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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.

1. Introduction

Concerns about the environmental, economic and social effects
of heavily polluting fossil fuels have driven governments around
the globe to stimulate the development and use of alternative fu-
els. Among the currently available alternative fuels, Liquefied Nat-
ural Gas (LNG) is a prominent substitute for conventional fuels, es-
pecially in the maritime and long-haul road transportation sectors
(Council Directive 2014/94/EU). Its main source, natural gas, is a
low-cost energy source that is widely available and less polluting
than fuel oils.

The adoption of LNG as a fuel in road and maritime trans-
portation is strongly dependent on its competitiveness compared
to conventional fuels in terms of cost, availability and fuel effi-
ciency [9,20,25]. Therefore, a good design and efficient manage-
ment of the LNG supply chain is paramount. Much of the extant
research on LNG supply chain optimization has focused on the
large-scale, global LNG supply chain, including applications in the
maritime inventory routing problem for LNG [2,13,23]. Truck and
ship operators using LNG as a fuel rely on the small-scale LNG sup-
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ply chain, comprised of refueling stations and intermediary storage
facilities. Research aimed at optimizing the small-scale LNG supply
chain is scarce [10,16,20].

Supplying truck and ship operators with good quality LNG at
a low cost is challenging due to the physio-chemical properties of
LNG. To maintain its liquid state, LNG needs to stay cold. The boil-
ing point for LNG is —162°C (—259 °F) and from roughly that tem-
perature LNG starts boiling off. The boil-off not only reduces the
quantity of LNG in stock but also reduces its quality over time[17].
Trucks and ships refueling their tanks with LNG at a refueling sta-
tion require a minimum fuel quality requirement. Below that re-
quirement, their engines may run up to 5% less efficiently and, in
extreme cases, can even be permanently damaged.

In this paper, we address the problem of maximizing the profit
of an LNG storage or refueling facility by making replenishment
and removal decisions for the LNG inventory. We study a single-
location inventory system consisting of an LNG storage tank that
must be replenished in order to meet uncertain customer demand
for LNG. Unfulfilled demand is lost as no back-orders are allowed.
The quality of the LNG stored in the tank must meet a known min-
imum quality requirement. This quality requirement is enforced by
the market and all demand will be lost when the requirement is
not met. An inventory control policy thus needs to consider the
physio-chemical properties of LNG; that is the quantity decay and
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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-

Table 1
Input parameters.

Storage tank size

Stochastic demand per period
Minimum quality requirement
Supplier’s LNG quality

Quality deterioration per period
Quantity decay per period
Revenue per unit of LNG sold
Fixed ordering cost

Cost per unit of LNG
Cost/revenue for each unit of LNG removed
Holding cost per unit

Discount factor

> Sl aoxTDT =]
ssos

tem consists of a single stock point that is periodically reviewed.
This stock point is an insulated LNG storage tank with a maximum
capacity of M units of volume. Every period, the facility faces a
random demand D, which follows a known probability distribution
with mean p and standard deviation o. Due to the characteristics
of LNG-fueled engines, demand for LNG can only be fulfilled if the
LNG held in the storage tank complies with the minimum quality
requirement W_ established by the market. If this quality require-
ment is met, the LNG held in the storage tank will be used to fulfill
the demand; otherwise, all the demand of the period will be lost;
i.e., no back-orders are allowed.

The LNG quality level is measured as an absolute value repre-
senting the methane number of the fuel. The methane number is
a well-established quality measure for the use of LNG as a fuel.
In order to comply with the minimum quality requirement, inven-
tory management decisions need to consider that LNG boils off.
Boil-off is a natural process in which the LNG vaporizes due to
the ambient heat input. This process induces quantity decay and
quality deterioration of the LNG in stock. The daily quantity decay
and quality deterioration of the fuel depend on several complex
physio-chemical processes [17], which can be reasonably approx-
imated by representing quality deterioration as a fixed volume b
per period and quantity decay as a fixed amount 6 per period. For
more in-depth information about the physio-chemical properties of
LNG and our assumptions in that regard, we refer to Appendix A.

We consider a setting where a single LNG supplier offers LNG
with fixed and known quality W, where W, > W_. Every time the
facility is replenished, the LNG held in the storage tank - if any
- is mixed with the incoming LNG from the replenishment order.
The mixture of both loads not only increases the inventory level
but also changes the quality of the on-hand LNG. We model the
resulting quality of the mixture using the weighted average of the
quality of the loads involved in the mixture (see Appendix A for
a justification of this assumption). This implies that the quality of
the LNG held in the storage tank can be upgraded by means of a
replenishment order. In fact, this property can be used to upgrade
the quality of LNG whose quality is below the minimum quality re-
quirement. Accordingly, the fuel need not necessarily be removed
from the inventory system when its quality drops below the mini-
mum quality requirement; instead, the removal of inventories from
the system is a decision variable.

Taking both the inventory level and the quality of LNG into con-
sideration, two decisions are to be made: (1) to determine the
amount of LNG to remove from the storage tank and (2) to de-
cide the order quantity. Motivated by the fact that replenishment
of the facility can be done overnight, we assume there is no lead
time for replenishment. Additionally, we assume that the removal
of LNG can be done instantaneously and that it occurs before re-
plenishment takes place. Removing the LNG before replenishment
is advantageous from a practical point of view because the qual-
ity of the LNG stored in the tank is lower before it is mixed



JA. Lopez Alvarez, P. Buijs and O.A. Kilic et al./Omega 90 (2020) 101985 3

with the “fresh” LNG coming from replenishment. The order of
events/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

The objective in this problem is to determine an inventory policy
that maximizes the expected discounted profit of the refuelling fa-
cility for an infinite planning horizon. That is the sum of the ex-
pected profit of the facility for the infinite horizon, where each fu-
ture profit is discounted according to a discount factor p. For ev-
ery volume unit of LNG sold, the facility receives a fixed revenue
r. There is a fixed replenishment cost K each time a replenishment
order is placed and a variable cost ¢ per unit volume of LNG pur-
chased. Every unit of LNG removed from the inventory system gen-
erates a cost of g. Since some refuelling stations can make revenue
with the removed LNG, the value of g can be negative as long as
it does not exceed the unit cost (—g < c¢). Each volume unit of LNG
carried after the demand of the period takes place incurs in a hold-
ing cost h.

