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Abstract: Delivering parcels to collection and delivery points (CDPs) is often seen as a better option
compared with home delivery. However, if the demand is inhomogeneous, either the parcel locker
utilization or the service level (i.e., the number of parcels that can be delivered) is low. Either situation
would reduce the financial viability. This paper compares two options to increase the utilization,
namely: (i) modular lockers (i.e., numbers of lockers adjusted periodically depending on demand)
and (ii) combining parcel lockers with staffed CDPs. The latter has the advantage of a low investment
cost of staffed CDPs and a low cost per parcel of parcel lockers. Secondly, the paper calculates the
optimal number of lockers at a staffed CDP, assuming that all parcels are placed in the staffed CDP if
the parcel locker is full. This method was applied to data collected by a parcel delivery company
in London. The advantage of using real world data over one year is that it includes seasonal and
daily changes in the parcel demand. The decision support method accounts for parcels not being
picked up by customers on the delivery day, returned deliveries, and the net present value (NPV) of
the investment. This paper shows that having enough lockers for 100% of all parcels compared with
80% doubles the number of required parcel lockers because of the inhomogeneity of the demand.
In addition, combining fixed lockers with staffed CDPs offers greater financial benefits compared
with modular lockers in this case study.

Keywords: collection and delivery points; CDP; last mile delivery; city logistics; urban freight
transport; modular lockers; net present value; parcel locker

1. Introduction

Last mile delivery is seen as the costliest part of the supply chain, and can account for
28% of transportation costs [1]. The growth of internet shopping and the resulting change
from delivery to retail shops to delivery to customers’ homes has increased the number
of delivery vehicles in residential areas [2]. This has caused a rise in external effects (e.g.,
increased congestion and emissions) in residential areas [2–4]. Hence, researchers around
the world have investigated alternative delivery methods to reduce the costs and external
effects of last mile delivery [2].

Collection and delivery points (CDPs) are often seen as the solution to the last mile
delivery problem [2,5–10]. The most cited advantages of parcel lockers are the reduced
risk of a delivery failure [11–14] and increased consolidation of deliveries [5–8,11,13], there-
fore decreasing the number of drop-off points [6] and vehicle distance travelled [2,15,16].
This reduces the external effects [17,18] and delivery cost [11,14,19–21]. CDPs also ease the
delivery process by, e.g., eliminating the problem of finding the correct home address of
the customer [16] or the requirement to predict and deliver a parcel when the customer is
at home [22]. Hence, CDP networks are growing around the world [23,24].

Parcel lockers are unmanned collection points where the customer can pick up a
parcel at a convenient time using a code and/or a form of identification (i.e., code sent
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through email or text, credit card, or governmental ID [22]). However, the high invest-
ment costs [13,16] and driver training cost [16] are often a barrier to the set-up of parcel
locker systems [16]. Additionally, the inhomogeneous demand reduces the locker uti-
lization (cf. [13]), which reduces the system’s financial viability. Even if the parcel locker
network was cost-efficient, it is challenging to find places to set up parcel lockers [15], espe-
cially when lockers are placed in public spaces [7,8,16]. While staffed CDPs are an option
to reduce the initial investment cost, they require a fee to be paid by delivery companies to
staffed CDP per parcel, which varies, e.g., between €0.15 to €1.50 per parcel (Seine-et-Marne
region near Paris, France) [18].

To overcome this problem, the authors propose combining staffed CDPs with parcel
lockers. To do so, a parcel locker is located in front of a staffed CDP (e.g., shop or post
office). It might seem unnatural to have a staffed CDP and a parcel locker at the same place
given that spreading them out through the city increases the network density and will
reduce, e.g., the distance travelled by customers to the CDP. However, combining both
at the same place allows for advantage to be taken of the low investment cost of staffed
CDPs and low cost per parcel for lockers. In detail, the number of parcel lockers is chosen
so that they are efficiently utilized. When the lockers are full at peak demand times, all of
the remaining parcels are delivered to the staffed CDP. Combining lockers with staffed
CDPs also eases operation management—for example, it reduces the need for delivery
companies to predict whether a parcel locker of the correct size will be available on the
delivery day and to transfer this information in real time to the online shops. If only lockers
were available, the customer would need to know at the time of purchase whether a locker
is available on the delivery day. If both are combined, parcels can simply be placed in
the staffed CDP if the parcel locker is full. By doing so, the delivery company does not
need to decide between reducing the service level (i.e., parcels cannot be delivered when
lockers are full) or sacrificing the utilization (i.e., most parcel lockers are empty most times
of the year).

