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Abstract
A hospital is expected to be in good operating condition all the time every time of the year. Therefore its systems’ reliabilities should be very high, sometimes even reaching 99%. This paper presents a case study on the reliability of the air conditioning system that supplies conditioned air to the surgical departments or operating theatres of a hospital in Malaysia.  This air conditioning system is divided into two, namely the main chilled water system and nine dedicated air handling systems that serves nine surgical departments. A total of nine distinct systems RS1-A1 to RS1-A9 were identified and analyzed for their reliabilities.
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1. Introduction 
A hospital is an environment of controlled hazards (ASHRAE, 2003) and the air conditioning system in a hospital plays an important role in ensuring this, apart from providing a comfortable environment for the patients and healthcare workers. Moreover a hospital needs to operate continuously around the clock with no interruption, if possible. As such the reliability of this system is of utmost important.

This paper focuses on the reliability of the air conditioning system that feeds the surgical departments at a particular hospital in Malaysia.  This air conditioning system is divided into two, namely the main chilled water system and nine dedicated air handling systems that serves nine surgical departments. Two thousand four hundred and sixty four data are available from this hospital for a period of six years.  The reliability of the air conditioning system of the said hospital is part of a bigger study that is being conducted and is due to finish end of December 2008.
2. Reliability Concept
Reliability is defined as the probability that a system or component will perform a required function for a given period of time when used under stated operating conditions (Ebeling C.E., 1997). Reliability is a technical characteristics of the system, dependent on the ability of the technical solution to keep the system in operative state despite that some fault has occurred (Myrefelt,S., 2004). Reliability analysis could then be used to determine the frequency of preventive maintenance as the higher the reliability of a system or component is, the lesser frequency in maintenance it requires. When analyzing failures data which are very scarce in this case, it is wise to use a distribution that is versatile as the results obtained would be better and accurate. The formulae used in this paper are adapted from the standard reliability books and literatures.

3. Materials and Methods

The hospital under study is a 272-bed hospital in the Klang Valley, Malaysia. It has 9 surgical departments, each has its own function and work schedules. The term surgical department in this study is equivalent to operating theatre (OT) and the term would be used interchangeably.  OT1 and OT2 are for emergency cases only; OT3 is for medical cases and used everyday except Sunday; OT4 is for orthopedic cases as and when scheduled; OT5 is for all discipline everyday; OT6 is for eye surgery scheduled twice a week whilst OT7, OT8 and OT9 are for all discipline on weekdays only. Although the OTs are not used everyday, the rooms are air conditioned to their specific requirements and are always on standby.
It is prudent to classify the air conditioning system into subsystems in order to analyze the failure data accurately. So the air conditioning system of this hospital is divided into two main parts i.e. the chilled water system and the air handling system. The first part, the chilled water system is further divided into 4 subsystems namely the cooling tower (CT), the condenser water pump (CWP), the chiller (CH) and the secondary chilled water pump (SCHWP). There are three sub-subsystems each for CT, CWP, CH and four sub-subsystems for SCHWP and each sub-subsystem is arranged in parallel. Each subsystem is then connected in series to the next subsystem. The subsystems are housed in the plant room except for the cooling towers which are on the roof top. The chilled water system is coded as S1. The abbreviation used for the chilled water system and the subsystems is tabulated as in Table 1.

The second part of the air conditioning system is the nine dedicated air handling units, AHU1 to AHU9 serving nine surgical departments. The main components that made up the typical AHU system are the primary filter, the secondary filter, the cooling coil and the blower-motor. Since these AHUs supply conditioned air to surgical departments additional components are added in order to comply with its strict medical requirements such as the heater and the high efficiency particulate air (HEPA) filter to control airborne particulates. In addition preliminary filter is added immediately after the fresh air intake followed by the heat recovery wheel as an energy conservation device. These eight components made up eight subsystems and are arranged in series. These AHUs are housed on the second floor and the surgical departments are on the first floor of the main hospital building. 

Table 1: Chilled Water System S1.

	System
	Abbreviation
	Subsystem

	Cooling Tower
	CT
	CT1, CT2, CT3

	Condenser Water Pump
	CWP
	CWP1, CWP2, CWP3

	Chiller

	CH
	CH1, CH2, CH3

	Secondary Chilled Water Pump
	SCHWP
	SCHWP3, SCHWP4


3.1
Data Collection, Sorting and Classification

The data for this air conditioning system is accessed from the Central Management Information System (CMIS).  CMIS is a web-based database that was developed by the Ministry of Health Malaysia and the three concession companies that was awarded the contract through privatization to maintain the five hospital support services in all the government’s healthcare premises. This is a huge database and is used to keep and maintain data on engineering, housekeeping, expenditure and administration among other things. The data for this particular hospital is from 2001 through 2006 and totaling two thousand four hundred and sixty four.
The data are flagged under breakdowns, corrective maintenance, scheduled corrective maintenance and planned preventive maintenance.  These terminologies are used in the Concession Agreement (CA,1996), and may differ from the standard or international terminologies. However the ultimate goal is to provide timely and good maintenance to the system.
There are a total of 148 failures data for the entire 12 subsystems. The small number of failures is anticipated because of the high reliability that is expected of the air conditioning system serving the surgical departments.
4.
Results and Analysis

4.1
Failure Frequencies
The failure frequencies of each subsystem were analyzed and are shown in the Pareto charts as in Figure 1 and 2. It can be seen that in S1-subsystems the most frequent failures occurred in CT (50%) followed by CH (33%) and CWP (13%).  In the AHU systems, AHU1, 2 and 3 (13%) had the most failure frequencies followed by AHU 4 and 7 (12%).
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Fig.1: Pareto Chart of Failure Frequencies of S1-subsystems.
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Fig.2: Pareto Chart of Failure Frequencies of AHU.
4.2
System Reliability Estimation

For the reliability analysis, the air conditioning system was classified into 2 distinct systems i.e. the chilled water system S1 and the air handling system AHU. The nine AHU systems are connected individually in series to S1. When S1 is connected to the individual AHU say AHU1, this system is coded as system S1A1 and is repeated until S1A9. The overall air conditioning system can be visualized as one hand with 9 fingers. 