3. Model formulation

In order to obtain an optimal inventory policy, we model the
problem as an infinite horizon discrete-time Markov decision pro-
cess. The MDP model is characterized by its states, actions, transi-
tion from one state to another, profit and value function. We de-
scribe this model below.

States: We define the state of the system at the beginning of
period t as Z; = (I, W;), where I; is the inventory level and W; the
quality of the on-hand inventory. The inventory volume is bounded
by the tank size (0 <I;<M), and the quality of the inventory W;
cannot exceed the quality provided by the supplier (0 <W; <W,).

Actions: Upon reviewing the state of the system at the begin-
ning of period t, decisions need to be made on the amount Y of
LNG to be removed and the amount X of LNG to be replenished.
The amount of LNG that can be removed is at most the amount
of LNG stored in the facility (0 <Y <I;), and the replenishment or-
der size cannot exceed the remaining space available in the storage
tank after removal (0 <X <M — (I; = Y)).

State transitions: The state transition between two subsequent
periods t and t + 1, can be described in two phases. In the first
phase, the system state is updated based on the actions, which
take place at the beginning of period t. Specifically, the first phase
covers steps 1 through 4 of the daily operations (as specified in
Section 2). We define Z; = (I{, W/) as the post-action state that de-
scribes the status of the system immediately after the first phase is
completed. The transition Z; = (Ir, W) to Z = (I}, W/) is as follows:

(1)

Zl= (1[—Y+x, Uf_y)'w”r(x'w*)).

I -Y+X

In this expression, the inventory level is updated based on the
quantity of LNG removed and replenished. The update in quality
is determined by the weighted average of the quality of the LNG
in stock and the quality of the LNG coming from the replenish-
ment order. Note that the resulting quality of the mixture does not

include the LNG that was removed from the system since removal
precedes replenishment.

In the second phase, the system state is updated based on de-
mand, quantity decay, and quality deterioration (steps 5 and 6 as
specified in Section 2). The demand and boil-off are subtracted
from the inventory level if the quality is higher than the minimum
quality requirement; if that requirement is not met, all demand
will be lost and the system state will only be updated based on the
quantity decay and quality deterioration. Let D; be the random de-
mand in period t. The transition Z; = (I{, W/) to Z; ;1 = (Iy1. Wep1)
is as follows:

if W/ >w_,
if W <W_.

(2)

In this expression, the inventory level I/ is updated based on the
demand (if W; > W_) and the quantity decay 6. The quality update
is entirely based on the deterioration rate b. The reason why the
max operators are included in the expression is that they bound
the inventory level and the quality, so they do not fall below zero.

Profit function: The daily profit of the system is composed
of revenues, ordering costs, purchasing costs, removal costs (rev-
enues) and holding costs. We define (X, Y) as the sum of the costs
(revenues) induced by the actions of the system.

K+ (- X)+(gY) ifX=>0,
pXY) = {g~Y if X =0. 3)

Furthermore, we define F(S;) as the function that represents
the expected amount of LNG sold in a period and H;(S;) as the
expected inventory level after demand takes place.

7o (max{l{ — D; — 6, 0}, max{W/ — b, 0}),
=171 (max{Il - 6,0}, max{W, — b, 0}),

E[min(Dy, I})]

1 /
F@) - {0 if W/ =W,

if W <W_. (4)

H(Z) =1 - F(Z). (5)

If W/ < W_, the LNG cannot be sold and, therefore, the function
takes the value zero. We define the expected profit of the system
in period t as:

P(Z,X.Y) =r-F(Z)) —h-H(Z) — BKX.Y). (6)

The profit of the system is the sum of the revenues ob-
tained from the LNG sold, minus the holding costs and the
costs(revenues) induced by the actions. The holding costs are com-
puted based on the on-hand inventory after the demand takes
place.

Value function: The function V(S;) represents the optimal dis-
counted profit of the system, which is the function to be optimized
in our model. We define this function as:

V(Z) =g§,>)<{P(Zr,X,Y)+ (1-p)-EV(Z.D)]}- (7)

This function is composed of the costs of the immediate period
plus the discounted expected value of the states reached in the
following period.

3.1. MDP implementation

In order to obtain the optimal removal and replenishment pol-
icy, we solve the MDP using the value iteration algorithm [21]. Due
to the discrete nature of this solution approach, we redefine the
states and the actions of our problem as discrete sets:
Z={(IW)|I=0, A},24,,..

M and W=0, Aw, ZAw, . ,W,},

(8)
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Fig. 1. Classification of states based on optimal actions for Example 1.
and, states in which an action is required are represented by either cir-
Az = ((X,Y)|Y=0,AL2A,,....l,—Y and cles, tr}angle§ or diamonds. States represented with a d.1am0nd are
t those in which no removal takes place, but a replenishment or-
X=0A1.24A; ... M= -Y)}, (9) der is placed (Y =0 and X> 0); states represented with a circle

where A; and Ay 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 o =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 ¢ = 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: 8 =1, p=130, A;=1, Ay =1, g=0, h=1 and
p = 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

are those in which both removal and replenishment are performed
(Y>0 and X > 0); states represented with a triangle are those in
which only removal takes place (Y> 0 and X = 0). The filling color
of each symbol shows whether the probability of reaching that
state under the optimal policy is larger than zero (in black) or zero
(in grey). Note that this probability only considers the likeliness of
reaching a state at the end of a period; hence, post-action states
are not considered in this probability. Furthermore, we truncated
both the quality and the inventory axes, at levels 20 and 35 respec-
tively, because the states on those truncated areas are unreachable
under the optimal policy of each of the examples.

We observe that the policy for both examples has a tendency to
have two threshold values that trigger actions in the system; one
quantity-based and one quality-based, which we define as I and
W, respectively. Both these thresholds are depicted in Figs. 1 and
2. When either the quality is lower than W or the on-hand inven-
tory level is lower than or equal to I, the policy tends to take a
replenishment and/or removal action. In both examples, the value
of the quality threshold W is equal to 8, while the quantity thresh-
old T is equal to 6 in the first example and 5 on the second exam-
ple. A reasonable interpretation of these thresholds is that I helps
to prevent the system from losing demand due to lack of inven-
tory, while threshold W helps to prevent low-quality inventories.
In fact, we observe that W = W_, which implies that an optimal
policy responds immediately after the quality falls below the min-
imum quality requirement. Hence, we observe that under an op-
timal policy, W is never below W_ — b due to the immediate re-
sponse of the policy to quality issues.

