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Abstract: The leasing activities of enterprises are of positive significance for promoting a green and
low-carbon economy. For scarce resources that can easily go into tight supply states due to changes
in the external market environment, the sudden change of their price is a common phenomenon
in the leasing market. This paper provides an online leasing model based on the characteristics of
scarce resources in which the resource might have a sudden price surge, and the length of its usage
time cannot be known in advance. An online leasing strategy ON was then developed to achieve
the minimum possible acquisition cost for the scarce resource. This strategy was proven to be the
optimal online strategy through competitive analysis. Computational experiments were conducted
to evaluate the performance of the proposed online strategy. Furthermore, sensitivity analysis of
the problem parameters shows that increasing resource reserves and reducing the price-to-rent ratio
are effective ways to improve the performance of enterprise leasing operation management for
scarce resources.
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1. Introduction

As a part of sharing economy, the leasing industry can both revitalize the stock assets for
enterprises and reduce resource consumption to promote low-carbon transformation [1–3]. If
an enterprise needs a specific resource for daily operation, instead of paying a large amount
of cost to buy the resource directly, it can obtain the usage right of the resource from a
leasing company by paying a small amount of periodic rental fee. In this way, the leasing
industry can help an enterprise assure steady cash flow, spread risk, and reduce the cost of
capital [4,5]. In addition, compared with purchasing behavior, leasing can effectively avoid
wasting phenomena with a lot of resources left unused [6].

In recent years, drastic changes, such as trade frictions, military conflict between
countries, or stringent environmental and resource protection policies, have significantly
impacted the supply of some specific resources, especially scarce ones [7–10]. For example,
the military conflict between Russia and Ukraine in 2022 led to a serious shortage of natural
gas resources, and the outbreak of COVID-19 led to a shortage of medical resources, such
as masks and ventilators, in the first half of 2020. Therefore, the supply of scarce resources
can be easily threatened due to some accidental incidents even under normal circumstances
and thus might lead to a soaring price due to a tight supply. The price surge of scarce
resources also brings challenges to the leasing industry [11]. Against this background, how
to make decisions on acquiring scarce resources with the minimum cost through the leasing
industry has become one of the critical problems for enterprises with urgent needs to ease
cash flow pressures or achieve low carbon transformations.

Generally speaking, to decide if leasing is a profitable financing option, the decision
maker should know both the price and the usage time of the resources [12,13]. However,
in practice, the usage time is often impossible to be known in advance. In addition, the
unsteady supply of scarce resources intensifies the uncertainty of the decision-making
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environment. Hence, an online version of the leasing decision problem arises in such a
scenario, which is known as the online leasing problem (a.k.a. ski rental problem). Because
of the uncertainties, we adopt a competitive analysis method to evaluate the online leasing
decision with a competitive ratio. Such a technique compares the results obtained with an
online strategy to the result that could have been obtained if one had known the exact length
of usage time in advance, with the latter scenario represented by an optimal offline strategy.
The competitive analysis method has been widely applied in the fields of finance [14,15],
operations research [16–19], and computer science [20,21].

This paper studies an online leasing problem for scarce resources, which is a variant of
the classical online leasing problem, by considering possible soaring prices due to supply
changes. The classical online leasing problem was first studied by [22], where the decision
maker has two options to acquire the resource, i.e., to lease or purchase the resource. If
the resource is acquired by the lease option, its using cost increases with the lease period;
Once it is purchased, a one-time cost is incurred, and thereafter, usage is free of charge. An
optimal online strategy with a competitive ratio of 2 is proposed in [22], i.e., the online
strategy never pays more than twice the optimum.

After that, an abundant amount of research extends the classical online leasing prob-
lem to illustrate real situations, such as online leasing problems considering interest
rates [23–25], discounts [26–28], down payments [29], and separable properties [30]. In
addition, variants of lease options in the online leasing problem are also investigated
in [12,31,32]. Khanafer et al. [33] further factored in the availability of statistical data on the
usage time of the resource to perform smarter decision making. For other classic variations
of the online leasing problem, we refer readers to the replacement problem [34], the capital
investment problem [35], and the Bahncard problem [36].

In all of the above literature, the resource price is assumed to be unchanged. The online
leasing problem considering time-varying prices is investigated in [13,37–43]. Irani and
Ramanathan [37] considered a situation in which the resource price lies in a predetermined
interval [1, M] while the rental fee remained unchanged. Bienkowski [38] considered
another online leasing problem where the prices on two consecutive days differed by at
most 1. After that, the online leasing problem with price fluctuation bounded by CPI is
studied in [13,39,40], in which the ratio between prices on two consecutive days was strictly
less than a given upper bound. In addition, online leasing problems with depreciable
resources are investigated in [41–43].