In short, the contribution of the study is a decision support method to determine the
optimal number of lockers at a staffed CDP. The paper has the following four contributions:

(1) The paper differentiates from previous research publications as it uses real parcel de-
livery data collected for every day over one year as opposed to probabilistic scenarios.

(2) The paper evaluates the variability and inhomogeneity of parcel deliveries over one
year. This is especially relevant for researchers who are doing stochastic optimization.

(3) The paper also differs from previous studies as it compares modular lockers (i.e.,
lockers adjusted once per month depending on the demand) with combining fixed
lockers and staffed CDPs. Modular lockers have been proposed as a solution to the
inhomogeneous demand [25,26]. Combining fixed lockers with staffed CDPs enables
advantage to be taken of the low cost per parcel for lockers and low investment
costs of staffed CDPs. It is assumed that parcels are placed in fixed lockers and
undeliverable parcels due to insufficient locker space are placed in staffed CDPs.
Both are at the same place.

(4) The paper applies the decision support method to determine the optimal number of
parcels being delivered to a parcel locker, while the remaining parcels are delivered
to a staffed CDP if the number of lockers is insufficient. Given that parcel lockers and
staffed CDPs require financial investments at different time points (e.g., high initial
investment for parcel lockers and low investment for staffed CDPs), the decision
support method considers the net present value (NPV) of the investment. The decision
support method can be applied to any delivery trip data set, like the one used in
this study.

The sole goal of the paper is to find the optimal number of parcel lockers at a staffed
CDP based on real parcel delivery data. The locations of these CDPs are assumed to be as
given and are therefore not optimized. The decision support method is also not to be used
to decide whether a location should either be a staffed CDP or a parcel locker. Each location
needs to be a combination of both. The main aim of the decision support method is to
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allow companies and policymakers to obtain an understanding of the relationship between
the investment and operating cost for parcel lockers and staffed CDPs, as well as the
utilization, the number of parcels sent to staffed CDPs, variations in the number of CDPs,
and changes in the demand for parcel lockers. It should not be used for the exact sizing or
cost estimation of a CDP network, given that important factors such as customer choice
have been disregarded. The method is instead to be used at the beginning of the planning
phase, when neither the detailed costs to set up a parcel locker nor the costs to deliver one
parcel to a staffed CDP is known by city policymakers or delivery companies. It can also
be used to improve the negotiation position of delivery companies when determining fees
paid to staffed CDP per parcels or rental fees for the land for the parcel lockers.

The paper’s focus is the opposite of the focus of Lin et al. [27]. While both papers
optimize parcel locker networks, Lin et al. [27] maximized the service level, while this paper
minimizes cost. In addition, this paper disregards the location but considers the capacity,
while Lin et al. [27] did not consider the capacity but included the location. Lin et al. [27]
considered a homogeneous demand proportional to the number of residents, while this
study uses real parcel delivery data over one year, including seasonal and daily changes.
Janjevic et al. [28] considered real delivery data, but only for one example day and for
changing demand levels, but not for each day of the year as in this study. In short, this paper
considers the inhomogeneity of parcel demand over the week/year, while Lin et al. [27]
and Janjevic et al. [28] disregarded this.

In this study, the staffed CDPs are shops such as florists, bars, and press kiosks [11] or
post offices, where customers can pick up their parcels. A parcel locker is a single locker
where one parcel can be stored per day. In this study only, a CDP is referred to a staffed
CDP, which also has multiple parcel lockers.

The paper is structured as follows: After a review of the literature, the simulation
and the optimization problem are illustrated. Then, the results are described including
an overview of the data set, the optimization problem, an example calculation, and a
comparison of the fixed and modular parcel lockers.

2. Literature

While a significant amount of research has been published comparing CDPs with,
e.g., home delivery, the research on designing parcel locker networks is rather limited [25].
The research can be split into two groups: (i) spatial location of lockers and (ii) number of
lockers and configuration.