We can also see that the states represented with a triangle in
both examples are not driven by the aforementioned threshold lev-
els. We interpret the removal action in these states as a means
to reduce unnecessary holding costs for LNG that most likely will
have to be removed once the threshold level W is exceeded. Ac-
cordingly, this type of states is more likely to appear in numerical
instances where the removal of LNG generates a revenue, which
explains why Example 2 has more of this type of states than Ex-
ample 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

generates a cost, the presence of this type of states in the optimal
policy is less common.

Analysis of the removal action. Removal of LNG mostly takes
place in some of the states where the quality of the LNG has fallen
below threshold W. We observe that for the majority of these
states, the removal action generally reduces the volume of LNG to
a fixed inventory level that seems to depend on the current quality
level of the LNG. We interpret this behavior as a “remove down to
level”. Tables 2 and 3 present the removal decision for a number
of states in Examples 1 and 2.

In Table 2 we see that, for a given LNG quality level of W =4
in Example 1, removal mostly takes place if the inventory level
is 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,
where W = 0; however, the removal down to level is 12 in that
case. Further analysis of the other states in the illustrative exam-
ples suggests that the removal down to level is dependent on the
quality. It seems that the lower the quality, the lower the value
of the removal down to level. Accordingly, lower quality tends to
result in greater removal of LNG from the system.

It is important to remark that not all removal decisions that oc-
cur when threshold W is exceeded are driven by the remove down
to level. In both examples, the optimal policy dictates that all the
LNG is removed from the system and that a replenishment order
must be placed when the inventory level is low (i.e., 1 unit for Ex-
ample 1 and 3 or fewer units for Example 2). The removal of this
low amount of LNG is done to ensure that the quality of the LNG
upon replenishment is equal to W,. If that LNG was not removed,
the quality after replenishment would be strictly lower than W,..

The analysis of both illustrative examples suggests three poten-
tial reasons why removal is part of an optimal policy. The first rea-
son is that the removal of LNG reduces the amount of low-quality
LNG that will be mixed with the LNG that comes from the replen-
ishment order. This enhances the quality of the resulting LNG mix-
ture. The second reason is that the removal of LNG could prevent
a temporal dead-lock situation in which the facility will neither
be able to serve demand (due to the low quality of the LNG in-
ventories) nor upgrade the quality of the LNG to meet the min-
imum quality requirement (due to a storage tank that is already
filled close to maximum capacity). Note that this temporal dead-



6 JA. Lopez Alvarez, P. Buijs and O.A. Kilic et al./Omega 90 (2020) 101985

Table 4
States, actions and post-action states of Example 1.

State Z = (I, W) Removal Replenishment  Post-action state Z' = (I', W’)
rw Y X roow
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')
1 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

lock may resolve itself eventually due to the quantity decay (un-
less the quantity decay 6 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 [ = 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

5. Special cases

Throughout our analysis, we identified a few special cases in
which the optimal policy for our problem can be obtained using
solution 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) - Efmax(X — D — 6, 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].

6. Definition of an inventory policy

In this section, we introduce the (S, s, v, k) policy, which is an
inventory policy inspired by the insights obtained from analyzing
an optimal policy. The (S, s) policy is used as a starting point to de-
velop our policy. The reason is that the (S, s) policy is (1) a policy
that is easily implementable in practice, (2) optimal in certain spe-
cial cases of the LNG inventory problem as shown in Section 5 and
(3) captures the quantity threshold of the optimal policy with pa-
rameter s.

We extend the (S, s) policy by introducing parameter v. This pa-
rameter represents a quality threshold level, which serves as a trig-
ger to respond to situations in which the LNG cannot be sold be-
cause its quality is below the minimum requirement. We learned
in the illustrative example of Section 4 that the response driven
by the quality threshold v is to place a replenishment order and,
sometimes, remove some LNG. The removal decision in the (S, s,
v, k) policy is determined by parameter k. This parameter serves
as a removal down to level, which is a control rule used in other
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inventory problems that incorporate removal decisions (e.g., [14]).
Specifically, when the quality level W is below v and the inventory
level I is higher than k, then I — k units of LNG need to be removed
from the system. Regardless if removal is needed or not, a replen-
ishment order needs to be placed when threshold v is exceeded,
such that the post-action inventory level is equal to S.

We analyzed various numerical instances in order to identify
any properties that can be used to obtain the optimal parameters
of the (S, s, v, k) policy. First of all, in all numerical examples con-
sidered we observed that the value of parameter v is always equal
to the minimum quality requirement under an optimal policy. This,
however, is not necessarily the case when the other parameters
(S, s and k) are not optimal. For example, when the value of s is
forced to be zero, then the parameter k can take a value higher
than the minimum requirement to compensate for the lack of a
quantity threshold trigger. Furthermore, we studied the behavior
of the profit function of our problem with respect to the parame-
ter k. We noticed that the profit function can have several critical
points when fixing the values of the S, s and v. Therefore, in order
to compute optimal parameters of the (S, s, v, k) policy throughout
our numerical experiments, we make a full enumeration of all four
parameters.

7. Numerical study

The purpose of the numerical study is twofold: (1) to evaluate
and analyze the performance of the (S, s, v, k) policy and (2) to test
the sensitivity of the optimal expected profit of the system with
respect to the input parameters of the problem.

For our numerical analysis, we introduce parameter ¢, which
is an indicator of quality criticality. Specifically, ¢ represents the
number of periods it takes for a volume unit of LNG with quality
W, to fall below the minimum quality requirement W_, i.e., the
lower the value of ¢, the more critical LNG quality is in our prob-

lem:
W, -WwW_
¢=+T+1. (11)

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

In this section, we test the performance of the (S, s, v, k) pol-
icy and two other simple policies against the optimal policy. The
policies to be considered are the following:

1. An optimal policy obtained from the MDP.
2. An (S, s, v, k) policy

3. An (§,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
in which the removal decision is simplified. In policy 3 we force
parameter k to be equal to the storage tank size M, which means
that in this policy no removal of LNG takes place. This policy might
be useful in practice for LNG facilities in which removal of LNG is
not possible or economically intractable. Furthermore, by studying
the performance of an inventory policy that does not incorporate
removal decisions, we can gain insights into the relevance of the
removal of LNG for an inventory policy for the problem at hand. In
policy 4, we enforce that all inventories are removed when quality
falls below the threshold v (hence, k = 0). In this policy, the LNG is
thus treated as a regular perishable commodity in the sense that it
is automatically removed from the inventory system as soon as its
quality falls below the minimum quality requirement.

