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a b s t r a c t 

In this paper, we study a novel stochastic inventory management problem that arises in storage and re- 

fueling facilities for Liquefied Natural Gas (LNG) as a transportation fuel. In this inventory problem, the 

physio-chemical properties of LNG play a key role in the design of inventory policies. These properties 

are: (1) LNG suffers from both quantity decay and quality deterioration and (2) the quality of on-hand 

LNG can be upgraded by mixing it with higher-quality LNG. Given that LNG quality can be upgraded, an 

inventory control policy for this problem needs to consider the removal of LNG as a decision variable. 

We model and solve the problem by means of a Markov Decision Process (MDP) and study the structural 

characteristics of the optimal policy. The insights obtained in the analysis of the optimal policy are trans- 

lated into a simple, though effective, inventory control policy in which actions (i.e., replenishment and/or 

removal) are driven by both the quality and the quantity of the inventories. We assess the performance 

of our policy by means of a numerical study and show that it performs close to optimal in many numer- 

ical instances. The main conclusion of our study is that it is important to take quality into consideration 

when design inventory control policies for LNG, and that the most effective way to cope with quality 

issues in an LNG inventory system involves both the removal and the replenishment of inventories. 

© 2018 Elsevier Ltd. All rights reserved. 
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. Introduction 

Concerns about the environmental, economic and social effects

f heavily polluting fossil fuels have driven governments around

he globe to stimulate the development and use of alternative fu-

ls. Among the currently available alternative fuels, Liquefied Nat-

ral Gas (LNG) is a prominent substitute for conventional fuels, es-

ecially in the maritime and long-haul road transportation sectors

Council Directive 2014/94/EU). Its main source, natural gas, is a

ow-cost energy source that is widely available and less polluting

han fuel oils. 

The adoption of LNG as a fuel in road and maritime trans-

ortation is strongly dependent on its competitiveness compared

o conventional fuels in terms of cost, availability and fuel effi-

iency [9,20,25] . Therefore, a good design and efficient manage-

ent of the LNG supply chain is paramount. Much of the extant

esearch on LNG supply chain optimization has focused on the

arge-scale, global LNG supply chain, including applications in the

aritime inventory routing problem for LNG [2,13,23] . Truck and

hip operators using LNG as a fuel rely on the small-scale LNG sup-
� This manuscript was processed by Associate Editor Kimms. 
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ly chain, comprised of refueling stations and intermediary storage

acilities. Research aimed at optimizing the small-scale LNG supply

hain is scarce [10,16,20] . 

Supplying truck and ship operators with good quality LNG at

 low cost is challenging due to the physio-chemical properties of

NG. To maintain its liquid state, LNG needs to stay cold. The boil-

ng point for LNG is −162 o C ( −259 o F) and from roughly that tem-

erature LNG starts boiling off. The boil-off not only reduces the

uantity of LNG in stock but also reduces its quality over time [17] .

rucks and ships refueling their tanks with LNG at a refueling sta-

ion require a minimum fuel quality requirement. Below that re-

uirement, their engines may run up to 5% less efficiently and, in

xtreme cases, can even be permanently damaged. 

In this paper, we address the problem of maximizing the profit

f an LNG storage or refueling facility by making replenishment

nd removal decisions for the LNG inventory. We study a single-

ocation inventory system consisting of an LNG storage tank that

ust be replenished in order to meet uncertain customer demand

or LNG. Unfulfilled demand is lost as no back-orders are allowed.

he quality of the LNG stored in the tank must meet a known min-

mum quality requirement. This quality requirement is enforced by

he market and all demand will be lost when the requirement is

ot met. An inventory control policy thus needs to consider the

hysio-chemical properties of LNG; that is the quantity decay and

https://doi.org/10.1016/j.omega.2018.10.015
http://www.ScienceDirect.com
http://www.elsevier.com/locate/omega
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omega.2018.10.015&domain=pdf
mailto:j.a.lopez.alvarez@rug.nl
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2 J.A. Lopez Alvarez, P. Buijs and O.A. Kilic et al. / Omega 90 (2020) 101985 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Input parameters. 

M Storage tank size 

D Stochastic demand per period 

W − Minimum quality requirement 

W + Supplier’s LNG quality 

b Quality deterioration per period 

θ Quantity decay per period 

r Revenue per unit of LNG sold 

K Fixed ordering cost 

c Cost per unit of LNG 

g Cost/revenue for each unit of LNG removed 

h Holding cost per unit 

ρ Discount factor 
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quality deterioration that stem from the boil-off. Accordingly, if

LNG is stored in the refuelling facility for an extended period of

time, its quality might fall below the minimum quality require-

ment. An inventory control policy for this problem can benefit the

fact that LNG is a liquid substance whose quality can be upgraded

by mixing the LNG in stock with fresh LNG from a replenishment

order. This implies that LNG needs not necessarily be removed

from the inventory system when its quality drops below the qual-

ity requirement. 

The problem described above can broadly be classified as an in-

ventory control problem for commodities with quantity decay and

quality deterioration, whose quality can be upgraded with replen-

ishment orders. Prior research in the field of inventory problems

for deteriorating products roughly falls into two groups: (1) con-

sidering quantity decay, i.e., where a fraction of the products is

lost every period of time; and (2) considering quality deterioration,

i.e., where products follow a quality deterioration process towards

a state in which they are no longer marketable for their original

purpose [19] . Most of the prior studies in this field consider either

quality deterioration or quantity decay (for comprehensive surveys

see, [4,12,15] ). Since LNG suffers from both, our problem relates to

the few studies that, in some form, have simultaneously considered

quality deterioration and quantity decay. 

Quality deterioration has been incorporated in inventory prob-

lems with quantity decay by, for example, specifying a maximum

lifetime for products and using a time-varying quantity decay (e.g.,

[24,27,28] ). In these studies, the rate of decay increases over time

and becomes 100% when the maximum lifetime is reached. The

notion of having maximum lifetime is relevant to our LNG inven-

tory problem, as LNG has a minimum quality requirement, below

which it cannot be sold. Yet, the quality deterioration process of

LNG does not result in a (time-varying) quantity decay. Rather,

quality deterioration occurs concurrently with a decay in quantity.

Other studies have incorporated quality deterioration by modeling

it as a decreasing value of the product over time [5–7,22] . Hence,

in these problems, pricing decisions are an integral part of the re-

plenishment decisions, while in the current fuel market, the price

of LNG is only related to quality when it drops below the quality

requirement. The notion of a minimum quality requirement is dis-

cussed in [18] , modeling an inventory system for a decaying prod-

uct where a penalty is incurred when sold below a certain weight.

Minimum quality requirements also apply when selling LNG as a

fuel. However, LNG below the quality requirement cannot be sold

at all without upgrading. 

We extend prior work by considering the option to upgrade the

quality of inventories in stock by means of replenishment of in-

ventories. Prior research on deteriorating inventory control consid-

ered a context in which the quality deterioration of the underlying

goods was irreversible. The ability to upgrade the quality of LNG

implies that, contrary to regular perishable commodities, the in-

ventories do not need to be automatically removed from the sys-

tem when their quality is below the minimum quality requirement

accepted by the market. Accordingly, in the LNG inventory prob-

lem, the removal of inventories from the system is a decision. 

In this paper, we model our problem as a Markov decision pro-

cess (MDP). We use the MDP to obtain optimal policies for dif-

ferent numerical instances. By analyzing the resulting policies, we

gain insights on optimal policies for the general problem; these in-

sights will be illustrated using two examples. Based on these in-

sights, we propose an inventory policy for our problem. The per-

formance of the policy is evaluated in various numerical instances.

2. Problem description 

We study the inventory problem faced by a refueling or storage

facility in the small-scale LNG supply chain. This inventory sys-
em consists of a single stock point that is periodically reviewed.

his stock point is an insulated LNG storage tank with a maximum

apacity of M units of volume. Every period, the facility faces a

andom demand D , which follows a known probability distribution

ith mean μ and standard deviation σ . Due to the characteristics

f LNG-fueled engines, demand for LNG can only be fulfilled if the

NG held in the storage tank complies with the minimum quality

equirement W − established by the market. If this quality require-

ent is met, the LNG held in the storage tank will be used to fulfill

he demand; otherwise, all the demand of the period will be lost;

.e., no back-orders are allowed. 

