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Abstract

The newsvendor problem has been applied in various business settings. It is often
assumed that the decision variable, i.e, order-up-to level, has no impacts on the
holding costs for average inventory cycled in a given period, which is the difference
between beginning and ending inventory levels on hand in that period. The average
holding cost for this portion of inventory is conveniently and approximately
calculated as half the product of the unit holding cost and the expectation of the
demand in one period if it is assumed that the inventory is approximately evenly
consumed. It is a good approximation when the unit holding cost is significantly
lower than the unit backorder cost as this optimal solution to inventory level is able
to guarantee a low probability of understocking. However, if this condition does not
hold, the approximation may deviate from the actual cost and cannot measure the
expected holding cost for this portion of inventory. This paper examines the impact
of the cycle stock holding cost on the newsvendor model and the conditions under
which this portion of cost is not negligible.

Keywords: Newsvendor model, Inventory control, Stochastic model

Introduction

The newsvendor model is fundamental for stochastic inventory management theories,
which has been studied and applied in various business settings (e.g., Erlebacher, 2000;
Mieghem, 2007; Olivares et al, 2008; Petruzzi et al., 2009; Krishnan et al., 2010).
Consider a typical single period newsvendor model. An optimal inventory level is
determined to minimize the expected cost, usually including the ordering cost, and the
expected overstocking and shortage costs. Ordering too many items can incur over-
stocking costs, while ordering too few can cause shortage costs. In this typical model,
it is often assumed that the decision variable, i.e., order-up-to level, has no impacts on
the holding cost for the average inventory consumed in a specific period, which is the
difference between beginning and ending inventory levels at hand in that period.
Consumed stocks are items that are sold or used by the holder in a particular period.
In the classic model, the average holding cost for this portion of inventory is conveni-
ently and approximately calculated as half the product of the unit holding cost and the
expectation of the demand in that period, if it is assumed that the inventory is approxi-
mately evenly consumed. It is a good approximation when the unit holding cost is
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much lower than the unit shortage cost because the optimal inventory level of the
classic newsvendor model can lessen the possibility of understocking. However, if this
condition does not hold, the approximation may deviate from the actual cost and
cannot measure the expected holding cost for this portion of inventory accurately. In
fact, the unit holding cost for certain products may experience a quick increase. Factors
that determine the unit inventory holding cost usually include storage space costs,
handling and service costs, risk costs and capital costs. One or more of the above
factors may lead to a high unit holding cost. For example, luxury products usually have
a high capital cost due to their high ordering costs, and a high risk cost for insurance.
Goods that require specific storage conditions, e.g., isoperibol, refrigeration, temporary
control or air conditioning may also incur a high unit holding cost. For instance, in
Qingdao, a city in North China which is well-known as a seafood distribution center,
the rent for cold warehouses for seafood has continuously increased for the past two
years. This is mainly because cold storage units are being charged heavily for pollution
violations by the local Environmental Protection Bureau. With the ratification of the
Paris Climate Agreement in 2015, many countries have committed to cutting green-
house gas emissions significantly by 2030. Carbon charging has been implemented in
several pilot markets in China including Qingdao and will be implemented nation-wide
in the near future. Prices for CO, emitted by energy consumption for storage are likely
to continue its increase as a way to address global warming. Indeed, such pricing has
already been in effect in a number of industries in the European Union for many years.
These kinds of policies push up the unit holding cost for storage, which in turn affects
the accuracy of the traditional newsvendor model. Other factors can also drive up hold-
ing costs. In modern warehouses armed with advanced technologies, to smooth the
process, many goods are labeled with RFID tags. As is well-known, RFID can greatly
enhance the efficiency and effectiveness of warehouse management, although it incurs
much higher costs compared to traditional bar coding systems. Overall, holding costs
have been experiencing a sharp increase recently in some specific industries.