Experimental design. The performance of the policies is tested
in various experiments considering a range of values for the input
parameters of our problem as shown in Table 7. The complete set

Table 6
Numerical design.

Parameter  Base value  Min value  Max value  Step increment
¢ - 1 5 0.5
b 4 4 16 4
M 30 15 45 5
[4 0.5 0.5 1 0.5
" 8 8 14 2
o 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

of experiments was created by changing the values of one parame-
ter at a time, whilst the other parameters were kept on their base
value. The only exception is ¢; we tested all the values of this pa-
rameter for all the instances considered. We opted to make ¢ a
pivotal parameter in this experimental design because a prelimi-
nary analysis showed that this parameter has a strong effect on
the performance of the policies. Throughout the experiments we
fixed the value of p = 0.1, A; =0.25, Ay, = 0.25. Furthermore, in
all experiments the value of W, is equal to W_+b.(¢ —1) and
the value of W_ is equal to b. Finally, we model demand using a
negative binomial distribution with mean p and standard devia-
tion o.

For each instance, we compute the optimal parameters of all
the three types of (S, s, v, k) policies by fully enumerating the so-
lution space. Furthermore, we measure the relative gap of each of
the three types of (S, s, v, k) policies with respect to the optimal as
follows:

opt heu
Relative gap = ﬂ% -100, (12)
where 7! is the expected profit of the optimal policy and mhev
is the profit of the heuristic policy.

Results. Fig. 3 shows the average expected discounted profit of
the system (henceforth referred as to profit) of the four policies for
different levels of ¢. These results show that the profit of all poli-
cies increases with ¢, up to the point where it becomes insensitive
to further increments of ¢. This can be explained by the fact that
the policies are less affected by quality considerations as the qual-
ity criticality decreases, up to the point where the inventory policy
is purely driven by inventory levels.

It is noteworthy that two of the special cases presented in
Section 5 are represented in Fig. 3. Firstly, when the quality crit-
icality is low (i.e.the value of ¢ is high), the optimal policy is
purely driven by inventory levels, which resembles the special
case, where b= 0. As shown in Section 5, an optimal policy for
this special case is an (S, s) policy, which explains why the profit
of all four policies tends to converge when ¢ is large. Secondly,
when ¢ = 1, our problem is equivalent to the special case where
W, = W_. In fact, when ¢ = 1, the profit of the system for both (S,
s, v, k) and (S, s, v, k = 0) is optimal. This is intuitive given the op-
timal policy for this special case entails removing all LNG from the
system (k = 0) and placing a fixed replenishment order of size S -
as in the news vendor problem. The (S, s, v, k = M) policy performs
poorly in this special case because it requires selecting a conserva-
tive order up to level to prevent a temporal dead-lock situation.

Table 7 shows the average gap between the profit of each of
the three types of (S, s, v, k) policies and the profit of the optimal
policy, for different values of ¢. The table also shows the standard
deviation of the gap and the maximum gap. The average gap of
the (S, s, v, k) policy is 1.65%, while the gap of the (S,s, v,k =0)
is 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)
) Mean %  StdDev®% Max% Mean% StdDev?% Max% Mean% StdDev?% 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 0.88 417 4.74 1.23 7.68 6.59 3.32 17.54
35 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 - -

(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 ¢ 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 ¢ =2 and ¢ =5 respectively. The exception to this
pattern is the special case where ¢ = 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 ¢ <2 due to the lack of removal. In fact, in
many of the instances where ¢ <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 ¢ <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 ¢ for all poli-
cies.

Fig. 4a 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-

ity to remove LNG from the system forces the policy to purchase
small quantities of LNG in order to increase the probability that
all the inventories are sold before the LNG quality falls below the
minimum requirement and (2) when ¢ < 2, there are instances in
which the amount of LNG purchased is zero.

When comparing the (S, s, v,k =0), the (S, s, v, k) and the op-
timal policies, we see that there are no major differences in the
inventory levels as shown in Fig. 4c. All these policies sustain their
inventory level with a similar amount of LNG purchased and also
a similar replenishment frequency as shown in Figs. 4a and 4d
respectively. The major difference among these policies relates to
the amount of LNG removed as the (S,s,v,k=0) and (S, s, v, k)
policies induce more removal than an optimal policy as shown in
Fig. 4b. The reasoning behind the relatively low removal of LNG
in an optimal policy is that this policy can tackle quality issues
more effectively than the other policies due to its flexibility to
select the amount of LNG to replenish and remove in different
states.

To further analyze the difference in the amount of LNG that
is removed among the policies, Fig. 5 presents the percentage of
times in which a replenishment order was placed because the LNG
fell below the minimum quality requirement W_. In this figure, we
observe that in the optimal policy quality falls below the mini-
mum requirement more times as compared to the other policies.
This 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.

more penalized than the optimal policy when quality falls below
W_. Specifically, in the case of the (S, s,v,k= M), if the quality
falls below W_, it might induce an excess of low-quality inven-
tory since this policy does not incorporate any removal of LNG. In
the case of the other two policies, when quality falls below W_, an
excess of removal of inventory occurs (as shown in Fig. 4b), which
is economically penalized by the removal cost (if any) and by the
loss of the capital invested in those removed inventories. Interest-
ingly, an optimal policy induces less removal than those policies,
even though the quality of the on-hand LNG falls below the min-
imum quality requirement more times than in the other policies;
this shows the ability of an optimal policy to cope with quality is-
sues.

