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Abstract: Hospital surgical suites are high consumers of energy due to the strict indoor air quality
(IAQ) conditions. However, by varying the ventilation strategies, the potential for energy savings is
great, particularly during periods without activity. In addition, there is no international consensus on
the ventilation and hygrothermal requirements for surgical areas. In this work, a dynamic energy
model of a surgical suite of a Spanish hospital is developed. This energy model is calibrated and
validated with experimental data collected during real operation. The model is used to simulate
the yearly energy performance of the surgical suite under different ventilation scenarios. The common
issue in the studied ventilation strategies is that the hygrothermal conditions ranges are extended
during off-use hours. The maximum savings obtained are around 70% of the energy demand without
compromising the safety and health of patients and medical staff, as the study complies with current
heating, ventilation and air conditioning (HVAC) regulations.
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1. Introduction

Hospitals operate 24/7 with high rates of occupancy and stringent air quality requirements.
Accordingly, they generally present greater end-use energy consumption and greenhouse gas emissions
per unit of floor area in comparison with residential and other commercial buildings. Thus, it has been
recently reported that the average energy intensity of hospitals in the United States is 738.5 kW/m2/year,
which is approximately 2.6 times greater than that of other buildings of the tertiary sector [1]. In turn,
the energy consumption of hospitals in Greater London (UK) ranges from 194 to 1270 kWh/m2/year [2],
whereas the average values for Germany and Spain are approximately 270 kWh/m2/year [3,4]. In
addition, a recent study on the CO2 emissions derived from the energy consumption in Spanish
hospitals estimates that the average annual ratio is 100 kg per m2 of floor area [5].

The scientific literature offers a wide range of investigations evidencing that there is a large
potential for energy savings and CO2 emissions reduction in hospitals worldwide. Such studies mostly
focus on enhancing the efficiency of heating, ventilation and air conditioning (HVAC) systems, as they
are typically responsible for the greatest share of the total end-use energy consumption in hospitals,
with ratios ranging from 50% to 75% [6,7]. These investigations were conducted worldwide (e.g.,
in Europe [8] and Australia [9]), achieving similar results. For example, in China, a comprehensive
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study indicates that electricity consumption in hospitals accounts for 64% of the total energy, mostly
from air conditioning systems [10]. Other publications include the evaluation of different retrofitting
strategies, such as renovating the building envelope [11,12], introducing renewable energy sources [13]
or recovering energy from medical waste incineration [14]. For instance, it has been estimated that
the yearly electrical energy consumption of a Greek hospital could be reduced by 45% through
the implementation of energy policies, and the installation of new LED luminaries and photovoltaic
panels [15]. Likewise, García-Sanz-Calcedo et al. have reported that it is possible to save up to
6.88 kWh and 4.82 kg of CO2 per m2 and year by implementing a series of relatively low-cost strategies
that include improving the HVAC and lighting systems, introducing the use of renewable energies,
enhancing the envelope thermal insulation or optimizing the maintenance management [16]. However,
it is common that the implementation of energy efficiency measures in hospitals is hindered by a series
of issues intrinsically related to the healthcare sector, including technical obstacles, political barriers
and behavioral concerns [17–20].

Operating rooms (ORs) have rigorous ventilation, hygrothermal, lighting and functional
requirements. In consequence, they present a large energy use intensity compared to other areas in
a hospital, principally due to the energy consumption of HVAC systems. In fact, a recent study on
the energy performance of the ORs of a Spanish hospital reveals that their average thermal energy
demand is 1685 kWh/m2/year, or 1021 kWh/m2/year if the adjunct facilities, such as scrub rooms,
sterile storage areas and preoperative rooms, are considered [21]. HVAC systems play a fundamental
role in preventing infections during surgical operations while maintaining acceptable indoor thermal
conditions for patients and medical staff [22], which makes them consume large amounts of energy.
Thus, elevated constant ventilation rates, together with an efficient air filtration and air distribution, are
required to remove airborne bioparticles, anesthetic gases, fumes and other contaminants, as well as to
keep a constant positive differential pressure in the surgical areas [23–26]. In addition, it is necessary to
maintain temperature and humidity within determined values that avoid the proliferation of bacteria,
viruses and fungi, while providing the most comfortable working conditions possible for the surgical
personnel [27–29]. However, hygrothermal and ventilation requirements in ORs may significantly
vary depending on the standard considered for designing the HVAC equipment, as different countries
define their own technical guidelines [30–32]. A detailed comparative of different standards can be
found in [21].