In essence, the online leasing problem for scarce resources studied in this paper also
belongs to the online leasing problem with time-varying prices. Different from the above
literature that focuses on daily changes in resource prices, the required resources in this
paper may undergo drastic supply changes, and, therefore, be known as scarce resources,
whose characteristics are mainly reflected by a sudden change of prices.

The remainder of the paper is organized as follows: In Section 2, we define the online
leasing problem with scarce resources. In Section 3, an online leasing strategy ON and its
competitive analysis are proposed. Section 4 derives the lower bound on the competitive
ratio of the studied problem. Numerical experiments are presented in Section 5. Section 6
presents the conclusions and the direction of future work.

2. Problem Definition and Notation

In this section, we present the precise definition of the online leasing problem for
scarce resources.

Formally, for an enterprise (lessee) seeking a specific scarce resource for daily operation,
it can acquire the resource usage rights by lease or purchase option. That is to say, the
enterprise can lease the resource for a rental fee per unit of time, or it can buy the resource
by paying a one-time cost. Because of the scarcity, the resource has two supply states,
i.e., regular supply and tight supply. In the regular supply state, the lessee can lease the
resource at a unit rental fee, or it buy the resource at the price of P ≥ 1. When the resource
turns into a tight supply state, its price rises because of scarcity. By assuming that the
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price-to-rent ratio remains unchanged, the rental fee and the price are increased to be α
and αP, respectively, where α ≥ 1 the price increase range reflects the inadequacy of the
scarce resource. In addition, the following basic assumptions on the uncertainties are used
in this paper:

(1) The length of time for use of the scarce resource is unknown;
(2) The supply of the scarce resource cannot be known in advance, i.e., the price and the

rental fee of the resource at time t cannot be known until that time.

Let CON be the cost for using the resource produced by an online strategy ON. To
evaluate the online strategy ON, CON is compared with the cost obtained by a so-called
optimal offline strategy, which knows all the information on the usage time and the supply
states in advance. The corresponding cost for using the resource produced by the optimal
offline strategy is defined as Copt.

The enterprise always wants to find the best acquisition strategy for a scarce resource
with minimal cost. However, in the online version of the problem, neither the usage time
nor the supply state of the resource can be known in advance. A well-established technique,
i.e., online optimization, is explored to deal with this type of uncertainty. The performance
of an online strategy ON is generally evaluated by the competitive ratio [44]. Translated
into the terminology of our problem, the strategy ON is ρ-competitive if CON ≤ ρCopt + ε
holds for any possible scenarios, where ρ is a given constant, and ε is an arbitrary real
number. The ratio ρ is also called the competitive ratio of the online strategy ON. Thus, the
aim of this paper is to acquire the scarce resource with a minimal competitive ratio ρ for
any possible scenarios. The parameters used in this paper are summarized in Table 1.

Table 1. Parameters used in the online leasing problem for scarce resources.

Parameters Description

P price-to-rent ratio
α price increase range from the regular supply state to the tight supply state

CON costs for using the resource produced by an online strategy ON
Copt costs for using the resource produced by the optimal offline strategy

ρ competitive ratio of the online strategy ON
rt rental fee of the scarce resource at time t
Rt cumulative amount spent on rental fees before time t
L the length of the scarce resource usage time
λ a threshold parameter used in the online strategy ON

3. Online Leasing Strategy

In this section, we examine the online leasing problem with scarce resources and
propose an online strategy ON.

We use rt to denote the rental fee of the scarce resource at time t, and then the price
of the scarce resource at that time is Prt. Note that rt = 1/P if the scarce resource is in the
regular supply state at time t. Otherwise, rt = α/P if the scarce resource is in the tight supply
state. Let Rt denote the cumulative amount spent on rental fees if the purchase option does
not occur before time t, where R1 = 0. In addition, because of the possible price soaring due
to scarcity, a threshold λ < 1 is introduced in the proposed online strategy ON in this paper.
Using parameters Rt and λ, the online strategy ON is proposed as follows:

Online Strategy ON

Keep leasing the resource and switch to the purchasing option at time t, where t satisfies the
condition Rt + rt ≥ λP.