A few papers have focused on analyzing the factors that affect the spatial location of
CDPs. For example, Kedia et al. [10] determined the factors that could influence CDP accept-
ability based on a survey in Christchurch, New Zealand. They concluded that CDP density,
parking availability, spatial location, close proximity to home or office, safety, and hours
of operation affect the acceptability of CDPs most significantly. Lachapelle at al. [15] an-
alyzed the location of parcel lockers in Australia, which was a relatively new system.
They concluded that parcel lockers tend to be in high-density areas and are generally close
to post offices in Australia [15]. This is likely due to the operator of these parcel lockers
being the national post system. Morganti et al. [29] combined a survey with a spatial
analysis of the location of staffed CDPs in France. They interviewed delivery companies
providing home and alternative delivery options, and also sent questionnaires to staffed
CDPs. They concluded that the CDP density decreased quicker than the population density,
but the access was still acceptable in rural areas. Interviewed respondents said that it is
sometimes difficult to recruit shops in high density areas because of the high real-estate
costs, which increases the cost of the parcel storage space.

Extensive research has been done on optimizing the location of CDPs and the number
of parcel lockers. This research is outside of the scope of the study, given that the location
of CDPs is given in this study. Some notable examples of these studies are as follows.

Lin et al. [27] and Janjevic et al. [28] optimized the location of parcel lockers. Lin et al. [27]
used a multinomial logit (MNL) to model the customer choice to use a parcel locker and
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a multi-ratio linear-fractional 0-1 program (MLFP) to optimize a parcel locker network
by adding or removing lockers. They applied their model to a case study using the
estimated demand proportional to the population density in Singapore. They concluded
that the large-scale problems could only be solved using a Quadratic Transform with Linear
Alternating (QT-LA), while smaller problems could be solved with mixed-integer linear
programming (MILP) with added McCormick inequalities. Janjevic et al. [28] optimized the
number of CDPs served from a given number of satellite facilities (i.e., city/local depots)
for a case study in São Paulo based on real delivery data using a two-echelon capacitated
location-routing problem. Their model highlighted the possible cost savings by using
CDPs. Their model concluded that because of the high cost of satellite facilities, only the
minimum number of satellite facilities should be used as well as 85 CDPs.

One of the disadvantages of parcel lockers is the dependency on homogeneous de-
mand and the inability to adapt to seasonal changes. Therefore, some studies focused on
modular lockers, which are adaptable to the changing demand. Dell’Amico et al. [26] pro-
posed a compartmentalized BentoBox (i.e., the driver plugs compartments with multiple
lockers into a frame) and a monolithic BentoBox (i.e., a module with multiple lockers that
is attached to a fixed docking station). They compared both methods but did not develop
an algorithm to determine the optimal design and number of lockers. Faugère et al. [25]
built upon the previously mentioned study by developing an optimization model for
fixed-configuration parcel lockers and one for modular tower parcel lockers, both with
varying locker sizes. The modular tower parcel lockers allow for lockers to be added and
removed depending on the demand in the medium-term. They compared the performance
over probabilistic scenarios at four different locker sites. While the objective function for
the modular tower-based design was slightly lower, no difference in the service level could
be seen. Overall, modular lockers are regarded as an option to decrease the number of
failed deliveries, which therefore reduces the distance and time traveled by the delivery
vehicle [30].

More recently, mobile lockers have been proposed as a solution for failed deliver-
ies. These lockers change location throughout the day to reduce the travel distance of
customers to the lockers [31]. Schwerdfeger et al. [31] developed a dynamic location
problem. They minimized the fleet size while serving a specific set of customers. They con-
cluded that 400% more lockers are required for fixed lockers compared with mobile lockers.
Li et al. [32] proposed a mixed integer programming model to solve the AML-Courier
2-Echelon Location Routing Problem. They considered humans, robots, multiple depots,
multiple mobile lockers, and multiple couriers. They concluded that mobile lockers can
reduce costs by 30–40% compared with fixed lockers.

3. Materials and Methods
3.1. Dataset

The number of deliveries per day was calculated based on delivery data from the
delivery company Gnewt in Central London, UK [33]. The data set includes details (i.e.,
number of successfully delivered parcels, failed deliveries, successful pick-ups, attempted
pickups, shift start, shift duration, delivery duration, and travel distance) of 13,358 delivery
tours using electric vehicles from July 2015 to June 2016 inclusive. During this time,
around 2 million parcels were delivered. The number of parcel lockers required per day is
the sum of the number of deliveries on a specific day and the number of parcels picked
up on the following day and the number of parcels not picked up by customers on the
previous day.

npCDPd = ndCDPd
+ nrCDPd+1 + n fCDPd−1

(1)

where
npCDPd : Number of parcels delivered to or already in a specific CDP on day d
ndCDPd

: Number of successful parcel deliveries on day d
nrCDPd+1 : Number of pickups by a delivery driver on the following day (i.e., parcels re-

turned by customer)
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n fCDPd−1
: Number of parcels not picked up by customers on the previous day.