The high-energy intensity associated with surgical facilities provides an opportunity to develop
and implement energy saving measures in ORs, particularly those aimed at minimizing their HVAC
loads. However, reducing the energy consumption in ORs is a complex and challenging task, as it
inevitably involves preserving or enhancing the safety and comfort conditions for patients and staff. In
fact, energy efficiency is mostly overlooked by current standards, while the number of investigations
addressing the analysis and optimization of the energy performance in ORs is rather limited.

The installation of heat exchangers to recover energy from the exhaust airflow has been proposed
to reduce the air conditioning energy demand in surgical facilities [33,34]. However, the use of
heat recovery units is not always possible due the risk of cross-contamination of the fresh airstream.
Ozyogurtcu et al. [35] have estimated that the energy consumption of Turkish ORs could be reduced
up to 74% by introducing heat recovery systems and lowering the number of air changes per hour
(ACH) during night periods by half. Decreasing the airflow intake during off-use hours is a simple
measure that could effectively minimize the energy use for fans and air conditioning, but it might
also involve difficulties in keeping adequate overpressure levels in the surgical areas or producing
an ineffective removal of smoke from cleaning activities. Hence, energy saving proposals based on
reducing the ventilation rates beyond the limits recommended by standards, either during occupied or
unoccupied periods, should include a thorough assessment of the contaminant concentration in the OR
environment, as airflow patterns have a major influence in their elimination and dilution [36]. In this
regard, Alsved et al. [37] have evaluated the performance of different ventilation systems for ORs,
concluding that a temperature-controlled airflow can provide high levels of air cleanliness, comfortable
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working conditions and reduced energy consumption. Likewise, Febrero- Garrido et al. suggest that
energy savings up to 51% are achievable in a Spanish hospital by reducing the ventilation rates by half
while complying with airborne particle standards [38]. In turn, the use of air recirculation is supported
by most of the current standards in the design of HVAC systems for ORs [39]. Thus, it has been recently
estimated that the energy demand of a conventional Spanish OR may be lowered by 55% if the fresh
air intake is reduced to 50% of the total ACH [40], which is the highest recirculation rate contemplated
in the Spanish standard [41]. Similar results were obtained by González-Gil et al. [21] for an existing
OR in Spain, although they have additionally found that energy savings could increase up to 79% if
the recirculation rate was 80%, as recommended by the American standard [42].

González-Gil et al. [21] have also revealed that approximately 80% of the total thermal energy
demand of a surgical suite corresponds to periods of inactivity, thus confirming that large amounts of
energy are currently spent on maintaining comfort and aseptic conditions in ORs when no surgical
works are being performed. However, it is known that, assuming high filtering efficiency and an
adequate number of ACH with effective air distribution, the concentration of infectious particles is
determined by their ratio of generation, the principal source of such particles being the staff and
the surgical activities [43]. In this vein, Loomans et al. [44] have determined that demand-controlled
ventilation based on occupancy could lead to energy savings of up to 93% in pharmaceutical cleanrooms.
Also, Porowski [45] has assessed through simulations that a substantial amount of energy may be
saved by allowing wider limits for temperature and relative humidity (RH) when there is no surgical
activity in the ORs.

This paper aims to explore the extension of the current set point ranges for hygrothermal conditions
during unoccupied periods as a strategy to minimize the energy demand in surgical areas. Such an
approach is not contemplated by the actual Spanish standard, which recommends keeping the same
ventilation and hygrothermal conditions as for periods with surgical activity; that is, a room temperature
between 22 and 26 ◦C and a RH range of 45–55% [41]. However, results from the literature discussed
above suggest that there is a substantial margin for reducing the ventilation loads in ORs during off-use
hours without compromising the safety of the indoor environment. In fact, more up-to-date guidelines
are beginning to promote the energy efficiency through this kind of strategy, with the French standard
allowing the widest range for temperature during unoccupied hours [46]. In particular, this code
permits the air temperature to vary between 15 and 30 ◦C during off-use periods, instead of the normal
operation range of 19–26 ◦C, and with no defined limits for the RH in conventional ORs.

