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Due to an increasing global awareness of the need for sustainable development in academia and busi-
ness, closed-loop supply chains in hospitals have become an important area of focus. Process reengin-
eering in purchasing, materials management, work practices, and waste management can reduce
environmental hazards and contain costs at the healthcare facilities. This paper demonstrates an
application of the RFID-enabled process reengineering in sustainable healthcare system design, and
presents a case study in the linens division of central sterilization services department at a Singaporean
hospital using ARENA simulation.
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1. Introduction

There is an increasing global awareness of environment prob-
lems and the need for sustainable development in academia and
business. The issue concerning sustainable approach to healthcare
system design has become increasingly important. A growing
number of hospitals are becoming more interested in implement-
ing sustainable methods at the existing facilities. Making changes
in purchasing, materials management, work practices, and waste
management can reduce or eliminate harmful environmental
hazards at the healthcare facilities. Hazards can also be reduced by
changing how wastes are treated. Improved sorting and recycling
systems reduce the amount of waste that must be incinerated. Far
more materials are disposed in the average medical waste disposer
than necessary to protect the public and the patients from disease
(SH, 2010). Only 15% of hospital waste is considered infectious
waste that requires special treatment. Pathological waste such as
tissues and organs which comprises 2% of average hospital waste
requires incineration (Rutala and Mayhall, 1992).

Some hospitals have taken steps to reduce their use of poten-
tially toxic materials and to decrease the total volume of regulated
hman).

evier Ltd. All rights reserved.
medical waste by 75%. Beth Israel Medical Centre in New York saves
$600 thousand per year through improved waste management
systems (SH, 2010). There is thus potential for medical facilities to
decrease the need for incineration while also saving costs.

Further, more stringent regulation of medical waste manage-
ment in many countries will drive the health care industry to
change materials management practices. The U.S. Environmental
Protection Agency anticipates that the costs of meeting new regu-
lations and standards will lead some healthcare facilities to switch
to alternative waste disposal methods (U.S. EPA, 2002). In the light
of the above challenges, the concept of the closed-loop supply chain
becomes an attractive option for minimizing hospital waste.
However, lack of awareness of the closed-loop supply chain and its
short research history is the main reason why hospitals have not
considered it in the past. Moreover, closed-loop supply chains add
complexity to overall supply chain management and requires an
initial investment (Ostlin et al., 2008).

Generally, proper procurement practices and waste manage-
ment practices are the major aspects in sustainable development of
healthcare facilities. Due to ever growing healthcare expenditure
globally, researchers in different business fields have taken serious
interests in identifying critical features of healthcare system in
specific countries and in exploring methods for evaluating pro-
ductivity and efficiency of healthcare system. The healthcare
business is provided by a variety of product and service enterprises
including medical consumables, pharmaceuticals, catering, laundry
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cleaning, waste management, home-care products, information
technology, vehicle fleet management and general supplies
(Gattorna, 1998). There is little research on cost containment by
applying cutting edge supply chain concepts in healthcare industry.
Analysis of the complete healthcare system indicates that the
supply management system is one of the primary areas where cost
reductions are a predictable outcome (Kumar et al., 2008).

Closed-loop supply chains of direct reuse items such as linens
and surgical instruments are a key component of sustainable op-
erations in the hospitals and they have begun to receive increased
attention from both practitioners and researchers. The interest is
driven by legislative environmental regulations and economic
factors. Thus, there is a need for sustainable improvements in
hospital supply chain with optimum cost.

Linens are reusable assets of a hospital and must be tracked
throughout the closed-loop supply chain, recovered, cleaned,
sterilized and repackaged for redistribution and use in operating
theatres, nurse stations and wards. They form a distinct and inde-
pendent closed-loop supply chain at the hospitals. In an effective
and efficient closed-loop supply chain, hospital staff must also plan
for the collection of soiled linens and surgical instruments from end
users such as operating theatres, nurse stations and wards.

Furthermore, RFID is a technology used for tracking linens and
medical devices using radio waves, requiring no line of sight and no
contact. It is expected to replace barcodes which have been used in
the closed-loop supply chain of the hospitals in identifying, and
tracking objects. With the integration of RFID technology in the
operation and process workflow of a healthcare service provider, a
higher level of customer satisfaction and process efficiency can be
expected. The objective of this study is to explore the possibilities of
applying RFID-enabled process reengineering in sustainable
healthcare closed-loop supply chain design, and identify the hin-
drances and benefits for the final implementation.

The case study was conducted at the Parkway Group hospitals in
Singapore (referred to as ‘the Hospital’ hereafter, for anonymity and
brevity). It focused on the process reengineering of a closed-loop
supply chain and usage of RFID system to provide clear visibility
in linen inventory control. Data were collected from the Linens
Department. For the case study, the current (“existing”) and pro-
posed (“reengineered”) models were established and evaluated via
Arena simulation. The rest of the paper is organized as follows. We
first introduce and define the problem followed by a literature re-
view section. Next, we discuss the case study conducted at the
hospitals in Singapore. Finally, we offer the concluding remarks,
recommendations and suggestions for further research.

2. Opportunities for process reengineering in hospital

Most of the knowledge that has resulted from reengineering
research in the manufacturing and distribution industries would
also be relevant to the healthcare industry and other service in-
dustries. For some reason, researchers have not attempted to
examine the logistical operations of healthcare. The logistics com-
munity has also not recognized the similarity and made the com-
parison between the manufacturing of products and the provision
of healthcare in process reengineering (Kumar and Shim, 2006).
Many investigators have studied the cases of process redesign in
healthcare supply chains. For example, Young (1992) examined the
materials management departments of 22 general hospitals in the
state of Georgia using two approaches such as the multi-criteria
performance measurement technique, and data envelopment
analysis. Christopher and Marino (1995) also proposed six basic
steps for successful reengineering. Through a case study, reengin-
eering steps were proved to double the inventory turnover rate and
reduce inventory, labour expense and storage space. Cynthia and
Muller (1997) studied the integration of materials management
processes using a team model. Huang (1998) classified different
types of materials management systems among Taiwanese hospi-
tals by using a fuzzy clustering method. Further, Chow-Chua and
Goh (2000) studied how total quality management principles
improved the healthcare sector in Singapore.

