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Abstract: In hospitals, operating rooms are energy-intensive spaces, due to the high flow of outside
air required to achieve the necessary indoor air quality. Operating rooms demand ventilation
continuously, despite periods of low daily surgical activity. However, by controlling ventilation
during inactive periods in the operating room, significant energy savings can be achieved, avoiding
penalties on IAQ levels. This paper evaluates the energy savings achieved by introducing ventilation
flow control and regulation systems in operating rooms of hospitals located in different climatic
zones within Spain. In addition, emissions and economic savings have also been evaluated. Two
control and regulation strategies of the air flow to be supplied and extracted in the operating rooms,
during periods of inactivity, are studied and include regulation by schedule and regulation by
occupancy. Data from a 900-bed university hospital center are used as a reference to evaluate the
average occupancy of the operating rooms, and the energy consumption, thus validating the model
for calculating the demand of a typical operating room. The energy savings for the regulation by
occupancy are 37.5%, and the regulation by schedule are 40% of the annual demand, with respect to
an operating room working permanently.

Keywords: operating room; ventilation; regulation and control; energy savings; heat recovery

1. Introduction

The operating rooms (OR) are places with high indoor air quality (IAQ) requirements,
which must be maintained 24/7. HVAC systems are the primary approach of airborne
particulate and pathogen control in OR. However, these systems have complex regula-
tion systems, due to the multitude of factors that must be considered, such as sanitary
equipment, room size, type of surgery, healthcare staff and patients. [1] The monitoring
of IAQ in ORs is performed through the indicator of live microorganisms in different
areas of the operating room. These are evaluated by colony forming units (CFU). Many
researchers have studied the flow rate of outside air that is required to be below 10 CFU.
Ching-Chieh et al. [2] studied the airflow required to maintain contaminant concentrations
below the established ranges. Ching-Chieh et al. found that there is an inverse relationship
between airflow and concentration in surgical procedures. Annaqeeb et al. [3] carried out a
study on how the presence of personnel and activity in operating rooms affects the concen-
tration of microorganisms. They established a direct correlation between the presence of
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microorganisms and activity. Vonci et al. [4] applied a regression model to determine air
changes per hour (ACH), in order to maintain the concentration of CFU below the required
limit concentration in operating rooms. The model obtained was validated with data taken
during last 3 years, in 19 operating rooms.

Other researchers have studied the requirement of ventilation to control the
concentration of anesthetic gases during surgical interventions. Dascalaki et al. [5] and
San José et al. [6] monitored the concentration of anesthetic gases during surgery. They
found that there were periods in which the concentration of anesthetic gases exceeded the
threshold limit values (TLV). Hence, they proposed localized extraction systems for the
patient in order to avoid having to increase the flow rates of external air in the ORs.

All these studies support the specifications of the American Society of Heating, Refriger-
ating, and Air-Conditioning Engineers ASHRAE [7], the Deutsche Gessellschaft fur Kranken-
haushygienen (DGKH) guidelines [8] and the Spanish standards UNE 100713:2005 [9].
The minimum air flow rate to be used in the operating room is set at around 20 ACH or
2400 m? /h, with limitations in terms of the particles present within the OR according to the
UNE-EN-ISO 14644 standard [10]. This requires three stages of filtration, where the final
stage is high efficiency particulate air (HEPA), providing a retention efficiency of 99.9%.

If hygrothermal treatment is added to the supply air, IAQ control involves a high eco-
nomic cost. Studies carried out by Cacabelos-Reyes et al. [11] estimate that thermal energy
consumption in Spanish ORs is between 1685 kWh/m?-y to 1021 kWh/m?y, excluding
adjacent areas. This represents a high energy consumption.

To reduce the cost of maintaining the IAQ in an OR, different scenarios can be studied.
Cacabelos-Reyes et al. [11] conducted a model in TRNSYS to study energy consumption in
ORs. The model was validated with experimental data collected in a real facility, obtaining
results of savings of 50%. This was achieved by adjusting comfort conditions and supply
air flow, all without compromising IAQ.