In the online strategy ON, the exact value of λ will be derived from the following
discussion in the competitive analysis.
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Now that the online leasing strategy ON has been proposed, we need to derive its
competitive ratio through a competitive analysis. The competitive analysis is carried out
based on the length of the resource usage time and the value of λ.

Denote the length of the resource usage time as L if L is comparatively short so that
the total rental fee paid for the resource until time L is less than λP, i.e., RL + rL ≤ λP.
According to the online strategy ON, the lessee keeps leasing the resource during the entire
usage time. In this case,

CON = RL + rL (1)

Because P > λP ≥ Rt + rt, the optimal offline strategy also keeps leasing the resource
during the entire usage time with the optimal cost as

Copt = RL + rL (2)

According to (1) and (2), CON = Copt, which implies the online strategy ON is the best
online strategy in the case when RL + rL < λP.

Otherwise, L is long enough so that RL + rL > λP, which implies that there exists a
time τ < L that satisfies τ = max{t|Rt + rt ≤ λP}. In this case, we discuss the competitive
ratio of the online strategy ON by the value of the threshold parameter λ.

Lemma 1. When λP ≤ Rτ + rτ , CON
Copt
≤ 1 + P−1

λ ·
α
P .

Proof of Lemma 1. According to the online strategy ON, when λP ≤ Rτ + rτ , the enterprise
purchases the resource at time τ. The corresponding cost is

CON = Rτ + P · rτ (3)

While for the optimal offline strategy, if it buys the resource at time t < τ,

Copt ≥ P · rt ≥ P ≥ Rτ + rτ (4)

Otherwise, if the purchasing option is activated no earlier than τ, then

Copt ≥ Rτ + rτ (5)

According to (4) and (5), when the threshold λ is set low so that λP ≤ Rτ + rτ , the
optimal cost for using the resource is Copt ≥ Rτ + rτ .

In this case, the ratio between the costs paid by the online strategy ON and the optimal
offline strategy is

CON
Copt

≤ Rτ + P · rτ

Rτ + rτ
= 1 +

(P− 1)rτ

Rτ + rτ
≤ 1 +

(P− 1)rτ

λP
≤ 1 +

(P− 1)α
λP

(6)

The lemma is proved. �

Lemma 2. When λP > Rτ + rτ , CON
Copt
≤ λ + α.

Proof of Lemma 2. According to the definition of τ, Rτ + rτ < λP < P < Rτ+1 + rτ+1.
Hence, the enterprise buys the resource at time τ + 1. The corresponding cost is

CON = Rτ+1 + P · rτ+1 = Rτ + rτ + P · rτ+1 (7)

While for the optimal offline strategy, if it buys the resource at time t < τ + 1,

Copt ≥ P · rt ≥ P (8)
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Otherwise, the purchasing option is activated no earlier than τ + 1,

Copt ≥ Rτ+1 + rτ+1 ≥ P (9)

Hence, when the threshold λ is set high so that λP > Rτ + rτ , the optimal cost for
using the resource is Copt ≥ P.

In this case, the ratio between the costs paid by the strategy ON and the corresponding
optimal offline strategy is

CON
Copt

≤ λP + P · rτ+1

P
= λ + rτ+1 ≤ λ + α (10)

The lemma is proved. �

According to Lemmas 1 and 2, when the length of the resource usage time L is long
enough so that RL + rL > λP, the ratio between the costs paid by the strategy ON and the
optimal offline strategy depends on the value of λ. In other words, through the selection of
the preferred value of the threshold λ, the online strategy ON can achieve a competitive
ratio as

ρ = max
{

1 +
(P− 1)α

λP
, λ + α

}
(11)

Let 1 + (P−1)α
λP = λ + α; the preferred value of λ can be determined as λ = λ∗ =√

(α−1)2P2+4αP(P−1)−(α−1)P
2P , and the competitive ratio of the strategy ON is ρ =

√
P(α+1)2−4α

4P +
α+1

2 . Therefore, the following theorem is established.

Theorem 1. When λ =

√
(α−1)2P2+4αP(P−1)−(α−1)P

2P , the competitive ratio of the strategy ON is

ρ =

√
P(α+1)2−4α

4P + α+1
2 .

4. Lower Bound

To measure the gap between the online strategy ON and the optimal online strategy, it
is necessary to derive a lower bound on the competitive ratio of online leasing problems
with scarce resources.

For the online leasing problem with scarce resources, we define an online strategy
as A(t) if it switches the lease option to the purchase option at time t. Then Theorem 2 is
established to derive the lower bound.