Nevertheless, every organization is under increasing pressure to
adapt to more competitive environments, as reflected in increased
demand for customer service, decreased cycle time for new prod-
ucts, globalization of upstream and downstream markets, and a
widespread sense that the pace of competition has increased.

Business process reengineering is concerned with fundamen-
tally rethinking and redesigning business processes to obtain dra-
matic and sustaining improvements in quality, cost, outcomes,
flexibility, and innovation (Irani et al., 2000). One particular
important kind of business process is the supply chain (Lee and
Billington, 1992, 1993). The business processes are reengineered
by emphasizing on four factors: focus, people, processes, and
technology (Mohanty and Deshmukh, 2000).

Generally, healthcare environments are likely candidates for
business process reengineering, because their operations are re-
petitive, have reasonably high volume, and deal with tangible items
such as mail, bills or letters, soft goods and medical appliances. Due
to the cost savings nature of the recycling of linens, materials
management department needs to identify opportunities for a
sustainable process in supplying linens. When nurses return the
soiled linens to Central Sterilization Services Department (CSSD) for
cleaning, sterilizing, repackaging and redistribution to operating
theatres and nurse stations, a closed-loop supply chain of linens is
formed. Closed-loop supply chain refers to the integration of both
forward and reverse supply chain activities (Guide et al., 2003). This
study is using a case study where RFID-enabled reengineering is
applied in the closed-loop supply chain of the Hospital. Subse-
quently, the gap between existing situation and RFID-enabled sit-
uation (“reengineered”) is assessed.

3. Literature review

Although the literature on closed-loop supply chains has dis-
cussed a large number of integrated aspects and a wide range of
areas, none of these articles have described the process reengin-
eering of hospitals’ closed-loop supply chains. We have reviewed
the literature only on RFID applications in the closed-loop supply
chains of the healthcare industry in this section.

Historically, the healthcare industry has viewed itself as being
operationally different from other businesses. Executives and lo-
gisticians state that they cannot predict their patient mix and ul-
timately their supply consumption. Because of this assumption,
most researchers have evaluated selected supply chain process
improvement (Zhang, 2001). Although the escalation of medical
cost has been the number one issue in healthcare for the last four
decades, most researchers have not considered reorganizing pro-
cesses using RFID technology in hospital supply chains. RFID is a
recent innovative technology that has been applied in logistics and
manufacturing and is likely to be among the most exciting and
fastest-growing technologies in terms of scope application
(Heinrich, 2005; Gaukler and Seifert, 2007). Healthcare providers
must maintain distribution and inventory systems similar to those
in the manufacturing industry. It can improve the efficiency and
effectiveness of hospitals in numerous ways, such as better in-
ventory management (medicine, linens, beds, etc.) and smarter
physical flows (patients, beds, etc.) (Banks et al., 2007; Sarac et al.,
2010). Although it has been found that the paramount problem in IT
implementation in healthcare systems is the high initial cost
(Kumar et al., 2008), healthcare has been forecast to be the next
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home for RFID (Erickson and Kelly, 2007). In the following sub-
sections, a brief overview of RFID and its implementation in in-
ventory management, process reengineering and healthcare is
presented.

3.1. Inventory management

In their recent literature survey, Sarac et al. (2010) observed that
the main areas that RFID can deal with are inventory inaccuracy,
the bullwhip effect and replenishment policies. Numerous ap-
proaches such as analytical models, simulations, case studies and
experiments were developed to analyse the impact of RFID tech-
nologies on supply chain management.

The impact of RFID technology on specific problems faced by
companies in the consumer retail value chain have been illustrated
byKambil andBrooks (2002), Chappell et al. (2002), Lee et al. (2004),
and Tellkamp (2003). Potential benefits of RFID in supply chains
have been studied by Joshi (2000), Kang and Gershwin (2004), Lee
et al. (2005), Fleisch and Tellkamp (2005) and de Kok and Shang
(2007) in inventory inaccuracy, bullwhip effect, and optimal pro-
curement policy areas. Their findings indicate inventory inaccuracy
in a wide range of processes such as transaction errors, scanning
errors, shrinkage errors, supply errors, theft and so on. RFID can
improve supply chain performances by increasing inventory avail-
ability, reducing inventory levels, saving cost, and improving coor-
dination. Moreover, RFID can deal with the bullwhip effect by
reducing the information distortion through data capture and real-
time communication properties. Sarac et al. (2010) analysed the
impact of RFID on supply chain systems, specially inventory man-
agement, by classifying the approaches into four main classes:
analytical approach (Lee and Ozer, 2007; Rekik et al., 2007a,b),
simulation approach (Brown et al., 2001; Leung et al., 2007), case
studies and experiments (Lefebvre et al., 2006; Wamba et al., 2007;
Bottani and Rizzi, 2008). Lee and Ozer (2007) integrated RFID
technology with an analytical model on inventory inaccuracy, and
observed that RFID can reduce transaction errors by 90%. Kang and
Koh (2002) simulated a retailer inventory system using RFID.
Leunget al. (2007) also developed a simulation toanalyse the impact
of RFID on shrinkage errors. Furthermore, Lefebvre et al. (2006)
developed a pilot study to analyse RFID deployment in the ware-
house. Their findings show that RFID can improve the existing
processes and the communication between supply chain actors.
Moreover, Ngai et al. (2008) reviewed and classified the literature on
RFID technologies thatwas published between1995 and2005. Their
study included a content-oriented classification of literature and
found that 10.7% of the articles deal with the application of RFID in
supply chains. Furthermore, Chao et al. (2007) reviewed the litera-
ture on trends and forecast of RFID technologies from 1991 to 2005
by bibliometric analysis.