The number of attempted but unsuccessful deliveries was not used to estimate the
number of lockers required as the company would attempt to deliver these on the following
day and therefore the parcel would be counted twice. It was assumed that parcels placed
in a parcel locker by customers to return to the sender would be placed in the locker within
the 24 h before the pick up by the delivery driver. Given that the exact delivery location for
each parcel was unknown to the authors of this paper, all parcels were randomly allocated
to one of the CDPs. Twelve scenarios were simulated with 1, 2, 4, 8, 16, 32, 64, 128, 256,
512, 1024, and 2048 CDPs. The study accounted for customers being unable to pick up
their parcel on the delivery day. Based on data reported from a German parcel locker
network operator, 70% of all parcels are picked within 24 h [11]. Therefore, 30% of the
parcels in a parcel locker on the previous day are selected randomly and added to the
number of parcels delivered to the respective CPD on the current day. Given that the
statistic mentioned in [11] did not specify how many parcels are left in the lockers for 48h
or more, it is assumed that 30% of the parcels that were left in the locker on the previous
day (i.e., 9%) would be left in the locker on the following day as well. A 2.7% probability
that a parcel will be left in the locker for three days was adopted.

3.2. NPV/Investment

Given that neither the delivery tour distance nor the cost to travel to a CDP would
change because of an increased or reduced number of parcel lockers at these staffed CDPs,
these costs were ignored. Therefore, only the cost to set up and operate parcel lockers at a
staffed CDP and the fee paid to staffed CDP owner per parcel were compared. In addition,
the cost of the web service of parcel locker service and staffed CDPs would not increase
because of adding parcel lockers to staffed CDPs and were therefore not included.

When determining the optimal number of parcels to send to lockers and to staffed
CDPs, it is important to consider the NPV value of the investment because of the different
time points of payments. Sending a parcel to a staffed CDP requires little initial investment,
but a fee per parcel is paid to the owner of the staffed CDP in regular instalments. Par-
cel lockers require a higher initial investment and yearly operating costs (e.g., land rent
and driver training), but a limited cost per parcel. The discount rate was assumed to be
the rate of return of the FTSE 100 [34] minus the CPI inflation [35]. The yearly compound
interest rate of the FTSE 100 was calculated over the past 5, 10, and 15 years, and is around
3%. The CPI inflation is around 2% according to a report of the Bank of England in August
2019 [35]. Formula (2) adds the investment cost for the parcel locker network in today’s
value and the operating costs are transferred into today’s value.

cLNPV = cLi +
cCi

nc
+

T

∑
t=1

cLo

(1 + i)t (2)

where
cLNPV : Cost per locker in today’s value
cLi : Initial investment to set up one parcel locker
CCi : Initial investment to set up one computer at a CDP
nc: Number of lockers per computer
cLo : Yearly operating cost (e.g., land rent, maintenance, and driver training) per locker
T: Number of years
i: Discount rate (1% [34,35])
t: Year.
The fee paid to owners of staffed CDPs should consider the time required to place

a parcel in storage, to find it again, and to hand it over to a customer, as well as the cost
of rent for the storage space. The price should also reflect that the staff in the CDP have
to be paid, even if no customer is picking up a parcel. The fee charged by CDP owners
should reflect that parcels might be stored longer in a staffed CDP because of the reduced
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opening times compared with parcel lockers. It is also beneficial to consider not just
the fee paid to CDP owners, but also the cost of an unsatisfied customer given that the
parcel had to be picked up from a staffed CDP, which might have reduced opening times.
The fee paid by delivery companies to staffed CDP in the Seine-et-Marne region near Paris
(France) ranges from €0.15 to €1.50 (average: €0.50) per parcel according to Moroz et al. [18].
Some staffed CDP networks in London (UK) charge customers around £1.95 per parcel
if the online shop/delivery company has no agreement with them, in other cases, it is
included (sometimes for a small fee) in the shipping cost [36]. The following formula can
be used to transfer the fee paid to staffed CDP in the future into today’s value. Formula (3)
is based on the net present value (NPV) formula.

cSNPV =
T

∑
t=1

cS

(1 + i − r)t (3)

where
cSNPV : Cost to send one parcel to a staffed CDP in today’s monetary value
cS: Cost to send one parcel to a staffed CDP
T: Number of years considered in the study
i: Discount rate (1% [34,35])
r: Increase in the fees paid to staffed CDP (0%)
t: Year.
The discount rate can be complemented with a rate by which the fees paid to staffed

CDP owners will increase. If the fees paid to staffed CDP owners stay constant, a fee of
£0.50 in 15 years’ time has a value of £0.43 today. The average fee over the 15 years would
therefore be £0.47.

