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Abstract 
Product availability in retail stores has become a 

major competitive factor. Insufficient replenishment 

processes and missing inventory visibility still 

account for a major fraction of lost sales. Radio 

Frequency Identification (RFID) may eliminate 

inventory record inaccuracy and improve the means 

of employees and customers to localize products. 

However, to date a lack of knowledge about the 

information value of this technology prevents a 

comprehensive financial evaluation. This paper 

proposes and demonstrates a simulation method that 

is able to capture the information value of item-level 

RFID in retail supply chain operations. Overall our 

results show that the ROI of item-level RFID depends 

on many factors. We demonstrate that a positive ROI 

is possible at the current price of passive RFID 

transponders.
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1. Introduction  

 
High product availability at competitive 

operational costs is a key success factor in the retail 

industry. If competition is fierce and profit margins 

thin, distribution systems that provide the "right" 

amount of stock at the "right" place become even 

more important. Most inventory control policies in 

use today require accurate information regarding 

which products are available in what quantity. If the 

data provided to the inventory management system is 

incorrect or outdated, the ability of the system to 

support decision making is compromised. Apart from 

using point of sale (POS) data for planning purposes 

such as shop layout and long term supply 

management, real time data about the location of 

merchandise on the sales floor can help to increase 

retail supply chain execution. However, the task of 

assuring a sufficient level of data quality remains 

challenging. This is one of the main reasons why 
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major retailing companies, including Wal-Mart and 

Target in the US, Tesco in the UK, and Metro in 

Germany, have begun to roll out radio frequency 

identification (RFID) at the case and pallet-level. 

Using RFID on the item-level, which has been 

attempted only by a handful of retailers so far, allows 

for tracking products more effectively. 

The focus of this work is on the development and 

application of methods for measuring the business 

benefit of inventory visibility in retail stores. Recent 

empirical work has shown that, among other things, 

uncertain benefits against the background of high 

recurring RFID tagging costs represent a major 

hurdle for the adoption of item-level RFID [1]. 

Therefore, more accurate and reliable methods for 

estimating RFID benefits are needed in practice. 

Many publicly accessible tools for estimating RFID's 

return on investment (ROI) offer ready-made 

spreadsheet frameworks for estimating RFID's impact 

on operational costs, in particular time savings 

resulting from the replacement of traditional bar 

codes [2]. The value of the additional visibility that 

RFID can provide has to date been less emphasized 

although practitioners begin to acknowledge its 

value. For instance, the manager in charge of 

American Apparel's pilot stated that "at the pilot 

store, we used to have to hand count items on the 

sales floor twice a week to keep the inventory 

accurate. Now we are doing it once a month. This 

visibility and granularity is really going to benefit the 

company even more than reduced labor and costs" 

[3]. In fact, in retail settings with relatively high unit 

margins, such as apparel, increasing sales by 10% as 

quoted by American Apparel managers is worth more 

than a few hours of labor saved at the goods receipt. 

Explanations for the fact that stock visibility is often 

not considered in RFID value calculations are many 

folds. On the one hand, inventory inaccuracy and lost 

sales resulting from stock-out cannot be directly 

observed. Thus, store managers are sometimes 

unwilling to use them as qualified input for ROI 

calculations. Some reasons for inventory inaccuracy, 

in particular employee theft, can become highly 

political and are therefore unpopular with managers. 



 

 

Employee theft is the top source (42.7% versus 

35.6% shoplifting, 15.4% administrative, and 3.7% 

vendor fraud) of inventory shrinkage in retail 

environments [4]. On the other hand, measuring the 

value of information requires more sophisticated 

methods than determining labor cost savings 

resulting from higher counting efficiency. In 

particular, a sufficiently realistic model of how 

information gets transformed into decisions and how 

these decisions affect the financial performance of 

retail stores is required. 

 

2. Related Work  

 
Recent empirical work has documented the lack 

of inventory accuracy in retail environments. For 

instance, [5] found that the inventory records of 65% 

of the SKUs stocked by one retailer were inaccurate. 

[6], who investigated the accuracy of system 

inventory levels at the stores of a global retailing 

company reported that on average only 51% of the 

inventory levels were accurate. The best performing 

store in their sample had only 70-75% of its 

inventory record matching the physical inventory at 

the date of the yearly audit. In another study, [7] 

found that 35-65% of the inventory records at the two 

retail stores whose data they could analyze were 

inaccurate. According to the authors, the observed 

inventory inaccuracies could have the potential of 

reducing the retailer's profit by as much as 10% due 

to higher inventory cost and lost sales. [8] collected 

and synthesized information from various sources 

and determined that ordering deficiencies contribute 

34% to store related causes of stock-outs. 

One of the major causes of inventory discrepancy 

is shrinkage [9]. [10] estimated that the rate of 

inventory shrinkage amounts to 1.8%, 1.75%, and 

1.73% of 2001 sales in the US, Europe and 

Australasia, respectively. According to [4] shrinkage 

rates vary across different product market segments. 