A survey on the causes of inventory inaccuracy in supply chain
has also been presented by Delaunay et al. (2007). They gave a
perspective to future studies on the impact of RFID technologies on
inventory inaccuracy in supply chains. Dolgui and Proth (2008) also
focus on the advantages of RFID technologies in inventory man-
agement including reduction of shrinkage and theft. However, their
survey is based on a limited number of publications and does not
contain recent publications. RFID technology offers several benefits
to supply chains such as inventory and warehouse management,
(Banks et al., 2007; Saygin et al., 2007; Michael and McCathie,
2005). Banks et al. (2007) show a list of qualitative and quantita-
tive factors for RFID implementations. They also conclude that RFID
can provide cost reduction and increased revenue. Michael and
McCathie (2005) extensively investigated into the pros and cons
of RFID technology within an inventory management context,
giving businesses the opportunity to weigh up the costs and
benefits. Numerous investigators have highlighted that RFID can
reduce bullwhip effect and improve supply chain performance
(Zaharudin et al., 2006; Saygin et al., 2007; Bottani and Rizzi, 2008;
Wang et al., 2008; Zhou, 2009; Agarwal et al., 2009). Additionally,
several researchers have studied the effects of RFID technologies on
replenishment policies (Lee et al., 2004; Kang and Gershwin, 2004;
de Kok and Shang, 2007).

3.2. Process reengineering

RFID technology can improve the traceability of products and
speed up operational processes such as tracking, shipping, check
out and counting processes that leads to improved inventory flows
and more accurate information (Lee et al., 2005; Chow et al., 2006;
Tajima, 2007; Whitaker et al., 2007). Further, reorganizing pro-
cesses using RFID technology can also lead to a large gain in the
overall supply chain effectiveness (Langer et al., 2007; McFarlane
et al., 2003). Reengineering the processes of distribution centres
and retailers increase possible benefits gained through RFID (Dutta
et al., 2007; Bottani and Rizzi, 2008).

Application of a simulation approach to evaluate the value of
information visibility in a supply chain using RFID has been studied
by many researchers. For example, Joshi (2000) simulated a simple
supply chain to evaluate the value of information visibility using
RFID. He tested different scenarios by varying the degree of infor-
mation visibility and supply chain actors’ collaboration through
RFID technologies. The results showed that information visibility
and collaboration provide 40e70% reduction in inventory costs. He
also concluded that the reduction in lost sales improves customer
service due to timely order deliveries. Kang and Koh (2002) also
simulated a retailer inventory system with an automatic reorder
point procurement policy. They show that 2.5% increase of
shrinkage can increase stock-out rate by about 50%. Further, Fleisch
and Tellkamp (2005) simulated a one-product three-level supply
chain. They compared two models with and without an inventory
level alignment. The results showed that the elimination of in-
ventory inaccuracy can reduce out of stock level and supply chain
costs. Basinger (2006) developed a simulation model of a single
item, three-level supply chain and studied the impact of inaccuracy
on supply chain performance. He concluded that RFID is a new
method for real-time alignment of the data that can improve the
accuracy of inventory.

Lee et al. (2004) perform a quantitative simulation and compare
different models with or without RFID with different values of
replenishment policy (s,S). The results show that RFID imple-
mentation can reduce the distribution centre inventory level by
23%, and eliminate completely back orders. Leung et al. (2007)
simulated a three-echelon supply chain and tested three sce-
narios (with and without RFID). The results obtained show that
backorder quantity decreases by 1% and the average inventory in-
creases by 20%. They also observe that RFID can decrease inventory
levels. Further, Saygin et al. (2007) also used simulation to compare
four inventory models in order to analyse the impacts of RFID
implementations on the inventory management of time-sensitive
materials. He concluded that RFID can provide important benefits
by decreasing manufacturing costs with a higher service level.

3.3. RFID in healthcare

It has been predicted that the market for RFID technology in the
healthcare sector is expected to increase from $474 million in 2008
to $3.1 billion in 2013 (Bendavid et al., 2010). Since RFID automates
the tracking of medical, linen and equipment supplies, the
healthcare organisation can derive significant benefits from RFID
applications. For example, speedy transactions through RFID
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applications could derive a potential cost saving exceeding $2.6
billion per year in the healthcare sector (Jarrett, 1998). Similarly,
efficient inventory management through RFID could generate sig-
nificant saving on healthcare supply chains (Van Vactor, 2008;
Raviprakash et al., 2009; Ygal, 2012). Other potential benefits may
include effective linkage of patient demandwith sourcing, ensuring
the timely delivery of medical and non-medical supplies
(Acharyulu, 2007; Aguado et al., 2007; Mark, 2011).

Tu et al. (2009) analyse the performance of RFID technologies in
a health care system and simulate different algorithms for locating
RFID based tagged objects. DeScioli (2005) studied differentiating
hospital supply chain for enhanced performance. He concludes that
the implementation of automated point of use systems has enabled
hospitals to develop more sophisticated supply chain policies that
can further increase patient care and simultaneously reduce costs.
Hikmet et al. (2007) describe that the hospitals’ adoption of
healthcare information technology is related to four independent
variables: hospital size, geographic location, system membership,
and tax status. Additionally, Schuller and Hubner (2008) found that
the hospitals are employing a variety of methods to keep logistics
costs down while at the same time trying to optimize the level of
service.

Further, Gambon (2006) mentioned the deployment of a
patient-tracking and real-time clinical information system for St.
Vincent’s Hospital in Birmingham, Alabama. The hospital incorpo-
rated RFID into its infrastructure. Roberti (2006) completed a
similar study at Lahey Clinic in Burlington, Massachusetts where
RFID interrogators were installed for asset tracking. The asset-
tracking system gives alerts to clinic when assets are due for reg-
ular cleaning or maintenance. Ngai et al. (2009) examined the use
of RFID technology as the key enabler for building the healthcare
management system to deliver higher business values. Recently,
Yao et al. (2012) have reviewed the literature on the adoption and
implementation of RFID technology in healthcare.

Bendavid et al. (2010) presented a case study of a hospital
nursing unit that had applied RFID. They recommended conducting
further research on RFID healthcare supply chain management as
this area holds a great potential for performance improvements.
Lee and Shim (2007) studied the adoption of RFID in healthcare
using the theory of technology-push and demand-pull. Wicks et al.
(2006) and Najera et al. (2011) investigated the managerial benefits
and implementation challenges of RFID. Recently, Carr et al. (2010)
examined the factors critical for the adoption of RFID technology in
healthcare organisations and found that factors such as risk,
resistance to change, and supplier support are directly related to
usefulness of RFID. Kumar et al. (2010) studied the use of RFID
within the healthcare industry and presented a step-by-step
approach of how to implement the use of RFID tracking systems
within the entire hospital.