Therefore, the principal objective of this investigation is to assess the potential energy savings
derived from applying the aforementioned recommendation of the French code to the case of an
existing surgical suite of a Spanish hospital. First, the authors develop a dynamic energy model;
second, it is calibrated using experimental data collected during occupied and unoccupied periods in
the surgical suite. Such a simulation model, created in TRNSYS, is used to evaluate the annual energy
performance of the whole suite under different ventilation scenarios. The scenarios were defined
following the Spanish [41] and American standards. Temperature and RH setpoint ranges were, during
operations, the same as currently used in the surgical suite; during unoccupied periods, temperature
limits of 15–30 ◦C with non-controlled HR were employed. In principle, the safety of the surgical
environment is guaranteed because both the ventilation and the hygrothermal conditions will be within
the limits established by widely accepted standards. However, the hygrothermal conditions during
transitions from unoccupied to occupied periods will be carefully studied, as well as the possibility of
moisture condensation.
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2. Materials and Methods

2.1. Description of the Surgical Suite and the Experimental Procedure

2.1.1. The Surgical Suite and Its HVAC System

The surgical suite studied in this article is located in the Lucus Augusti University Hospital
(HULA) in Lugo, in the northwest of Spain. The electrical energy consumption of the hospital in 2018
was 22.08 GWh and its thermal energy consumption in 2018 was around 30.8 GWh (Liquefied Natural
Gas - LNG). As the HULA has an area of 185,000 m2, this implies a consumption of 285 kWh/m2/year
(119 kWh/m2/year electrical energy and 166 kWh/m2/year thermal energy). This means an energy bill
of around 3.1 M€. This data highlights the importance of an efficient use of energy and the consequent
economic savings that this would entail. However, energy savings must be implemented guaranteeing
air indoor quality (AIQ) conditions. The hospital incorporates six surgical suites and four dedicated
ORs. For its part, the studied surgical suite consists of three identical ORs, a sterile entrance corridor,
an unsterile exit corridor, two scrub rooms, a storage room, a pre-anesthesia room, an anteroom and
a hall. Detailed information of the hospital, the surgical suite and the characteristics of the ORs, as
well as construction characteristics of the surgical suite envelope and its interior partition walls can be
found in [21,38].

The internal loads of the surgical suite are occupancy, lighting and equipment. The occupancy
includes patients and medical staff present during operations, so it depends on the operations schedule.
Lighting comes from fluorescents and LED lamps placed in ORs, ancillary rooms and corridors.
Moreover, the medical and surgical equipment comprises batteries, monitors, electrosurgical units,
laparoscopy tower, etc. This equipment does not always work simultaneously. Table 1 summarizes
the lighting and equipment power in the different spaces of the surgical suite. Further information can
be found in [21,38].

Table 1. Lighting and electrical equipment power in the surgical suite.

Lighting Electrical Equipment

Space Power (W) Space Power (W)

ORs 3300 ORs 31,500 1

Ancillary rooms 1500 Ancillary rooms -
Corridors 1000 Corridors -

Total 5800 Total 31,500
1 All of the equipment in each of the operating rooms (ORs) accounts for approximately 10,500 W, but at no time is
every piece of equipment used simultaneously.

The surgical suite is generally used to conduct ordinary surgeries in the mornings of working
days; it is not used for emergency operations. The schedule of the working days is from 8 am to 3 pm
from Monday to Friday. Therefore, the surgical suite is not occupied in evenings and weekends

Regarding the HVAC system, the surgical suite comprises six Air Handling Units (AHUs) (Figure 1),
one for each OR, one for the ancillary rooms and one for each corridor. It is allocated in the upper
floor. The total net area of the surgical suite is 425.37 m2. The Spanish standard UNE 100713:2005 Air
conditioning in hospitals [41] establishes a minimum airflow of 2400 m3/h with a minimum of outdoor
air of 1200 m3/h and with a minimum of 20 ACH for air mixing diffusion systems. Therefore, taking
into account the dimensions of the surgical suite and the Spanish standard recommendations [41],
the ORs operate with 2400 m3/h or 21.5 ACH and the remaining spaces with 2680 m3/h or 6 ACH. At
present, the HVAC system maintains a constant ventilation 24/7 with 100% outdoor airflow intake
without reduction in periods of inactivity. The supply air outlets use High Efficiency Particulate Air
(HEPA) filters. Temperature and RH conditions are maintained throughout the surgical suite according
to Spanish standards [41], with temperature between 22 and 26 ◦C and RH between 45% and 55%, and
positive pressurization of ORs to ensure adequate conditions of comfort and asepsis.
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Figure 1. Heating, ventilation and air conditioning (HVAC) system of the surgical suite. In particular,
Air Handling Units (AHUs) from OR2 and OR3.