The LNG quality level is measured as an absolute value repre-

enting the methane number of the fuel. The methane number is

 well-established quality measure for the use of LNG as a fuel.

n order to comply with the minimum quality requirement, inven-

ory management decisions need to consider that LNG boils off.

oil-off is a natural process in which the LNG vaporizes due to

he ambient heat input. This process induces quantity decay and

uality deterioration of the LNG in stock. The daily quantity decay

nd quality deterioration of the fuel depend on several complex

hysio-chemical processes [17] , which can be reasonably approx-

mated by representing quality deterioration as a fixed volume b

er period and quantity decay as a fixed amount θ per period. For

ore in-depth information about the physio-chemical properties of

NG and our assumptions in that regard, we refer to Appendix A. 

We consider a setting where a single LNG supplier offers LNG

ith fixed and known quality W + , where W + ≥ W −. Every time the

acility is replenished, the LNG held in the storage tank – if any

is mixed with the incoming LNG from the replenishment order.

he mixture of both loads not only increases the inventory level

ut also changes the quality of the on-hand LNG. We model the

esulting quality of the mixture using the weighted average of the

uality of the loads involved in the mixture (see Appendix A for

 justification of this assumption). This implies that the quality of

he LNG held in the storage tank can be upgraded by means of a

eplenishment order. In fact, this property can be used to upgrade

he quality of LNG whose quality is below the minimum quality re-

uirement. Accordingly, the fuel need not necessarily be removed

rom the inventory system when its quality drops below the mini-

um quality requirement; instead, the removal of inventories from

he system is a decision variable. 

Taking both the inventory level and the quality of LNG into con-

ideration, two decisions are to be made: (1) to determine the

mount of LNG to remove from the storage tank and (2) to de-

ide the order quantity. Motivated by the fact that replenishment

f the facility can be done overnight, we assume there is no lead

ime for replenishment. Additionally, we assume that the removal

f LNG can be done instantaneously and that it occurs before re-

lenishment takes place. Removing the LNG before replenishment

s advantageous from a practical point of view because the qual-

ty of the LNG stored in the tank is lower before it is mixed
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ith the “fresh” LNG coming from replenishment. The order of

vents/activities throughout a period in the system is as follows: 

1. The state of the system (i.e., the inventory level and the quality

of the LNG) is reviewed 

2. Based on the system state the planner decides: 

(a) The amount of LNG to remove from the system 

(b) The order quantity 

3. The removal of LNG takes place, according to step 2a 

4. Arrival of the replenishment order, according to step 2b. The

LNG coming from the replenishment order is mixed with the

remaining LNG in the storage 

5. The demand of the period is realized 

6. The quantity decay and the quality deterioration of the period

take place 

he objective in this problem is to determine an inventory policy

hat maximizes the expected discounted profit of the refuelling fa-

ility for an infinite planning horizon. That is the sum of the ex-

ected profit of the facility for the infinite horizon, where each fu-

ure profit is discounted according to a discount factor ρ . For ev-

ry volume unit of LNG sold, the facility receives a fixed revenue

 . There is a fixed replenishment cost K each time a replenishment

rder is placed and a variable cost c per unit volume of LNG pur-

hased. Every unit of LNG removed from the inventory system gen-

rates a cost of g . Since some refuelling stations can make revenue

ith the removed LNG, the value of g can be negative as long as

t does not exceed the unit cost ( −g < c). Each volume unit of LNG

arried after the demand of the period takes place incurs in a hold-

ng cost h . 

. Model formulation 

In order to obtain an optimal inventory policy, we model the

roblem as an infinite horizon discrete-time Markov decision pro-

ess. The MDP model is characterized by its states, actions, transi-

ion from one state to another, profit and value function. We de-

cribe this model below. 

States : We define the state of the system at the beginning of

eriod t as Z t = (I t , W t ) , where I t is the inventory level and W t the

uality of the on-hand inventory. The inventory volume is bounded

y the tank size (0 ≤ I t ≤ M ), and the quality of the inventory W t 

annot exceed the quality provided by the supplier (0 ≤ W t ≤ W + ) .
Actions : Upon reviewing the state of the system at the begin-

ing of period t , decisions need to be made on the amount Y of

NG to be removed and the amount X of LNG to be replenished.

he amount of LNG that can be removed is at most the amount

f LNG stored in the facility (0 ≤ Y ≤ I t ), and the replenishment or-

er size cannot exceed the remaining space available in the storage

ank after removal (0 ≤ X ≤ M − (I t − Y )) . 

State transitions : The state transition between two subsequent

eriods t and t + 1 , can be described in two phases. In the first

hase, the system state is updated based on the actions, which

ake place at the beginning of period t . Specifically, the first phase

overs steps 1 through 4 of the daily operations (as specified in

ection 2 ). We define Z ′ t = (I ′ t , W 

′ 
t ) as the post-action state that de-

cribes the status of the system immediately after the first phase is

ompleted. The transition Z t = (I t , W t ) to Z 
′ 
t = (I ′ t , W 

′ 
t ) is as follows:

 

′ 
t = 

(
I t − Y + X, 

(I t − Y ) · W t + (X · W + ) 
I t − Y + X 

)
. (1)

n this expression, the inventory level is updated based on the

uantity of LNG removed and replenished. The update in quality

s determined by the weighted average of the quality of the LNG

n stock and the quality of the LNG coming from the replenish-

ent order. Note that the resulting quality of the mixture does not
nclude the LNG that was removed from the system since removal

recedes replenishment. 

In the second phase, the system state is updated based on de-

and, quantity decay, and quality deterioration (steps 5 and 6 as

pecified in Section 2 ). The demand and boil-off are subtracted

rom the inventory level if the quality is higher than the minimum

uality requirement; if that requirement is not met, all demand

ill be lost and the system state will only be updated based on the

uantity decay and quality deterioration. Let D t be the random de-

and in period t . The transition Z ′ t = (I ′ t , W 

′ 
t ) to Z t+1 = (I t+1 , W t+1 )

s as follows: 

 t+1 = 

{
( max { I ′ t − D t − θ, 0 } , max { W 

′ 
t − b, 0 } ) , if W 

′ 
t ≥ W −, 

( max { I ′ t − θ, 0 } , max { W 

′ 
t − b, 0 } ) , if W 

′ 
t < W −. 

(2) 

n this expression, the inventory level I ′ t is updated based on the

emand (if W t ≥ W −) and the quantity decay θ . The quality update

s entirely based on the deterioration rate b . The reason why the

ax operators are included in the expression is that they bound

he inventory level and the quality, so they do not fall below zero. 

Profit function : The daily profit of the system is composed

f revenues, ordering costs, purchasing costs, removal costs (rev-

nues) and holding costs. We define β( X, Y ) as the sum of the costs

revenues) induced by the actions of the system. 

(X, Y ) = 

{
K + (c · X ) + (g · Y ) if X > 0 , 

g · Y if X = 0 . 
(3) 

Furthermore, we define F (S ′ t ) as the function that represents

he expected amount of LNG sold in a period and H t (S ′ t ) as the

xpected inventory level after demand takes place. 

 (Z ′ t ) = 

{
E[ min (D t , I 

′ 
t )] if W 

′ 
t ≥ W −, 

0 , if W 

′ 
t < W −. 

(4) 

(Z ′ t ) = I ′ t − F (Z ′ t ) . (5)

If W 

′ 
t < W −, the LNG cannot be sold and, therefore, the function

akes the value zero. We define the expected profit of the system

n period t as: 

 (Z t , X, Y ) = r · F (Z ′ t ) − h · H(Z ′ t ) − β(X, Y ) . (6)

The profit of the system is the sum of the revenues ob-

ained from the LNG sold, minus the holding costs and the

osts(revenues) induced by the actions. The holding costs are com-

uted based on the on-hand inventory after the demand takes

lace. 