Whereas children's and women's apparel ranked on 

top (2.26% and 2.13% respectively), books and drugs 

(0.87% and 0.64%) ranked below the average 

shrinkage rate of 1.51% observed in 2008. 

So-called "phantom stock-outs" represent another 

reason for decreased store performance. They occur 

because inventory is stored in places that are not 

accessible to the customers (i.e. in the back room) or 

places where they are not expected (e.g. in the wrong 

shelf). [11] estimate that every sixth person who 

approached a sales person at Borders (a large US 

based media store) for help with finding a particular 

product failed to obtain it although it was actually 

available somewhere in the store. They also cited a 

study conducted by Andersen Consulting showing 

lost sales of US supermarkets that result from 

phantom stock-outs range at $560-960 million per 

year. [8] found that roughly 25% of the store related 

stock-outs result from ineffective store shelving. 

There are a number of ways to reduce inventory 

inaccuracy and improve replenishment practices 

within retail stores on the organizational level, e.g. by 

increasing the frequency of manual stock counts or 

by implementing best practices in the area of supply 

chain and category management. However, as [8] 

revealed, out-of-stock levels have not decreased over 

the last three decades. Most retailers continue to 

report average stock-out levels ranging between 5 

and 10%. According to [12] this result is rather 

surprising in view of numerous initiatives on supply 

chain and category management launched in recent 

years. It seems that the limits of efficiency on the 

current level of technology use in retailing have been 

reached. RFID-based tracking of single pieces of 

merchandise could therefore be one of the few 

remaining ways to increase product availability 

further. 

A recent paper dealing with the impacts of 

inventory inaccuracy due to shrinkage is [6]. The 

authors use both deterministic and simulation models 

to investigate the impact of inventory errors. The 

authors show that small departures of the actual from 

the observed stock levels can already lead to high 

stock-out rates. [9] compute the effect of three 

sources of inventory inaccuracy: Misplacement, 

shrinkage, and transaction errors. They develop a 

complex inventory policy based on dynamic 

programming which can incorporate statistical 

knowledge about the distribution of all three types of 

error. The authors show that using such an 

"informed" policy is almost as profitable as using 

RFID. Although their assumption that retailers know 

the distribution of errors sources is rather unrealistic, 

the applied mathematical rigor set their work apart 

from other recent work in this area. 

[13] use a simulation approach to estimate the 

impact of different error sources along the retail 

supply chain. [14] use the well-known Newsvendor 

model to demonstrate the effect of inefficient shelf 

restocking processes on the performance of retailers. 

Since the classical Newsvendor model does not 

consider continuous replenishments, the order 

decision is not affected by inventory errors. They do 

not explicitly distinguish different types of error 

sources.  

For an extensive review of inventory record 

inaccuracy and the value of RFID, see [15]. We 

address the need for more comprehensive and 

accurate RFID evaluation methods in the retail 



 

 

environment by proposing and demonstrating a 

simulation-based approach. In contrast to previous 

work, the proposed approach is able to capture both 

the impact of item-level RFID on the shelf restocking 

process that takes place inside the store and the 

process responsible for replenishing the back room 

stock. Thus, our work differs from the cited literature 

which either considers only the store replenishment 

process, such as [6] and [9], or only the shelf 

replenishment process, like [16]. We reveal the 

impact of an array of typical environmental variables 

on the value of visibility and RFID. In contrast to 

earlier research on RFID value in retail settings, we 

focus on products which [17] call "high impact" 

products, i.e. products that sell at lower per SKU 

volumes, are more expensive and subject to relatively 

high shrinkage. According to [17], examples for such 

products are OTC drugs, DVDs, electronics, fashion 

apparel, and cosmetics. 

 

3. The Model  

 
We assume that the retailer sells the product to 

the end customers at a price of p. Her profit per unit 

sold is p-c where c is the purchase cost. Thus, the 

retailer's relative markup is m=(p-c)/p. If a customer 

does not find a product, the retailer incurs a lost sale. 

Thus, the penalty for every lost sale amounts to mp. 

Since we consider a retail environment, the lost sale 

assumption is more reasonable the backordering 

assumption. The penalty for ordering too much is 

expressed as the holding cost that accrues while the 

products are waiting to be sold to the end consumer. 

The daily holding cost is h(1-m)p/n where h is the 

yearly holding cost factor and n the number of days 

per year. 

We assume that orders with the distribution center 

can be placed each day. Whenever the stock level of 

the product at the store (back room stock plus 

products on the sales floor) falls short of a previously 

determined reorder point, an order of fixed size Q is 

placed with the upstream warehouse. In practice it is 

often obtained by the use of numerical algorithms or 

simulations based on the distribution of demand 

which is estimated based on historical sales data. We 

assume that the reorder point is optimal except for the 

constraints introduced later in this paper. We assume 

that the amount of product available in the 

distribution center is sufficient to fill store orders of 

arbitrary size at any time, i.e. we do not consider 

stock-outs at higher levels of the supply chain. 