On the other hand, Alsved et al. [12] studied different ways of diffusing outside air
in the OR, including laminar air flow (LAF) and turbulent air flow (TAF), for the purpose
of maintaining CFU < 10 with surgical activity. The study concluded that there are no
substantial differences in OR energy savings based on the method of diffusing the air inside
the OR.

Fan et al. [13] studied different ventilation systems in operating rooms to reduce the
thermal and electrical energy consumption of ventilators. For this purpose, they monitored
the indoor conditions in operating rooms. In this study, they analyzed particulates, thermal
comfort, and sound level, establishing an adjustment of the air flow rate in the OR when it
is free of activity.

Porowsky et al. [14] carried out an HVAC simulation model of an operating room,
introducing a multitude of variables and operating ranges. This allowed the researchers to
establish the energy consumptions when adjusting any of the factors of the model, such as
occupancy time.

The Standard UNE 100713 [9] allows a reduction in the air flow rate in the OR by 50%
during periods when there is no surgical activity, as long as the asepsis of the operating
room is guaranteed. This is achieved by maintaining the OR overpressure with respect to
the adjoining enclosures at 20 Pa, and ensuring that the concentration of particles in the OR
complies with the UNE-EN-ISO 14644 requirements [10]. These specifications are achieved
by not having particle emissions during periods of OR inactivity, maintaining the supply
air filtration system. [15]

In accordance with the regulations [9], this study aims to quantify the savings pro-
duced by introducing a regulation system in the air supply of an OR, during periods of
inactivity, without putting the asepsis of the OR at risk, for five different climatic zones,
based on data obtained from operating rooms of a specific surgical area. For this purpose,
this paper studies the adjustment of the external air flow rate of the ORs of hospital centers
located in a Spanish continental climate zone. In the initial scenario, the ORs that operate
continuously, where the flow rate is kept constant at 100% throughout the year, are ana-
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lyzed. Then, the reduction in the ventilation flow rate in the ORs is carried out following
two strategies, regulation by occupancy and regulation by schedule. The methodology is
validated and then applied to hospital centers located in the rest of the climatic zones of
Spain. For this purpose, the external air temperature and relative humidity data for the
typical climatic year of each zone, published annually by the Ministry of Transport, Mobil-
ity, and Urban Agenda (Government of Spain), are used [16]. Finally, energy consumption,
environmental (CO, emissions reduction), and economic savings have been determined,
considering some energy factors.

2. Materials and Methods

This study was based on the activity data of the annual ORs at UCH located in
Valladolid (Spanish continental climate zone). Measurements were recorded with the
performance of the air handling unit (AHU) in the ORs and the performance of the air-
conditioning system of four ORs was monitored.

2.1. Annual OR Activity at the UHC

The UHC has 900 beds, a total floor area of 136,000 m?, and a surgical area made
up of 24 operating rooms. The occupancy rate of the surgical area is quite high. A total
of 24,126 surgeries have been performed per year, classified as indicated in Table 1 into
the following categories: scheduled, emergency, and cancelled. These were also classified
according to if it included hospitalization or not.

Table 1. Surgical Activity at the University Hospital Center per year.

Scheduled Emergency Cancelled
With inpatient stay 7710 With inpatient stay 3741 With inpatient stay 303
Without inpatient stay 12,470  Without inpatient stay 205  Without inpatient stay =~ 353
Total 20,180 Total 3946 Total 656

The study focuses on block three at the UHC, where four operating rooms are equipped
with turbulent air flow (TAF) air diffusion systems. These correspond to ORs (3.1, 3.2, 3.3
and 3.4). The selection of block three ORs was due to the fact that they are used by a wide
variety of services; thus, the estimated average surgical time can be representative for all
the operating rooms at the UHC. Surgical block and the services that each of the ORs use
are shown in Figure 1.

(b) Heart Surgery
(c) Intensive Care Unit (ICU)

OR 3.2

(a) General and Digestive Surgery

(b) Breast Pathology Surgery
(c) Thoracic Surgery
(d) Hepatobiliary surgery
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Figure 1. Surgical Block No. 3, with Four OR Types of TAF.
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Annual occupancy and average surgical time, in each OR, are shown in Table 2.

Table 2. Annual Occupancy and Average Surgical Time per OR.