To examine the inaccuracy of the classic newsvendor model when the unit holding
cost is high, we analyze two scenarios with different inventory levels at the end of one
period in Figs. 1 and 2. Figure 1 shows the scenario where overstocking occurs at the
end of the period, and the consumed inventory used to meet customers’ demand is the
difference between the beginning and ending inventory levels. In contrast, Fig. 2 shows
the scenario where understocking takes place at the end of the period, the consumed
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Fig. 1 The situation where overstock occurs at the end of one period
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Fig. 2 The situation where out-of-stock occurs at the end of one period (with notation)

inventory equals the beginning inventory level and there is unsatisfied demand at the
end of the period. The unit holding cost is defined as the cost for one item held in the
warehouse for the whole period. In the first scenario (Fig. 1), all demand in the period
is satisfied, and the average consumed inventory approximately equals half the demand
if it is assumed that the inventory is approximately evenly consumed. The approxima-
tion works well herein. In contrast, in the second scenario (Fig. 2) with unsatisfied
demand, inventory has been used up before the end of the period. Then it is not appro-
priate to take half the demand as the approximation of the average consumed inven-
tory. In this scenario the approximation is not very accurate and the degree of
deviation greatly depends on the critical ratio of the newsvendor model. We can also
observe that the decision variable, i.e., order-up-to level, does influence the holding cost
for consumed inventory.

In the literature, most prior research has not considered the holding cost for con-
sumed inventory in the cost (objective) function and has employed the approximation.
There are two possible reasons. First, if the unit holding cost is much lower than the
unit shortage cost, the optimal inventory level that is derived from the cost function
considering ordering, overstocking and shortage costs can lessen the possibility of
understocking, and the approximation is an accurate one to measure the holding cost
for consumed goods. In this situation, whether this portion of the holding cost is added
to the cost function does not affect the optimal inventory level much. A detailed
explanation is also shown in the numerical experiment of this paper. Second, the news-
vendor model, without considering the holding cost for consumed goods, can provide a
compactly analytic solution, which is convenient for further analysis such as
multi-echelon problems and multi-tier supply chain problems. For many cases where
the ratio of unit holding cost to unit shortage cost is low, the approximation is
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accurate and skipping the holding cost for consumed inventory in the cost function
is acceptable. However, when the unit holding cost is not much lower or even
higher than the unit shortage cost, it may cause a non-ignorable deviation from
the actual optimal inventory level that minimizes the sum of the expected ordering
cost, shortage cost and holding cost for consumed and overstocked items. In such
cases, we cannot ignore the consumed inventory holding cost in the cost function
for simplification and should seriously consider it when we determine the optimal
inventory level.

The rest of this paper is organized as follows. Section “Literature Review” reviews the
related literature on newsvendor models. In Section “Newsvendor Models with
Consumed Inventory Holding Cost”, the model that includes the consumed inventory
holding cost is constructed and analyzed. In Section “Numerical Experiments”,
numerical experiments are conducted to analyze the cases where the holding cost for
consumed inventory becomes non-ignorable. Section “Conclusion” concludes the whole
paper and extends the discussion.