Through a case study at a European hospital, Lefebvre, et al.
(2011) assessed the suitability of a proposed RFID implementa-
tionmodel to evaluate the various implications of RFID projects and
investigated the anticipated benefits of implementation. Despite
the importance given to RFID in healthcare sector, there is a lack of
knowledge with respect to the necessary implementation model to
support its adoption. Furthermore, numerous case studies are
available in the recent literature, such as RFID feasibility project at a
Taiwanese hospital (Wang et al., 2006), RFID equipment-tracking
system in a tertiary care hospital (Ostbye et al., 2003; Fisher and
Monahan, 2008), a study at a US hospital measuring the effec-
tiveness of using RFID for bed management (Kannry et al., 2007),
and simulation studies to measure the value of RFID in healthcare
(Hosaka, 2004). This study is different from the aforementioned
studies. We investigate an application of the RFID-enabled process
reengineering in sustainable healthcare system design. This paper
presents a case study in the linens division of CSSD at a Singaporean
hospital and uses ARENA simulation.

4. Case study e linens inventory control system

4.1. Background of the case

The Hospital where the case study was conducted, was estab-
lished in 1844, is currently the second largest acute care general
hospital in Singapore, with specialty centres in rehabilitation
medicine and communicable diseases. A member of the National
Healthcare Group, the Hospital continues the tradition of providing
high quality holistic healthcare services to the population of
Singapore. Equipped with state-of-the-art facilities and medical
equipment, as well as the latest communication and information
technology tools, the Hospital was designated as the sole treatment
centre for the Severe Acute Respiratory Syndrome (SARS) epidemic
which struck Singapore in 2003. The Hospital offers a wide range of
medical services and there are 20 clinical specialties ranging from
cardiology to orthopaedic surgery. It also has 15 allied health ser-
vices such as physiotherapy and vascular surgical services. Despite
receiving many awards and accolades, the Hospital is constantly
striving to apply new and appropriate technologies to enhance
patient care.

The linens department of the Hospital manages various linens
inventories for the whole hospital. These include: bed sheets, pil-
low cases, towels, patients garments, operation theatre garments,
and so on. Large volume of linens movement is observed everyday.
Due to the complexity of collection, transportation, sorting and
distribution, the linens department needs to operate with extreme
efficiency in order to cater for the hospital needs. The department
has reached significant standard of excellence in their automation
efforts over the years and has implemented the Automatic Guided
Vehicles (AGV) which reduced the manpower requirements. Fig. 1
illustrates the general internal closed-loop supply chain of CSSD
of the Hospital.

This case study is divided into four parts. The first part is focused
on the existing business process and difficulties faced by the
department. The next two parts discuss the feasibility of integrating
RFID Passive tagging technology into its business process and
attempt to re-engineer the existing business process. The final part
is focused on the simulation results of the model.

4.2. Existing procedure for linens inventory control

This section addresses the existing operating procedures for
linens inventory control. Fig. 2 illustrates the detailed process.
Firstly, the soiled linens disposal process is automated by a series of
air pressured pipes connecting the linens department to all the
wards in the hospital. The air pressure in the pipe sends all the
soiled linens from the wards directly into the linens department.
Soiled linens are packed into bags before they are delivered into the
pipes. These bags can be delivered down the pipes at any time of
the day. The hygiene standard states that all personnel should
minimize contact with soiled linens. Disposal is performed on a
daily basis, at irregular hours. When the soiled linens arrive at the
linens department, they are held back in the chute opening until an
indicated level before the mechanism is activated to open up the
chute door hence releasing the soiled linens into a rail mounted
metal cage. Soiled linens are stacked up to a designated level before
it triggers an Infra red sensor. Upon activation of the sensor, the
metal cage starts travelling on a metal rail until it reaches the
staging area where the soiled linens are handled by four soiled
linen staff that are in charge of counting and transferring the bags
of soiled linens into an open cage.
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The cleaning process is sub-contracted out to Singapore Cor-
poration of Rehabilitative Enterprises (SCORE). Their re-
sponsibilities include transporting soiled linens, cleaning soiled
linens and delivery of clean linens. SCORE will assign a delivery
truck to the linens department everyday. Upon its arrival at 0800 h,
hospital personnel unload all the cleaned linens into the linens
department. Soiled linens collected in the open cage are loaded into
the delivery truck by 8.40 am and transported back to Changi Prison
where all bags of soiled linens go through an X-ray machine
mounted on a conveyor belt to scan for unauthorized objects.
HA pulls new 
Metal Trolley out
from AGV and 
place at pick-up 
point

HA places old
Metal Trolley 
into AGV and 
bring back to 
Linens Dept

Chute Door 
open when 
full

Linens travel 
along air 
pressured
PipeAir

Pressured 
Pipe         

Chute M
m

SUB                  
CONTRACTOR

Conveyor:
Bags of Soiled 
linens go 
through for X-
ray scanning

Truck:
Back  to 
TTSH

Line
pick
poin

Ward:
Ward personnel 
collects clean 
linens when 
needed

Bags of Soiled 
linens throw into 
the pipe opening 
from wards

Truck:
To sub 
contractor

Fig. 2. Standard operating procedu
Clean linens are packed accordingly on the storage shelves of
linens department. Apart from the annual stock taking, the
department performs a circulation count every 4 months. This is to
account for the total inventory level on the department shelves as
well as those in circulation. The business process maintains two
pile levels; each pile level is able to cater for the entire hospital
needs for a day.

Personnel from linens department pack the daily requirements
of each ward into themetal trolleys. Thesemetal trolleys are parked
at the designated AGV Loading Bay and delivered to the respective
AGV collect 
Metal 
Trolley at 
1330

 

Metal Cages hold in 
queues till the first 
metal cage is full and 
moves off to area for 
transfer to open cage

etal Cage
ounted on rails

Store on 
Shelves

Metal Trolley
(Packed by 4 staff from 
the clean linens + 2 from 
the soiled linens)

AGV     
Loading 
Bay       

ns 
-up
t

Open Cage:
4 staff transfer 
the bags of 
soiled linens
from Metal Cage

re for linens inventory control.