2.1.2. Experimental Tests

Two experimental campaigns were carried out in the surgical area. The first data collection period
was developed from 00:00 h on Thursday 18th July 2019 to 09:00 h on Sunday 21th July 2019. It was
conducted during unoccupied periods to avoid interference with the normal activity of the surgical
suite and uncertainty of unforeseen events. During these days there were no scheduled operations;
therefore, it was tested to introduce directly 100% outside air without air conditioning from 13:30 h
on Friday 19th July 2019. The data of indoor conditions measured during this period were used to
calibrate the energy model of the surgical suite. The second data collection period was performed
from 10:00 h on Friday 13th September 2019 to 2:00 h on Friday 20th September 2019. In this case,
the ventilation period with non-conditioned fresh air started at 10:00 h on Saturday 14th September
2019 and continued for a 24-h period. This second experimental campaign was used to validate
the calibrated model, as there were normal periods of surgical activity and periods of inactivity.

Temperature and RH sensors were used to record the indoor air conditions of the surgical suite,
as observed in Table 2. These sensors were located at a height of 1.5 m. Other measured variables were
supply airflow rate of AHUs, return airflow rate of AHUs, enthalpy and electrical consumption in
the ORs. A five-minute SCADA (Supervisory Control And Data Acquisition) system collected all data.
The SCADA system consists of a PXC64-U automation station working with the software DDESIGO
INSIGHT V4.1.1, both provided by Siemens (Berlin, Germany). In addition, surgical activity and
the number of people present in the ORs were recorded at all times. Further description of the sensors
can be found in [21,38].

Table 2. Temperature and relative humidity (RH) sensors.

Sensor Number Model Zone Variable Uncertainty

1
Siemens QFA2060

OR1 Temperature ±0.7 ◦C, at 15 ◦C . . . 35 ◦C
±1 ◦C, at −35 ◦C . . . 50 ◦C2 OR2

3 OR3 RH ±5%, at 0% . . . 95%
±3%, at 30% . . . 70%

4
Siemens QFM2160

Ancillary rooms Temperature ±0.8 ◦C, at 15 ◦C . . . 35 ◦C
±1 ◦C, at −35 ◦C . . . 50 ◦C5 Entrance corridor

6 Exit corridor RH ±5%, at 0% . . . 95%
±3%, at 30% . . . 70%
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2.2. Simulation Procedure

This section describes the simulation procedure, from the energy model creation to the model
calibration and the different simulation scenarios defined to assess the energy performance of
the surgical suite.

2.2.1. Dynamic Thermal Model

The geometric model of the surgical suite was defined using SketchUp and the plug-in of
TRNSYS3D, as in previous works of the authors [21,38]. A 3D building energy model (BEM) with
six different thermal zones was created, as observed in Figure 2. Each of these thermal zones was
air-conditioned by the aforementioned AHUs. TRNBuild was used to define the constructive elements.
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Figure 2. Geometric and constructive model generated with SketchUp and TRNBuild.

Then, TRNSYS [47] was used to complete the thermal model. TRNSYS enables the behavior
simulation of transient systems solving complex situations with a modular structure. This model of
the surgical suite predicts variables of indoor air conditions of spaces and surfaces, in addition to
calculating the energy consumed by the HVAC system in the different operating conditions imposed.
Figure 3 represents the TRNSYS diagram of the dynamic simulation and the different types of the tool
are shown. Type 56 represents the building energy model of the surgical suite. A weather file is
provided in typical meteorological year (TMY) format, downloaded from a meteorological station in
the city of Lugo. The internal loads are modelled using hourly schedulers. The occupancy was defined
according to the standard ISO 7730:2005 [48] corresponding to a standing and light work activity.
Lighting was assumed to be completely on during occupied periods and equipment was defined
according to information reported by the surgical staff. Apart from the output variables, the model
calculates the deviation of the simulated results with respect to the experimental data provided.
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2.2.2. Calibration and Contrasting