Shipments from the distribution center arrive at the 

retail store L days after the corresponding order has 

been placed. 

In the following we describe how shrinkage, 

transaction errors and misplacements are considered 

in the model. The total daily demand Dtot 

encompasses the fraction of demand that gets 

satisfied and paid for by customers Dpay, the fraction 

that shrinks during the day Dshr, and the fraction of 

demand that cannot be satisfied due to misplacements 

Dmis. The "true" daily paying customer demand Dtru is 

the sum of Dpay and Dmis, i.e. the demand that could 

be satisfied if the shelves were always filled. Thus 

paying customer demand Dpay, the shrinkage Dshr, and 

demand lost due to misplacements Dmis all depend on 

the realization of the total demand Dtot. The random 

variable Dtot is assumed to follow a Negative 

Binomial distribution NB(g,r). According to [18], this 

distribution can be used as a model for customer 

demand since it is only defined for positive demand. 

According to [15], transaction errors can be 

modeled as a separate random variable that does not 

depend on the total demand. Following [9] we 

assume that transaction errors occur according to a 

Normal distribution with zero mean and standard 

deviation sdtra. 

In order to determine what happens to the 

products once they have been received by the store, 

the model needs to keep track of two different types 

of inventory levels: (i) the physical inventory level 

Iphy which reflects the total amount of products of the 

considered type that is actually stored in the back 

room and on the sales floor, and (ii) the virtual 

inventory level Ivir which represents the total product 

stock as indicated by the store's information system. 

We assume that the time between subsequent 

inventory audits is taud days. After each inventory 

audit the virtual inventory level Ivir is set back to the 

determined physical inventory level Iphy. 

In order to assess the value of information about 

the actual physical inventory level and the current 

position of products in the back room and on the 

sales floor, we compare two scenarios denoted by 

SnoRFID and SRFID. In scenario SnoRFID RFID is not 

used. In scenario SRFID RFID is used to track products 

in the back room and on the sales floor almost in real 

time. By positioning RFID gates at the store entrance 

and the back room door shrinkage and backroom 

misplacements can be detected. Misplacement 

detection can be implemented using mobile readers 

and shelf tagging. The latter implies that each product 

has its designated place on the shelves which is 

stored in the IT backend. In addition, RFID can help 

to prevent lost sales resulting from misplacements 

even if they could not be avoided in the first place. 

This can be achieved by installing electronic shelf 

displays or central customer terminals that indicate 

product availability.         



 

 

If RFID is not used, the timing of orders being 

placed with the distribution center is determined 

based on possibly inaccurate virtual inventory levels, 

and shelf management suffers from inefficiencies due 

to the inability to locate products. Furthermore we 

assume that the reorder point is calculated based on 

historical sales data which can be used to infer the 

true demand Dtru. In scenario SnoRFID the estimated 

true demand is different from the one in scenario 

SRFID and thus the reorder point calculated based on 

the historical sales data is also different. 

 

4. Numerical Study  

      
4.1. Setup 
 

In order to analyze how the different model 

parameters impact the financial performance of the 

store we applied a factorial design. The value ranges 

covered by the simulation are provided in Table 1. 

We have chosen parameter ranges that are suitable to 

describe the properties of consumer products that sell 

at lower SKU volumes, are relatively expensive and 

subject to relatively high stock-outs and shrinkage 

[17]. Such products include apparel, footwear, books, 

CDs, DVDs, and toys. 

 

Parameter Values Description 

p $20,$40*,$60 Unit sale price 

m 20%,30%*,40% Percentage retail markup 

h 15%,20%*,25% Percentage yearly holding cost 

t $0.05,$0.1*,$0.15 Unit RFID tagging cost 

meanDtru 2,6*,10 Mean daily demand 

g 1000,5*,1 Parameter of NB(g,r) 
determining the var. of 
demand 

Q 2Dtru,6Dtru*,10Dtru Order quantity 

L 2,6*,10 Lead time 

taud 30,60*,90 Audit interval 

xmis 0%,1%,…,5% Percentage loss of demand 
due to misplacements 

xshr 0%,1%,…,5% Percentage shrinkage 

sdtra (0,0.1,…,0.5)√dtru SD of transaction error 

e1 0,1,…,5 Shrinkage and transaction 
error source combined 

e2 0,1,…,5 All error sources combined 

Table 1: Model parameters (* indicates default value) 

 

As the retail price range reflects, we focus on 

rather high priced products. This price range includes 

typical high-impact consumer products whereas low-

impact consumer goods such as basic food and body 

care products are usually cheaper. 

The relatively high retail markups we use as input 

to the simulation model are also due to our product 

focus. Many high-impact products also have rather 

high retail markups because there are few or no exact 

substitutes for them during their life cycles [19]. 