A. Kumar, S. Rahman / Journal of Cleaner Production 85 (2014) 382e394 387
wards at 1330 h. These metal trolleys with clean linens are left at
the designated spot (linens pick up point) outside the wards. The
metal trolleys with the unused linens from the previous day will be
replaced with the new trolleys. Finally, the AGV will pick up the
trolleys with the unused linens back to the linens department.

4.2.1. Issues in the existing procedures
After analysing the existing processes to find areas of opportu-

nity for improvement, several operational inefficiencies affecting
linens management are identified such as eliminating unnecessary
manual activities or duplications, recurrent inventory shortages at
the linens department, service delays since linens are unavailable
on demand, wasted staff time since storage room clerks and nurses
spend time searching for linens and so on. Despite having auto-
mation, the department faces a critical issue of poor visibility in the
inventory level. This is largely due to the hygiene standard of
minimal human contact with soiled linens. When soiled linens are
delivered down from the pipes, they are packed into bags for easy
collection and accounting. However, this hinders the counting
process of individual pieces as it is non-hygienic to open up the
bags. The department uses estimates to account for total soiled
linens sent out to the sub contractor. This gave rise to poor visibility
and hence the inability to track for losses during the cleaning.

AGVs deliver the daily linens requirements of the wards; how-
ever this is a replacement system instead of a replenishment sys-
tem. The AGVs will not account for the unused linens from the
wards; instead it will bring themetal trolley with the unused linens
back to the linens department for accounting. This signifies that the
department needs to keep a higher pile level as compared to a
replenishment system where the AGVs only need to replenish the
used linens in the wards. Low visibility of linens usage in the wards
also signifies the inability to track for losses during the usage pro-
cess. According to themanager of linens department, the hospital is
losing almost 12 percent of the total linens every three months.

Fig. 2 highlights the two problems in red. The stations being
identified are: “Open Cage” and “Linens pick-up point”.

4.3. Reengineering the linens inventory control process

Healthcare systems are involved with process reengineering
because of sustainable development approach pressure and the
desire to satisfy the needs of customers and improve service
quality. The proposed supply chain reengineering affects all com-
ponents of the linen supply system.

The existing business process requires staff from the linens
department to manually account for the soiled linens by estimating
the number of linens in the bags sent down from thewards through
the air pressured pipes. This often does not reflect the true quantity
of soiled linens being sent out to the sub contractor. Similarly, the
department needs to manually account for unused linens from the
wards everyday when the AGVs deliver them back to the depart-
ment. This process is time consuming andmay result in data errors.
As such, a well configured RFID station in the linens department as
well as in the wards will be able to rectify the above problem.

Establishing a RFID system where a reader and antenna is
mounted on a conveyor belt will be able to automate the process of
loading the soiled linens onto the delivery truck and at the same
time provide visibility of real-time volume flow of soiled linens.
Secondly, the problem of low visibility of linens usage in wards can
be rectified by deploying a RFID station at the linens pick-up point
since the pick-up point is a common choke point for all personnel to
collect clean linens for their wards. A well deployed RFID station
will allow real-time volume flow of clean linens and also allow
automated decision rule like formulating the linens replenishment
quantity to be carried out.
After evaluating the business processes, there is a need to assess
the touch points in the physical infrastructure. There are two key
areas of interest for setting up a prime interrogation zone of RFID in
the linens inventory control. Firstly, there is a need to design an
effective conveyor belt system that is able to transfer the soiled
linens from the metal cage to the open cage. Secondly, the RFID
stations should be configured such that it is easy for ward
personnel to retrieve clean linens and at the same time the readers
and antennas will be able to interrogate accurately with the linens
tag. All linens being sub contracted out for washing should be
tagged. It is important to identify what kind of tags to use and how
they should be placed. Objects can exhibit a wide range of behav-
iour characteristics in relation to Radio Frequency (RF) that is
dependent on their material composition.

Moreover, it is critical to examine how to transmit the data
coming off the readers from the conveyor belts and the readers
from the pick-up points near the wards to the existing systems in
linens department. To optimize the systems for RFID, the critical
task is to associate the scanned EPC numbers coming off the linens
to useful databases. Data will travel the existing methods of
transportation, by being pushed through existing systems which
are optimized for RFID. The implementation of the linens tracking
systemwill be able to capture the location and data of each item. By
capturing the location, the department will be able to keep track of
total inventory movement. Also, useful data such as linens expiry,
linens usage rate and linens losses can also be analyzed. The pri-
mary considerations of the proposed solution should include: cost
efficiency, high accuracy, minimal manpower, and shorter process
time.

Successful implementation of the RFID project will effectively
resolve the problems of low inventory visibility in the depart-
ment. In totality, RFID is able to automate human tasks and
eliminate data error; it is ideal for providing data of real time
large volume flow through a common choke point. Such auto-
mation can be easily integrated with the department’s supplier,
sub contractor as well as adjacent business units. The system can
also enable actions without human intervention and in real time
with applications set up with automated decision rules, such as
determining the linens replenishment quantity for each ward.
Fig. 3 details the reengineered process workflow coupled with
RFID applications. Changes to the business process are highlighted
in red.

With the recommendation of implementing a Linens Tracking
System to improve the visibility and efficiency in linen inventory
control, RFID system was deployed at the point of this research.
Current RFID system is operating within the Ultra High Frequency
(UHF) region at 868 MHz 2003. Passive UHF RFID tags are most
commonly used in laundry management. These tags allow bulk
reading of up to hundreds of tags per second, a read range of up to
few meters with no line-of-sight requirements, and operation in
harsh environments with storage capacity (96 bitsþ). Performance
improvement of passive UHF RFID tags has been exponential with
features such as anti-collision algorithms, improved communica-
tion protocols, increased data capacity, dynamic authentication,
and ruggedized designs for laundry management. Lines Depart-
ment uses “SMLD XX” tags from Synometrix and Tagsys HF tags
which are rugged waterproof and dry cleaning chemical proof RFID
laundry tags with or without center hole for total laundry man-
agement and offer high mechanical resistance, and resistance to
heat (�25 �C to 150 �C for 50 h which is within the washing tem-
peratures), and pressure (45 bar). These tags are much smaller
(ranging from 15 mm/thickness 2.9 mm) and cheaper than active
tags. Primary consideration for the tag design includes the overall
size and shape. They operate at the frequency of 13.56MHz, contain
2 k bits read-write memory, and read 50 tags per second. The
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Fig. 3. Reengineered process workflow for linens inventory control.
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casings are made of nylon and polymer which can withstand a
water pressure of 45 bar.