Reducing the gap between simulated and real behavior of the surgical suite is the main goal to
obtain accurate results. In this respect, real data from the first set of experimental tests were used to
calibrate the model (see Section 2.1.2). The calibration method was executed using the software GenOpt
3.0.1 [49]. The GPS Hooke–Jeeves algorithm “Hybrid Generalized Pattern Search Algorithm with
Particle Swarm Optimization Algorithm” was applied. The technique consists of performing successive
simulations while varying parameters within predetermined limits and looking for the minimization
of a function, in this case the coefficient of variation of the root mean square error (CV(RMSE)), defined
in Equation (1). The CV(RMSE) measures the bias between measured and simulated values [50].

CV(RMSE) =

√∑n
i=1(Xsim −Xreal)

2/n

Xreal
(1)

where:

Xreal mean of measured values.
n number of measured data points.
Xreal measured value.
Xsim simulated value.

2.2.3. Simulation of Different Scenarios

Once the energy model of the surgical suite was calibrated and it behaved as in reality with
the minimum discrepancies, a study of its performance was carried out in different scenarios.
The objective was to determine an optimal ventilation strategy that allows reducing the annual
energy demand while preserving indoor health and comfort conditions.

Scenario 0, or the current operation mode (COM), was running with outdoor fresh air as supplied
as intake air to the surgical suite. A total airflow of 2400 m3/h in the case of the ORs (21.5 ACH) and
2680 m3/h in the case of auxiliary rooms (6 ACH) was used. The set point temperatures were 22 ◦C in
the ORs, 23.5 ◦C for the ancillary rooms and 24.5 ◦C in the corridors.
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The thermal zones were simulated using an ideal heating and cooling system, and the hygrothermal
conditions were kept within values allowed by standards, therefore ensuring the safety of the surgical
environment. During occupied periods (working days from 8 am to 3 pm) the recommendations of
the Spanish standard were followed [41]. The ORs were maintained at a temperature of 22 ◦C and RH
between 45% and 55%; the ancillary rooms were preserved at a temperature of 23.5 ◦C and RH between
45% and 55%; and the corridors were kept at a temperature of 24.5 ◦C and RH between 45% and 55%.
During non-occupied periods, the wider range allowed by the French standard was assumed [46];
so the ORs and the ancillary rooms were maintained at a temperature between 15 and 30 ◦C, and
RH boundless but avoiding condensation. Considering these hygrothermal conditions, the following
ventilation scenarios were simulated and analyzed (Table 3):

• Scenario 1. Considering the actual design operation rates. This means 21.5 ACH in the ORs and
6 ACH in the ancillary rooms, with 100% outdoor fresh air intake in both cases.

• Scenario 2. Considering a reduction of the 50% of outdoor fresh air. This means 21.5 ACH in
the ORs, 6 ACH in the ancillary rooms, but with an air recirculation rate of 50% in both cases.

• Scenario 3. Considering the American standard requirements for ventilation [42]. This means
20 ACH in the ORs with a total fresh air intake of 4 ACH, and 6 ACH in the ancillary rooms with
2 ACH of fresh air.

Table 3. Main simulated ventilation parameters in the different scenarios.

Parameters Zone SCENARIO 1 SCENARIO 2 SCENARIO 3

Total air intake
ORs 21.5 ACH 21.5 ACH 20 ACH

Anc. rooms 6 ACH 6 ACH 6 ACH

Outside air intake
ORs 21.5 ACH 10.8 ACH 4 ACH

Anc. rooms 6 ACH 3 ACH 2 ACH

Working period 1 hygrothermal conditions
ORs T = 22 ◦C, 45–55% RH

Anc. rooms T = 23.5 ◦C, 45–55% RH

Off-use period hygrothermal conditions ORs
15–30 ◦CNon-controlled RHAnc. rooms

1 Working period: Monday to Friday, from 8 am to 3 pm.

3. Results and Discussion

In this section, the main experimental and simulation results are presented. Firstly, the two
experimental data campaigns during different periods of the year 2019 are analyzed. Secondly, both
the simulation and the experimental results are compared. Finally, the simulation results obtained
with the calibrated model are presented and discussed, including the annual thermal demand and
the potential savings under different ventilation scenarios.