Operation  Occupancy

Room (hly) Average (min/Surgical Intervention)  Standard Deviation (min)
3.1 2199.4 358.6 11.8
32 1538.0 177.8 7.89
3.3 1774.2 131.1 9.95
3.4 1639.3 132.2 9.25
Average 1787.3 200 9.72

The average occupation represents 20.68% of the annual hours. Although it is possi-
ble to admit some gaps between intervention and restoration of aseptic conditions, it is
estimated that the annual occupancy time per OR is 25%.

2.2. HVAC Systems of OR

The operating rooms have been designed according to UNE 100713 [9], and meet the
requirements specified in Table 3.

Table 3. OR Requirements According to UNE 100713.

TAF-Type Operating Room

Air Flow Dilution
Outside Air Flow Rate >; igoArg?’I_}h
Recirculated Air No
Air Speed <0.2-0.3m/s
Design Temperature 22-26 °C
Filters F5/F9/H13
Particles 1ISO72
Overpressure +20-+25 Pa
Relative Humidity 40-60%
Sound Level 40 dBA

2 According to UNE-EN-ISO 14644 standard.

Each operating room has an air handing unit (AHU), regulated and controlled by
supervisory control and data acquisition (SCADA). A schematic diagram of the heating-
ventilation-air conditioning (HVAC) system is shown in Figure 2.

ODA Outside Air
SUP Forced Air
ETA Inside Air

EXF Exfiltration Air
EHA Exhaust Air

Figure 2. Working Principle of HVAC and AHU in ORs.

The HVAC system is regulated from three setpoints that are measured and recorded
at the same time.
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The first mode of regulation is through thermal comfort. The thermal comfort of
the OR is achieved using temperature and humidity sensors placed inside the OR. These
sensors adjust the temperature and humidity of the SUP air, from the setpoint selected by
the healthcare staff according to the surgery [17]. Under the standard mode, 20 to 26 °C
and 50% RH are considered. These values are considered as the indoor conditions of the
OR in this study.

A second mode of regulation is through the SUP flow rate. The standard requires that
OR has more than 20 air changes per hour (ACH) or 2400 m?/h. Therefore, the AHU has an
air nozzle to measure and maintain the SUP flow rate. By means of a frequency inverter, the
discharge fan is regulated to maintain the flow rate, independent of the climatic conditions
and the state of the filters.

The last regulation mode is by overpressure in the OR. This overpressure is set at
20 Pa, by means of a frequency inverter that regulates the exhaust fan. When the pressure
increases, the frequency inverter regulates the exhaust fan to increase the ETA flow rate.
When the overpressure drops below the preset value (20 Pa), the ETA flow rate is reduced,
as in the case of the door opening.

In order to verify that HVAC system in the OR is working as specified by the reg-
ulations, the following measurements are recorded: supply and extraction flow rates;
overpressure; temperature; and relative humidity. To obtain all these measurements,
a KIMO multifunction equipment model AMI-300 is used. Characteristics of the measure-
ment probes are shown in Table 4.

Table 4. KIMO AMI 300 Equipment Characteristics.

Sensor Model Measuring Range Resolution Accuracy
Flow Hot Wire 0.15to 3 (m/s) 0.15to 3 (m/s) +3 (%)
Pressure Micromanometer 0 to +10* (Pa) +0.5 (%) 1 (Pa)

Temperature  Thermoresistance Pt100 —20to 80 (°C) 0.1(°C) +0.4 (%)
Humidity Hygrometer HD100 5 to 95 (%) 11.8 (%) 0.1 (%)

The results obtained that are used to set the flow rates of the model are shown in
Table 5.

Table 5. Operating Parameters of the ORs under Study.

OR 31 OR 32 OR 33 OR 34 Average
Flow ([ropal) (m3/h) 2280 2773 2420 2396 2467
Flow [ritgTa] (m3/h) 1505 1755 1530 1630 1580
Overpressure OR (Pa) 20.5 22.3 20.9 21.5 21.3
Temperature OR (°C) 22.5 21.8 22 22.5 22.2
Relative Humidity OR (%) 411 345 42.7 39.7 39.5

2.3. Experimental Data of ORs at UHC and Efficiency of Run-Around Loop Heat Recovery

A coil runaround loop that avoids any risk of leakage between airflows is installed
in the AHU as a heat recovery system, in order to reuse energy from the ETA air and to
precondition the ODA air. Air by-pass between the ETA and ODA is not allowed.