3.3. Optimized Number of Lockers at Each Staffed CDP

The optimum choice between adding more lockers to a staffed CDP or letting staff
handle the parcel was estimated based on the following minimization problem. The follow-
ing linear program (LP) added the cost for all of the parcel lockers installed in the network
to the fees paid to staffed CDPs, which depends on the number of parcels that cannot be
delivered to lockers when they are full.

Minimize:

Z = cLNPV ×
nCDP

∑
CDP=1

nLCDP + cSNPV ×
D

∑
d=1

nCDP

∑
CDP=1

max
{

npCDPd − nLCDP , 0
}

(4)

Subject to:
cLNPV < 365 × cS NPV (5)

cLNPV > cSNPV (6)

where
cLNPV : Cost per locker in today’s value
cSNPV : Cost to send one parcel to a staffed CDP in today’s monetary value
ns: Number of parcels sent to a staffed CDP per year
D: Number of days in a year
nCDP: Number of CDPs
npCDPd : Number of parcels delivered to or are already in a specific CDP on day d
nLCDP : Number of lockers at a specific CDP
The cost of a locker needs to be smaller than the cost to send 365 parcels to a staffed

CDP, as it would otherwise not make sense to deliver any parcels to the lockers. The cost of
a locker needs to be higher than the cost to send one parcel to a staffed CDP, as it would
otherwise not make sense to send any parcel to a staffed CDP.

Given that the number of parcels sent to each CDP is not the same, requiring the same
number of parcel lockers at each CDP would increase the number of required parcel lockers.
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Thus, the following optimization was used to allocate the number of available lockers in
the entire network optimally to each CDP. The following LP finds the minimum number of
parcels sent to staffed CDPs for a set number of parcel lockers. By doing so, the optimal
distribution of parcel locker spaces across the CDPs is determined.

Minimize:
Z = nS= ∑D

d=1 ∑nCDP
CDP=1 max

{
npCDPd − nLCDP , 0

}
(7)

Subject to:
nL = ∑nCDP

CDP=1 nLCDP (8)

where
cLNPV : Cost per locker in today’s value
cSNPV : Cost to send one parcel to a staffed CDP in today’s monetary value
ns: Number of parcels sent to a staffed CDP per year
D: Number of days in a year
nCDP: Number of CDPs
npCDPd : Number of parcels delivered to or are already in a specific CDP on day d
nLCDP : Number of lockers at a specific CDP.
Neither the cost to set up a parcel locker network nor how the cost to deliver one

parcel to a staffed CDP will change in the future, which are available a priori. Therefore,
the authors refrained from making assumptions about the exact costs and instead used the
cost factor cLNPV /cSNPV to illustrate the results in this paper. Using this factor instead of the
actual cost has the advantage that the optimization problem has to be solved only once for
a selection of cost factors, even if the actual costs are changing. This also allows delivery
companies to get an understanding of the range of the cost they can expect, and how
this changes depending on the number of CDPs or future changes in the parcel demand.
Both of which might not be known a priori when planning a parcel locker network.

4. Results
4.1. Number of Locker Spaces Required per Day

Figure 1 shows the number of lockers required each day over one year if all parcels
would be delivered to lockers. The number of lockers peaks before Christmas and has
minima on weekends.