3.1. Assessment of the Experimental Results

Two data collection campaigns were undertaken in the surgical suite during the year 2019 as
explained in Section 2.1.2.

3.1.1. First Data Collection Period

Figure 4 represents the supply air temperature and the indoor temperature of OR1. During the first
13 h, the HVAC system is still working so a steady state can be observed; the OR is ventilated and
conditioned. After these hours, which correspond to off-use periods, the room is ventilated without air
conditioning and is left following free-floating conditions. It is shown how the capacitance of the room
flattens the profile of temperature and RH of the supply air.
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Figure 4. Temperature and RH from OR1 during the first experimental data campaign.

Figure 5 shows the temperature and RH within OR2. When the ORs are conditioned, the indoor
parameters from OR2 and OR1 are different due to requirements of operations or occupants. Despite
this, when the rooms are ventilated with unconditioned fresh air, the indoor temperature and RH gets
very similar values to OR1 due to the similarity of the capacitances.
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Figure 5. Temperature and RH from OR2 during the first experimental data campaign.

The behavior of OR3 is similar to the rest of the ORs and is shown in Figure 6. When the room is
conditioned, the temperature evolution of the room when the set point temperature is 22 ◦C is similar
to the temperature evolution from OR1. During the unoccupied period, the RH values in OR3 are
slightly higher than in the other ORs, ranging from 19.1% to 68.9% (Table 4).
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Figure 6. Temperature and humidity from OR3 during the first experimental data campaign.
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Table 4. Maximum, minimum and average temperature and humidity from the ORs.

OR1 OR2 OR3

Intake Air Indoor Air Intake Air Indoor Air Intake Air Indoor Air

Maximum RH [%] 68.2 66.5 75.4 66.3 79.7 68.9
Average RH [%] 52.4 55.1 56.9 54.9 58.2 56.1

Minimum RH [%] 30.8 41.8 32.8 41.9 31.8 41.4
Maximum T [◦C] 31.7 26.8 31.4 26.6 32.4 26.5
Average T [◦C] 23.5 22.8 22.8 23.0 22.8 22.4

Minimum T [◦C] 18.3 19.8 17.1 20.1 16.5 19.1

Table 4 shows the maximum and minimum values of RH and temperature measured in the different
ORs. The highest fluctuation of the indoor air temperature is 7.4 ◦C, reached inside OR3. The maximum
oscillation of RH was 27.5%, obtained between day and night hours, also in OR3. The fluctuations of
temperature and RH are in general higher in the intake air reaching maximum variation values in OR3
of 15.9 ◦C and 47.9%, respectively.

3.1.2. Second Data Collection Period

The second data collection campaign was implemented during a whole week, as explained in
Section 2.1.2.; however, Figures 7–9 show the hygrothermal variables measured during a 24-h period
starting at 7:00 h on Saturday 14th September 2019, when the air renovations consisted of 100%
unconditioned fresh air. Normal surgical activity was studied in detail in [21] and has not suffered
relevant changes since then. These new collected data were recorded to validate the new simulation
and calibrated model, both during occupied and unoccupied periods.
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Figure 7. Temperature and RH in OR1 during the second experimental data campaign.
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Figure 8. Temperature and RH in OR2 during the second experimental data campaign.
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Figure 9. Temperature and RH in OR3 during the second experimental data campaign.

The boundary conditions are different for each OR. These enclosure characteristics have important
influences in the evolution of the indoor temperature and RH inside the room when using a floating
thermal model equipped with a ventilation system. In these models, the indoor conditions are not
controlled with a HVAC system. For this reason, although the ventilation airflows and the ACH are
similar in the three ORs, the temperatures of each OR are different, especially during the night period.
During such periods, the temperature of the intake air in OR1 is similar to the room temperature.
However, in OR2 and OR3, the temperature of the intake air is slightly lower than the room temperatures
because of the thermal gains from the boundary thermal zones. This behavior is also observed in
the moisture model because when the intake air goes into the zone, this air is tempered and the RH
is reduced.