Finally, we observe that the behavior of the performance mea-
sures in Figs. 4 and 5 is not monotonic across different values of
¢. This non-monotonic behavior is mostly explained by the period-
icity of the problem. Since we consider a periodic inventory man-
agement problem, LNG quality basically becomes a shelf life, i.e.,
a number of periods the LNG remains above the minimum quality
requirement. If that shelf life is, for example 1.8 periods, the LNG
would effectively remain above the minimum quality requirement
for one period. It is important to note that at integer values of ¢,

any on-hand inventory would immediately reduce the shelf life of
the LNG mixture to a value strictly lower than ¢. Therefore, the
policies tend to avoid mixing LNG when ¢ has an integer value,
especially for lower values of ¢. At higher values of ¢ quality is-
sues are less urgent, which may make it economically attractive to
control quality by upgrading the quality of LNG by means of mix-
ture, even at integer values of ¢.

Analysis of the cost/revenue components. In Tables 8-10 we show
the cost/revenue components for all policies for all values of ¢.
Since g can be revenue or a cost, we opted to present one ta-
ble for each value of g considered our experimental design (i.e.,
g=-20,0,20). The numbers presented in each table represent an
average over the numerical instances. In all tables, H represents the
total inventory costs, P represents the purchasing costs, O repre-
sents the ordering costs, E represents the removal costs/revenue
and R represents the revenue obtained from selling LNG. In gen-
eral, we observe that the major cost component of all policies is
the purchasing cost, while the holding cost is the smallest portion
of the overall costs. On average, the holding costs represent 1.75%
of the total cost of the policies, while the ordering costs represent
23.8% and the purchasing cost 74.4%. These proportions change to
some extent along different values of ¢. For instance, as the value



10 J.A. Lopez Alvarez, P. Buijs and O.A. Kilic et al./Omega 90 (2020) 101985

100
Policies
-l Optimal
-G (Ssvk)
5 -4\ (S,5,v,k=0)
-\ 4. ¥ (S.s,vk=M)
) RN A
g Sy mm
S -
o 50 N
o
o
25
A
1 2 4 5
Fig. 5. Percentage of times in which replenishment orders are triggered by low-quality LNG.
Table 8
Cost and revenue components (in units of 1000 euros) for all policies when g = 0.
Optimal (S, s v k) (S, s,v,k=0) S, s,v,k=M)
¢ H (o] P E R H (0] P E R H (o] P E R H o] P E R
1.0 0.03 2.04 390 000 896 0.03 2.04 390 0.00 896 0.03 204 390 0.00 8.96 0.00 054 036 0.00 1.17
1.5 0.05 2.04 382 000 973 0.05 2.04 391 0.00 9.68 0.03 2.04 390 0.00 8.96 001 1.68 157 0.00 4.55
20 008 140 3.79 0.00 9.78 0.07 115 3.92 0.00 945 0.08 1.11 393 0.00 9.43 003 156 273 0.00 7.62
25 009 127 386 0.00 1002 009 118 3.94 0.00 9.92 0.07 126 393 0.00 9.73 0.05 146 330 0.00 9.00
30 012 104 392 0.0 1008 0.10 1.09 3.87 0.00 997 010 095 397 0.00 9.80 0.08 121 358 0.00 9.56
35 013 094 398 0.0 1014 011 1.00 390 0.00 1005 0.11 095 395 000 992 0.10 1.03 3.78 0.00 9.87
40 015 0.86 4.04 000 10.18 0.14 089 401 000 1014 012 090 400 0.00 1006 013 093 393 0.00 10.08
45 015 0.82 406 000 1019 0.15 084 403 000 1017 013 086 399 0.00 1007 014 085 4.00 0.00 10.14
50 016 080 4.08 0.00 1020 0.15 0.80 4.07 0.00 1020 0.14 083 4.05 0.00 1016 0.15 0.80 4.06 0.00 10.19
Table 9
Cost and revenue components (in units of 1000 euros) for all policies when g = —20.
Optimal S s, v, k) S, s,v,k=0) S, s,v,k=M)
) H 0] P E R H 0] P E R H 6] P E R H 0 P E R
1.0 003 2.00 420 052 870 003 200 420 052 870 0.03 200 420 052 870 0.00 000 0.00 000 0.00
1.5 004 200 375 019 9.10 0.04 200 381 023 9.05 003 200 420 052 870 0.01 200 165 000 4.63
20 006 122 380 018 9.03 0.07 109 402 029 89 0.07 109 402 029 896 0.02 157 251 0.00 6.98
25 008 113 375 010 921 0.08 114 378 012 920 0.06 118 391 022 909 0.04 144 3.06 000 830
30 010 094 372 004 924 007 109 358 003 915 009 086 390 016 912 006 118 331 0.00 8.75
35 010 087 372 001 930 010 083 380 006 925 0.09 08 382 010 919 0.08 097 348 000 9.01
40 012 079 377 000 933 0.11 080 379 002 933 010 081 380 006 925 010 088 3.65 000 924
45 012 074 379 000 934 012 076 377 000 933 0.11 077 378 004 926 0.11 078 373 000 9.29
50 013 072 382 000 935 013 072 3.81 000 935 012 074 380 002 932 013 073 381 000 935
Table 10
Cost and revenue components (in units of 1000 euros) for all policies when g = 20.
Optimal (S, s v k) S, s,v,k=0) S, s,v,k=M)
¢ H (o] P E R H o] P E R H (0] P E R H 0 P E R
1.0 001 200 330 026 785 0.01 200 330 026 7.85 0.01 200 330 026 785 0.00 000 0.00 000 0.00
1.5 003 200 337 010 873 003 200 347 015 870 0.01 200 330 026 785 0.01 200 1.65 000 4.63
20 005 142 341 004 888 005 109 342 014 837 005 1.09 342 014 837 002 157 251 000 6.98
25 0.07 127 351 001 914 006 119 350 006 894 005 128 350 011 880 004 144 3.06 0.00 830
30 0.09 102 361 000 922 007 106 355 003 910 007 092 356 009 882 006 118 3.31 0.00 875
35 010 090 368 000 928 0.08 097 358 001 918 008 092 357 005 9.00 008 097 348 0.00 9.01
40 012 080 376 0.00 933 011 085 3.71 000 930 009 089 365 004 916 010 0.88 3.65 000 924
45 012 075 379 000 934 012 077 377 000 933 010 082 3.68 002 920 0.11 078 373 000 9.29
50 013 072 3.81 000 935 013 073 3.81 0.00 935 0.11 078 375 001 929 013 073 3.81 000 935
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of ¢ increases, the total ordering costs tend to be lower while the
holding costs tend to increase.