Value function : The function V ( S t ) represents the optimal dis-

ounted profit of the system, which is the function to be optimized

n our model. We define this function as: 

 (Z t ) = max 
(X,Y ) 

{ P (Z t , X, Y ) + (1 − ρ) · E[ V (Z t+1 )] } . (7)

This function is composed of the costs of the immediate period

lus the discounted expected value of the states reached in the

ollowing period. 

.1. MDP implementation 

In order to obtain the optimal removal and replenishment pol-

cy, we solve the MDP using the value iteration algorithm [21] . Due

o the discrete nature of this solution approach, we redefine the

tates and the actions of our problem as discrete sets: 

 = { (I, W ) | I = 0 , �I , 2�I , . . . , M and W = 0 , �W 

, 2�W 

, . . . , W −} , 
(8) 
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Fig. 1. Classification of states based on optimal actions for Example 1. 
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and, 

A { Z t } = { (X, Y ) | Y = 0 , �I , 2�I , . . . , I t − Y and 

X = 0 , �I , 2�I , . . . , M − (I t − Y ) } , (9)

where �I and �W 

are the interval sizes of the inventory levels and

the quality respectively. 

Throughout our numerical study, we assume that we can model

demand with high precision by using a discrete random variable.

Furthermore, taking into consideration that the weighted average

is used to compute the quality of a mixture of LNG loads, it is pos-

sible that the resulting quality does not belong to the discrete scale

specified above; if that is the case, we round down the resulting

quality to a quality value specified in the discrete scale. Finally,

throughout the numerical analysis, we assume that in the initial

condition of the system the inventory level is zero. 

4. Illustrative example of an optimal policy 

In this section, we explore how optimal policies of our MDP

behave by means of two illustrative examples. In Example 1, we

consider a numerical instance where no revenue is obtained when

LNG is removed from the system (i.e., g = 0 ), while in Example 2,

we consider the case where the removal of LNG generates a rev-

enue (i.e., g = −20 ). All other input parameters are equal in both

examples and are the following: the maximum capacity of the stor-

age tank is M = 50 and the demand per period follows a nega-

tive binomial distribution with mean u = 8 and standard devia-

tion σ = 4 units of volume. Replenishment orders are placed to a

supplier whose LNG has a quality of W + = 24 . The fixed cost of

placing a replenishment order is K = 200 and the cost per unit of

volume is c = 35 . In order to fulfill demand, the LNG of the refu-

eling station needs to comply with the minimum quality require-

ment, which is W − = 8 . Furthermore, the daily quality deteriora-

tion of the LNG is b = 8 . We use the following values for the other

parameters: θ = 1 , p = 130 , �I = 1 , �W 

= 1 , g = 0 , h = 1 and

ρ = 0 . 05 . 

Analysis of the states in which a replenishment and/or removal

action is needed . Figs. 1 and 2 are a graphical representation of

the states in which actions need to be carried out under an op-

timal policy for each of the illustrative examples. In these figures,

states in which no action is required are represented by dots and
tates in which an action is required are represented by either cir-

les, triangles or diamonds. States represented with a diamond are

hose in which no removal takes place, but a replenishment or-

er is placed ( Y = 0 and X > 0); states represented with a circle

re those in which both removal and replenishment are performed

 Y > 0 and X > 0); states represented with a triangle are those in

hich only removal takes place ( Y > 0 and X = 0 ). The filling color

f each symbol shows whether the probability of reaching that

tate under the optimal policy is larger than zero (in black) or zero

in grey). Note that this probability only considers the likeliness of

eaching a state at the end of a period; hence, post-action states

re not considered in this probability. Furthermore, we truncated

oth the quality and the inventory axes, at levels 20 and 35 respec-

ively, because the states on those truncated areas are unreachable

nder the optimal policy of each of the examples. 

We observe that the policy for both examples has a tendency to

ave two threshold values that trigger actions in the system; one

uantity-based and one quality-based, which we define as Ī and
¯
 , respectively. Both these thresholds are depicted in Figs. 1 and

 . When either the quality is lower than W̄ or the on-hand inven-

ory level is lower than or equal to Ī , the policy tends to take a

eplenishment and/or removal action. In both examples, the value

f the quality threshold W̄ is equal to 8, while the quantity thresh-

ld Ī is equal to 6 in the first example and 5 on the second exam-

le. A reasonable interpretation of these thresholds is that Ī helps

o prevent the system from losing demand due to lack of inven-

ory, while threshold W̄ helps to prevent low-quality inventories.

n fact, we observe that W̄ = W −, which implies that an optimal

olicy responds immediately after the quality falls below the min-

mum quality requirement. Hence, we observe that under an op-

imal policy, W is never below W − − b due to the immediate re-

ponse of the policy to quality issues. 

We can also see that the states represented with a triangle in

oth examples are not driven by the aforementioned threshold lev-

ls. We interpret the removal action in these states as a means

o reduce unnecessary holding costs for LNG that most likely will

ave to be removed once the threshold level W̄ is exceeded. Ac-

ordingly, this type of states is more likely to appear in numerical

nstances where the removal of LNG generates a revenue, which

xplains why Example 2 has more of this type of states than Ex-

mple 1. Conversely, in those instances in which the removed LNG
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Fig. 2. Classification of states based on optimal actions for Example 2. 

Table 2 

Inventory before and after removal of LNG (W = 4) for both examples. 

State Z = (I, W ) Example 1 Example 2 

I W Removal ( Y ) Inv. post removal ( I − Y ) Removal ( Y ) Inv. post removal ( I − Y ) 

14 4 0 14 5 9 

15 4 0 15 6 9 

16 4 0 16 7 9 

17 4 1 16 8 9 

18 4 2 16 9 9 

Table 3 

Inventory before and after removal of LNG (W = 0) for both examples. 

State Z = (I, W ) Example 1 Example 2 

I W Removal ( Y ) Inv. post removal ( I − Y ) Removal ( Y ) Inv. post removal ( I − Y ) 

12 0 0 12 5 7 

13 0 1 12 6 7 

14 0 2 12 7 7 

15 0 3 12 8 7 

16 0 4 12 9 7 

17 0 5 12 10 7 
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enerates a cost, the presence of this type of states in the optimal

olicy is less common. 

Analysis of the removal action . Removal of LNG mostly takes

lace in some of the states where the quality of the LNG has fallen

elow threshold W̄ . We observe that for the majority of these

tates, the removal action generally reduces the volume of LNG to

 fixed inventory level that seems to depend on the current quality

evel of the LNG. We interpret this behavior as a “remove down to

evel”. Tables 2 and 3 present the removal decision for a number

f states in Examples 1 and 2. 

In Table 2 we see that, for a given LNG quality level of W = 4

n Example 1, removal mostly takes place if the inventory level

s higher than 16. If so, the inventory immediately after removal

(I − Y ) is equal to 16. A similar pattern can be observed in Table 3 ,

here W = 0 ; however, the removal down to level is 12 in that

ase. Further analysis of the other states in the illustrative exam-

les suggests that the removal down to level is dependent on the

uality. It seems that the lower the quality, the lower the value

f the removal down to level. Accordingly, lower quality tends to

esult in greater removal of LNG from the system. 
It is important to remark that not all removal decisions that oc-

ur when threshold W̄ is exceeded are driven by the remove down

o level. In both examples, the optimal policy dictates that all the

NG is removed from the system and that a replenishment order

ust be placed when the inventory level is low (i.e., 1 unit for Ex-

mple 1 and 3 or fewer units for Example 2). The removal of this

ow amount of LNG is done to ensure that the quality of the LNG

pon replenishment is equal to W + . If that LNG was not removed,

he quality after replenishment would be strictly lower than W + . 
The analysis of both illustrative examples suggests three poten-

ial reasons why removal is part of an optimal policy. The first rea-

on is that the removal of LNG reduces the amount of low-quality

NG that will be mixed with the LNG that comes from the replen-

shment order. This enhances the quality of the resulting LNG mix-

ure. The second reason is that the removal of LNG could prevent

 temporal dead-lock situation in which the facility will neither

e able to serve demand (due to the low quality of the LNG in-

entories) nor upgrade the quality of the LNG to meet the min-

mum quality requirement (due to a storage tank that is already

lled close to maximum capacity). Note that this temporal dead-
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Table 4 

States, actions and post-action states of Example 1. 