3.2. Simulation Results of the Calibrated Model

This section presents and discusses the simulation results obtained of the calibrated model. This
includes an analysis of the moisture condensation risks during the off-use ventilation mode. In addition,
the starting time needed for the HVAC to provide appropriate indoor conditions at the beginning
of the working periods is evaluated. Finally, the different ventilation scenarios were simulated and
the potential energy savings were assessed.

3.2.1. Validation of the Calibrated Model

In this subsection, the hygrothermal simulation results are compared against the data from both
experimental campaigns. The experimental results from the first campaign were used to calibrate
the model, while those from the second campaign were used to validate the model and to investigate
the transition between the normal-use operation model and off-use operation mode. Figure 10 compares
the experimental data and the simulation results obtained with the calibrated model for the period of
the second campaign where the ventilation was performed with fresh unconditioned air. Moreover,
Table 5 illustrates the CV(RMSE) values for temperatures and RH for both experimental data sets.
The results show a good correlation in both parameters for the different thermal zones in the suite, with
errors below 4% in all cases. This agreement is especially precise in the temperature of OR1 and OR3.

Table 5. Coefficient of variation of the root mean square error (CV(RMSE)) of temperature and RH of
the ORs during the two experimental campaigns.

First Data Collection Period Second Data Collection Period

Error OR1 OR2 OR3 OR1 OR2 OR3

CV(RMSE) Temperatures 1.02% 2.63% 0.64% 1.12% 3.16% 0.73%
CV(RMSE) RH 3.98% 3.26% 2.54% 2.96% 3.75% 2.31%
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Figure 10. Comparison between simulated and experimental air temperature and RH in the ORs
during the second data campaign.

On the other hand, Figures 11 and 12 display the experimental values for the indoor air temperature
and the RH in OR1 compared to the simulation hygrothermal variables during an extended period
where the off-use mode is combined with the normal-use mode, showing quite good agreement in
both cases. The represented data are from 10:00 h on Friday 13th September (6130 h of the year) to
2:00 h on Friday 20th September (6290 h of the year). It is observed that the thermal model behaves
appropriately by also adjusting the temperature and the RH in periods with surgical activity despite
the model being calibrated only with data from off-use periods. Similar results were obtained for
the other ORs of the surgical suite, although they are not represented herein to avoid repetition.
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Figure 11. Comparison between measurements and simulation results for air temperature in OR1
during the second experimental campaign.
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Figure 12. Comparison between measurements and simulation results for air RH in OR1 during
the second experimental campaign.

3.2.2. Analysis of the Moisture Condensation Risk

It is important to control possible condensation problems in the surgical suite, especially during
off-use periods when the intake air is allowed to vary between 15 and 30 ◦C. When the fresh air
does not go through the heat pump condenser, evaporator or dehumidifier, condensation risks are
higher. This is because there is not a humidity control and the ventilation system directly uses
outdoor air. Such condensation can appear during different periods of the year and over surfaces
with the lowest temperatures. Based on a psychrometric diagram, normally during the summer
the dew point temperature is higher than during the winter. In addition, during the winter season,
the minimum temperature from the indoor surfaces is normally higher than the outdoor temperature
and the condensation risks are in general lower if thermal bridges are avoided.

The temperature difference between the minimum value of the inner wall surfaces and the air
dew point was investigated in OR1. This analysis was accomplished in a complete year simulating
ventilation during off-use periods. If this difference was a negative value, a new minimum value for
the indoor air temperature had to be set. This value will depend on the outdoor air RH and the outdoor
and indoor air temperatures. Figure 13 represents the difference of temperature between the minimum
temperature of the inner wall surfaces from OR1 and the dew point temperature of the air inside
OR1. This analysis reveals that no condensations issues will occur during a typical year considering
the hygrothermal conditions imposed. In addition, the most critical period is summer time when
the minimum difference of temperature of 1.25 ◦C was found in the hour 6529 of the year (1:00 h on
Monday 30th September 2019). Figure 14 projects the data in different planes and it can be better
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appreciated that the most dangerous timeframe is summer time and during the night. Similar results
were obtained for the other rooms of the suite, demonstrating that no condensation takes place in
the surgical suite under the studied conditions.Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 20 
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Figure 13. Evolution of the difference of temperature along the year.
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Figure 14. Degrees Celsius needed to reach the dew point temperature.