Theorem 2. The lower bound on the competitive ratio of online leasing problems with scarce

resources is
√

P(α+1)2−4α
4P + α+1

2 .

Proof of Theorem 2. To prove the theorem, it suffices to construct an instance to make the

online strategy A(t) perform poorly, which has no competitive ratio less than
√

P(α+1)2−4α
4P +

α+1
2 for any value of t. The instance is constructed by an offline adversary who knows

everything about the future.
At the beginning, the offline adversary set the resource in the regular supply state,

i.e., the price of the resource is P at time t = 1. After that, the resource remains in the tight
supply state, i.e., the price of the resource is αP at time t > 1. For the online strategy A(t),
we investigate two cases of t to derive the lower bound of the online leasing problem with
scarce resources.
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Case 1: t ≤ τ. In this case, the offline adversary terminates the usage time of the
resource at time t, i.e., L = t. Then,

CA(t) =

{
1 + (t− 2)α + αP t ≥ 2
P t = 1

(12)

While for the optimal offline strategy, it keeps leasing the resource until time t. The
corresponding cost is

Copt =

{
1 + (t− 1)α t ≥ 2
1 t = 1

(13)

According to (12) and (13), when t ≤ τ,

CA(t)

Copt
=

{ 1+(t−2)α+αP
1+(t−1)α t ≥ 2

P t = 1
(14)

Because α ≥ 1, when t ≥ 2,

1 + (t− 2)α + αP
1 + (t− 1)α

= 1 +
α(P− 1)

1 + (t− 1)α
≤ 1 +

α(P− 1)
1 + α

≤ P (15)

According to (14) and (15), when t ≤ τ,

CA(t)
Copt

≥ 1+(t−2)α+αP
1+(t−1)α

≥ 1+(τ−2)α+αP
1+(τ−1)α

= 1 + α(P−1)
1+(τ−1)α

≥ 1 + α(P−1)
λ∗P

(16)

Case 2: t > τ. In this case, the offline adversary terminates the usage time of the
resource at time L = +∞. Then,

CA(t) = 1 + (t− 2)α + αP (17)

While for the optimal offline strategy, it purchases the resource at the beginning time.
The corresponding cost is

Copt = P (18)

According to (17) and (18), when t > τ,

CA(t)
Copt

= 1+(t−2)α+αP
P

1+(τ−2)α+αP
P

= λ∗P+αP
P

≥ λ∗ + α

(19)

From the above two cases, it can be concluded that

CA(t)

Copt
≥

1 + α(P−1)
λ∗P t ≤ τ

λ∗ + α t > τ
(20)

As mentioned in Section 3, ρ =

√
P(α+1)2−4α

4P + α+1
2 = 1 + (P−1)α

λ∗P = λ∗ + α when

λ∗ =

√
(α−1)2P2+4αP(P−1)−(α−1)P

2P . Therefore, for any online strategy A(t),
CA(t)
Copt

≥ ρ. In
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other words, the lower bound on the competitive ratio of online leasing problems with

scarce resources is ρ =

√
P(α+1)2−4α

4P + α+1
2 . The theorem is proved. �

According to Theorems 1 and 2, the competitive ratio of the online strategy ON equals
the lower bound on the competitive ratio of the problem. Therefore, the online strategy ON
is the optimal strategy for the online leasing problem with scarce resources.

More specifically,

∂ρ

∂P
=

α

2P2

(
(α + 1)2

4
− α

P

)− 1
2

> 0 (21)

∂ρ

∂α
=

1
2

(
α + 1

2
− 1

P

)(
(α + 1)2

4
− α

P

)− 1
2

+
1
2
> 0 (22)

Based on (21) and (22), it can be concluded that both the price-to-rent ratio (P) and the
price in the tight supply state (α) are positively correlated with the competitive ratio of the
optimal online strategy. Hence, a high price-to-rent ratio or a high price in a tight supply
state worsens the operational situation for the enterprise using scarce resources for daily
operations. In the next section, more detailed performance analyses of the proposed online
strategy and managerial implications are presented through numerical experiments.

5. Numerical Experiments

In this section, numerical experiments are conducted to provide more detailed guid-
ance for enterprises seeking scarce resources under an unstable supply state.