State Z = (I, W ) Removal Replenishment Post-action state Z ′ = (I ′ , W 

′ ) 

I W Y X I ′ W 

′ 

0 0 0 27 27 24 

1 0 1 27 27 24 

2 0 0 19 21 21 

3 0 0 18 21 20 

16 4 0 4 20 8 

17 4 1 4 20 8 

18 4 2 4 20 8 

19 4 3 4 20 8 

1 10 1 27 27 24 

2 10 0 19 21 22 

3 10 0 18 21 22 

Table 5 

States, actions and post-action states of Example 2. 

State Z = (I, W ) Removal Replenishment Post-action state Z ′ = (I ′ , W 

′ ) 

I W Y X I ′ W 

′ 

1 0 1 26 26 24 

2 0 2 26 26 24 

3 0 3 26 26 24 

4 0 0 16 20 19 

15 4 6 14 23 16 

16 4 7 14 23 16 

17 4 8 14 23 16 

1 10 1 26 26 24 

2 10 2 26 26 24 

3 10 3 26 26 24 

4 10 0 16 20 21 
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lock may resolve itself eventually due to the quantity decay (un-

less the quantity decay θ is zero). The third reason is that there

might be situations in which there is an excess of LNG inventories

which are expected to be removed eventually. Hence, the removal

of some of the on-hand LNG would reduce the holding costs. 

Analysis of the replenishment order size . We observe in both ex-

amples that the size of the replenishment order seems to be af-

fected by both the inventory level and the quality of the on-hand

inventories. It seems that replenishment decisions are not driven

by either a fixed order quantity, an order up to level, or some sort

of quality up to level (i.e., referring to a fixed post-action qual-

ity level). The quantity and quality of the LNG after replenishment

differ significantly depending on the state of the system before re-

plenishment. To better illustrate this, Tables 4 and 5 present the

optimal decisions and the post-action state for a number of states

in Examples 1 and 2 respectively. When comparing two states with

the same quality W = 0 and different inventory I = 0 and I = 3 in

Table 4 , we see that the replenishment order size, the post-action

inventory level and the post-action quality are higher for the case

where I = 0 . Although there is no a clear tendency that defines the

replenishment decision, it is interesting to see that when I − Y � = 0 ,

the inventory level post-action seem to be quite similar regardless

of the quality. This might suggest that in states when I − Y > 0 , a

single order up to level might not be too far from an optimal de-

cision. 

Taking into consideration insights from the illustrative exam-

ples, it appears that: 

1. The majority of actions in the system are triggered by a quan-

tity and a quality threshold level 

2. Most of the removal actions take place when the quality of the

on-hand LNG is below the quality threshold level 

3. When removal actions are required, those decisions are usu-

ally driven by a remove down to level, which differs for specific

quality levels 
4. The size of replenishment orders does not follow a simple de-

cision rule 

. Special cases 

Throughout our analysis, we identified a few special cases in

hich the optimal policy for our problem can be obtained using

olution approaches for existing problems in the literature. 

1. Case W + = W −. In this special case, the quality of the supplier’s

LNG is equal to the minimum quality requirement. This implies

that the quality of the LNG in stock at the end of a period will

always be below the minimum requirement. Since W + = W −, it

is not possible to upgrade the quality of the LNG in stock to a

level above or equal the minimum requirement. Consequently,

all the remaining LNG needs to be removed from the system.

The resulting problem resembles a news vendor problem for a

decaying commodity with fixed ordering cost and holding cost.

To solve this problem, we can write the profit function as: 

f (X ) = r · E[ min (D, X )] − (h + g) · E[ max (X − D − θ, 0)] 

− c · X − K. (10)

Similarly to the cost function of a standard news vendor prob-

lem (see [3] ), the function above is concave. Accordingly, the

optimal replenishment order size can be obtained by identify-

ing the critical point of the profit function. 

2. Case b = 0 or W − = 0 . In this case, the quality of the LNG never

falls below the minimum requirement. The resulting problem

can be modeled as a periodic inventory problem with stochastic

demand, lost sales and quantity decay. In this problem, instead

of maximizing the expected discounted profit, one should min-

imize expected discounted cost. It was shown in [26] that ( S,

s ) policies are optimal for this problem when the quantity de-

cay is a fraction of the remaining inventory at the end of each

period. Since the quantity decay in our problem is a constant

amount of LNG, the properties of the optimal cost function are

not affected. Accordingly, an ( S, s ) policy is optimal for this spe-

cial case of our problem. 

3. Case with deterministic demand . When demand is considered to

be deterministic, the solution to the LNG inventory problem is

trivial. In this setting, an optimal policy would not require any

safety stock to buffer against stochastic demand. Accordingly,

under the optimal solution, there would not be mixing of LNG,

which means that LNG can be considered as a regular perish-

able commodity with quantity decay. The solution to this prob-

lem is a simple policy as shown in [19] . 

. Definition of an inventory policy 

In this section, we introduce the ( S, s, v, k ) policy, which is an

nventory policy inspired by the insights obtained from analyzing

n optimal policy. The ( S, s ) policy is used as a starting point to de-

elop our policy. The reason is that the ( S, s ) policy is (1) a policy

hat is easily implementable in practice, (2) optimal in certain spe-

ial cases of the LNG inventory problem as shown in Section 5 and

3) captures the quantity threshold of the optimal policy with pa-

ameter s . 

We extend the ( S, s ) policy by introducing parameter v . This pa-

ameter represents a quality threshold level, which serves as a trig-

er to respond to situations in which the LNG cannot be sold be-

ause its quality is below the minimum requirement. We learned

n the illustrative example of Section 4 that the response driven

y the quality threshold v is to place a replenishment order and,

ometimes, remove some LNG. The removal decision in the ( S, s,

, k ) policy is determined by parameter k . This parameter serves

s a removal down to level, which is a control rule used in other
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Table 6 

Numerical design. 

Parameter Base value Min value Max value Step increment 

φ — 1 5 0.5 

b 4 4 16 4 

M 30 15 45 5 

θ 0.5 0.5 1 0.5 

μ 8 8 14 2 

σ 4 4 6 0.5 

K 200 150 300 50 

c 40 40 70 10 

h 1 1 5 1 

p 120 120 180 20 

g 0 −20 20 20 
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nventory problems that incorporate removal decisions (e.g., [14] ).

pecifically, when the quality level W is below v and the inventory

evel I is higher than k , then I − k units of LNG need to be removed

rom the system. Regardless if removal is needed or not, a replen-

shment order needs to be placed when threshold v is exceeded,

uch that the post-action inventory level is equal to S . 

We analyzed various numerical instances in order to identify

ny properties that can be used to obtain the optimal parameters

f the ( S, s, v, k ) policy. First of all, in all numerical examples con-

idered we observed that the value of parameter v is always equal

o the minimum quality requirement under an optimal policy. This,

owever, is not necessarily the case when the other parameters

 S, s and k ) are not optimal. For example, when the value of s is

orced to be zero, then the parameter k can take a value higher

han the minimum requirement to compensate for the lack of a

uantity threshold trigger. Furthermore, we studied the behavior

f the profit function of our problem with respect to the parame-

er k . We noticed that the profit function can have several critical

oints when fixing the values of the S, s and v . Therefore, in order

o compute optimal parameters of the ( S, s, v, k ) policy throughout

ur numerical experiments, we make a full enumeration of all four

arameters. 

. Numerical study 

The purpose of the numerical study is twofold: (1) to evaluate

nd analyze the performance of the ( S, s, v, k ) policy and (2) to test

he sensitivity of the optimal expected profit of the system with

espect to the input parameters of the problem. 