Since the average unit RFID tag price was about 

$0.05 at the time this paper was written, the value 

range of the parameter t should reflect the possible 

tagging cost now and in the near future relatively 

well. It is important to note that t expresses the 

tagging cost, i.e. the cost of the transponder as well as 

the additional variable cost resulting from the 

associating the tag with the respective object. We 

assume that RFID tagging is done at the 

manufacturer's site using automatic tagging 

equipment. We also assume that tags are relatively 

simple, without any advanced functionalities like 

password protection.  

The chosen range of the daily paying customer 

demand Dtru covers a typical range also used by other 

authors [9]. A daily demand of 2 has been associated 

with slow moving consumer goods, whereas a 

demand of 10 rather describes fast-moving goods.  

The parameter range of g, which determines the 

variance of the total daily demand, covers almost the 

entire range of variance that can be described using 

the Negative Binomial distribution. As noted earlier, 

a value of 1,000 results in a variation of demand that 

comes close to the Poisson distribution. Setting g=1 

results in the maximum variation that can be modeled 

using the Negative Binomial distribution. 

The considered value range of the order quantity 

Q has been chosen in a way such that each order 

covers 2, 6, or 10 days of mean store demand, 

respectively. 

In practice Q depends on the capacity of the 

shelves and back room, the efficiency and flexibility 

of the distribution center, and the transportation and 

fixed order cost. 

The value range of the parameter L covers a 

relatively broad range of possible lead times. If the 

distribution center is in the direct neighborhood of 

the store, orders can be picked and shipped on short 

notice. The current trend in logistics has lead to the 

centralization of warehousing capacity in order to 

realize economies of scale. It is not unusual for a 

retail company that has stores all across the US to 

operate just one or two large distribution centers 

serving all those stores. Therefore a lead time in the 

region of one or two weeks is more realistic in 

practice. 

The frequency of inventory audits depends partly 

on legal requirements and partly on individual 

practices of the retailer. A recent survey among 15 

US based retailers carried out by [20] suggests that 

many retailers still conduct physical inventory audits 

once or twice per fiscal year only. However, most of 

the companies contained in the sample declared that 



 

 

they count inventory at "high shrink" locations more 

often. 

The parameter xmis serves as a rough model for 

the efficiency of the in-store shelf replenishment 

process. [21] estimate this parameter at 90-93%. Our 

model covers a range of 95-100%. Surveys issued by 

ECR Europe [22] quote similar numbers. The chosen 

value range of seems conservative regarding these 

empirical observations. However, in a recent 

publication [5] show that shelf availability can, 

among other things, be explained by product price, 

i.e. more valuable products are out of stock less 

frequently. Lack of shelf availability in high price 

settings should thus not be overestimated. 

The parameter xshr describes the daily loss of 

stock due to shrinkage. We model a range of 0-5%. 

Reliable statistics about the actual degree of 

shrinkage in different retail settings is hard to obtain. 

Among other things this is due to the unwillingness 

of many retailers to publicly admit problems like 

theft and vendor fraud. A very good source for 

concrete shrinkage numbers in retail environments is 

[4]. They found that average shrinkage rate in 2008 

across all product categories they investigated was 

1.51%, with children's and women's apparel ranking 

above and other types of high-impact products such 

as books and drugs ranking below this average. 

Transaction errors cannot be directly observed in 

practice and to the best of our knowledge there are no 

documented estimates of the actual extent of the 

problem. Its existence and practical relevance, 

however, is undisputed. [23] cites the results of a 

survey conducted among retailers that include a 

ranking of the "major obstacles to maintaining 

inventory integrity". According to the retailers, top 

transaction errors are: receiving errors, selling errors, 

and physical inventory counting errors. Interestingly, 

the study does not even consider shrinkage as a cause 

of inventory inaccuracy. 

This suggests that transaction errors represent a 

practical challenge at least as important as shrinkage. 

In any case it can be assumed that the extent of 

inventory inaccuracy caused by transaction errors 

depends on the number of transactions involving the 

considered product (e.g. the number of shipments 

received by the store over a certain period of time). In 

the absence of accountable information about the size 

of transaction errors in practice, we have chosen to 

use similar parameter values for sdtra as [9]. 

The simulation analysis proceeds in two steps. In 

the first step, the optimal reorder points of the store 

replenishment policy are computed using a 

simulation-based linear search technique. For each 

considered parameter configuration, the search 

procedure determines the value of the reorder point 

for which the average total cost, i.e. the sum of the 

average holding and lost sale cost, is minimal. During 

the determination of the reorder points for scenario 

SnoRFID the parameters xmis, xshr and sdtra were set to 

zero, respectively. This implies that the store 

manager does not take errors and inefficiencies into 

account when determining the store replenishment 

policy. In scenario SRFID, the error parameters to their 

respective values while calculating the reorder point. 

This allows for the computation of reorder points that 

minimize total cost if the corresponding inventory 

control policy is applied to the physical stock level. 

In a second step the optimal points determined in 

the first step were used to run the actual experiment. 

In scenario SnoRFID the corresponding store 

replenishment policies are applied to the virtual stock 

level Ivir which may deviate from the actual inventory 

level Iphy. Since in scenario SRFID the virtual stock 

level never deviates from the actual one, the 

corresponding optimal replenishment policies are 

always applied only to the physical stock level. 