This heat exchanger operates when the temperature drops between the outdoor and
return air flows is at less 5 °C (Figure 3). This value is set by the control of the AHU.

Performance data of the ORs have been recorded via UHC SCADA, allowing us to
analyze the efficiency of run-around loop heat recovery, and to validate the calculation
model. Figure 4 shows the SCADA screenshot of OR 3.1, showing the parameters that were
monitored and controlled in the OR.
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TODA 1

Figure 3. Working Principle of Run-Around Loop Heat Recovery.

Schneider lﬁ/ University Hospital Center 8125°c 4 56%

Electric Cond. Exteriores

() Home Room conditions  § 255°C @ 55% 32Pa CL-PP OPERATING ROOM 3.1

PPREN Tomperatura

28.0 Humedad
(B, P . ﬂ (Pa) 20
Vélvula Calor  Vélvula Frio m (Hz) 45.32

Figure 4. SCADA screenshot, OR 3.1.

To determine the value of the run-around loop efficiency of the OR 3.1, the methodol-
ogy used is based on the work of Vali et al. [18]. Several parameters have been recorded.
The inlet temperature “1” and outlet temperature “2” of the outside air (ODA) and of the
exhaust air (ETA), as well as the flow rates of the outside air (mpp 4) and exhaust air (mg74),
are recorded every 5 min.

The heat recovery system efficiency is calculated by the following equation:

. mopa * (Topa, — Topa,) 1)

fitgra * (Tera, — Topa,)

Figure 5 shows the analyzed data. These obtained data allow us to determine, by

means of least-squares interpolation, the efficiency expression of the run-around loop (&)

according to the outside air temperature. This is used in the simulation model to determine
the pretreated air entering the AHU.
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Figure 5. Heat Recovery Efficiency versus Outside Temperature.

2.4. Methodology

The energy savings achieved with the strategy of regulation and control of the OR
ventilation system are thermal and electrical. Thermal savings in heating involve a reduction
in natural gas consumption, while thermal savings in cooling involve electrical energy savings.

The reduction in energy consumed by the fans means electrical energy savings, and
humidification is carried out by steam injection. As a result, natural gas consumption in
the boilers is reduced. Figure 6 shows the energy demand of the AHU of an OR.

AHU Energy demand System Energy supply

<
Fans ]_{ Electricity
Ventilation
Cooling coil Electricity
Heating, cooling

Heating coil | | Natural gas
And y

humidification
Vapour injection

Air Handling Unit

Natural gas

Figure 6. Systems and Energy Supply Affected by the HVAC Regulation and Control of an OR.

2.5. Determination of Energy Demand
The thermal and electrical energy demands of each OR are calculated hour by hour,

and the process applied is shown in Figure 7 as a flow chart.
Energy demand is determined according to following expression:

Quemana = Vsup * osup * [hsup — hopa, ) )

where Vsup is the volume flow rate of force air (m3/h, Table 5), ps;7p is the density of force
air (kg/m?), hsyp is the specific enthalpy of air in the OR, at 20 °C and 50% RH (k] /kg), and
hopay is the specific enthalpy of outside air after run-around loop heat recovery (kJ/kg)
(Equation (1)).
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Figure 7. Flow Chart used to Assess the Thermal and Electrical Energy Demand of the Operating

Rooms.

2.6. Operating Conditions

In order to apply the methodology presented above, it is necessary to establish the fol-
lowing operating conditions of the ORs: indoor conditions of the ORs; outdoor conditions
(climatic zones); operating conditions of the AHU and energy factors.

The indoor conditions in the OR for temperature and humidity are set (20 °C and
50% RH).

Spain has five climatic zones, which are classified into the following climates: sub-
tropical (A), Mediterranean (B), oceanic (C), continental (D) and mountain (E). Spanish
regulations have classified climatic zones according to climatic severity in winter and
summer. The climatic harshness is based on the degree days and the accumulated solar
radiation in winter and summer. Figure 8 shows the different climatic zones in Spain [19].