For our numerical analysis, we introduce parameter φ, which

s an indicator of quality criticality. Specifically, φ represents the

umber of periods it takes for a volume unit of LNG with quality

 + to fall below the minimum quality requirement W −, i.e., the

ower the value of φ, the more critical LNG quality is in our prob-

em: 

= 

W + − W −
b 

+ 1 . (11) 

.1. Performance of the ( S, s, v, k ) policy 

In this section, we test the performance of the ( S, s, v, k ) pol-

cy and two other simple policies against the optimal policy. The

olicies to be considered are the following: 

1. An optimal policy obtained from the MDP. 

2. An ( S, s, v, k ) policy 

3. An (S, s, v , k = M) policy 

4. An (S, s, v , k = 0) policy 

Policies 3 and 4 represent a specific group of ( S, s, v, k ) policies

n which the removal decision is simplified. In policy 3 we force

arameter k to be equal to the storage tank size M , which means

hat in this policy no removal of LNG takes place. This policy might

e useful in practice for LNG facilities in which removal of LNG is

ot possible or economically intractable. Furthermore, by studying

he performance of an inventory policy that does not incorporate

emoval decisions, we can gain insights into the relevance of the

emoval of LNG for an inventory policy for the problem at hand. In

olicy 4, we enforce that all inventories are removed when quality

alls below the threshold v (hence, k = 0 ). In this policy, the LNG is

hus treated as a regular perishable commodity in the sense that it

s automatically removed from the inventory system as soon as its

uality falls below the minimum quality requirement. 

Experimental design . The performance of the policies is tested

n various experiments considering a range of values for the input

arameters of our problem as shown in Table 7 . The complete set
f experiments was created by changing the values of one parame-

er at a time, whilst the other parameters were kept on their base

alue. The only exception is φ; we tested all the values of this pa-

ameter for all the instances considered. We opted to make φ a

ivotal parameter in this experimental design because a prelimi-

ary analysis showed that this parameter has a strong effect on

he performance of the policies. Throughout the experiments we

xed the value of ρ = 0 . 1 , �I = 0 . 25 , �W 

= 0 . 25 . Furthermore, in

ll experiments the value of W + is equal to W − + b · (φ − 1) and

he value of W − is equal to b . Finally, we model demand using a

egative binomial distribution with mean μ and standard devia-

ion σ . 

For each instance, we compute the optimal parameters of all

he three types of ( S, s, v, k ) policies by fully enumerating the so-

ution space. Furthermore, we measure the relative gap of each of

he three types of ( S, s, v, k ) policies with respect to the optimal as

ollows: 

elative gap = 

π opt − πheu 

π opt 
· 100 , (12) 

here πopt is the expected profit of the optimal policy and πheu 

s the profit of the heuristic policy. 

Results . Fig. 3 shows the average expected discounted profit of

he system (henceforth referred as to profit) of the four policies for

ifferent levels of φ. These results show that the profit of all poli-

ies increases with φ, up to the point where it becomes insensitive

o further increments of φ. This can be explained by the fact that

he policies are less affected by quality considerations as the qual-

ty criticality decreases, up to the point where the inventory policy

s purely driven by inventory levels. 

It is noteworthy that two of the special cases presented in

ection 5 are represented in Fig. 3 . Firstly, when the quality crit-

cality is low (i.e.,the value of φ is high), the optimal policy is

urely driven by inventory levels, which resembles the special

ase, where b = 0 . As shown in Section 5 , an optimal policy for

his special case is an ( S, s ) policy, which explains why the profit

f all four policies tends to converge when φ is large. Secondly,

hen φ = 1 , our problem is equivalent to the special case where

 + = W −. In fact, when φ = 1 , the profit of the system for both ( S,

, v, k ) and (S, s, v , k = 0) is optimal. This is intuitive given the op-

imal policy for this special case entails removing all LNG from the

ystem ( k = 0 ) and placing a fixed replenishment order of size S -

s in the news vendor problem. The (S, s, v , k = M) policy performs

oorly in this special case because it requires selecting a conserva-

ive order up to level to prevent a temporal dead-lock situation. 

Table 7 shows the average gap between the profit of each of

he three types of ( S, s, v, k ) policies and the profit of the optimal

olicy, for different values of φ. The table also shows the standard

eviation of the gap and the maximum gap. The average gap of

he ( S, s, v, k ) policy is 1.65%, while the gap of the (S, s, v , k = 0)

s 5.57% and that of the (S, s, v , k = M) is 24.56%. Given that the
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Fig. 3. Average expected profit for the different policies. 

Table 7 

Statistics of the performance of the policies with respect to the optimal. 

( S, s, v, k ) (S, s, v , k = 0) (S, s, v , k = M) 

φ Mean % Std.Dev % Max % Mean % Std.Dev % Max % Mean % Std.Dev % Max % 

1.0 0.00 0.00 0.00 0.00 0.00 0.00 95.72 8.69 100.00 

1.5 4.34 2.93 17.26 25.35 11.5 73.37 72.79 16.90 100.00 

2.0 4.56 1.59 9.91 4.56 1.59 9.91 28.19 7.36 50.14 

2.5 1.94 0.96 5.48 7.54 2.40 15.82 13.35 5.26 31.98 

3.0 1.99 0.88 4.17 4.74 1.23 7.68 6.59 3.32 17.54 

3.5 1.18 0.64 2.85 3.53 1.16 6.05 2.76 1.95 9.68 

4.0 0.56 0.40 1.62 2.27 0.95 4.23 1.10 1.09 5.16 

4.5 0.21 0.19 0.78 1.46 0.79 3.61 0.40 0.53 2.55 

5.0 0.05 0.07 0.32 0.72 0.50 2.18 0.10 0.21 1.02 

Average 1.65 − − 5.57 − − 24.56 − −
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(S, s, v , k = 0) and the (S, s, v , k = M) policies are special cases of

the ( S, s, v, k ) policy, the performance of the latter is the highest

among the three. For all policies, the performance with respect to

the optimal tends to improve as the value of φ increases, up to

the point where all policies tend to perform optimally. For exam-

ple, the standard deviation of the ( S, s, v, k ) policy is 1.59% and

0.07% when φ = 2 and φ = 5 respectively. The exception to this

pattern is the special case where φ = 1 , when both ( S, s, v, k ) and

(S, s, v , k = 0) are optimal. The (S, s, v , k = M) policy performs par-

ticularly bad when φ < 2 due to the lack of removal. In fact, in

many of the instances where φ < 2, the optimal order up to level S

for the (S, s, v , k = M) policy is zero, which explains why the max-

imum gap of that policy when φ < 2 is 100%. 

Analysis of the cost drivers . Throughout our numerical study we

identified the following cost drivers: (a) the average amount of

LNG purchased per time unit; (b) the average amount of LNG that

is removed from the system; (c) the average (post-demand) inven-

tory of the system and (d) the average replenishment frequency

(i.e., average replenishment orders per period). In Fig. 4 we illus-

trate each of the cost drivers for different values of φ for all poli-

cies. 

Fig. 4 a shows that the amount of LNG purchased of all four

policies. Here, we can observe that in the (S, s, v , k = M) policy

the amount of LNG purchased is much lower than that of the

other policies. This is caused by two main reasons: (1) the inabil-
ty to remove LNG from the system forces the policy to purchase

mall quantities of LNG in order to increase the probability that

ll the inventories are sold before the LNG quality falls below the

inimum requirement and (2) when φ < 2, there are instances in

hich the amount of LNG purchased is zero. 

When comparing the (S, s, v , k = 0) , the ( S, s, v, k ) and the op-

imal policies, we see that there are no major differences in the

nventory levels as shown in Fig. 4 c. All these policies sustain their

nventory level with a similar amount of LNG purchased and also

 similar replenishment frequency as shown in Figs. 4 a and 4 d

espectively. The major difference among these policies relates to

he amount of LNG removed as the (S, s, v , k = 0) and ( S, s, v, k )

olicies induce more removal than an optimal policy as shown in

ig. 4 b. The reasoning behind the relatively low removal of LNG

n an optimal policy is that this policy can tackle quality issues

ore effectively than the other policies due to its flexibility to

elect the amount of LNG to replenish and remove in different

tates. 