Literature review

The newsvendor model is one of the fundamental models for Operations Research and
Management Science. Porteus (1990) summarizes the typical newsvendor model for
one-period and multi-period cases. The ordering cost, and overstocking and under-
stocking costs are considered in the cost function and the unsatisfied demand at the
end of one period is either lost or backlogged. The critical ratio that is the optimal
probability of not stocking out is the ratio of the unit underage cost to the sum of the
unit underage and overage costs. Arrow et al. (1951) give the first derivation of the
optimal inventory level and reorder point as a function of the demand distribution, the
cost of making an order, and the overstocking and understocking costs. Arrow and
Karlin (1958a,1958b) analyze the optimality of the base stock policy for one stage in-
ventory models with uncertain demand. The optimal inventory level can be determined
by examining the derivative of the objective function. Concerning the batch ordering
problem of the newsvendor model, Veinott (1965a) shows that a base stock policy, with
which the stock is replenished to a certain level if possible, is still optimal. For a single
period model with convex objective function and setup cost for ordering, an (s, S) pol-
icy is optimal. Karlin (1958a) and Porteus (1971, 1972) examine the conditions under
which a generalized (s, S) policy is optimal. Porteus (1971, 1972) and Heyman and
Sobel (1984) further show that an (s, S) policy will still be optimal if the objective func-
tion is a quasi-K-convex for some K that is less than the fixed ordering cost. Hadley
and Whitin (1963) consider the newsvendor model with a single linear constraint on
the initial inventory levels for multiple products. Evans (1967) analyzes a newsvendor
model with a linear constraint on the total order and shows that the optimal policy is a
base stock policy. Veinott (1965b) examines the optimal policy for the multi-period
problem and shows that a myopic base stock policy is optimal under a set of conditions
and can be found as a solution to the single period newsvendor model with modified
unit overstocking and understocking costs. Li and Lin (2006) examine the affecting
factors for information sharing and information quality in supply chain management.
Ferguson et al. (2007) analyze an extension of the economic order quantity model
where the cumulative holding cost is a nonlinear function of time. Berling (2008)
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examines the problem with a stochastic holding cost. He considers a single-item inven-
tory model with a fixed set-up cost and stochastic purchase price, and assumes the
holding cost is the product of interest rates and purchase price. Shi and Yan (2017)
analyze features of the heterogeneity of consumer preferences and address the multiple
equilibrium of retail formats. In sum, prior research has analyzed the optimal solutions
of the basic newsvendor model and has provided extensions that consider the setup
cost, batch ordering, linear constraints on the total order and initial inventory levels for
multi-product cases, etc. The ordering cost, overstocking and understocking costs are
considered in the cost function. To our knowledge, no research addresses the con-
sumed inventory holding cost in the objective function and its impact on the optimal
inventory level, while this portion of holding costs does occur. This research aims to
narrow this gap. Correia et al. (2013) develop performance measures for a multi-period,
two-echelon supply chain network.

Newsvendor models with consumed inventory holding cost
The newsvendor model with instantaneous receipt
In this section, we first formulate the newsvendor model with instantaneous receipt by
considering inventory holding costs for consumed inventory in the cost function. At
the beginning of the period, an order-up-to inventory level is determined to minimize
the sum of the expected cost. At the end of the period, there are two possible scenarios:
overstocking or understocking. Figures 1 and 2 show the changes in inventory level
when overstocking or understocking occurs respectively. The unsatisfied demand is
backlogged if there is understocking. The stocking out cost is the backordering cost.
The inventory level determined at the beginning of the period affects the overstocking
and understocking costs, as well as the holding cost for consumed inventory during the
period. The model is described by the following parameters and variables:

h the unit inventory holding cost;

7 the unit backordering cost if shortage occurs;

x the random demand in the period, which follows a normal distribution;

¢ the mean of the demand distribution in the period;

o the standard deviation of the demand distribution in the period;

I the order-up-to inventory level at the beginning of the period;

C(J) the inventory cost when the order-up-to level is [

¢(+) the probability density function of the demand in the period;

®(») the standard normal distribution function;

E(e) the expected value of a random variable.

Then the objective function of the newsvendor model with instantaneous receipt is

min C(I) :n/I m(x—1)¢(x)dx+h/0 (I-x)p(x) dx

120 h I h +oo 12 (Pl)
+§/Ox¢(x)dx+§/1 < ¢(x) dx.

The first and second terms in the objective function represent the expected over-
stocking and understocking costs. The third term is the expected inventory holding
cost for consumed inventory if there are items left at the end of the period. This
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situation is also shown in Fig. 1. The fourth term is the expected consumed inventory
holding cost if out-of-stock occurs, which can be derived from the plane-geometry as
follows. In Fig. 2, it can be shown that the holding cost for consumed stock is

[ G

We can show that £ = £ Then we have

It h [T

By rearranging Program P1, we get

min C(I) = n[E(x)-1) + (h + 7) /O (I=x)¢(x) dx

120
oo /72
+ﬁE(x) +ﬁ/ <I——x> ¢(x) dx.
2 2/

(P2)

The sum of the first three terms in Program P2 is the total inventory cost if we use
half the product of the unit holding cost and the expectation of the demand in the
period to approximate the consumed inventory holding cost, which is usually used in
classic newsvendor models. With this approximation, the decision variable I affects the
first two terms (i.e., overstocking and understocking costs), but has no impact on the
third term, and the optimal inventory level is determined by minimizing the sum of the
first two terms, and can be expressed as.