The failures data for the subsystems were analyzed using Weibull software (weibull.com), to determine their statistical distribution and parameters. Most subsystems fit the Weibull 2-parameter distribution. 

Within CT-subsystems for example, where components are arranged in parallel, reliability is calculated using this formula: 

RCT = 1- { [1 – RCT1] x [1 – RCT2] x [1 – RCT3] }  



-Eqn.1
This formula is adopted for other subsystems to calculate RCWP, RCH and RSCHWP.  Then to calculate the reliability for S1 where the subsystems are arranged in series, the following formula is used:


RS1 = RCT x RCWP x RCH x RSCHWP 





-Eqn.2
Next the AHU’s eight subsystems which are arranged in series were analyzed using the same method and reliability for AHU systems 1 to 9 were obtained. Then the reliability of S1-AHU1 is calculated using the following formula:  

RS1-A1 = RS1 x RAHU1







-Eqn.3
The same is adopted for AHU2 to AHU9.

Since a hospital is open 24 hours a day everyday of the year, the reliability is expected to be high. This can be shown in Table 2 and Table 3 that show the time for S1 and AHUs to be at 99% reliability. 
Table 2: Time for 99% Reliability for S1-subsystems

	S1 subsystems
	CT
	CWP
	CH
	SCHWP

	Time (hours)
	24,000
	37,200
	20,400
	37,200


Table 3: Time for 99% Reliability for AHU Systems
	AHU 
	1
	2
	3
	4
	5
	6
	7
	8
	9

	Time (hrs)
	960
	4,000
	1,600
	1,400
	1,000
	3,300
	3,400
	6,300
	2,600


The minimum time of 20,400 hrs for CH was taken to compute the reliability of the S1 system, while at this time reliabilities of CT, CWP and SCHWP are 1.0. Therefore,

RS1 = 1.0 x 1.0 x 0.99 x 1.0 = 0.99




-Eqn.4
When S1 is connected to AHU1, the time to maintain 99% reliability is taken to be 960 hrs and the reliability for S1 is 1.0.  Therefore reliability of RS1 connected to A1 is as follows;

RS1-A1 = 1.0 x 0.99 = 0.99






-Eqn.5
The reliabilities for the other 8 AHUs were computed the same way and the results are tabulated in Table 4.
Table 4: Time (hrs) at Which Systems’ Reliability is 99%.
	Subsystem
	Time (hrs)
	Time (months)

	RS1-A1
	960
	1.3

	RS1-A2
	4,000
	5.6

	RS1-A3
	1,600
	2.2

	RS1-A4
	1,400
	1.9

	RS1-A5
	1,000
	1.4

	RS1-A6
	3,300
	4.6

	RS1-A7
	3,400
	4.7

	RS1-A8
	6,300
	8.8

	RS1-A9
	2,600
	3.6


5.
Discussion
and Conclusion
Since October 1996 the maintenance of the 5 privatized hospital support services namely the facility engineering maintenance services, biomedical engineering maintenance services, cleansing services, linen and laundry services and clinical waste management services were awarded to the 3 concession companies. However the Malaysian Ministry of Health as the client dictates the maintenance program as per the concession agreement and was developed with timely and good preventive maintenance in mind.  As for replacement of beyond economic repair equipment, standard procedures were developed by a regulating agency that has been adopted and in use for a long time.

However, manufacturer’s recommendation for maintenance has always been the first reference for any equipment owner or user.  Who knows better of the equipment than the manufacturer themselves and of course the manufacturer has done its own tests on the equipment before it is ready for the market.  However, the recommendation can do so much for the equipment.  The field data is reliability information (Jauw,J. et al., 2000) and speaks volume for the equipment and thus represent the actual condition and environment the equipment is going through. 

The 99% reliability for the S1 subsystems ranges from 28.3 months to 51.7 months.  This means that the subsystems should only be serviced after 2 to 4 years in operation.  But in practice the maintenance is done regularly sometimes every month.  The long mission time could be due to the high redundancy of the subsystems.  As mentioned above a hospital air conditioning system cannot afford to have a low reliability as other mechanical systems that can sometimes have 60% reliability at 10 hours of operation (Barabady J. et al., 2008).
As for the AHUs, maintenance should be done between 1.3 months to 8.8 months. The mission time is reasonable as maintenance is scheduled monthly. This could be due to the OT’s high usage and stringent requirements.
The overall system’s reliabilities are very much dependent on the AHUs reliabilities. Thus the maintenance frequencies should be relook in order to optimize personnel and to minimize time and cost.

The discussion and conclusion presented here are based on this case study and may or may not be applicable to other medical facilities.
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