To further analyze the difference in the amount of LNG that

s removed among the policies, Fig. 5 presents the percentage of

imes in which a replenishment order was placed because the LNG

ell below the minimum quality requirement W −. In this figure, we

bserve that in the optimal policy quality falls below the mini-

um requirement more times as compared to the other policies.

his is intuitive given that all three types of ( S, s, v, k ) policies are
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Fig. 4. Statistics of the performance of the policies. 
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ore penalized than the optimal policy when quality falls below

 −. Specifically, in the case of the (S, s, v , k = M) , if the quality

alls below W −, it might induce an excess of low-quality inven-

ory since this policy does not incorporate any removal of LNG. In

he case of the other two policies, when quality falls below W −, an

xcess of removal of inventory occurs (as shown in Fig. 4 b), which

s economically penalized by the removal cost (if any) and by the

oss of the capital invested in those removed inventories. Interest-

ngly, an optimal policy induces less removal than those policies,

ven though the quality of the on-hand LNG falls below the min-

mum quality requirement more times than in the other policies;

his shows the ability of an optimal policy to cope with quality is-

ues. 

Finally, we observe that the behavior of the performance mea-

ures in Figs. 4 and 5 is not monotonic across different values of

. This non-monotonic behavior is mostly explained by the period-

city of the problem. Since we consider a periodic inventory man-

gement problem, LNG quality basically becomes a shelf life, i.e.,

 number of periods the LNG remains above the minimum quality

equirement. If that shelf life is, for example 1.8 periods, the LNG

ould effectively remain above the minimum quality requirement

or one period. It is important to note that at integer values of φ,
ny on-hand inventory would immediately reduce the shelf life of

he LNG mixture to a value strictly lower than φ. Therefore, the

olicies tend to avoid mixing LNG when φ has an integer value,

specially for lower values of φ. At higher values of φ quality is-

ues are less urgent, which may make it economically attractive to

ontrol quality by upgrading the quality of LNG by means of mix-

ure, even at integer values of φ. 

Analysis of the cost/revenue components . In Tables 8–10 we show

he cost/revenue components for all policies for all values of φ.

ince g can be revenue or a cost, we opted to present one ta-

le for each value of g considered our experimental design (i.e.,

 = −20 , 0 , 20 ). The numbers presented in each table represent an

verage over the numerical instances. In all tables, H represents the

otal inventory costs, P represents the purchasing costs, O repre-

ents the ordering costs, E represents the removal costs/revenue

nd R represents the revenue obtained from selling LNG. In gen-

ral, we observe that the major cost component of all policies is

he purchasing cost, while the holding cost is the smallest portion

f the overall costs. On average, the holding costs represent 1.75%

f the total cost of the policies, while the ordering costs represent

3.8% and the purchasing cost 74.4%. These proportions change to

ome extent along different values of φ. For instance, as the value
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Fig. 5. Percentage of times in which replenishment orders are triggered by low-quality LNG. 

Table 8 

Cost and revenue components (in units of 10 0 0 euros) for all policies when g = 0 . 

Optimal ( S, s, v, k ) (S, s, v , k = 0) (S, s, v , k = M) 

φ H O P E R H O P E R H O P E R H O P E R 

1.0 0.03 2.04 3.90 0.00 8.96 0.03 2.04 3.90 0.00 8.96 0.03 2.04 3.90 0.00 8.96 0.00 0.54 0.36 0.00 1.17 

1.5 0.05 2.04 3.82 0.00 9.73 0.05 2.04 3.91 0.00 9.68 0.03 2.04 3.90 0.00 8.96 0.01 1.68 1.57 0.00 4.55 

2.0 0.08 1.40 3.79 0.00 9.78 0.07 1.15 3.92 0.00 9.45 0.08 1.11 3.93 0.00 9.43 0.03 1.56 2.73 0.00 7.62 

2.5 0.09 1.27 3.86 0.00 10.02 0.09 1.18 3.94 0.00 9.92 0.07 1.26 3.93 0.00 9.73 0.05 1.46 3.30 0.00 9.00 

3.0 0.12 1.04 3.92 0.00 10.08 0.10 1.09 3.87 0.00 9.97 0.10 0.95 3.97 0.00 9.80 0.08 1.21 3.58 0.00 9.56 

3.5 0.13 0.94 3.98 0.00 10.14 0.11 1.00 3.90 0.00 10.05 0.11 0.95 3.95 0.00 9.92 0.10 1.03 3.78 0.00 9.87 

4.0 0.15 0.86 4.04 0.00 10.18 0.14 0.89 4.01 0.00 10.14 0.12 0.90 4.00 0.00 10.06 0.13 0.93 3.93 0.00 10.08 

4.5 0.15 0.82 4.06 0.00 10.19 0.15 0.84 4.03 0.00 10.17 0.13 0.86 3.99 0.00 10.07 0.14 0.85 4.00 0.00 10.14 

5.0 0.16 0.80 4.08 0.00 10.20 0.15 0.80 4.07 0.00 10.20 0.14 0.83 4.05 0.00 10.16 0.15 0.80 4.06 0.00 10.19 

Table 9 

Cost and revenue components (in units of 10 0 0 euros) for all policies when g = −20 . 

Optimal ( S, s, v, k ) (S, s, v , k = 0) (S, s, v , k = M) 

φ H O P E R H O P E R H O P E R H O P E R 

1.0 0.03 2.00 4.20 0.52 8.70 0.03 2.00 4.20 0.52 8.70 0.03 2.00 4.20 0.52 8.70 0.00 0.00 0.00 0.00 0.00 

1.5 0.04 2.00 3.75 0.19 9.10 0.04 2.00 3.81 0.23 9.05 0.03 2.00 4.20 0.52 8.70 0.01 2.00 1.65 0.00 4.63 

2.0 0.06 1.22 3.80 0.18 9.03 0.07 1.09 4.02 0.29 8.96 0.07 1.09 4.02 0.29 8.96 0.02 1.57 2.51 0.00 6.98 

2.5 0.08 1.13 3.75 0.10 9.21 0.08 1.14 3.78 0.12 9.20 0.06 1.18 3.91 0.22 9.09 0.04 1.44 3.06 0.00 8.30 

3.0 0.10 0.94 3.72 0.04 9.24 0.07 1.09 3.58 0.03 9.15 0.09 0.86 3.90 0.16 9.12 0.06 1.18 3.31 0.00 8.75 

3.5 0.10 0.87 3.72 0.01 9.30 0.10 0.83 3.80 0.06 9.25 0.09 0.86 3.82 0.10 9.19 0.08 0.97 3.48 0.00 9.01 

4.0 0.12 0.79 3.77 0.00 9.33 0.11 0.80 3.79 0.02 9.33 0.10 0.81 3.80 0.06 9.25 0.10 0.88 3.65 0.00 9.24 

4.5 0.12 0.74 3.79 0.00 9.34 0.12 0.76 3.77 0.00 9.33 0.11 0.77 3.78 0.04 9.26 0.11 0.78 3.73 0.00 9.29 

5.0 0.13 0.72 3.82 0.00 9.35 0.13 0.72 3.81 0.00 9.35 0.12 0.74 3.80 0.02 9.32 0.13 0.73 3.81 0.00 9.35 

Table 10 

Cost and revenue components (in units of 10 0 0 euros) for all policies when g = 20 . 