Figures 2 and 3 show the number of locker spaces required if all parcels would be
delivered to the lockers per month and per day, respectively. The wider the violin plot,
the more times this specific number of parcel lockers is needed. The outer line of each violin
plot [37] was estimated based on a kernel density estimation of the raw data. The number
of lockers required each day ranges every month from 0 to more than 9000. The low
numbers are due to the reduced number of parcels being delivered on Sundays, as seen
in Figure 3. For example, in April, no parcels were delivered on weekends. This means
that only a few lockers were required on Sundays for the parcels, which were picked up on
the following Monday by employees, and contained parcels forgotten to be picked up by
customers. In November and December, the number of lockers required each day peaked,
while April, July, and August (the Easter and summer holiday seasons) represented the
times of lowest demand. The number of lockers required per day in December varied more
compared with other months because of the high demand before Christmas and the low
demand during the holidays. The majority of parcel lockers were required on Wednesdays
and Thursdays (Figure 3), while Sunday was the day with the lowest number of parcel
lockers required. The average number of parcel lockers required was higher on Mondays
than Tuesdays, which could be due to people ordering on the weekend and using 24 h or
48 h delivery. Figures 2 and 3 show that it is difficult to achieve a high utilization of parcel
lockers because of the varying demand for parcel lockers.
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Figures 4 and 5 shows the increase in the number of lockers required due to customers
forgetting to pick up parcels. The maximum number (Figure 4) of parcel lockers required
each month increases between 1.5% and 26.3% depending on the month, even though 30%
of all parcels were not picked up each day. This can be explained by the fact that when a
day with a high demand for parcel lockers is followed by a day with a low demand for
parcel lockers, a lot of parcels would still be in the lockers from the previous high demand
day, meaning that the number of lockers required on the low demand day could be larger
than the number of parcels actually delivered that day. If the following day is again a high
demand day, only a low number of parcels will be left in the locker from the previous
low demand day, and therefore the maximum number of lockers required increases only
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slightly on the high demand day. In short, the maximum number of lockers required gets
slightly evened up.
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The mean number (Figure 5) of lockers required increased by around 40%, given that
30% of parcels were left in the locker for 2 days, 9% were left for 3 days, 2.7% were left
for 4 days. (Figure 5). For example, if 100 parcels are in a parcel locker, 70 parcels were
delivered on that day and 30 are left over from the previous day. On the following day,
70 parcels are delivered and 30 parcels (= 100 ∗ 0.3) are leftovers from the previous day.
Thus, the increase from 70 delivered parcels to 100 parcels in the locker is 42.9%.

As can be seen in Figures 3 and 6, the mean number of lockers required on Sundays
and Saturdays is low for all months. On Wednesdays, five times as many lockers were
required compared with Sundays, on average. Saturdays required half as many parcel
lockers than Wednesdays, on average. The number of required lockers during the rest of
the week was 1–18% smaller than for Wednesday. The required number of parcel lockers
was the highest in December for any day of the week.

4.2. Total Number of Locker Spaces

Figure 7 shows the number of locker spaces required to satisfy the demand at varying
numbers of percentiles from 80%–99.9%. It can be seen that around twice as many lockers
were needed if the number of lockers had to be enough for all days compared with being
enough for 80% of the days. As expected, the number of lockers required increased with
the number of CDPs because of the randomness of the allocation of parcels to CDPs.

If the number of available locker spaces was smaller than the maximum number of
required locker spaces on any day of the year, some parcels could not be delivered. If only
the 99.9-percentile of the required number of parcel lockers was satisfied, less than 0.02%
of the parcels cannot be delivered. For the 80-percentile, around 5–8% of all parcels could
not be delivered (Figure 8).
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4.3. Optimal Number of Lockers

Locker utilization could be lower than 30% if a locker is available for every parcel,
which reduced the financial viability of the business model. The following section is
concerned with finding the optimal number of lockers and parcels being diverted to staffed
CDP if no parcel locker is available. As illustrated in the Methods in Section 3, the cost
factor cLNPV /cSNPV was used in the optimisation model instead of the exact cost.

The optimum number of parcel lockers changed slightly with the number of CDPs
(Figure 9). When the cost factor was low, having fewer CDPs reduced the number of
required lockers. The opposite applied when the cost factor was high.

To increase the sensitivity of the results, the optimal number of parcel lockers was
estimated based on varying the number of parcels being delivered. The density represents a
factor by which the number of parcels was multiplied to create multiple scenarios, where 1.0
represents 100% of the actual number of parcels delivered. A higher number represents
more parcels being delivered and a lower number means less parcels being delivered.
As expected, the graphs in Figure 10 show a similar trend to the graph in Figure 9.

4.4. Example Calculation

The example calculation illustrates how the decision support method developed in
this simulation could be used. Based on private communication with a Russian parcel
locker seller, it was concluded that the cost of adding a single locker to a CDP is around
£85 per locker if 10–20 lockers together are added to a CDP. The computer used to operate
the locker adds another £50 to the total cost. The operating cost was estimated to be £1 per
locker per year, in line with the suggestions in [38]. In total, the cost per locker would be
£99 in today’s monetary value, including the operating costs over 15 years and a discount
rate of 1% (rate of return of the FTSE 100: 3% [34] minus CPI inflation: 2% [35]). If the fees
paid to staffed CDP owners per parcel stayed constant at £0.50 [18], the average fee per
parcel over the 15 years would be £0.47 in today’s monetary value. The resulting cost factor
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would be 212. The optimal number of lockers would be 7160 lockers based on the delivery
data of the company used in this study and assuming 512 CDPs. If the operating cost per
locker increased from £1 to £5.70 per locker per year, while all other costs stayed constant,
all parcels should be sent to a staffed CDP. If the discount rate decreased to 0.75%, which is
the interest rate set by the Bank of England in August 2019 [35], while all other variables
stayed constant, the cost factor would decrease to 200, which increased the optimal number
of lockers to 7562.
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4.5. Modular Lockers vs. Fixed Lockers