5.1. Sensitivity Analysis

In this subsection, two sets of numerical experiments are conducted to identify the
impact of the parameters, i.e., the price increase range α and the price-to-rent ratio P, on the
online strategy performance. For a better understanding, the trend of the results obtained
by online strategy ON for different parameters is illustrated in Figures 1 and 2.
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Figure 1a shows that the competitive ratio of online strategy ON is positively cor-
related with α. Note that the competitive ratio reflects the cost gap between online and
offline environments. A higher competitive ratio implies a poor ability to hedge against
uncertainties. Therefore, a high price increase range α in the tight supply state worsens the
operational situation for enterprises acquiring resources from the leasing industry. The
price increase range mainly depends on the tightness of the supply state. For a scarce
resource, even if it is cheap in the regular supply state, it could undergo an extreme price
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increase range in the tight supply state, thereby deteriorating the operational situation.
Hence, a stable supply is more important than the price for the scarce resource in the
leasing market. The leasing company should establish reliable relationships with adequate
suppliers to assure a stable supply.
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Furthermore, it can be observed from Figure 1b that the competitive ratio is also
positively correlated with P, which implies that a high price-to-rent ratio aggravates the
negative impact of uncertainties on the leasing market. Especially, the competitive ratio
grows rapidly with P when P ≤ 5 and approaches abysmally close to an upper bound
when P > 5. From the mathematical point of view, this is because the competitive ratio
is a hyperbolic function of P. When P is large enough, the competitive ratio goes to an

upper bound limit, i.e., lim
P→∞

ρ = lim
P→∞

(√
P(α+1)2−4α

4P + α+1
2

)
= α + 1. From a practical

point of view, according to the ON strategy, a resource with a larger price-to-rent ratio
is more inclined to be rented for a longer time before it is purchased. Because the lease
option cannot obtain the ownership of the resource, and thus is more likely to be affected
by the changing supply, a larger value of the price-to-rent ratio thereby leads to a more
significant negative impact of uncertainties. Therefore, governments should carry out
market adjustments to keep the price-to-rent ratio within a reasonable range.

5.2. Average-Case Performance Evaluation

Because the competitive ratio only reflects the strategy’s performance under worst-
case scenarios, it is necessary to derive strategy performances under average-case scenarios,
which can verify the effectiveness of the proposed online strategy in reality more com-
prehensively. To evaluate the performance of the online strategy ON under average-case
scenarios, a group of numerical experiments involving randomly generated instances was
conducted. For all the tested instances, the price-to-rent ratio P and the price increase range
α were generated based on [13]. Specifically, the price-to-rent ratio was set as P = {1, 1.1, 1.2,
. . . , 30} and α = {1, 1.01, 1.02, . . . , 10}. For each instance when α was determined, the length
of the usage time, i.e., L, took a value from the interval [1, 100] randomly. In addition, the
supply of the scarce resource was set to be regular or tight randomly each time. In this
way, when the supply and the length of the usage time of the scarce resource were both
determined, the optimal cost Copt could be easily calculated by at most 100 enumerations
(i.e., the 100 possible times at which the lessee could switch from the lease to the purchase).
In addition, ten replications of the instances were generated for each combination of P
and α to eliminate randomness, which resulted in a total of 300,000 tested instances. The
computational results are shown in Figure 2.
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As shown in Figure 2, the average-case cost ratio between the online strategy ON
and the optimal offline strategy is only about half of the competitive ratio. According to
Figure 2a, the cost ratio under the average-case scenario varies from 1.7 to 6.6 when P = 20
and α grows to 10 while the competitive ratio under the worst-case scenario grows rapidly
from 1 to 11. Similarly, Figure 2b shows that the average-case cost ratio is also significantly
less than the competitive ratio when α = 2 and P grows to 30. Therefore, although the online

strategy ON has a competitive ratio of
√

P(α+1)2−4α
4P + α+1

2 , it can help enterprises to achieve
a much better management performance for scarce resource acquisition in real situations.

6. Conclusions

As people attach more importance to the low-carbon economy, the topics of effective
resource-acquiring methods have become the focus of green transformation for advanced
manufacturing and modern service industries. Leasing activity plays an important role
in establishing a low-carbon economy because it can help enterprises to reduce resource
waste and promote reasonable capital flow. However, the uncertainty of leasing activity
gives it an obvious online decision-making characteristic. Furthermore, the uncertainty
is aggravated by drastic changes in the external economic environment, especially for
those enterprises renting scarce resources. This paper studies an online leasing problem
for a scarce resource that has double uncertainties in both price and usage time. An
optimal online leasing strategy ON was then proposed. Experimental results on randomly
generated instances verify the favorable efficiency of the proposed strategy under average-
case scenarios. Furthermore, sensitivity analysis results indicate that the stable supply state
and a low price-to-rent ratio are helpful for leasing activities to further expand positive
influences on green transformation for manufacturing and service industries.