Optimal ( S, s, v, k ) (S, s, v , k = 0) (S, s, v , k = M) 

φ H O P E R H O P E R H O P E R H O P E R 

1.0 0.01 2.00 3.30 0.26 7.85 0.01 2.00 3.30 0.26 7.85 0.01 2.00 3.30 0.26 7.85 0.00 0.00 0.00 0.00 0.00 

1.5 0.03 2.00 3.37 0.10 8.73 0.03 2.00 3.47 0.15 8.70 0.01 2.00 3.30 0.26 7.85 0.01 2.00 1.65 0.00 4.63 

2.0 0.05 1.42 3.41 0.04 8.88 0.05 1.09 3.42 0.14 8.37 0.05 1.09 3.42 0.14 8.37 0.02 1.57 2.51 0.00 6.98 

2.5 0.07 1.27 3.51 0.01 9.14 0.06 1.19 3.50 0.06 8.94 0.05 1.28 3.50 0.11 8.80 0.04 1.44 3.06 0.00 8.30 

3.0 0.09 1.02 3.61 0.00 9.22 0.07 1.06 3.55 0.03 9.10 0.07 0.92 3.56 0.09 8.82 0.06 1.18 3.31 0.00 8.75 

3.5 0.10 0.90 3.68 0.00 9.28 0.08 0.97 3.58 0.01 9.18 0.08 0.92 3.57 0.05 9.00 0.08 0.97 3.48 0.00 9.01 

4.0 0.12 0.80 3.76 0.00 9.33 0.11 0.85 3.71 0.00 9.30 0.09 0.89 3.65 0.04 9.16 0.10 0.88 3.65 0.00 9.24 

4.5 0.12 0.75 3.79 0.00 9.34 0.12 0.77 3.77 0.00 9.33 0.10 0.82 3.68 0.02 9.20 0.11 0.78 3.73 0.00 9.29 

5.0 0.13 0.72 3.81 0.00 9.35 0.13 0.73 3.81 0.00 9.35 0.11 0.78 3.75 0.01 9.29 0.13 0.73 3.81 0.00 9.35 
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f φ increases, the total ordering costs tend to be lower while the

olding costs tend to increase. 

Regarding the purchasing cost, we observe in Table 8 that the

ptimal policy tends to have a lower purchasing cost than the ( S, s,

, k ) and the (S, s, v , k = 0) policies. Yet, the optimal policy gener-

tes more revenue because it can make a more effective use of the

nventories as this policy induces less removal than the other two

olicies; the optimal policy can avoid excessive removal because

t can better deal with quality issues (i.e., due to its flexibility to

hoose the amount of LNG to remove and purchase). When com-

aring the cases where the removal of LNG generates a revenue

r a cost in Tables 9 and 10 , we observe that the purchasing costs

f all policies, excepting the (S, s, v , k = M) policy, are much lower

hen the removal induces a cost. This occurs because the policies

end to choose a conservative order up to level S in order to avoid

uality issues that may lead to the removal of LNG. 

When comparing the revenue of the ( S, s, v, k ) and the

(S, s, v , k = 0) policies, we observe that the former has a larger rev-

nue. This is caused by the difference in safety stock between poli-

ies; in the (S, s, v , k = 0) quality issues are prevented by consider-

ng less safety stock than in the ( S, s, v, k ), since quality issues en-

ail the removal of all the on-hand LNG. In regard to the revenue

f the (S, s, v , k = M) policy, we see that the revenue is much lower

han that of all other three policies, which is a consequence of the

onservative approach of this policy to tackle quality issues and, in

xtreme cases, not sell any LNG. 

.2. Sensitivity analysis of the optimal expected profit 

In this section, we aim to gain insights on how the input pa-

ameters of the problem affect the optimal profit of the system.

xperimental design . We created a new set of experiments, using

 2 K factorial design to identify cross-parameter relations. Specifi-

ally, we considered two levels per parameter, which are the max-

mum and the minimum values presented in Table 6 . An excep-

ion is made for parameter φ, for which we tested all values for

ll instances. Furthermore, we fixed the value of ρ = 0 . 1 , �I = 0 . 5

nd �W 

= 0 . 5 . The results obtained were analyzed graphically. Ad-

itional experiments were performed for the cases in which we

ncountered interesting relations among the input parameters. 

Results . The overall effect of each of the input parameters on

he profit is intuitive. The profit increases with larger values of μ,

and p , while it decreases with larger values of K, c, h, g and σ .

n instances where g is negative (where removed LNG has some

alue), we observe an increase in profit, especially when the qual-

ty criticality is high. This increase is not only driven by the extra

evenue obtained when removing LNG, but also because the op-

imal policy tends to place larger replenishment orders, which in

urn decrease the replenishment frequency. The increase in the re-

lenishment order size is a natural consequence of setting g as a

evenue because it reduces the penalty of the excess of inventory

aused by large order sizes. 

Throughout the experiments, we observed an interaction among

uality criticality, tank size and the mean of the demand. In in-

tances where the mean of the demand is relatively large with re-

pect to the tank size, the system is less vulnerable to quality crit-

cality (i.e., the profit is relatively stable across different levels of

). This is due to the fact that a relatively small tank size induces

requent replenishment, which means that the quality of the LNG

n stock is often upgraded based on an inventory level threshold

s opposed to a quality threshold. As a result, the profit is less

ensitive to changes in quality criticality. To better illustrate this,

ig. 6 a shows the profit of the system across all values of φ for

hree different levels of α, which we define as the percentage ratio

etween the mean of the demand and the tank size. In the cases

n which φ = 1 and φ = 1 . 5 , the value of α does not make a dif-
erence in the performance because in these cases a replenishment

rder is needed in every period. However, for the other values of

, α clearly influences the extent to which the profit is affected by

uality criticality. 

Another relevant interaction between input parameters occurs

etween quality criticality and the standard deviation of the de-

and. Fig. 6 b shows the profit across different values of φ for three

ifferent levels of the standard deviation of the demand σ . The fig-

re indicates that a large standard deviation is more detrimental

or the profit when the quality criticality is high. This pattern is

aused by the increased amount of LNG that needs to be removed

rom the system when an inventory control policy increases its

afety stock, which is a natural response to a large standard devia-

ion of the demand. Accordingly, as the quality criticality decreases,

he amount of LNG that is expected to be removed from the sys-

em tends to be lower, which mitigates the effect of a high stan-

ard deviation of the demand. Note that there are other parame-

ers that affect the relation between φ and σ such as the removal

ost g and the unit cost c . Specifically, when the sum of g + c is a

mall value, the economic loss of removing a unit of LNG is low,

hich mitigates the effect of σ in the profit when the criticality is

igh. 

. Conclusions and future research 

In this paper, we studied the LNG inventory control problem

hat arises in LNG storage and refueling facilities. The challenge of

anaging LNG inventories is that they are subject to continuous

oil-off, which results in quantity decay and quality deterioration

f the LNG in stock. Since LNG end-users enforce a minimum qual-

ty requirement, quality is an essential element of the problem. A

nique aspect of the problem is that LNG is a mixable liquid. As a

esult, the quality of the LNG in stock can be upgraded by means

f replenishment with “fresh” LNG. The removal of off-spec LNG

rom the system is no longer a necessity, which entails that it is a

ecision variable of an inventory policy for this problem. 

We used a Markov decision process model to obtain optimal

olicies for different scenarios. By means of illustrative examples,

e gained insights into the behavior of optimal policies. These in-

ights were later used to design the ( S, s, v, k ) policy. In a numeri-

al study, we showed that the difference in performance of the ( S,

, v, k ) policy with respect to the optimal was 1.65% on average.

owever, in instances where quality criticality is low, the ( S, s, v,

 ) performed close to optimality, since in those cases the optimal

olicy is purely driven by inventory levels where an ( S, s ) policy is

ptimal. 

The main conclusions of this study are threefold. Firstly, our

tudy shows that it is important to take quality considerations into

ccount when designing inventory policies for LNG. When inven-

ory management responses are purely driven by quantity triggers,

uch as in ( S, s ) policies, the inventory system might fall into a

emporal deadlock situation, i.e., where the on-hand LNG can nei-

her be used to serve demand (due to the low quality of the LNG)

or upgraded to meet the minimum quality requirement (due to

he lack of response of the policy to the quality of the LNG). 