Regarding the purchasing cost, we observe in Table 8 that the
optimal policy tends to have a lower purchasing cost than the (S, s,
v, k) and the (S, s, v, k = 0) policies. Yet, the optimal policy gener-
ates more revenue because it can make a more effective use of the
inventories as this policy induces less removal than the other two
policies; the optimal policy can avoid excessive removal because
it can better deal with quality issues (i.e., due to its flexibility to
choose the amount of LNG to remove and purchase). When com-
paring the cases where the removal of LNG generates a revenue
or a cost in Tables 9 and 10, we observe that the purchasing costs
of all policies, excepting the (S, s, v, k = M) policy, are much lower
when the removal induces a cost. This occurs because the policies
tend to choose a conservative order up to level S in order to avoid
quality 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-
enue. This is caused by the difference in safety stock between poli-
cies; in the (S, s, v, k = 0) quality issues are prevented by consider-
ing less safety stock than in the (S, s, v, k), since quality issues en-
tail the removal of all the on-hand LNG. In regard to the revenue
of the (§,s, v, k = M) policy, we see that the revenue is much lower
than that of all other three policies, which is a consequence of the
conservative approach of this policy to tackle quality issues and, in
extreme cases, not sell any LNG.

7.2. Sensitivity analysis of the optimal expected profit

In this section, we aim to gain insights on how the input pa-
rameters of the problem affect the optimal profit of the system.
Experimental design. We created a new set of experiments, using
a 2K factorial design to identify cross-parameter relations. Specifi-
cally, we considered two levels per parameter, which are the max-
imum and the minimum values presented in Table 6. An excep-
tion is made for parameter ¢, for which we tested all values for
all instances. Furthermore, we fixed the value of p = 0.1, A;=0.5
and Ay, = 0.5. The results obtained were analyzed graphically. Ad-
ditional experiments were performed for the cases in which we
encountered interesting relations among the input parameters.

Results. The overall effect of each of the input parameters on
the profit is intuitive. The profit increases with larger values of u,
¢ and p, while it decreases with larger values of K, ¢, h, g and o.
In instances where g is negative (where removed LNG has some
value), we observe an increase in profit, especially when the qual-
ity criticality is high. This increase is not only driven by the extra
revenue obtained when removing LNG, but also because the op-
timal policy tends to place larger replenishment orders, which in
turn decrease the replenishment frequency. The increase in the re-
plenishment order size is a natural consequence of setting g as a
revenue because it reduces the penalty of the excess of inventory
caused by large order sizes.

Throughout the experiments, we observed an interaction among
quality criticality, tank size and the mean of the demand. In in-
stances where the mean of the demand is relatively large with re-
spect to the tank size, the system is less vulnerable to quality crit-
icality (i.e., the profit is relatively stable across different levels of
¢). This is due to the fact that a relatively small tank size induces
frequent replenishment, which means that the quality of the LNG
in stock is often upgraded based on an inventory level threshold
as opposed to a quality threshold. As a result, the profit is less
sensitive to changes in quality criticality. To better illustrate this,
Fig. 6a shows the profit of the system across all values of ¢ for
three different levels of &, which we define as the percentage ratio
between the mean of the demand and the tank size. In the cases
in which ¢ =1 and ¢ = 1.5, the value of & does not make a dif-

ference in the performance because in these cases a replenishment
order is needed in every period. However, for the other values of
¢, a clearly influences the extent to which the profit is affected by
quality criticality.

Another relevant interaction between input parameters occurs
between quality criticality and the standard deviation of the de-
mand. Fig. 6b shows the profit across different values of ¢ for three
different levels of the standard deviation of the demand o. The fig-
ure indicates that a large standard deviation is more detrimental
for the profit when the quality criticality is high. This pattern is
caused by the increased amount of LNG that needs to be removed
from the system when an inventory control policy increases its
safety stock, which is a natural response to a large standard devia-
tion of the demand. Accordingly, as the quality criticality decreases,
the amount of LNG that is expected to be removed from the sys-
tem tends to be lower, which mitigates the effect of a high stan-
dard deviation of the demand. Note that there are other parame-
ters that affect the relation between ¢ and o such as the removal
cost g and the unit cost c. Specifically, when the sum of g+ c is a
small value, the economic loss of removing a unit of LNG is low,
which mitigates the effect of o in the profit when the criticality is
high.

8. Conclusions and future research

In this paper, we studied the LNG inventory control problem
that arises in LNG storage and refueling facilities. The challenge of
managing LNG inventories is that they are subject to continuous
boil-off, which results in quantity decay and quality deterioration
of the LNG in stock. Since LNG end-users enforce a minimum qual-
ity requirement, quality is an essential element of the problem. A
unique aspect of the problem is that LNG is a mixable liquid. As a
result, the quality of the LNG in stock can be upgraded by means
of replenishment with “fresh” LNG. The removal of off-spec LNG
from the system is no longer a necessity, which entails that it is a
decision variable of an inventory policy for this problem.

We used a Markov decision process model to obtain optimal
policies for different scenarios. By means of illustrative examples,
we gained insights into the behavior of optimal policies. These in-
sights were later used to design the (S, s, v, k) policy. In a numeri-
cal study, we showed that the difference in performance of the (S,
s, v, k) policy with respect to the optimal was 1.65% on average.
However, in instances where quality criticality is low, the (S, s, v,
k) performed close to optimality, since in those cases the optimal
policy is purely driven by inventory levels where an (S, s) policy is
optimal.

The main conclusions of this study are threefold. Firstly, our
study shows that it is important to take quality considerations into
account when designing inventory policies for LNG. When inven-
tory management responses are purely driven by quantity triggers,
such as in (S, s) policies, the inventory system might fall into a
temporal deadlock situation, i.e., where the on-hand LNG can nei-
ther be used to serve demand (due to the low quality of the LNG)
nor upgraded to meet the minimum quality requirement (due to
the lack of response of the policy to the quality of the LNG).

Secondly, we showed that inventory policies that use both re-
moval and mixing of LNG as mechanisms to cope with quality is-
sues, perform better than those policies that exclusively use re-
moval or mixing. However, when only one of the mechanisms is
considered, a policy that does not allow removal on average per-
forms worse than a policy where all LNG is removed when quality
falls below a given threshold. It appears that the ability to remove
on-hand LNG is important for the inventory policy because (1) it
prevents the system from falling into a temporal dead-lock situa-
tion and (2) it can reduce the number of replenishment orders that
need to be performed as result of low-quality LNG. An important
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Fig. 6. Sensitivity of the profit with respect to ¢ and « for various levels of ¢.