1*/ — @71 T 1
mt <ﬂ+h)0 (3.1)

However, when we consider the consumed inventory cost in a more accurate way,

there is another term h ffm(l2 /x-x) ¢(x) dx/2 in the cost function, which is also
affected by the decision variable I. Then the optimal inventory level for Program P2 is
different with the one given in (3.1). We take the first-order and second-order deriva-
tives of the objective function with respect to I in Program P2, and we have.

C'(I):—ﬂ+(h+ﬂ)/o ¢(x)alx+h1/1 w;1C¢(x) dx (3.2)

C' (1) = no(l) + /1 . ;lc¢(x) dx (3.3)

(3.3) shows that the second-order derivative is greater than 0, and therefore the
objective function is convex. It should be noted that, due to the second and third terms
of the first-order derivative in (3.2), a closed form solution cannot be derived. Denote
the solution of C (I) = 0 by I', which is the optimal inventory level of Program P2. From
(3.2) and (3.3), we can obtain the following theorems.

Theorem 1 The optimal solution to P2, i.e., I, is less than I' in (3.1).

Proof: We need to prove I' >TI. Substituting I "into (3.2), we have.

C'(I") = hI" [\71¢(x) dx as —m + (h + ) fé*/ @(x) dx = 0.
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Noting C'(I"') = hI"’ [}” 1 ¢(x) dx > 0, C (I') = 0 and C(+) is convex, we can obtain.

I >r.

In words, for a single-period newsvendor model, when the expected overstocking and
shortage costs at the end of the period and the consumed inventory cost are considered
in the cost function, the optimal inventory level for this cost function decided at the be-
ginning of the period is lower than the optimal solution that only minimizes the sum of
the expected overstocking and shortage costs at the end of the period.

Theorem 2 The optimal solution to P2, ie., I, is a decreasing function of the unit

holding cost A.
Proof: From (3.2), we obtain
r oo
-1+ (h+m) o(x) dx+h1*/ ;q)(x)dx:O
0 r

From this implicit function, we can show

* o 1
ar fé Pp(x)dx+1* [ ;q)(x) dx

an ol
dh () + h 17 g() dix

Then the optimal inventory level I" for this cost function decreases with the unit
holding cost.

Theorem 3 The optimal solution to P2, i, I', is an increasing function of the unit
backordering cost 7.

Proof: From (3.2), we obtain

I

-1+ (h+m) o(x) dx+h1*/

0 I

+oo

1
;ﬁb(x) dx =0

From this implicit function, we can show

dr 1- [I p(x) dx
dr . w1
T () +h ! —9(x) da

Then the optimal inventory level I' for this cost function increases as the unit
backordering cost.

In section “Numerical Experiments”, we conduct the numerical experiments to get I,
and the expected average inventory cost per period C(I), then compare it withC(I' ).

The newsvendor model without instantaneous receipt

In this section, we further consider the newsvendor model without instantaneous
receipt for an infinite planning horizon. The demand in each period follows a normal
distribution with mean g and variance ¢*. Suppose there is a delay of L periods between
ordering goods and receiving them. At the beginning of each period, goods ordered L
periods ago arrive. During the whole period, the on-hand inventory is consumed
approximately evenly to meet customers’ demands, and the unsatisfied demand is back-
logged if stocking out occurs. Demands are independent over time. The order-up-to
level I, is determined at the end of the period. We still let # and 7 denote the unit
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holding and shortage cost per period, and use the following parameters to formulate
the model:

D, the demand in one period;

D; the sum of demand in L periods;

D, , , the sum of demand in L + 1 periods;

¢1(+) the probability density function of the demand in one period;

¢r(+) the probability density function of the demand in L periods;

¢ +1(¢) the probability density function of the demand in L + 1 periods;

I,,, the order-up-to level in one period;

C,,(1,,,) the expected average inventory cost when the order-up-to level is 1,,,.