Secondly, we showed that inventory policies that use both re-

oval and mixing of LNG as mechanisms to cope with quality is-

ues, perform better than those policies that exclusively use re-

oval or mixing. However, when only one of the mechanisms is

onsidered, a policy that does not allow removal on average per-

orms worse than a policy where all LNG is removed when quality

alls below a given threshold. It appears that the ability to remove

n-hand LNG is important for the inventory policy because (1) it

revents the system from falling into a temporal dead-lock situa-

ion and (2) it can reduce the number of replenishment orders that

eed to be performed as result of low-quality LNG. An important
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Fig. 6. Sensitivity of the profit with respect to σ and α for various levels of φ. 
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managerial implication is that LNG storage and refueling facilities

can benefit from implementing alternative uses for the removed

LNG. For example, the removed LNG can be vaporized and used

to produce electricity, or compressed into Compressed Natural Gas

and sold as a fuel. 

Thirdly, we showed that quality criticality (i.e., the remaining

time that the on-hand LNG remains above the minimum quality

requirement) has a considerable effect on the profit of the LNG fa-

cility. In supply chains where LNG quality criticality is inherently

high, for example when the source of LNG is of limited quality,

it may be worthwhile to invest in better-insulated storage tanks

to decelerate the quality deterioration. Alternatively, one may con-

sider sourcing LNG from another supplier with a higher quality

LNG. Producers of bio-LNG can become key players in the small-

scale LNG supply chain, as bio-LNG has a very high-quality level,

which could be used to considerably upgrade the quality of the

on-hand LNG. 

We believe that there are ample opportunities for future re-

search on LNG inventory management. First of all, we assumed in

our study that the quality of the LNG from the supplier is deter-

ministic, stationary and known. Hence, it would be interesting to

study, for example, the case in which the quality of the LNG from

the supplier is stochastic but known before the replenishment de-

cision is made. Another interesting aspect that can be considered

is that in LNG markets there might be multiple suppliers, each

of which provides LNG with different quality and price. Finally, it

could be interesting to study the case in which the LNG facility

makes use of dynamic pricing to influence the demand for LNG,

which can also be used as a mechanism to prevent quality issues. 
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Appendix A. Discussion of the LNG properties considered in 

this study 

This appendix provides further information about the physio-

chemical properties of LNG and a justification for the modeling
hoices we made in that regard. Throughout a small-scale LNG

upply chain, the fuel is transported and stored in well-insulated

torage tanks that minimize the exposure of the LNG to heat leak-

ges. Since there is no perfect insulation, however, the ingress of

eat to the storage tank causes continuous vaporization of the

uel [8] . This vaporization not only decreases the quantity of LNG

n stock but also changes its quality. Specifically, the composition

f the fuel changes (this process is also known as weathering in

he LNG industry). Accurately estimating changes in quantity and

uality of LNG over time involves complex calculations; hence,

e make assumptions in our study regarding the physio-chemical

roperties of LNG. These assumptions are: (1) the quality deterio-

ation b is constant per unit of time; (2) the quantity decay θ is

 constant volume per unit of time; and (3) the quality of a mix-

ure of LNG is the weighted average of the loads involved in the

ixture. Below, we elaborate on each of these assumptions. 

1. Quality deterioration 

The methane number is a well-established quality measure for

NG as a fuel and is determined by the chemical composition. It

erves as an indicator of the fuel’s knock resistance. If an engine

uns on LNG with a lower knock resistance than given in the en-

ine specification, there is a risk of engine knock (i.e., spontaneous

gnition). This not only reduces fuel efficiency but could also dam-

ge the engine in extreme cases. As a consequence, manufacturers

f LNG engines strongly recommend end-users to ensure that their

rucks or ships are fueled with LNG that meets the quality specifi-

ation of the engine. 

Theoretically, the methane number of LNG can range from 0 to

00, where 0 is pure hydrogen and 100 is pure methane. LNG with

 methane number of 80, for example, is equivalent to a fuel with

 mixture of 80% methane and 20% hydrogen. The methane num-

er thus increases when the concentration of light components of

he fuel (e.g., methane and nitrogen) increases with respect to that

f heavy hydrocarbons (e.g., ethane and propane). Depending on

he region in which the LNG is produced, the composition (and

hus the quality) of LNG varies. For example, LNG from Nigeria

as a methane number of 71 and that of Norway is 76. In addi-

ion to the regional differences, the quality of LNG changes over

ime when moving through or stored in the small-scale LNG sup-

ly chain. This quality change occurs because the lighter compo-

ents of LNG vaporize preferentially with respect to other heavier
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Table A1 

composition (%mol) and methane number of different types of LNG. 

Type Nitrigen Methane Ethane Propane n-Butane Iso-Butane Methane Number 

Type A 0.10 91.30 4.60 2.60 0.80 0.60 71 

Type B 0.00 90.29 5.19 2.93 0.90 0.68 69 

Type C 0.00 89.06 5.85 3.31 1.02 0.76 67 

Type D 0.00 87.46 6.71 3.79 1.17 0.87 65 
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Table A2 

Estimated and actual methane number for different mixtures. 

Types of LNG mixed Volume Methane Number 

Type 1 Type 2 Type 1 Type 2 Actual Weighted average 

B A 1 1 70.0 70.0 

C A 1 1 69.0 69.0 

D A 1 1 68.0 68.0 

B A 1 2 70.0 70.3 

C A 1 2 70.0 69.7 

D A 1 2 69.0 69.0 

B A 1 3 70.0 70.5 

C A 1 3 70.0 70.0 

D A 1 3 70.0 69.5 

a  

s  

t  

b  

a

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

omponents, leading to a relative increase of heavy hydrocarbons

f the LNG, and hence a lower methane number. 

2. Quantity decay 

The fact that LNG supply chains are confronted with decaying

uantity is acknowledged in the Operations Research literature, es-

ecially in the context of maritime shipping [13,16] . These studies

ommonly assume a constant boil-off rate, measured as the rela-

ive amount of LNG that evaporates per unit of time with respect

o the initial volume. In the context of LNG road transport and in-

and storage, boil-off has been modeled as a fraction of the on-

and inventory level [10] . In reality, the boil-off rate of LNG is a

omplex process that strongly depends on the properties of the

ank [8] . The estimated amount of boil-off can differ significantly

epending on whether the boil-off rate is assumed to be constant

r dependent on the inventory level [11] . 

In the context of above-ground storage tanks, which is the set-

ing of our problem, a model was developed in which the long-

erm sensitivity of the boil-off rate was tested in different exper-

mental conditions, such as different LNG compositions and in-

entory levels [17] . The results show that the amount of boil-off

enerated is constant and independent of the inventory levels at

igher LNG quality levels. Only when the LNG composition consid-

rably changes (e.g., due to long-term deterioration), the amount

f boil-off generated starts to decrease. Indeed, the LNG composi-

ions common in the small-scale LNG supply chain are well within

he constant range of boil-off, i.e., where a constant amount of LNG

oils off per unit of time. We thus modeled boil-off accordingly. 

3. LNG mixture 

Determining the methane number when mixing two loads of

NG involves solving various complex chemical equations that are

ependent on the specific composition and the quantity of the

NG loads involved. Since the scope of our paper is on the in-

entory control implications of the physio-chemical properties of

NG – and not on those properties themselves – we have made 

he simplifying assumption that the quality of a mixture of LNG is

he weighted average of both loads involved in the mixture. Albeit

implifying, this assumption proved to be reasonably accurate after

esting some practical examples using Wärtsilä software [1] to es-

imate the actual methane number when mixing different loads of

NG as shown below. Table A1 presents the different LNG composi-

ions considered in our example. LNG of Type A closely resembles

he composition of LNG produced in Nigeria, which has a qual-

ty that is common for the LNG imported to the European market.

ll the other compositions in Table A1 are deteriorated versions of

ype A LNG; that is, with relatively less light components with re-

pect to heavy components. In our examples, the different types of

eteriorated LNG are upgraded using the Type A LNG. 

Table A2 shows the comparison between the actual methane

umber (i.e., using Wärtsilä software) and the methane number

ased on the weighted average (i.e., the assumption made in our

aper) when mixing loads of LNG of different com positions and

uantities. The results indicate that the weighted average is a good
pproximation of the actual methane number for loads of LNG con-

idered in this study. Indeed, it is fully accurate for five of the mix-

ures considered in this study. In the other four mixtures, the error

etween the actual and the estimated methane number is reason-

bly small. 
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