4.4. System modelling of linens inventory control using ARENA

From the standard procedure for linens inventory control, the
Arena simulation models are also categorized into soiled and clean
linens processes and are modelled separately for accuracy of data
collection and clearer visibility of linens flow. Despite the fact that
the soiled and clean linens processes occur in parallel, they have
two distinct flows with no interaction in any of the procedures.
Figs. 4 and 5 illustrate the Arena models of soiled linens process
before and after the RFID implementation. Figs. 6 and 7 show Arena
models of clean linens process before and after the RFID
implementation.

4.4.1. Data and assumptions for soiled linens
During simulation, the models are allowed to run for a period of

156 (26 weeks * 6) independent replications with each replication
using an additional warm-up period of 2 days as the Linens
Department only operates for 6 working days. Thewarm-up period,
which is set for the simulation run to eliminate any bias at the early
stage of the process, was determined according to Welch’s moving
average procedure described in Law and Kelton (2000). The run
length and number of independent replications of the simulation
were also determined based upon the tests of normality and in-
dependence proposed by Law and Kelton (2000). The operation
hours are from 8.00 am to 4.30 pm from Monday to Saturday. It
forecasts for a period of 26 weeks for accuracy of predicted data.
The time unit of the simulations is in minutes.

Validation is the process of determining whether the simulation
model is a useful or reasonable representation of the real system
(Pritsker et al., 1997). Absolute validation is usually impossible
because the simulation is at best an approximation of the real
system, and the most definitive method is to compare the output
data from the simulation with the actual data from the existing
system using formal statistical analyses such as confidence in-
tervals (Kumar and Shim, 2006). In validating the simulation model



Fig. 4. ARENA model of soiled linens process before RFID implementation. Note: From station 1 to 4, the processes are automated without human involvement. The time will start
after station 4 where the human resources are available; Time Stamp 1. The time will end after station 6 when all the soiled linens are loaded into the truck. Thus the difference
between Time Stamp 1 and 2 will be the time taken for the soiled linens process.
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of this study, we calculated the confidence intervals of the simu-
lation outputs at 95 percent confidence interval (a ¼ 0.05) and
compared them to the actual values provided by the Hospital. We
also verified the architecture of the simulation model with staff in
the Linens Department before the simulation runs and showed the
simulation results to the Hospital staff after the simulation runs to
ensure that the simulation results are reliable.
Fig. 5. ARENA model of soiled linens p
Before the implementation of RFID, the process took around
40 min for all soiled linens to be loaded into the delivery truck to
SCORE. The truck arrives at 8.00 am and 11.00 am for soiled linens
collection. It leaves 40 min later for delivery to SCORE. Thus based
on the information, the flowchart of the Soiled Linens process is
modelled with estimated timing between processes, routes, dis-
tances and stations.
rocess after RFID implementation.



Fig. 6. ARENA model of clean linens process before RFID implementation.
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The assumption for the model after the implementation of
RFID is same as above. Conveyor is being installed after the
collection of the Metal Cages, and is transferred through the
conveyor to the Open Cages. The travel length of the conveyor is
around 2.5 m. The time to convey from the Metal Cage to the
Open Cage is set to be 30 s. RFID readers are being installed on
the conveyor to read the numbers of soiled linens being deliv-
ered out to SCORE for washing. 0.34 s are needed for 1 piece of
linen to be read. Four soiled linens staff are assigned in the
model. The capacity for the Chute and Metal Cage are set at 50
bags of Linens, while the capacity for the Open Cage is set at 90
bags of linens.

4.4.2. Data and assumptions for clean linens
The flowchart of the clean linens process is modelled with

estimated timing between processes, routes, distances and sta-
tions. After the implementation of RFID, conveyor is being
installed right before the linens are stored in the shelves. The
clean linens are transferred through the conveyor and transfer
manually by the staff to the shelves for storage. RFID readers are
being installed on the conveyor to read the numbers of clean
linens being delivered in from SCORE. 0.34 s are needed for 1
piece of linen to be read. The numbers of packed clean linens
received are assumed to be same as the numbers of soiled linens
sent (1 bag of soiled linens ¼ 14 pieces of linens, and 1 packed
clean linen ¼ 1 piece of linen). When the soiled linens are being
collected for washing at 8.00 am and 11.00 am, clean linens are
being delivered at the same time. The arrival rate for the packed
linens is assumed to be at a constant number of 6300 (450
bags * 14). The packed linens are set to arrive from 8.00 am to 8.30
am; arrival rate is zero after 8.30 am. Four clean linens staff and 1
personnel are assigned in the model. The capacity for the Metal
Trolley is set at 300 packed linens. The AGV motion is modelled in
one-way, it will travel from the Metal Trolley Holding Area to the
AGV Loading Bay.
4.5. Simulation results and discussion

4.5.1. Results for soiled linens process
Tables 1 and 2 display the simulation results before and after the

implementation of RFID respectively. For soiled linens process, the
improved process took 5.04 min longer. The initial process took an
average of 39.19 min (Table 1) while the process with RFID took an
average of 44.23 min (Table 2). The increase in timing is due to the
additional process-Transfer to Conveyor and the station-Conveyor
(see Fig. 5). Thus, with a slight trade-off in timing, the process
with RFID implementation provides visibility for the soiled linens
out to SCORE. The average waiting time for the Open Cage Limit
Queue is 44.07 min and is the most time consuming. As the Open
Cage Limit is set at a larger value of 90, more time is needed for the
Open Cage to be filled and proceed to the next stage. Thus, the
longer waiting time of 41.22 min is expected even after the RFID
implementation. Moreover, as the chute capacity is set at 50 bags of
linen, the average waiting time for the Chute Limit Queue is also
time consuming (26.2 min) and has decreased slightly to 25.3 min
after RFID implementation. Thewaiting times at other stations have
also decreased (see Tables 1 and 2).