The simulation starts at the inventory state 

Ivir=Iphy=Q. Since we want to determine the long run 

average cost of the retail store, we let the simulation 

run for 360 simulated days before starting to record 

output values. By examining the development of 

stock levels we were able to validate that after this 

warm up period the inventory system has for sure 

reached a "swung in" state [18]. The actual data 

collection took place in an interval of 1,080 simulated 

days, i.e. roughly three simulated years. Both for the 

computation of the policies as well as for the 

simulation experiments themselves, we repeated the 

simulation 1,000 times for each of the considered 

parameter configurations. 

 

4.2. The Impact of Error Sources 
 

In order to demonstrate the improvements 

resulting from the use of item-level RFID in the retail 

store we compare the results of the two considered 

scenarios. For the initial comparison all parameters 

were set to their default values while the level of 

different errors was varied in order to reveal their 

effect on the profit of the retail store.  

Figure 1 shows the impact of RFID in terms of 

percentage profit increase. Misplacements lead to a 

decrease of the retailer's profits. An RFID-based 

inventory management system would be able to 

provide the information required for effectively 

preventing misplacements, or at least the lost sales 

that would usually result from them. Therefore it 

would help to increase revenues. If misplacements 

happen frequently enough the additional revenue 

gained by RFID usage makes up for the tagging 



 

 

costs. As Figure 1 shows, in the default parameter 

configuration RFID would pay off as soon as the 

misplacement rate exceeds 1%. 

 

 
Figure 1: Percentage profit change (default values) 

 

Unobserved shrinkage leads to a systematic 

difference between the virtual from the physical 

product stock level. If this inventory record 

inaccuracy is not considered in the determination of 

the reorder point, the ability of the store to replenish 

its inventory is negatively affected. A large part of 

the profit decrease is due to the value of shrinkage 

itself. Since we assume that RFID does not reduce 

shrinkage within retail stores, this value does not 

show up in the figures. What we measure is the value 

that can be realized from being able to observe 

shrinkage in real time. Within the considered interval 

of xshr, i.e. a shrinkage rate up to 5%, the deployment 

of RFID is not profitable if it is used solely for 

detecting and not preventing shrinkage. 

Transaction errors, in contrast to shrinkage, do 

not imply the physical loss of products. Their impact 

on the retailer's profit thus merely results from less 

effective inventory control.  

Our numerical results indicate that if both 

shrinkage and transaction errors occur on a 

continuous basis, the marginal profit gained by 

deploying RFID is higher than the sum of the 

marginal profits gained if only shrinkage or 

transaction errors are present. This outcome can be 

explained by the fact that the variance of the 

inventory inaccuracy increases if two instead of one 

random variable influence the virtual and physical 

inventory levels. The number of stock-outs and the 

corresponding revenue loss increases in an 

exponential manner with xshr and sdtra. 

If all error types are present, RFID usage is more 

advantageous than if only shrinkage and transaction 

errors are present. This result is intuitive since 

misplacements negatively affect in-store 

replenishment whereas inventory inaccuracy affects 

external replenishment. The inefficiencies caused by 

the different error types thus add up since they 

concern different operational processes in the retail 

supply chain. If a particular product is neither 

available on the sales floor nor in the back room 

because, for instance, an order with the distribution 

center has been placed too late, customer demand 

cannot be satisfied irrespective of the performance of 

the shelf replenishment or product search process. If, 

on the other hand, there is plenty of stock available in 

the back room customer demand may in some cases 

still not be satisfied due to a lack of visibility.  

Figure 1 shows that within a realistic range of the 

error sources the misplacement rate plays a crucial 

role for the profitability of RFID. If there are no 

misplacements, the other error sources must reach a 

relatively high level to justify the cost incurred by 

RFID tagging; if they are present, the benefit of item-

level RFID outstrips its variable cost far more 

quickly. 

 

4.3. Sensitivity Analysis 
 

To make sure that the obtained simulation results are 

sufficiently robust within the considered value ranges 

of the model parameters, we conducted a sensitivity 

analysis. A sensitivity analysis also provides insights 

regarding the type of retail environment that benefits 

most from item-level RFID. In the course of this 

analysis we observed the changes of the percentage 

cost savings achieved by the informed and the RFID 

system in response to the unilateral variation of the 

value of each parameter listed in Table 1 within its 

considered range. For the sake of brevity, we only 

consider the total error source e2. Table 2 lists the 

percentage profit changes resulting from RFID usage. 

Increasing p by 50% results in an increase of the 

unit lost sale cost and the holding cost by the same 

percentage. By using RFID the retailer can achieve a 

higher fill rate. Moreover, in contrast to additional 

safety stock, the cost of RFID tagging is independent 

of p. This explains the increasing value of RFID at 

higher product prices: On the one hand more lost 

sales can be prevented using RFID while on the other 

hand it costs relatively less to do so as p increases. 