Then the newsvendor problem without instantaneous receipt can be modeled as

+oo L
min C,(In) = T[/ (%=L )@ 41 (%) dx + h/o (In=%) 11 (%) dx

1,20 I,

h 1y I,—x
I A AT
0 0

b= +x-1,,
A e S PRI
0 max(0,/,,—x) X
(p3)

In Program P3, the objective function is the expected average inventory cost includ-
ing overstocking costs, shortage costs and consumed inventory holding costs. Similar
to Program P1, the first two terms are the expected overstocking and shortage costs.
The third term is the expected inventory holding cost for consumed inventory if there
are items left at the end of the period. The last term is a little complicated, which rep-
resents the expected holding cost for consumed inventory if there is unsatisfied and
backlogged demand in the period. The value of this term is determined by the on-hand
inventory level at the beginning of the period that is the difference between the
order-up-to level decided L periods ago and the demand satisfied during the preceding
L periods, and the demands that will be experienced in the coming period. Then there

are two sources of uncertainty in the last term and a double integral is needed to quan-
tify them.

By rearranging Program P3, we can get

min C,,(I,,) = n[E(Dpy1)~Im) + (b + 1) /0 m(lm_x)¢L+1(x) dx

1,20

h 1, 1, —x
ST seme 0 s
0 0

h oo I, Im_ 2
s g gy an
0 max(0,,,—x) X

(P4)

For the third and fourth terms in Program P4, we cannot differentiate the objective
function with respect to I,, and get the first-order and second-order derivatives analyt-
ically. Numerical experiments are conducted in next section to get the optimal solution
for Program P4.
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In contrast, if we use the approximation only, i.e., half the product of the unit holding
cost and the expectation of the demand in the period, to represent the holding cost for
consumed inventory, the order-up-to level I, only affects the expected average
overstocking and shortage costs (the first two terms in Program P4). In such a scenario,

the optimal order-up-to level is.

I =L+ 1)+t (Z
yun ot (L

)a\/L +1 (3.4)

By substituting (3.4) into the objective function of Program P4 for [,,, we can get the
inventory cost when the order-up-to level is I?,. Denote the optimal solution of ,, in
Program P4 by I;,. In the next section, we first conduct numerical experiments to get

I, then compare the difference between C,,(I7,) and C,,(I7,) in different situations.

Numerical experiments

In section “Newsvendor Models with Consumed Inventory Holding Cost”, we formu-
late models considering the consumed inventory holding cost in the cost function with
and without instantaneous receipt. Now numerical experiments are designed to get
their optimal solutions that cannot be derived analytically, and examine the difference
of the average inventory costs for the cases with and without the consumed inventory
cost considered in the objective function. In experiments, we set the unit holding cost
h =2.5, and unit shortage cost 7 =8. We set the expected value and the standard devi-
ation of the demand in one period ¢ = 100 and ¢ = 20, respectively. For the model with-
out instantaneous receipt, we set the leadtime L = 4.

We first obtain the optimal solutions/” and I, for Programs P2 and P4 with numer-
ical experiments. By changing one parameter and holding others constant, we examine
the impact of the factor on the differences of I and I, I, and I:‘n', C(I") and C(I), Cu(
I*) and C,(I%) respectively. MATLAB 7.0.1 is employed to calculate the integrals in
the cost functions.

The single-period model is studied first. Note that in (3.3) the second-order derivative
of the objective function in Program P2 is greater than 0, and thus the objective func-
tion is convex. To get the optimal solution of Program P2 (I'), we just find the value of
I that make C () in (3.2) equal 0 with numerical experiments. Figures 3 and 4 examine
the differences of I andI" as well as C(I") and C(I") respectively when we change the
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Fig. 3 The inventory level vs. the unit holding cost for the model with instantaneous receipt




Tang et al. Frontiers of Business Research in China (2018) 12:12

30.00%

2500%

20.00%

15.00%

10.00%

C(I*") and C(I*)

5.00%

The percentage difference of

0.00% —_—
1 2 3 4 5 6 7 8 9
Fig. 4 The percentage difference of CU*) and C() vs. the unit holding cost for the model with
instantaneous receipt