Using modular lockers has been suggested in the literature as an option to improve
the utilization of parcel lockers [25,26]. Modular lockers work like fixed lockers but the
number of locker spaces are adjusted periodically depending on the demand. Hence,
in the low demand season, only a few modular lockers spaces are available at each CDP,
whereas in the high demand season, the number of modular locker spaces at a CDP is
increased. While a comparison of modular and fixed lockers is not the goal of the study,
both have been compared to highlight the limitation of modular lockers. Depending on the
number of CDPs, the utilization of fixed parcel lockers ranged between 25% to 35% if all
parcels were to be sent to fixed lockers.

If the number of lockers were to be adjusted on the first of every month (i.e., modu-
lar lockers; Figure 11), the utilization would range from 65.3% for networks with 1 CDP
to 39.4% for networks with 2048 CDPs. Even though it may be possible to increase the
utilization by changing the frequency and time point when modular lockers are adjusted,
the utilization is always limited by the fact that the parcel demand varies considerably
depending on the day of the week, and adjusting modular lockers daily would defeat
its purpose.
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Figure 11. Comparison of the average utilization of fixed lockers with modular lockers, which are adjusted in the beginning
of each month.

If only 3% of all parcels were handled by staff at CDPs while all other parcels would
be placed in fixed lockers at these staffed CDPs, the average utilization would range
from 62.2% for networks with 1 CDP to 44.2% for networks with 2048 CDPs. In short,
combining staffed CDPs with lockers at the same location has a larger potential to increase
the utilization.
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When comparing the cost of modular lockers and the combination of fixed lockers and
staffed CDPs, it is questionable whether modular lockers offer a financial benefit (Table 1).
A delivery company has to buy enough modular lockers for the high demand season,
whereas a company combining fixed lockers with staffed CDPs only needs to buy enough
lockers for the medium demand season, as undeliverable parcels are diverted to staffed
CDPs. Modular lockers might also be more expensive because of the docking mechanism.
In addition, the land rent at CDPs might not be reduced for modular lockers compared
with fixed lockers. During the high demand season, the cost of land rent at a CDP would
be higher for modular lockers than for fixed lockers and staffed CDPs because of more
modular lockers being installed. During the low demand season, the land rent at CDPs
could be lower for modular lockers. However, the rent might not be reduced (i) if there
is no alternative usage for the land during the low demand season or (ii) the number of
required modular lockers is never less than the number of fixed lockers. Modular lockers
require storage space and transport cost, while fixed lockers and staffed CDPs require a fee
paid to staffed CDPs.

Table 1. Modular locker vs. fixed locker and staffed CDPs.

Modular Locker Fixed Locker & Staffed CDP

Number of lockers High demand season Medium demand season

Land rent at CDP More or similar to medium
demand depending on season Medium demand season

Locker storage space During low demand season N/A

Transport of lockers E.g., monthly adjustments N/A

Fee for staffed CDP N/A Ca. £0.50 per parcel [18]

Based on the parcel delivery data used in this study, it is unlikely that it will be
cheaper for a delivery company to invest in modular lockers compared with fixed lockers
and staffed CDPs. The following example compares modular lockers with fixed lockers
deployed at a level to satisfy 95% of all days (i.e., 3% of the parcels sent to staffed CDPs).
A delivery company could either buy 20,088 (1 CDP)–29,125 (2048 CDPs) modular lockers,
or 12,475 (1 CDP)–17,525 (2048 CDPs) fixed parcel lockers and pay around £0.50 per
parcel [18] to staffed CDPs. As stated earlier, the cost of adding a single locker to a CDP
is around £85 per locker if 10–20 lockers are added to the same CDP. If modular lockers
cost the same as fixed lockers, a company using modular lockers would require around a
£656,114 (1 CDP)–£992,016 (2048 CDPs) higher investment than the company using fixed
lockers. In this case study, the decrease in land rent during the low demand season for
modular lockers is outweighed by the increase in land rent during the high demand season
for modular lockers. Over one-year, networks with 1 CDP require around 3% less rent if
using modular lockers, while networks with 2048 CDPs require 12% more rent when using
modular lockers compared with combining fixed lockers and staffed CDPs. This means
that modular lockers require overall a similar or a higher land rent than fixed lockers and
staffed CDPs in this case study.