The numerical results reveal that the retail 

markup m has a significantly negative influence on 

the value of item-level RFID. For the considered 

parameter values, a higher retail markup leads to a 

smaller advantage of the RFID scenario compared to 

the benchmark scenario SnoRFID. A lower value of m 

results in a lower average stock level because 

carrying more inventories becomes more expensive 

for the store. At m=20% the responsiveness of the 
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store in scenario SnoRFID is significantly lower than at 

m=40%. In a situation where the responsiveness of a 

distribution system is already low, inventory 

inaccuracy leads to even higher stock-out rates. 

Therefore the relative advantage that results from 

deploying item level RFID is also higher at lower 

values of m. 

 

Variable Value e2=0 e2=1 e2=2 e2=3 

default * -0.84% 0.17% 2.09% 7.00% 

p $20 -1.68% -0.71% 1.17% 5.99% 

 $60 -0.56% 0.46% 2.40% 7.33% 

m 20% -0.42% 0.59% 3.25% 7.13% 

 40% -1.05% -0.11% 1.47% 5.76% 

h 15% -0.84% 0.10% 1.70% 5.98% 

 25% -0.84% 0.13% 2.30% 6.94% 

t $0.05 -0.42% 0.61% 2.56% 7.50% 

 $0.15 -1.62% -0.27% 1.63% 6.50% 

Dtru 2 -2.53% -1.29% -0.28% 4.28% 

 10 -0.50% 0.68% 2.42% 4.84% 

g 1000 -0.84% 0.21% 3.27% 10.79% 

 1 -0.84% 0.17% 1.47% 3.05% 

Q 2Dtru -0.84% 0.14% 2.14% 6.21% 

 10Dtru -0.84% 0.11% 1.64% 5.56% 

L 2 -0.84% 0.17% 2.86% 15.47% 

 10 -0.84% -0.10% 1.78% 4.60% 

taud 30 -0.84% 0.20% 1.34% 2.99% 

 90 -0.84% 0.27% 4.04% 14.63% 

Table 2: Sensitivity of profit changes 

  

The impact of the unit RFID tagging cost t on the 

respective cost savings is straightforward: The higher 

the tagging cost, the lower the corresponding cost 

savings. However, as the numbers listed in Table 2 

show, even at the high tagging cost of $0.15 the value 

of e2 that makes the use of RFID profitable lies close 

to 1. Furthermore, the negative effect of t increases 

only linearly with the aggregated error source 

whereas the negative effect of the aggregated error on 

the profit of the retailer increases rather 

exponentially. 

The impact of the demand rate Dtru on both the 

cost savings achieved by RFID usage depends 

strongly on the error level. At lower values of e2 it is 

still positive; at higher values it becomes negative. 

We have not found a straightforward explanation for 

this effect. 

The relative advantage of scenario SRFID over 

scenario SnoRFID is higher if the variability of demand 

is lower. This observation can be explained by the 

fact that the error sources introduce additional 

uncertainty about the actual inventory level and 

demand. This additional variability is not accounted 

for by the order policy in scenario SnoRFID. If g is 

smaller (i.e. if regular variance of demand is higher), 

the degree of uncertainty caused by misplacements, 

shrinkage and transaction errors relative to the degree 

of uncertainty caused by the regular demand 

variability becomes smaller. Thus, the negative 

impact of the error source and therefore the profit 

improvements achieved by RFID deployment are 

significantly lower at lower values of g (i.e. at higher 

levels of demand variability). 

Smaller order sizes generally increase the 

efficiency of inventory systems [24]. Since shipments 

from the distribution center arrive at the store in 

shorter time intervals, the order policy in the status 

quo is configured to provision less safety stock on 

average. On the one hand the reduction of safety 

stock allows for realizing cost savings. On the other 

hand it makes the system more vulnerable to 

unexpected demand variability or execution errors. 

The latter observation has important implications for 

the value of RFID because low quality inventory data 

has a more severe impact on product availability if 

there is less safety stock available on the different 

tiers of the retail supply chain. Therefore the negative 

impact of the total error source is more severe in 

relative terms if the order size is smaller. This in turn 

increases the relative value of RFID. 

Our numerical results demonstrate that an 

increase of the order lead time L from 2 days to 10 

days significantly reduces the value of RFID. Lower 

lead times can make inventory systems far more 

responsive since lead times represent the time that a 

continuously replenished store needs to react to 

demand changes. If lead times are longer, more 

safety stock needs to be maintained in order to satisfy 

demand in the optimal way. If they are shorter, the 

level of safety stock can be reduced without 

decreasing the average fill rate. Thus, since the 

"optimal" safety stock decreases with smaller values 

of L, the value of full visibility achieved by item-

level RFID is higher at smaller lead times.  

The impact of the duration between two 

successive physical inventory counts is again 

straightforward. If it is longer, i.e. at higher values of 

taud, the inventory error becomes greater because it 

can accumulate for a longer time. Thus, the less 

frequent inventory audits are conducted, the less 

efficient is the store replenishment process. 