4.5.2. Results for clean linens process
Tables 3 and 4 display the simulation results before and after the

implementation of RFID respectively. For clean linens process, the
time taken for the clean linens before RFID implementation is
339.75 min (Table 3) while that after RFID implementation is
371.23 min (Table 4). With the additional processes - Unload to
Shelf and Scan Linens when collected and stations-Conveyor (see
Fig. 7), the process took 31.48 min more to be completed. Time
delay is due to the scanning of the RFID tags on each individual
packed linen when unloaded into the shelf and when linens are
needed in the wards. This time delay of 31þ minutes will increase
the labour cost by $20 per day considering a staff hourly wage of
$38.



Fig. 7. ARENA model of clean linens process after RFID implementation.
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For the clean linens process before RFID implementation, the
numbers of packed linens is not recorded. In the process after RFID
implementation, the packed linens are counted and recorded.

From Table 4, the packed linens out is recorded as 2247.79. This
figure is the number of packed linens requested and scanned by the
personnel for patients’ usage. It is less than the 6300 packed clean
linens input, as some of the packed clean linens might be kept in
the Shelf and stored, while others might still be in process. Prior to
RFID implementation, AGVs delivered the daily linens requirements
of the hospital wards and did not account for the unused linens
from the wards. This resulted into the department keeping a higher
pile level as compared to a replenishment system where the AGVs
only needed to replenish the used linens in the wards. Personnel
scan when collect linens (after RFID implementation) took a longer
average waiting time (273.24 min in Table 4) than personnel collect
linens (155.96 min in Table 3) before RFID implementation. The
Table 1
Entity 1 and time interval for soiled linens process before RFID.

No. of replications ¼ 156 Average Confidence
interval (95%)

Entity 1

Wait time 6426.12 (6144.2, 6751.4)
Transfer time 513.5 (513.46, 513.54)
Total time 130.05 (113.05, 147.94)
Number in 471.36 (422.0, 528.0)
Number out 426.51 (350.0, 475.0)
WIP 53.951 (34.74, 73.66)
Soiled linens start time 261.11 (245.93, 272.29)
Soiled linens stop time 300.3 (267.54, 319.18)
Actual time taken 39.19

Queue waiting time Average
Chute limit queue 26.201 (22.55, 29.57)
Open cage limit queue 44.076 (36.20, 51.57)
Transfer to open cage queue 0.863 (0.8605, 0.8667)
All other queues (allocate

1 & 2, metal cage limit)
0.0 (0.0, 0.0)
reason for this longer wait time might be due to the newly
implemented RFID system. As all personnel need to scan the linens
when collecting for patients’ usage, theymight not be familiar with
the new computer interface and process and thus time is lost.
Furthermore, the waiting times for metal trolley limit queue has
dropped from 9.22 to 5.74 min, for transfer to metal trolley queue
has dropped from 78.32 to 35.66 min, and for unload to linen room
queue has dropped from 57.17 to 23.7 min after RFID
implementation.

The areas of opportunity assessed when evaluating the existing
system could be efficiently and effectively improved with RFID-
enabled system. For example, linens department nurses and
clerks would not need any longer to go to the shelf to validate if
there are linens available. Various repetitive and duplicate activities
could be eliminated since real-time information on linens
Table 2
Entity 1 and time interval for soiled linens process after RFID.

No. of replications ¼ 156 Average Confidence
interval (95%)

Entity 1

Wait time 6068.83 (5813.14, 6355.39)
Transfer time 556.99 (556.98, 557.01)
Total time 125.8 (119.79, 137.01)
Number in 489.67 (463.0, 509.0)
Number out 457.5 (430.0, 473.0)
WIP 45.6579 (32.35, 59.39)
Soiled linens start time 263.43 (250.03,271.88)
Soiled linens stop time 307.66 (297.36, 318.71)
Actual time taken 44.23

Queue waiting time Average
Chute limit queue 25.354 (24.18, 27.32)
Open cage limit queue 41.228 (38.93, 47.65)
Transfer to open cage queue 0.766 (0.7661, 0.7673)
All other queues (allocate

1 & 2, metal cage limit)
0.0 (0.0, 0.0)



Table 3
Entity 1 and time interval for clean linens process before RFID.

No. of replications ¼ 156 Average Confidence
interval 95%

Entity 1

Wait time 171.57 (166.4, 175.9)
Transfer time 4.0842 (4.01, 4.18)
Total time 176.86 (171.65,181.25)
Number in 6326.31 (6097, 6529)
Number out 6171.03 (5978, 6311)
WIP 857.3 (805.59, 915.7)

Interval Average
Packed Linens_Time_Interval 339.75 (331.5, 348.01)
Packs of linens out (not recorded and

includes unused clean linens also)
6300

Queue waiting time Average
HA pull metal trolley queue 31.259 (28.98, 33.59)
Metal trolley limit queue 9.227 (8.70, 9.74)
Personnel collect linens queue 155.96 (151.5, 154.3)
Transfer to metal trolley queue 78.311 (74.92, 81.56)
Unload and store to linen room queue 57.170 (54.65, 59.37)
All other queues (allocate 5, 6, and 7) 0.0 (0.0, 0.0)
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inventory are collected through the RFID-enabled linens tracking
system. The new RFID-enabled system provides information on
linens availability rate, activities utilization rate and is able to fulfil
the following requirements:

- account for the total soiled linens sent out to sub-contractor,
- account for daily linens usage of each ward,
- account for the total cleaned linens sent back from sub-
contractor,

- account for total stock on shelf and in circulation,
- account for losses from sub-contractor and wards,
- improve real-time monitoring and management of linens,
- improve productivity and efficiency by reducing the time hos-
pital staff spends in locating misplaced linens,

- reduce overbuying, and eliminate costly replacement of lost or
stolen linens, and

- reduce delays in patient care due to lost or stolen linens.