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

choices we made in that regard. Throughout a small-scale LNG
supply chain, the fuel is transported and stored in well-insulated
storage tanks that minimize the exposure of the LNG to heat leak-
ages. Since there is no perfect insulation, however, the ingress of
heat to the storage tank causes continuous vaporization of the
fuel [8]. This vaporization not only decreases the quantity of LNG
in stock but also changes its quality. Specifically, the composition
of the fuel changes (this process is also known as weathering in
the LNG industry). Accurately estimating changes in quantity and
quality of LNG over time involves complex calculations; hence,
we make assumptions in our study regarding the physio-chemical
properties of LNG. These assumptions are: (1) the quality deterio-
ration b is constant per unit of time; (2) the quantity decay 9 is
a constant volume per unit of time; and (3) the quality of a mix-
ture of LNG is the weighted average of the loads involved in the
mixture. Below, we elaborate on each of these assumptions.

Al. Quality deterioration

The methane number is a well-established quality measure for
LNG as a fuel and is determined by the chemical composition. It
serves as an indicator of the fuel’s knock resistance. If an engine
runs on LNG with a lower knock resistance than given in the en-
gine specification, there is a risk of engine knock (i.e., spontaneous
ignition). This not only reduces fuel efficiency but could also dam-
age the engine in extreme cases. As a consequence, manufacturers
of LNG engines strongly recommend end-users to ensure that their
trucks or ships are fueled with LNG that meets the quality specifi-
cation of the engine.

Theoretically, the methane number of LNG can range from 0 to
100, where 0 is pure hydrogen and 100 is pure methane. LNG with
a methane number of 80, for example, is equivalent to a fuel with
a mixture of 80% methane and 20% hydrogen. The methane num-
ber thus increases when the concentration of light components of
the fuel (e.g., methane and nitrogen) increases with respect to that
of heavy hydrocarbons (e.g., ethane and propane). Depending on
the region in which the LNG is produced, the composition (and
thus the quality) of LNG varies. For example, LNG from Nigeria
has a methane number of 71 and that of Norway is 76. In addi-
tion to the regional differences, the quality of LNG changes over
time when moving through or stored in the small-scale LNG sup-
ply chain. This quality change occurs because the lighter compo-
nents 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
components, leading to a relative increase of heavy hydrocarbons Table A2

of the LNG, and hence a lower methane number.

A2. Quantity decay

The fact that LNG supply chains are confronted with decaying
quantity is acknowledged in the Operations Research literature, es-
pecially in the context of maritime shipping [13,16]. These studies
commonly assume a constant boil-off rate, measured as the rela-
tive amount of LNG that evaporates per unit of time with respect
to the initial volume. In the context of LNG road transport and in-
land storage, boil-off has been modeled as a fraction of the on-
hand inventory level [10]. In reality, the boil-off rate of LNG is a
complex process that strongly depends on the properties of the
tank [8]. The estimated amount of boil-off can differ significantly
depending on whether the boil-off rate is assumed to be constant
or dependent on the inventory level [11].

In the context of above-ground storage tanks, which is the set-
ting of our problem, a model was developed in which the long-
term sensitivity of the boil-off rate was tested in different exper-
imental conditions, such as different LNG compositions and in-
ventory levels [17]. The results show that the amount of boil-off
generated is constant and independent of the inventory levels at
higher LNG quality levels. Only when the LNG composition consid-
erably changes (e.g., due to long-term deterioration), the amount
of boil-off generated starts to decrease. Indeed, the LNG composi-
tions common in the small-scale LNG supply chain are well within
the constant range of boil-off, i.e., where a constant amount of LNG
boils off per unit of time. We thus modeled boil-off accordingly.

A3. LNG mixture

Determining the methane number when mixing two loads of
LNG involves solving various complex chemical equations that are
dependent on the specific composition and the quantity of the
LNG loads involved. Since the scope of our paper is on the in-
ventory control implications of the physio-chemical properties of
LNG - and not on those properties themselves - we have made
the simplifying assumption that the quality of a mixture of LNG is
the weighted average of both loads involved in the mixture. Albeit
simplifying, this assumption proved to be reasonably accurate after
testing some practical examples using Wartsild software [1] to es-
timate the actual methane number when mixing different loads of
LNG as shown below. Table A1 presents the different LNG composi-
tions considered in our example. LNG of Type A closely resembles
the composition of LNG produced in Nigeria, which has a qual-
ity that is common for the LNG imported to the European market.
All the other compositions in Table A1 are deteriorated versions of
Type A LNG; that is, with relatively less light components with re-
spect to heavy components. In our examples, the different types of
deteriorated LNG are upgraded using the Type A LNG.

Table A2 shows the comparison between the actual methane
number (i.e., using Wartsild software) and the methane number
based on the weighted average (i.e., the assumption made in our
paper) when mixing loads of LNG of different compositions and
quantities. The results indicate that the weighted average is a good

Estimated and actual methane number for different mixtures.

Types of LNG mixed  Volume Methane Number
Type 1  Type 2 Type1 Type2  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

approximation of the actual methane number for loads of LNG con-
sidered in this study. Indeed, it is fully accurate for five of the mix-
tures considered in this study. In the other four mixtures, the error
between the actual and the estimated methane number is reason-
ably small.

References

[1] Wartsilda Wartsild Methane Number Calculator. https://www.wartsila.com/
products/marine-oil-gas/gas-solutions/methane-number-calculator. Accessed:
2018-05-30.

[2] Andersson H, Christiansen M, Desaulniers G. A new decomposition algo-
rithm for a liquefied natural gas inventory routing problem. Int ] Prod Res
2016;54(2):564-78.

[3] Axsdter S. Inventory control, 225. Springer; 2015.

[4] Bakker M, Riezebos ], Teunter RH. Review of inventory systems with deterio-
ration since 2001. Eur ] Oper Res 2012;221(2):275-84.

[5] Cai X, Chen J, Xiao Y, Xu X. Optimization and coordination of fresh
product supply chains with freshness-keeping effort. Prod Operat Manag
2010;19(3):261-78.