Summarizing the results of the sensitivity analysis 

we can say that switching from scenario SnoRFID to 

scenario SRFID can be worthwhile in many cases. 

However, the characteristics of the retail supply chain 

can have a significant influence on the extent of the 

relative profit improvements realized by 

implementing RFID. These profit improvements are 

significantly higher for higher values of the sales 

price p, the percentage yearly holding cost and the 

length of the audit period taud. They are smaller if the 



 

 

retail markup m, the RFID tagging cost t, the demand 

variability (in this study expressed by the parameter 

g), the order quantity Q, or the order lead time L are 

greater. The strength of the impact of the different 

variables depends on the level of the error source. At 

low values of e2 the parameters p, m, h, t, and Dtru 

have a higher impact on the profit improvements 

whereas at high values of e2 the demand variability, 

order size, lead time, and audit interval play a more 

important role. Irrespective of the choice of input 

parameters, the break-even value of e2 lies close to 1, 

i.e. in a very conservative range considering the 

available information about the actual extent of the 

considered error sources (cf. the figures cited in 

Section 2). 

 

4.4. Towards an ROI Analysis 
 

The analysis presented in this section so far was 

intended to reveal the effects of several common 

error sources in retail supply chain operations on the 

financial performance of retailers. Furthermore we 

have revealed the effect of all considered model 

parameters within realistic bounds. However, our 

presentation focused on variable costs only. In order 

to be useful as a decision making tool for managers, 

the information we obtained by our simulation study 

has to be complemented with additional information, 

in particular the fixed costs of installing and 

operating RFID infrastructures in retail stores. Based 

on variable as well as fixed costs, the RFID 

investment decision can be supported by a classical 

Net Present Value (NPV) analysis. Furthermore, a 

number of known variables have to be provided as 

input to the NPV analysis, in particular the number of 

different kinds of products that are on display in a 

retail store. 

This section is meant primarily as a 

demonstration of how to use the results obtained 

earlier to calculate the ROI and which additional 

parameters affect its size.  Due to space limitations 

we are not able to list the ROI for every parameter 

configuration and thus, for demonstration purposes, 

assume the case of an apparel brand store. In addition 

to the default parameters used throughout this paper, 

we assume that the initial investment that has to 

RFID-enable such a store is roughly $10,000. This 

lump sum can be considered to comprise the 

following cost components: (i) 2 RFID gates costing 

$2,000 each (one at the customer exit and one at the 

entrance to the back room); (ii) 1 RFID reader at the 

check-out costing $2,000; (iii) 2 mobile RFID readers 

costing $1,000 each for conducting the goods receipt 

and realize quasi-continuous inventory auditing and 

misplacement detection; (iv) non-recurring setup and 

integration cost of $2,000. Furthermore we assume a 

very conservative required return rate of 10%. The 

NPV at the end of period T can then be calculated 

using the well-known NPV formula. We assume the 

conservative total error rate e2=1.  

A number of recent studies on shelf availability, 

e.g. [8], [22], and [25], provide some insight into how 

consumers usually react to stock-outs. It was found 

that on average 40% of stock-out occurrences result 

in completely lost sales. In the remaining 60% of the 

cases consumers either delay the purchase or 

substitute the product they actually wanted to buy 

against another one that is available at the time. 

Unfortunately, all mentioned studies are on typical 

low-value products such as grocery, detergents, etc. 

Therefore the figures are not entirely suitable to back 

our assumptions. We chose to consider substitution 

effects by assuming that stock-outs result in lost sales 

in just 50% of the cases. Provided these assumptions 

we present the NPVs for different amounts of SKUs 

and different investment horizons in Table 3.  

 

# SKUs t=1 t=2 t=3 

200 $-6,235 $-2,813 $298 

400 $-2,470 $4,373 $10,596 

600 $1,293 $11,560 $20,894 

800 $5,058 $18,747 $31,192 

1,000 $8,822 $25,934 $41,490 

10,000 $178,227 $349,342 $504,902 

20,000 $366,454 $708,685 $1,019,850 

30,000 $554,681 $1,068,028 $1,534,708 

40,000 $742,909 $1,427,371 $2,049,610 

50,000 $931,136 $1,786,714 $2,564,513 

Table 3: Net present value of RFID investment for apparel 
brand store e2=1 

 

In our exemplary calculation the number of RFID-

tagged SKUs that has to be carried by a typical retail 

store to obtain a positive first year NPV ranges at 

around 500. American Apparel for example quotes 

the number of SKUs carried by an average store at 

30-40,000 [26]. Other apparel retailers should not 

range far below these figures. Although products are 

less differentiated in other high-value categories, a 

positive one year NPV should be feasible in most 

cases where e2>1 and a number of conditions are 

fulfilled. Among other things a certain average level 

of daily demand per SKU is crucial (cf. Table 2). 
 

5. Limitations  
 

Our work is subject to several limitations which 

are addressed in this section. 