Subtropical

Mediterranean
Oceanic
m Continental

Mountain

Figure 8. Climatic Zones in Spain.

In the established climatic zones, reference climates have been defined, which are freely
available. These contain the hour-by-hour outdoor conditions of a typical year for each
zone, which are the ones used in this study [19]. Specifically, the databases zonaAlc.met,
zonaBlc.met, zonaClc.met, zonaD1c.met and zonaElc.met have been used.

The AHU has two modes of operation, OR with and without surgical activity.
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In the OR with surgical activity, the SUP volumetric flow rate (Vsup) is set at

2467 m3/h, and the ETA volumetric flow rate (VETA) is set at 1680 m>/h (Table 5). This
allows one to keep the overpressure in the OR higher than 20 Pa. The ODA flow rate
according to the AHU principle scheme (Figure 2) coincides with the SUP flow rate.

In the OR with no surgical activity, the SUP volumetric flow rate (Vsup) is reduced by

50% to 1233 m3/h, and the ETA volumetric flow rate (VETA) is set to hold the overpressure
at 20 Pa; it is set at 446 m3 /h.

ODA and ETA flows always go through the run-around loop, which can have the
pump “ON” or “OFF”. The run-around is controlled by the difference between the ETA
temperature and the ODA temperature as shown below.

’TODAl _TETA’ >5— ON
|TODA] _TETA| <5 — OFF

Reference energy coefficients are used to determine energy consumption, primary
energy, greenhouse gas emissions and economic costs. For this purpose, the following
heating and cooling factors are used.

Heating: seasonal energy efficiency, SEE, natural gas NG, (0.95); conversion factor NG:
1.195 kWhprimary Energy / KWheinal Energys NG emissions factor: 0.252 kg CO2/kWhegina) Energy [20];
and cost 3.94 c€/kWhNG.

Refrigeration: seasonal coefficient of performant, SCOP, (2.8); electricity conversion factor:
2403 kWhpyimary Energy / KWHhEinal Energys NG emissions factor: 0.357 kg CO2/kWhegina) Energy [20];
and cost 11.31 c€/kWhegjectricity-

2.7. Regulation Strategies

In this study, three regulation and control strategies have been analyzed, including
initial scenario, regulation by occupancy and regulation by schedule.

In the first strategy, the initial scenario, the system maintains the supply and exhaust
flow rates in the “OR with surgical occupancy” mode at a constant level.

In the second strategy, regulation by surgical occupation, a presence sensor is installed
in the OR. Thus, there are two situations. The first one, with the occupancy of people in
the OR, the operation of the system is in “OR with surgical occupancy” mode, and the
second, without the presence of people for more than 15 min, the system is regulated in
“OR without occupancy” mode.

Finally, with the regulation by time, 25% of the total annual timetable is set as “OR
with surgical occupancy”. A period with or without occupancy of 8 h each day is set, not
including weekends and days off. From 7 a.m. to 3 p.m., the operation of the system is in
“OR with surgical occupancy” mode; and from 3 p.m. to 7 a.m., the operation of the system
is in “OR without surgical occupancy” mode.

2.8. Model Validation

Energy monitoring of OR 3.1 at UHC reaches an analysis of 980,000 data. In order to
assess the accuracy of the methodology applied to ORs in different climate zones, Table 6
compares HVAC performance with surgical activity between the experimental and model data.

Table 6. Experimental Versus Model Data for Heating and Cooling Consumption from October to
February. HVAC Performance with Surgical Activity.

October November December January February Total
Experimental Data Heating 38830 9835.0 12,430.0 14,092.0 7552.0 47,792.0
(kWh) Cooling 340.0 10.0 0.0 0.0 5.0 355.0
Heating 4321.0 10,023.0 12,749.0 13,063.0 8673.0 48,829.0
Model Data (kWh)
Cooling 279.0 0.0 0.0 0.0 0.0 279.0
Heating -11.2 -1.9 —-2.5 7.3 —14.8 -21

Error (%)

Cooling 17.9 100.0 100.0 214
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It can be observed that the error in heating consumption is acceptable. However, the
errors in cooling are very high. This is due to not considering the energy contributions of
the existing equipment in the OR. However, it should be noted that this error is considered

in all three control strategies used in this study.