Based on the research results, some management enlightenments are put forward.
First, the extreme price increase range caused by the unstable supply deteriorates the oper-
ational situation for enterprises seeking resources from the leasing market. Governments
should maintain market supply and stabilize the overall price level to guide the healthy
development of the leasing market. In addition, leasing companies should also establish
reliable relationships with adequate suppliers to assure a stable supply. Second, a high
price-to-rent ratio also deteriorates the operational situation under uncertainties. Hence,
macroeconomic policies to control the price-to-rent ratio are another significant contribution
to the development of the leasing market. In addition, for enterprises acquiring scarce re-
sources with a high price-to-rent ratio, it is particularly important to eliminate the negative
influence of uncertainties on resource acquisition decision-making. Finally, the challenges
of the scarce resource supply have a significant impact on the leasing decision-making
process. The proposed online strategy ON is proven to be the optimal online strategy and
achieves good performances under average-case scenarios.

However, more complex environments exist in the actual operation of scarce resource
leasing. For future research, it would be interesting to introduce interest rates and more
general leasing types (e.g., financial leases) into the model to illustrate scenarios that are
further closer to reality. Moreover, the demand quantity of the scarce resource studied in
our model is assumed to be fixed each time. Hence, the uncertain demand quantity can
also be considered in future research.

Author Contributions: Conceptualization, X.F.; methodology, X.F.; software, J.L.; validation, J.L. and
X.F.; formal analysis, N.C.; investigation, J.L.; writing—original draft preparation, J.L.; writing—
review and editing, X.F.; visualization, N.C.; supervision, X.F.; funding acquisition, X.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Social Science Foundation of China, grant
number 21BJY199.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Environ. Res. Public Health 2023, 20, 886 10 of 11

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Herrador, M.; de Jong, W.; Nasu, K.; Granrath, L. Circular economy and zero-carbon strategies between Japan and South Korea:

A comparative study. Sci. Total Environ. 2022, 820, 153274. [CrossRef] [PubMed]
2. Zhang, Y.; Tan, D.; Liu, Z. Leasing or Selling? Durable Goods Manufacturer Marketing Model Selection under a Mixed Carbon

Trading-and-Tax Policy Scenario. Int. J. Environ. Res. Public Health 2019, 16, 251. [CrossRef] [PubMed]
3. Shokohyar, S.; Mansour, S.; Karimi, B. Simulation-based optimization of ecological leasing: A step toward extended producer

responsibility (EPR). Int. J. Adv. Manuf. Technol. 2012, 66, 159–169. [CrossRef]
4. Bahremand, M.; Karimi, R. Providing Financial Flow Management Strategies in Supply Chain Projects. Ind. Eng. Manag. Syst.

2018, 17, 155–163. [CrossRef]
5. Liu, Y.; Lyu, W. Applying Data Envelopment Analysis to Evaluate Financial Leasing Performance of Medical Device Industry in

China. Revısta De Cercet. Sı Interv. Socıala 2018, 63, 304–315.
6. Intlekofer, K.; Bras, B.; Ferguson, M. Energy Implications of Product Leasing. Environ. Sci. Technol. 2010, 44, 4409–4415. [CrossRef]
7. Bar-Nahum, Z.; Finkelshtain, I.; Ihle, R.; Rubin, O.D. Effects of violent political conflict on the supply, demand and fragmentation

of fresh food markets. Food Secur. 2020, 12, 503–515. [CrossRef]
8. Butt, A.S. Supply chains and COVID-19: Impacts, countermeasures and post-COVID-19 era. Int. J. Logist. Manag. 2021. [CrossRef]
9. Blesl, M.; Kober, T.; Bruchof, D.; Kuder, R. Effects of climate and energy policy related measures and targets on the future structure

of the European energy system in 2020 and beyond. Energy Policy 2010, 38, 6278–6292. [CrossRef]
10. Xu, Z.; Peng, Z.; Yang, L.; Chen, X. An Improved Shapley Value Method for a Green Supply Chain Income Distribution Mechanism.

Int. J. Environ. Res. Public Health 2018, 15, 1976. [CrossRef]
11. Lacourbe, P. Durable goods leasing in the presence of exporting used products to an international secondary market. Eur. J. Oper.

Res. 2016, 250, 448–456. [CrossRef]
12. Dai, W.; Dong, Y.; Zhang, X. Competitive analysis of the online financial lease problem. Eur. J. Oper. Res. 2016, 250, 865–873.