First, a number of possible benefits of item-level 

RFID in stores were not considered here. In 

particular, we do not explicitly consider time and 



 

 

labor cost savings resulting from the use of RFID. 

Using item-level RFID could save time (and the 

corresponding labor cost) at the goods receipt, during 

inventory audits, or at the check-out. However, 

provided the subset of retail products we focus on 

(e.g. apparel, consumer electronics, DVDs, books, 

etc.), those time savings should be rather small 

because the product volumes sold by the 

corresponding stores are typically lower compared to 

other products. For instance, time savings at the store 

check-out depend, among other things, on the number 

of products scanned per customer, which can be 

expected to be very low for high-impact products. 

Some authors also assume that item-level RFID can 

help to not only detect but also to prevent shrinkage 

in the retail store [27]. Provided that the types of 

products we consider in this article are usually 

already secured using established retail security 

systems, it is unlikely that RFID will lead to a drop of 

shrinkage levels. However, item-level RFID may 

displace those systems in the long run, which would 

lead to additional savings. 

Second, we assume that the accurate and timely 

data on the location of products in the store 

completely prevents phantom stock-outs. This 

assumption implies that there exist sufficient human 

resources to keep product availability at the 

maximum level and that the RFID-supported shelf 

replenishment policy does not cause higher labor cost 

than the non-RFID policy. Other researchers have 

taken the trade-off between higher execution cost and 

the value of visibility explicitly into account [16].  

Third, an important assumption we make is that 

the RFID system is 100% reliable, i.e. that RFID 

allows for tracking the location of every tagged 

product in the back room and on the shelves at any 

time. Provided the limited amount of RFID readers 

mentioned in our example, this would imply 

misplacement detection based on shelf tagging which 

could be challenging in practice. However, recent 

item-level RFID pilots suggest that low read rates 

and shelf tagging do not represent a significant 

problem anymore. In particular, recent progress in the 

domain of reader protocols and transponder design 

has mitigated many initial problems regarding the use 

of the technology in retail settings. 

Fourth, we have not considered case- and pallet-

level RFID tagging. As previous research suggests, 

most of the benefits of batch RFID tagging accrue at 

the supplier level in the form of labor cost reduction 

since product batches are usually already being 

tracked using bar codes – in contrast to single 

products [14]. 

Finally, we do not consider the supplier-retailer 

coordination problem posed by item-level RFID 

tagging. Instead, we assume that the supplier is ready 

to tag single products as long as the retailer pays in 

full. In fact, the coordination problem is often less 

important as one would expect. In the apparel 

industry, for instance, retailers often commission a 

service provider to print and deliver proprietary 

labels to the supplier in which case our assumption 

holds: If the labels are tagged by the retailer’s service 

provider, no additional effort is required by the 

supplier.      

 

6. Conclusions  
 

In this paper we have analyzed the impact of 

different error sources on the performance of the 

inventory control in a typical retail store that uses a 

reorder point type of inventory policy. The 

considered types of error are misplacements, 

shrinkage, and transaction errors. By assuming that 

the use of item-level RFID (i) leads to the elimination 

of inventory inaccuracy due to shrinkage and 

transaction errors, and (ii) reduces lost sales due to 

phantom stock-outs to zero, we are able to estimate 

its financial value. The existence of the considered 

types of error sources is undisputed in practice and 

has also been proven by recent scientific research. 

Assessing their actual extent in the corresponding 

retail setting is challenging but necessary for 

estimating RFID's value. In order to do so, managers 

could conduct measurements using a representative 

subset of products and store environments and 

extrapolate the results. We have also shown that the 

financial impact of the described error sources and 

thus the value of RFID depend on a number of 

environmental variables. Some of them affect the 

extent of the errors themselves and some of them 

moderate the link between the extent of errors and the 

retailer's profit. Since the environmental variables 

differ across different SKUs, the value of RFID is 

also different depending on which products are 

tagged. Retailers may use this phenomenon in order 

to devise an optimal RFID introduction strategy. By 

first applying tags to products where they yield the 

highest expected ROI and cautiously tagging more 

and more SKUs, they could avoid using the 

technology where it does not make economic sense. 

However, such strategies have their downsides as 

well, since both the application of tags and their 

purchase are subject to economies of scale. 

Using a numerical simulation we have shown that 

item-level RFID tagging of "high-impact" products 

can be profitable even under conservative 

assumptions. This concerns in particular the extent of 

typical execution errors in retail operations even if 

the tagging cost is born by the retailer alone. This 



 

 

observation corresponds with recent practical 

experience in selected retail settings, in particular 

apparel stores (cf. e.g. [3], [29]). As item-level RFID 

tagging matures further and becomes common 

practice in major consumer goods industries such as 

apparel, the resulting demand for standardized RFID 

hardware (especially passive RFID transponders) 

may already lead to a significant drop of the RFID 

deployment and variable cost. Declining technology 

costs, in turn, will make the use of item-level RFID 

profitable in more and more product segments, one 

day maybe even low-impact products such as basic 

food and detergents. 
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