3. Results
The winter and summer energy demand of an OR working under the three strategies
are shown in Figure 9 for the five climate zones.

120,000.00

100,000.00

80,000.00

60,000.00

40,000.00 -

20,000.00 -+ @ Heating
Cooling

Energy demand (kWh/y)

0.00 4

-20,000.00

Init. Scen.
Sch. Reg.
Occup. Reg.
Init.Scen.
Sch. Reg.
Occup. Reg.
Init.Scen.
Sch. Reg.
Occup. Reg.
Init.Scen.
Sch. Reg.
Occup. Reg.
Init.Scen.
Sch. Reg.
Occup. Reg.

Subtropical editerranean Oceanic Continetal Mountain

Figure 9. Heating and Cooling Demands of an OR, Using Three Strategies, Located in Different
Climatic Zones: Subtropical (A), Mediterranean (B), Oceanic (C), Continental (D) and Mountain (E).

As shown in Figure 9, heating consumption is much higher than cooling consumption.
In terms of the control strategy used, schedule regulation is the best strategy. This is because
the occupancy time considered was very conservative, with respect to those considered by
the staff. However, there is a lack of experimental values in this regard.

On the other hand, the regulation by occupancy is very useful and versatile, allowing
the OR to be used at all times. This is because the presence sensor restores the “OR with
surgical occupancy” conditions, without the need to modify the working setpoints.

Results Obtained for the Case Studies

Once the thermal demands per OR were analyzed for the different climatic zones, the
primary and final energy, CO, emissions, and costs were calculated for the three scenarios
studied. These calculations were carried out by applying the reference values described
above (3.2). The results obtained are shown in Tables 7-9.

Table 7. Results Obtained with the Initial Scenario.

Heating
A B C D E
Demand (kWh) 38,455.08  46,456.59  67,037.78  86,254.97  112,648.23
Final Energy (kWh) 40,479.03  48,901.68  70,566.09  90,794.71  118,577.08
Primary Energy (kWh) 48,372.44  58,437.51  84,326.47 108,499.68 141,699.61

CO, Emissions (kg) 10,200.72  12,323.22  17,782.65  22,880.27  29,881.42
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Table 7. Cont.
Cooling
A B C D E
Demand (kWh) 16,424.14 16466.72 11,739.06  11,217.79 1817.84
Final Energy (kWh) 5865.76 5880.97 4192.52 4006.36 649.23
Primary Energy (kWh) 14,095.43  14,131.98  10,074.63 9627.27 1560.10
CO; Emissions (kg) 2094.08 2099.51 1496.73 1430.27 231.77
Ventilation
A/B/C/D/E
Final Energy (kWh) 21,900.00
Primary Energy (kWh) 52,625.70
CO, Emissions (kg) 7818.30
Table 8. Results Obtained with Schedule Control.
Heating
A B C D E
Demand (kWh) 23,148.19  28,036.43  40,537.78  52,351.51  68,479.44
Final Energy (kWh) 24,366.52  29,512.03  42,671.35 55,106.85  72,083.63
Primary Energy (kWh) 29,117.99  35266.87 50,992.26  65,852.68  86,139.93
CO, Emissions (kg) 6140.36 7437.03 10,753.18  13,886.93  18,165.07
Cooling
A B C D E
Demand (kWh) 10,572.71  10,537.74 7499.31 7138.19 1190.24
Final Energy (kWh) 3775.97 3763.48 2678.32 2549.35 425.09
Primary Energy (kWh) 9073.65 9043.64 6436.01 6126.09 1021.48
CO, Emissions (kg) 1348.02 1343.56 956.16 910.12 151.76
Ventilation
A/B/C/D/E
Final Energy (kWh) 10,784.00
Primary Energy (kWh) 25,913.95
CO; Emissions (kg) 3849.89
Table 9. Results Obtained with Regulation by Occupancy.
Heating
A B C D E
Demand (kWh) 24,034.42  29,035.37  41,898.61 53,909.36  70,405.14
Final Energy (kWh) 25,299.39  30,563.55  44,103.80 56,746.69  74,110.68
Primary Energy (kWh) 30,232.77  36,523.44  52,704.05 67,812.30  88,562.26
CO, Emissions (kg) 6375.45 7702.01 11,114.16  14,300.17  18,675.89
Cooling
A B C D E
Demand (kWh) 10,265.09  10,291.70 7336.91 7011.12 1136.15
Final Energy (kWh) 3666.10 3675.61 2620.33 2503.97 405.77
Primary Energy (kWh) 8809.64 8832.49 6296.64 6017.04 975.06
CO, Emissions (kg) 1308.80 1312.19 935.46 893.92 144.86
Ventilation
A/B/C/D/E
Final Energy (kWh) 13,687.50
Primary Energy (kWh) 32,891.06
CO, Emissions (kg) 4886.44
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In all cases, hourly regulation is the strategy that requires the least energy, and the
primary energy and emissions are also lower. This strategy does not require any investment,
as the SCADA allows the system to be programmed for surgeries. This is not the case with
the strategy by occupancy, which would require the ORs to be equipped with a presence
sensor system.