[CrossRef]
13. Feng, X.; Xu, Y.F.; Ni, G.Q.; Dai, Y.W. Online leasing problem with price fluctuations under the consumer price index. J. Comb.

Optim. 2018, 36, 493–507. [CrossRef]
14. Wag, C.-J.; Kao, M.-Y. Optimal search for parameters in Monte Carlo simulation for derivative pricing. Eur. J. Oper. Res. 2016, 249,

683–690.
15. Wang, H.; Zhang, J.X.; Yang, B.; Li, F. On time-sensitive revenue management in green data centers. Sustain. Comput. Inform. Syst.

2017, 14, 1–12. [CrossRef]
16. Akaria, I.; Epstein, L. An optimal online algorithm for scheduling with general machine cost functions. J. Sched. 2019, 23, 155–162.

[CrossRef]
17. Ma, R.; Guo, S.; Miao, C. A semi-online algorithm and its competitive analysis for parallel-machine scheduling problem with

rejection. Appl. Math. Comput. 2020, 392, 125670. [CrossRef]
18. Arslan, A.M.; Agatz, N.; Kroon, L.; Zuidwijk, R. Crowdsourced Delivery—A Dynamic Pickup and Delivery Problem with Ad

Hoc Drivers. Transp. Sci. 2019, 53, 222–235. [CrossRef]
19. Ma, R.; Guo, S. Applying “Peeling Onion” approach for competitive analysis in online scheduling with rejection. Eur. J. Oper. Res.

2021, 290, 57–67. [CrossRef]
20. Zhang, W.; Cheng, Y. A new upper bound on the work function algorithm for the k-server problem. J. Comb. Optim. 2019, 39,

509–518. [CrossRef]
21. Epstein, L.; Levin, A. A note on a variant of the online open end bin packing problem. Oper. Res. Lett. 2020, 48, 844–849. [CrossRef]
22. Karp, R.M. On-line algorithms versus off-line algorithms: How much is it worth to know the future? In Proceedings of the IFIP

12th World Computer Congress, Madrid, Spain, 7–11 September 1992; pp. 416–429.
23. Chen, X.L.; Xu, W.J.; Liu, Y.Z. Online leasing strategy and competitive analysis for three-slope rental problem based on compound

interest. Syst. Eng. 2016, 34, 118–124.
24. Zhang, Y.; Wu, J.; Lin, W.; Hou, M. Competitive analysis for two-option online leasing problem under sharing economy. J. Comb.

Optim. 2022, 44, 670–689. [CrossRef]
25. Yang, X.; Zhang, W.; Zhang, Y.; Xu, W. Optimal randomized algorithm for a generalized ski-rental with interest rate. Inf. Process.

Lett. 2012, 112, 548–551. [CrossRef]
26. Liu, B.; Cui, W.T.; Xin, C.L.; Kan, S.B. Online algorithm for ski rental with promotion strategy. Inf. -Int. Interdiscip. J. 2010, 13, 5–14.
27. Zhang, G.; Poon, C.K.; Xu, Y. The ski-rental problem with multiple discount options. Inf. Process. Lett. 2011, 111, 903–906.

[CrossRef]
28. Fujiwara, H.; Satou, S.; Fujito, T. Competitive analysis for the 3-slope ski-rental problem with the discount rate. IEICE Trans.

Fundam. Electron. Commun. Comput. Sci. 2016, 99, 1075–1083. [CrossRef]
29. Wu, F.; Xin, C.; Liu, B.; Chen, L. A study on the strategy of online leasing under the condition of down payment. Manag. Rev.

2018, 30, 248.

http://doi.org/10.1016/j.scitotenv.2022.153274
http://www.ncbi.nlm.nih.gov/pubmed/35074380
http://doi.org/10.3390/ijerph16020251
http://www.ncbi.nlm.nih.gov/pubmed/30654574
http://doi.org/10.1007/s00170-012-4315-9
http://doi.org/10.7232/iems.2018.17.1.155
http://doi.org/10.1021/es9036836
http://doi.org/10.1007/s12571-020-01025-y
http://doi.org/10.1108/IJLM-02-2021-0114
http://doi.org/10.1016/j.enpol.2010.06.018
http://doi.org/10.3390/ijerph15091976
http://doi.org/10.1016/j.ejor.2015.11.002
http://doi.org/10.1016/j.ejor.2015.10.020
http://doi.org/10.1007/s10878-018-0305-7
http://doi.org/10.1016/j.suscom.2017.01.002
http://doi.org/10.1007/s10951-019-00629-3
http://doi.org/10.1016/j.amc.2020.125670
http://doi.org/10.1287/trsc.2017.0803
http://doi.org/10.1016/j.ejor.2020.08.009
http://doi.org/10.1007/s10878-019-00493-z
http://doi.org/10.1016/j.orl.2020.10.006
http://doi.org/10.1007/s10878-022-00855-0
http://doi.org/10.1016/j.ipl.2012.04.006
http://doi.org/10.1016/j.ipl.2011.06.012
http://doi.org/10.1587/transfun.E99.A.1075