3.2.3. Study of the Air-Conditioned Starting Time

The authors studied the required time to reach the suitable hygrothermal conditions in the working
periods. This starting time to achieve a setpoint temperature is a function of the room temperature and
was investigated in the simulation model. The prediction of this period allows reducing the energy
requirements of the ORs since the total runtime is reduced. Due to the high ACH, this time is normally
lower than one hour for the investigated temperatures when the outside temperature is higher than
5 ◦C. The simulation results are represented in Figure 15. This behavior was reduced to two boundary
equations. The obtained equations were incorporated in the model to predict the switch-on time only
during the periods when heating is needed. Periods during which cooling is required are minimal since
the room temperatures at the start time of a workday do not reach the set point temperature value.
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Figure 15. Time required to reach the setpoint temperature.

3.2.4. Potential Energy Savings of the Different Ventilation Scenarios

The calibrated model was used to simulate the energy demand of the surgical suite during the year
2019 under the different scenarios described in Section 2.2.3.

Figure 16 represents the monthly heating energy demand of the surgical suite during current
operation mode (COM), which corresponds to Scenario 0 in Section 2.2.3., compared to the monthly
heating energy demand during off-use operation mode (OUM), which corresponds to Scenario 1 in
Section 2.2.3. This demand corresponds to energy savings always above 50%. It is worth highlighting
the values obtained in the winter months where these savings are above 20 MWh per month. In
summer, the savings represent a higher percentage but, in comparison, thermal energy is much lower.
In a complementary way, Figure 17 represents the monthly cooling energy demand of the surgical
suite during current operation mode (COM) and off-use operation mode (OUM). Although cooling
savings are also important, especially during the months of July and August, the thermal values are
much lower due to the meteorological conditions at the hospital location. Finally, Figure 18 gathers
the total monthly heating and cooling energy savings of the surgical suite, from which the importance
of the decrease in thermal heating energy during the summer months can also be appreciated.
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Figure 16. Monthly heating energy demand of the surgical suite during current operation mode (COM)
and off-use operation mode (OUM).
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Figure 18. Monthly heating and cooling energy savings of the surgical suite using OUM.

Finally, Figure 19 represents the potential energy demands and savings of the ORs and the auxiliary
rooms, according to the three ventilation scenarios described in Section 2.2.3. Obviously, energy
savings depend mainly on the ACH and the percentage of the outdoor fresh air intake. In any room
and with any of the new scenarios, savings are kept within the range of 50% to 70%. Specifically, in
ORs the savings are greater in the third scenario, exceeding 65% of savings. This is explained because it
is the scenario that allows higher recirculation rates, particularly 80%, with just 20% of fresh air intake.
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4. Conclusions

This work evaluated the potential energy savings derived from applying extended set point
ranges for temperature and RH during unoccupied periods in a surgical suite of a Spanish hospital.
Accordingly, simulations of different ventilation scenarios were performed with a dynamic energy
model of the whole suite, calibrated and validated with experimental data from two different periods
in 2019. The core findings of this investigation are as follows.

The calibrated model is able to predict the thermal response of the suite with satisfactory accuracy,
both during periods with surgical activity where the outdoor airflow intake is completely conditioned
to maintain the current working conditions, and during off-use hours, where the range for the indoor
air temperature was widened to 15–30 ◦C and the RH was not controlled.

Simulation results reveal that the actual annual energy demand of the surgical suite may be
reduced by up to 50% by applying the aforementioned extended set point ranges and maintaining
the current ventilation conditions. This is a recommendation that is not included in the Spanish
standard, but in the French standard. Further, if the indoor recirculation rates were increased according
to the ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers) standard,
that is 80% instead of the 0% currently applied, the energy savings could be increased up to 70%.

The safety of the indoor environment is not compromised under any of the studied scenarios as
they are based on the recommendations given by internationally recognized standards on the design
of HVAC systems for surgical areas. In addition, the simulation outcomes show that no condensation
issues occur during a typical year under the studied ventilation and hygrothermal conditions.

The starting time for the HVAC system to provide the required hygrothermal conditions at
the beginning of the occupied periods is found to be less than one hour when the outdoor temperature
is above 5 ◦C. This is due to the high number of ACH considered in all scenarios.
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