\

unit holding cost / from 1 to 9 and keep all the other parameters constant. In Fig. 3, I
is always less than I, which is consistent with Theorem 1. It also shows that the differ-
ence between I’ and I' increases as the unit holding cost increases. It can be explained
as follows. As the unit holding cost increases, both I' and I decrease (Theorem 2), and
the scenario in Fig. 2 will have a greater chance to occur. Then the inventory cost for
consumed products weighs more in the cost function. Since the deviation between I’
‘and I' is mainly caused by this term, the difference tends to increase with the unit holding
cost. Figure 4 shows that the percentage difference of C(I" ) and C(I’), ie.[CT) - CUI)]/
C(I'), increases as the unit holding cost increases. Figure 4 is consistent with Fig. 3, which
shows that as the unit holding cost increases, the scenario in Fig. 2 will have more of a
chance to occur and the inventory cost for consumed products in the cost function plays
a more important role. In Figs. 3 and 4, with a low unit holding cost, the difference of the
cases with and without the consumed inventory cost in the objective function, in terms of
the inventory level and expected average inventory cost, is not significant. In such a sce-
nario, I does not deviate from I' much and is a good approximation of I' for it has the
analytical form expressed in (3.1). It can greatly facilitate the analysis of more complicated
situations. However, we can also observe in Figs. 3 and 4 that when the unit holding cost
is relatively high, the deviation of I' from I' becomes non-ignorable. In this situation, I' is
not suitable as the approximation of I" otherwise it can cause the expected average cost

C(I") to deflect from the actual minimum expected inventory cost C(I') significantly.
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Fig. 5 The percentage difference of CU*) and C(*) vs. the standard deviation of the demand distribution
under different unit holding costs for the model with instantaneous receipt
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Numerical experiments may help in such a situation to derive the optimal inventory level
as well as the minimum inventory cost. In Fig. 5, let the standard deviation of the demand
distribution vary under different unit holding costs, and fix the values of all the other
parameters. It shows that with a higher unit holding cost, the volatility of the demand has
an upward bending relation with the percentage difference of C(I" ) and C(I). In contrast,
with a lower unit holding cost, the impact of the demand volatility on this percentage is
much lower or even ignorable. The insensitivity of the percentage difference to the
demand variation for a low unit holding cost also demonstrates that I is a suitable
approximation of I in such situations. The inverse U-shape of the curves in Fig. 5 can be
explained as follows. Note that the difference between I' and I' is mainly determined by
the fourth term in Program P2. When the degree of demand uncertainty is low, the first,
second and fourth terms in P2are relatively small, compared to the third term. In this situ-
ation, the small weight of the fourth term in the total cost function only leads to a small
difference between I and I'. Consequently, the percentage cost difference is also small.
Then the percentage cost difference initially increases as the degree of demand uncer-
tainty increases from a very low level. When the degree of demand uncertainty goes be-
yond a certain high level, the weight of overstocking and understocking costs, i.e., the first
two terms in P2, tend to be larger. Then the fourth term in P2 in this situation tends to
be less important in the cost function. It leads to smaller differences between I' and I
and lower percentage cost differences.

Next we examine the model without instantaneous receipt. Due to the form of the
objective function in Program P4, we cannot derive the closed-form optimal solution.
Thus we first conduct numerical experiments to get the optimal solution of Program
P4, and examine the impacts of factors on the differences of I?, and I as well as
Cw(I%,) and C,,(I%) respectively. In general, numerical results for the model with-
out instantaneous receipt are similar to those with instantaneous receipt. More
specifically, Figs. 6 and 7 reveal similar patterns to Figs. 3 and 4, respectively. In
Figs. 6 and 7, with a low unit inventory holding cost, the deviations of the cases
with and without the consumed inventory cost considered in the objective function, in
terms of the inventory level and expected average inventory cost, are trivial, while they are
noteworthy with a high unit holding cost. In Fig. 8, let the standard deviation of the
demand distribution vary under different unit holding costs, with other things constant. It
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Fig. 6 The inventory level vs. the unit holding cost for the model without instantaneous receipt
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Fig. 7 The percentage difference of C(%.) and C([%) vs. the unit holding cost for the model without
instantaneous receipt

shows some interesting patterns that cannot be revealed by examining the objective func-
tion of Program P4. A group of wave curves under different unit holding costs are
graphed in this figure, and the amplitude of fluctuation increases as the unit holding cost
increases. It indicates that the demand uncertainty has alternate positive and negative im-
pacts on the difference of C,,(I*,) and C,(I}) in the model without instantaneous
receipt.