Several unnecessary manual activities or duplications in the
existing system and the inefficiencies such as recurrent inventory
shortage of linens at the central warehouse, wasted staff time
searching for the linens and lack of visibility can be eliminated.
Table 4
Entity 1 and time interval for clean linens process after RFID.

No. of replications ¼ 156 Average Confidence
interval 95%

Entity 1

Wait time 155.78 (152.8, 159.7)
Transfer time 3.5853 (3.51, 3.64)
Total time 160.56 (155.5, 165.5)
Number in 6317.85 (6210, 6402)
Number out 6168.67 (6055, 6310)
WIP 783.28 (735.7, 819.8)

Interval Average
Packed Linens_Time_Interval 371.23 (363.1, 379.6)
Packs of linens out 2247.79 (2211, 2287)

Queue waiting time Average
HA pull metal trolley Queue 25.304 (23.07, 28.14)
Metal trolley limit queue 5.747 (5.54, 5.90)
Personnel scan when collect linens queue 273.24 (264.9, 281.1)
Transfer to metal trolley queue 35.666 (34.65, 38.59)
Unload to linen room queue 23.707 (22.34, 25.10)
All other queues (allocate 5, 6, and 7) 0.0 (0.0, 0.0)
Indeed, accessibility to linens and other critical resources allows
nurses and other staff to respond more efficiently and faster to
clinical events, and therefore improves patient care and the patient
experience.

Although the process time increases with the introduction of
the RFID stations, the increased inventory visibility and a potential
reduction of overbuying and or replacement of linens (on the
average 8 linens per day based on a quarterly loss of 12%) and
resulting decrease in cost (around $160 ¼ $20 * 8 linens per day),
elimination of wasted staff time searching for the linens, and
improved quality of patient care and the patient experience
outweigh the increase in process time. Moreover, an array of ben-
efits offered by RFID technology is intangible, and therefore cannot
be simply measured through traditional methods such as return on
investment.

The other indirect benefits of deploying RFID system in the
Linens Department are reduced workload for nurses in the
following activities:

- reduced vital signs taking time,
- reduced searching time of linens.
- reduced unnecessary phone calls between departments,
- reduced administrative work, and
- improved operational workflow.

Now, nurses do not have to make phone calls, to check where
the linens are, or if a linen is on the way to the ward, they can find
the real-time location of the linens from the dashboard. Overall
benefits for the Hospital are:

- reduced transcribing errors,
- improved operational efficiency,
- improved visibility in the resources availability,
- improved accessibility to information, and
- enhanced market perception.

Hospital management also acknowledged cost savings due to
deployment of RFID which is integrated with hospital system and
workflow.

5. Conclusions and recommendations

The study included the understanding of the whole system
process flow by means of sites investigation, business process
familiarization, data collection and conducting interviews with the
staff in the Linens Department. Aftermuch sites investigation of the
existing process, various problems and inventory shrinkages were
identified with recommended possible redesign and RFID-enabled
solutions.

The conceptual models of the reengineering process have been
developed. Furthermore, in order to reduce the risk of RFID
implementation, the reengineered closed-loop supply chain
models have been evaluated from the different aspects. After
analyzing the existing problems to find areas of opportunity for
improvement, higher level RFID implementations were recom-
mended hence bringing forth the process reengineering of the case
study. Finally, the results from the reengineered models were ob-
tained and findings reveal that there are improvementsmade in the
process flowwhich ultimately fulfils the objectives of this research.
A gap analysis of “existing” versus “reengineered” processes
assisted in evaluating the capabilities of RFID to increase produc-
tivity through the elimination of search delays from the staff, the
linens inventory shrinkage (around 8 linens per day) and recurrent
linens shortages, as well as assess the benefits of elimination of
costly replacement of lost or stolen linens. The decrease in cost
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equals $140 per day (¼$160 - $20) based on a quarterly loss of 12
percent of the linens and an increase in labour cost by $20.

More than half of the activities have reached the desired mini-
mum utilization rate of 50 percent. Several significant activities are
almost fully used. The activities of Store have large space for further
development. The reengineered model provides the more efficient
solution. The number of the staff is reduced. The utilization of staff
is much more efficient. Moreover, there is space for the develop-
ment of the future plan. Lastly, the closed-loop supply chains are a
key component of sustainable hospital design and operations and
they have begun to receive increased attention in Singapore.

During research period, the current active RFID systems were
operating within the Ultra High Frequency region at 868 MHz. In
order to realize the full benefits of RFID deployment, there is a need
to further examine the applications of Low Frequency, High Fre-
quency as well as the recently developed Microwave Frequency
(2.45 GHz). For example, extending the tracking system hospital
wide, including all staff, patients (including those come in for
consultation only e for contact tracing) and all inventories control
(general medical devices, medical supplies, drugs, surgical tools,
and so on).

For the linen inventory control, the current process is verymuch
concise. The proposed RFID solutions can be further studied to
examine the exact location of the conveyor, the appropriate speed
and length of the conveyor. With the improved processes, visibility
can be accounted for with a trade off in timing, as both improved
processes for the soiled and the clean linens take a longer time to be
completed. Future research could use RFID in the areas unexplored
in this research.With thewhole hospital equippedwith RFID, it will
be able to automate the hospital’s processes with improved effi-
ciency and visibility.

6. Limitations and assumptions

For the clean linens, the arrival rate is constant as all the packed
clean linens are delivered and unloaded to the Hospital all at once
when the delivery truck arrives at 8.00 am and 11.00 am. For the
modelling, the packed clean linens process end when it is used by
the patients.

In reality, not all the packed clean linens are used, certain
number of linens will be left unused and returned to the Linen
Department. For the clean linens process before RFID, when the
AGV transports packed clean linens filled Metal Trolleys to the AGV
Loading Bay, it also collects the ‘used’ Metal Trolley back to the
Linen Department even if there are unused clean linens in the
Metal Trolley. Back in the Linen Department, the Metal Trolley is
replenished and is ready to be delivered at a fixed timing. TheMetal
Trolleys are delivered and collected daily by the AGV which is
scheduled to transport to wards at 1.30 pm daily.
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