When only considering the cost to buy the lockers and the fee paid to staffed CDPs,
it is less expensive to use fixed lockers and staffed CDPs if the lockers last for up to 20 years
in a network with 1 CDP and 48 years in a network with 2048 CDPs, considering a discount
rate of 1% (rate of return of the FTSE 100: 3% [34] minus CPI inflation: 2% [35]). When the
discount rate is decreased to 0.75%, which is the interest rate set by the Bank of England in
August 2019 [35], a system with modular lockers and 1 CDP would only be less expensive
if the lockers last for more than 19 years. A system with modular lockers at 2048 CDPs
will need to last more than 45 years to be less expensive than sending parcels to staffed
CDPs. Even without considering the costs, modular locker operators have to pay extra (i.e.,
storage space for unused lockers, transport of lockers, and increased land rent), and the
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modular lockers do not offer any financial advantage in this case study compared with
combining fixed lockers and staffed CDPs.

5. Suggestions for Future Work and Limitations

The study only considered the impact of adjusting the numbers of modular lockers
at the beginning of each month. It would be beneficial to compare the daily, quarterly,
or half year adjustments or on-demand adjustment strategies. In addition, the study
should be repeated with delivery data from other companies to determine in which cases
modular lockers offer a financial advantage over fixed lockers and staffed CDPs for different
company profiles. It would also be interesting to evaluate how a consideration of the size of
parcels changes the results. A follow up study could also include the customer preferences
for a specific delivery type. Staffed CDPs are usually not open 24/7. Hence, some customers
might prefer parcel lockers. Others might prefer to pick up a parcel from a human and are
uncomfortable interacting with an automated parcel locker. Plenty of studies focusing on
the optimization of the location of CDP have been published [27,28]. It would be interesting
to combine these with the optimization problem proposed in this paper. Note: In this paper,
the location of parcel lockers is fixed.

6. Conclusions

Open innovation is increasingly popular with large companies around the world [39].
By applying a real data-driven approach [40] to reduce the cost of parcel delivery, this paper
highlights the advantages of open innovation. Open innovation refers to the share and
use of external knowledge, for instance, information, abilities, and methodologies [41],
to accelerate the innovation process [42]. In this sense, the paper uses open source data (e.g.,
delivery trip data and other statistics) and open source software (e.g., Python and QGIS)
to develop a decision support method focused on reducing the cost of last mile delivery
without reducing the service level. This highlights the benefits of open innovation—if the
delivery company had not published the delivery trip data, the authors could not have
developed or applied the decision support method. The same applies to the software used
in this project.

The paper contributes to the research by developing a decision support method
that determines the optimal number of lockers at a staffed CDP. All of the parcels are
preferably delivered to parcel lockers, and undeliverable parcels due to the lockers being
full are placed in staffed CDPs. Determining a fixed optimal number of lockers is difficult
because of the variable demand for parcel lockers caused by seasonal fluctuations and
variation between weekdays and weekends. Modular parcel lockers have been proposed
as a solution for this problem. However, based on the case study, which uses real parcel
delivery trip data in London over one year, it is unlikely that modular lockers offer a
financial benefit compared with combining parcel lockers with staffed CDPs. Therefore,
the study concludes that a combination of parcel lockers and CDPs might be the better
option from a financial viewpoint. In this case study, a parcel locker network with fixed
lockers and 3% of the parcels being sent to staffed CDPs results in a similar utilization to a
modular locker that is adjusted at the beginning of each month. In addition, a modular
locker network would require 1.6 times as many lockers as the combined fixed locker and
staffed CDPs network alternative. Combining parcel lockers with staffed CDPs allows
delivery companies to take advantage of the low investment cost of staffed CDPs and the
low cost per parcel of parcel lockers.

The paper proposes a decision support method to estimate the optimal number
of parcel lockers based on the cost of parcel lockers versus sending a parcel to a CDP,
the number of CDPs, future variations of parcel demand, and changes in discount rate.
The decision support method has been applied to the parcel delivery data of a company
in London.
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