4. Discussion

The results of consumption per OR for the five climatic zones allow us to estimate the
savings associated with the ventilation control strategies applied in this study. Table 10
shows savings per year, in primary energy (kWh), CO, emissions (kg), and economic (EUR).

Table 10. Energy, Carbon Emissions, and Economic Savings Obtained by Schedule and Occupancy

Strategies.
Strategies Primary Energy (kWh) CO; Emissions (kg) Economic Savings (EUR)
A Scheduled 50,988 8775 2128
Occupancy 43,160 7542 1776
B Scheduled 49,971 9611 2261
Occupancy 46,948 8340 1901
C Scheduled 48,060 10,162 2528
Occupancy 39,511 11,509 2149
D Scheduled 52,206 13,482 2828
Occupancy 43,378 12,048 2440
E Scheduled 53,759 15,765 3114
Occupancy 44,406 14,224 2708

These savings could be applied to the other ORs in the hospital. In the case of emer-
gency ORs, characterized by continuous availability, it would be necessary to implement
some presence sensors and to establish a restitution time of conditions. This restitution of
conditions should never take more than 5 min.

5. Conclusions

A simulation has been carried out for the five climatic zones in Spain, which has made
it possible to study the ventilation demand of ORs, hour by hour, with data from a real
hospital center. Data can be exported to other ORs.

A 50% reduction in the discharge flow rate has been applied in ORs where there is no
surgical activity, in accordance with Spanish and American standards. This allows one to
maintain the asepsis of the OR, and a reestablishment of the occupancy conditions in less
than five minutes.

The regulation by schedule is the system that allows greater energy, emissions, and
economic savings. The presence-based system has been estimated to have a restitution time
of 5% of the annual time, so the installation of a presence detector in the OR could reduce
this time and improve or equal the schedule control.

The primary energy savings in the different climatic zones range from 48,060 (oceanic
climate, occupancy strategy) to 53,579 kWh/year per OR (mountain climate, schedule control).

Emission savings vary in the different climate zones between 8775 and 15,765 kg /year
per OR and economic savings between 2128 and 3114 EUR/year per OR with schedule control.
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Abbreviations

E Efficiency heat

Fr Fan drive frequency (Hz)

m Mass flow rate (kg/s)

RH Relative humidity (%)

P Pressure (Pa)

t Time (s)

T Temperature (°C)

v Air flow (m3/h)

1 Intake air

2 Exit air

ACH Air changes per hour

AHU Air handing unit

ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning
CFU Colony forming units

DGKH Deutsche Gessellschaft fur Krankenhaushygienen
EHA Exhaust air

EN European standard

ETA Inside air

EXF Air exfiltration

HC Hospital center

HEPA High efficiency particulate air

HVAC Heating ventilating air-conditioned

T1AQ Indoor air quality

ICU Intensive care unit

1SO International Organization for Standardization
LAF Laminar airflow

min Minutes

NG Natural gas

ODA Outside air

OR Operating room

SCADA Supervisory control and data acquisition
SCopr Seasonal coefficient of performant

SEE Seasonal energy efficiency

suUP Forced air

TAF Turbulent airflow

TLV Threshold limit values

UHC University hospital center

UNE Spanish standard
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