Moreover, to exam whether above results are robust, we have further conducted.

T

et the shapes of curves are very

In numerical experiments for different values of
close to the above results.

Our numerical experiments show that there exist differences in optimal inventory
levels with and without the holding cost for consumed stock in the total cost function.
A suboptimal solution is obtained if the cost for consumed stock is excluded in the cost
function when making decisions. The numerical experiments indicate that this inven-
tory level difference and associated total cost difference increase as the unit holding
cost increases and can be affected by the degree of demand uncertainty. These findings
provide some useful insights for practitioners. When the unit holding cost is relatively
high compared to the unit backordering cost, there is more chance to have understock
at the end of the period. That is, the scenario in Fig. 2 will have a greater chance to

happen. In this situation, the decision on inventory level will remarkably affect the
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Fig. 8 The percentage difference of C(rs) and C(E) vs. the standard deviation of the demand distribution
under different unit holding costs for the model without instantaneous receipt
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holding cost for consumed items. Our analysis shows that the inventory level consider-
ing the holding cost for consumed stock will be lower than the one determined by the
model further taking into account such holding costs. In other words, the former one
is inferior to the latter one when the total inventory cost function includes understock-
ing costs, overstocking costs and holding costs for consumed stock. The difference in
the inventory levels will lead to associated cost differences. Such cost difference also in-
creases with the unit holding cost, and can be affected by the degree of demand uncer-
tainty. Since the unit inventory holding cost usually covers storage space costs,
handling and service costs, risk costs and capital costs, one or more such factors may
cause a high unit holding cost. For example, luxury products or products requiring spe-
cific storage conditions may have a high unit holding cost. When inventory decisions
are made for these products, the holding cost for consumed items should be included
in the total cost function to obtain the optimal inventory level. Otherwise, a suboptimal
solution will be obtained.

Conclusion

In this work, we revisit the newsvendor model by considering the consumed stock
holding cost in the cost function. In the classic model, we assume the inventory level
has no impact on the holding cost for consumed stock during one period, where the
average holding cost for this portion of inventory is usually approximated as half the
product of the unit holding cost and the expectation of the demand in that period. It
works when the ratio of unit holding cost to the unit shortage cost is low. However,
without this condition, the approximation can deviate significantly from the actual
expected cost. The higher unit holding cost can be attributed to the high capital cost,
insurance cost, holding cost for specific storage conditions, and, more prominently,
coming carbon charges. With today’s trends of price-based policies for reduction of
greenhouse gas emissions, as well as the advance of technologies in warehouse manage-
ment, holding costs have been rising significantly in some industries. To mitigate the
potential shortcomings of the classic model, we add the holding cost for consumed
inventory into the cost function. The models with and without instantaneous receipt
are formulated and analyzed.

For the model with instantaneous receipt, analysis shows that the optimal inventory
level is lower if the consumed inventory cost is considered in the cost function, other
things being constant. The relationships between the optimal inventory level and the
unit holding cost as well as the unit backordering cost are shown. Numerical experi-
ments are conducted to examine the factors that affect this deviation. Other things
being constant, the deviation increases as the unit inventory holding cost increases, for
both models. The uncertainty of demand, which is measured by its standard deviation,
has either positive or negative impacts on the deviation depending on the specific
circumstance. Both analyses and numerical experiments indicate the deviation caused
by ignoring the holding cost for consumed inventory is unacceptable in some circum-
stances. The approximation, i.e., half the product of the unit holding cost and the
expectation of the demand in the period, can lead to the closed-form expression of op-
timal inventory level (or position) and facilitate analyses of more complicated problems.
In such situations, well-designed numerical experiments and simulations should be
employed to conduct further research.
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