vision approach can 

be used as a crucial support for a Living Facility Report to 

capture current best practices and enable continuous 

improvements through an iterative and collaborative process 

for sustainable, resilient and healthy/comfortable health care 

systems. It can also be easily correlated and interfaced with 

DIGITAL TWIN simulation and modelling systems. 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 and management. 
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