[6] Cai X, Chen ], Xiao Y, Xu X, Yu G. Fresh-product supply chain management
with logistics outsourcing. Omega (Westport) 2013;41(4):752-65.

[7] Chen ], Dong M, Rong Y, Yang L. Dynamic pricing for deteriorating products
with menu cost. Omega (Westport) 2018;75:13-26.

[8] Dobrota b, Lali¢ B, Komar 1. Problem of boil-off in LNG supply chain. Trans
Marit Sci 2013;2(02):91-100.

[9] Fokkema JE, Buijs P, Vis IF. An investment appraisal method to com-
pare LNG-fueled and conventional vessels. Trans Res Part D Trans Environ
2017;56:229-40.

[10] Ghiami Y, Van Woensel T, Christiansen M, Laporte G. A combined liquefied
natural gas routing and deteriorating inventory management problem. In: Pro-
ceedings of the international conference on computational logistics. Springer;
2015. p. 91-104.

[11] Glomski P, Michalski R. Problems with determination of evaporation rate and
properties of boil-off gas on board LNG carriers. ] Pol CIMAC 2011;6(1):133-40.

[12] Goyal S, Giri BC. Recent trends in modeling of deteriorating inventory. Eur ]
Oper Res 2001;134(1):1-16.

[13] Grenhaug R, Christiansen M, Desaulniers G, Desrosiers J. A branch-and-price
method for a liquefied natural gas inventory routing problem. Transp Sci
2010;44(3):400-15.

[14] Inderfurth K. Simple optimal replenishment and disposal policies for a product
recovery system with leadtimes. Operat Res Spektrum 1997;19(2):111-22.

[15] Janssen L, Claus T, Sauer ]. Literature review of deteriorating inventory models
by key topics from 2012 to 2015. Int ] Prod Econ 2016;182:86-112.

[16] Jokinen R, Pettersson F, Saxén H. An MILP model for optimization of a small-
-scale LNG supply chain along a coastline. Appl Energy 2015;138:423-31.

[17] Migliore C, Tubilleja C, Vesovic V. Weathering prediction model for stored lig-
uefied natural gas (LNG). ] Nat Gas Sci Eng 2015;26:570-80.

[18] Molana S, Davoudpour H, Minner S. An (R, NQ) inventory model for pack-
aged deteriorating products with compound poisson demand. ] Operat Res Soc
2012;63(11):1499-507.

[19] Nahmias S. Perishable inventory systems, 160. Springer Science & Business Me-
dia; 2011.


https://www.wartsila.com/products/marine-oil-gas/gas-solutions/methane-number-calculator
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0001
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0001
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0001
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0001
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0002
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0002
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0003
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0003
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0003
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0003
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0004
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0004
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0004
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0004
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0004
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0005
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0005
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0005
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0005
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0005
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0005
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0006
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0006
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0006
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0006
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0006
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0007
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0007
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0007
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0007
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0008
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0008
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0008
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0008
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0009
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0009
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0009
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0009
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0009
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0010
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0010
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0010
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0011
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0011
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0011
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0012
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0012
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0012
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0012
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0012
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0013
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0013
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0014
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0014
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0014
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0014
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0015
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0015
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0015
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0015
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0016
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0016
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0016
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0016
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0017
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0017
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0017
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0017
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0018
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0018

14 J.A. Lopez Alvarez, P. Buijs and O.A. Kilic et al./Omega 90 (2020) 101985

[20] Post RM, Buijs P, uit het Broek MA, Lopez Alvarez JA, Szirbik NB, Vis IF. A solu-
tion approach for deriving alternative fuel station infrastructure requirements.
Flex Serv Manuf ] 2018;30(3):592-607.

[21] Puterman ML. Markov decision processes: discrete stochastic dynamic pro-
gramming. John Wiley & Sons; 2014.

[22] Rajan A, Rakesh, Steinberg R. Dynamic pricing and ordering decisions by a mo-
nopolist. Manage Sci 1992;38(2):240-62.

[23] Rakke ]G, Stilhane M, Moe CR, Christiansen M, Andersson H, Fagerholt K,
et al. A rolling horizon heuristic for creating a liquefied natural gas annual
delivery program. Transp Res Part C Emerg Technol 2011;19(5):896-911.

[24] Sarkar B, Saren S, Cardenas-Barrén LE. An inventory model with trade-credit
policy and variable deterioration for fixed lifetime products. Ann Oper Res
2015;229(1):677-702.

[25] Thunnissen SK, van de Bunt LG, Vis IF. Sustainable fuels for the transport and
maritime sector: a blueprint of the LNG distribution network. In: Logistics and
Supply Chain Innovation. Springer; 2016. p. 85-103.

[26] Veinott AF Jr. On the optimality of (s,s) inventory policies: new conditions and
a new proof. SIAM ] Appl Math 1966;14(5):1067-83.

[27] Wang WC, Teng JT, Lou KR. Seller’S optimal credit period and cycle time in a
supply chain for deteriorating items with maximum lifetime. Eur ] Oper Res
2014;232(2):315-21.

[28] Wu ], Chang CT, Teng JT, Lai KK. Optimal order quantity and selling price over
a product life cycle with deterioration rate linked to expiration date. Int ] Prod
Econ 2017;193:343-51.


http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0019
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0019
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0019
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0019
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0019
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0019
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0019
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0020
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0020
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0021
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0021
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0021
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0021
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0022
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0023
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0023
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0023
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0023
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0024
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0024
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0024
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0024
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0025
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0025
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0026
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0026
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0026
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0026
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0027
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0027
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0027
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0027
http://refhub.elsevier.com/S0305-0483(18)30177-4/sbref0027

	An inventory control policy for liquefied natural gas as a transportation fuel
	1 Introduction
	2 Problem description
	3 Model formulation
	3.1 MDP implementation

	4 Illustrative example of an optimal policy
	5 Special cases
	6 Definition of an inventory policy
	7 Numerical study
	7.1 Performance of the (S, s, v, k) policy
	7.2 Sensitivity analysis of the optimal expected profit

	8 Conclusions and future research
	Acknowledgments
	Appendix A Discussion of the LNG properties considered in this study
	A1 Quality deterioration
	A2 Quantity decay
	A3 LNG mixture

	References