Int. J. Environ. Res. Public Health 2023, 20, 886 11 of 11

30. Hu, M. Online leasing strategy with competitive analysis for separable property. Syst. Eng. -Theory Pract. 2011, 31, 144–150.
31. Lotker, Z.; Patt-Shamir, B.; Rawitz, D. Ski rental with two general options. Inf. Process. Lett. 2008, 108, 365–368. [CrossRef]
32. Lotker, Z.; Patt-Shamir, B.; Rawitz, D. Rent, Lease, or Buy: Randomized Algorithms for Multislope Ski Rental. SIAM J. Discret.

Math. 2012, 26, 718–736. [CrossRef]
33. Khanafer, A.; Kodialam, M.; Puttaswamy, K.P. To rent or to buy in the presence of statistical information: The constrained

ski-rental problem. IEEE/ACM Trans. Netw. 2015, 23, 1067–1077. [CrossRef]
34. El-Yaniv, R.; Karp, R.M. Nearly Optimal Competitive Online Replacement Policies. Math. Oper. Res. 1997, 22, 814–839. [CrossRef]
35. Azar, Y.; Bartal, Y.; Feuerstein, E.; Fiat, A.; Leonardi, S.; Rosén, A. On capital investment. Algorithmica 1999, 25, 22–36. [CrossRef]
36. Fleischer, R. On the Bahncard problem. Theor. Comput. Sci. 2001, 268, 161–174. [CrossRef]
37. Irani, S.; (University of California, Irvine, CA, USA); Ramanathan, D.; (University of California, Irvine, CA, USA). The Problem of

Renting Versus Buying. Personal communication, 1998.
38. Bienkowski, M. Price fluctuations: To buy or to rent. In International Workshop on Approximation and Online Algorithms; Springer:

Berlin/Heidelberg, Germany, 2009; pp. 25–36.
39. Feng, X.; Chu, C. Online leasing problem with price fluctuations and the second-hand transaction. J. Comb. Optim. 2020, 43,

1280–1297. [CrossRef]
40. Feng, X.; Zhang, B.W.; Dai, Y.W. Competitive analysis of the online financial leasing problem with price fluctuation under the

consumer price index. IEEE Access 2019, 7, 68331–68341. [CrossRef]
41. Zhang, Y.; Zhang, W.; Xu, W.; Li, H. Competitive strategy for on-line leasing of depreciable equipment. Math. Comput. Model.

2011, 54, 466–476. [CrossRef]
42. Zhang, Y.; Zhang, W.; Xu, W.; Yang, X. Risk–reward models for on-line leasing of depreciable equipment. Comput. Math Appl.

2012, 63, 167–174. [CrossRef]
43. Zhang, Y.; Xian, J.; Huang, M. Online leasing strategy for depreciable equipment considering opportunity cost. Inf. Process. Lett.

2020, 162, 105981. [CrossRef]
44. Borodin, A.; El-Yaniv, R. Online Computation and Competitive Analysis. Chapter. 1; Cambridge University Press: Cambridge,

UK, 1998.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ipl.2008.07.009
http://doi.org/10.1137/100794018
http://doi.org/10.1109/TNET.2014.2326988
http://doi.org/10.1287/moor.22.4.814
http://doi.org/10.1007/PL00009281
http://doi.org/10.1016/S0304-3975(00)00266-8
http://doi.org/10.1007/s10878-020-00640-x
http://doi.org/10.1109/ACCESS.2019.2918693
http://doi.org/10.1016/j.mcm.2011.02.036
http://doi.org/10.1016/j.camwa.2011.11.005
http://doi.org/10.1016/j.ipl.2020.105981

	Introduction 
	Problem Definition and Notation 
	Online Leasing Strategy 
	Lower Bound 
	Numerical Experiments 
	Sensitivity Analysis 
	Average-Case Performance Evaluation 

	Conclusions 
	References

