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Abstract

In 2020, the first quick commerce businesses in grocery retail emerged in the Euro-
pean market. Customers can order online and receive their groceries within 15 min
in the best case. The ability to provide short lead times is, therefore, essential. How-
ever, the ambitious service promises of quick deliveries further complicate order
fulfillment, and many retailers are struggling to achieve profitability. Quick com-
merce retailers need to establish an efficient network of micro-fulfillment centers
(MFCs) in customer proximity, i.e., urban areas, to master these challenges. We
address this strategic network problem and formulate it as a location routing prob-
lem. This enables us to define the number, location, type, and size of MFCs based
on setup, replenishment, order processing, and transportation costs. We solve the
problem using a cluster-first-route-second heuristic based on agglomerative cluster-
ing to approximate transportation costs. Our numerical experiments show that our
heuristic solves the problem effectively and provides efficient decision support for
quick commerce retailing. We generate managerial insights by analyzing key aspects
of a quick commerce business, such as lead times and problem-specific cost factors.
We show, for example, that allowing slightly higher delivery flexibility (e.g., offer-
ing extended lead times) enables bundling effects and results in cost savings of 50%
or more of fulfillment costs. Furthermore, using multiple small MFCs is more effi-
cient than larger, automated MFCs from a lead time and cost perspective.
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1 Introduction

The e-commerce business has been rapidly growing during recent years, and
online grocery retailing has been accelerated by the COVID-19 pandemic, ongo-
ing digitization of shopping, and changes in work and lifestyle (see, e.g., Weber
2021). In line with this development, there is also a growing demand for ever
faster order fulfillment, such as same-day or even same-hour (Simmons et al.
2022). Orders in this regard comprise products required for instant consumption
and have small basket sizes. The particular demand structure and the expected
short lead times have facilitated the emergence of new pure-online players such
as getir, Flink or Gorillas. They have established a new grocery retail format—
known as quick commerce—and offer extremely short lead times of quasi-instant
deliveries from 15 to 60 min from small inner city depots (Buldeo Rai et al. 2023;
Gund and Daniel 2023). This type of business is also referred to as “fast deliv-
ery”, “rapid delivery”, “on-demand delivery” (WaBBmuth et al. 2023) or “instant
delivery” (Buldeo Rai et al. 2022). Today, deliveries within one hour account for
5-10% of Europe’s online grocery market (Sasi 2021). Related business mod-
els with promised lead times of a maximum of 30min were valued at around 25
billion $ in revenue worldwide in 2021, and growth to 72 billion $ by 2025 is
expected (Bommireddipalli 2022). Despite the slower growth and the typical
coming and going of new startups in such a dynamic environment (Steinschaden
2022; Partington 2023), the revenue across Europe is valued at around 8 billion
$ in 2021, grew up to 10 billion $ and is still expected to continue growing to 12
billion $ by 2025 (Statista 2023b).

This growth is accelerated by relatively limited upfront investments and stream-
lined processes. Customers usually need first to enter their address when ordering
online. The product portfolio is offered if the customer location is within the deliv-
ery region. A quick commerce retailer’s product range includes all kinds of catego-
ries ranging from fresh, ultra-fresh, chilled, and frozen to ambient products (Ariker
2021) and usually comprises 1500-2000 products (Statista 2022a). However, the
average order basket is small and ranges between 5 and 15 items (Statista 2022b), as
the orders usually fulfill an immediate need. Instead of standard grocery deliveries
with a lead time of 1-3 days, quick commerce does not offer time windows. As the
time gap between order placement and receipt is less than 60min, an additional time
window specification is almost impossible; instead, a lead time is promised for the
delivery (see, e.g., Dablanc et al. 2017; Flink 2023; Getir 2023). After an order is
placed, it is instantly transmitted to a depot for order processing. A picker processes
the complete order in the depot, and a driver delivers it to the customer. While the
picker always processes each order individually (Waimuth et al. 2023), a driver may
wait for additional orders within a given time frame and then start the delivery tour.
Lastly, customers must be at home to receive orders (i.e., attended home delivery).
The handover of the delivery is the only in-person interaction between the customer
and the retailer, motivating the retailer to create a pleasant and timely delivery expe-
rience for the customer. Failing to fulfill the service promise is a serious issue due to
the core value proposition of fast deliveries.
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The main business idea of quick commerce consists of the very short lead time
promise combined with many deliveries of small orders. This is a major challenge
as last-mile distribution is generally costly (see, e.g., Wollenburg et al. 2018; Wal3-
muth et al. 2023) and contrasts with the small margins in grocery retail of 2-3%
(Klingler et al. 2016). As there is a limited willingness to pay for quick delivery
services (Gatta et al. 2021), the price premium is also limited, meaning that all pro-
cesses must be very cost-efficient. The network and fulfillment processes need to be
aligned (Aull et al. 2021) to make the quick commerce shopping experience more
attractive for customers than the alternative of shopping in a nearby store without
delivery fees. The use of standard shipping services with centralized and large distri-
bution centers (as is common in e-commerce (see, e.g., Hiibner et al. 2016, 2019)) is
not possible for quick commerce due to the short lead times promise. To enable the
ambitious fast delivery, multiple small depots, so-called micro-fulfillment centers
(MFCs), must be established in direct customer proximity. Quick commerce retail-
ers rent space in city centers to set up multiple MFCs. From the MFCs, they deliver
the orders via bikes or other small vehicles. The small vehicle capacity is a core
restriction in quick commerce distribution. This results in networks with many small
MEFCs and heterogeneous MFC operations. Picking productivity and replenishment
operations depend on the available MFC sizes and types, and the lead times and
transportation distances to the customers also depend on the MFC locations. The
setup of the MFC network is, therefore, pivotal for the long-term success of any
quick commerce. However, most quick commerce companies are startups that pri-
marily focus on growth and only attend to efficient operations as a secondary prior-
ity (Kale 2021). This often results in a suboptimal fulfillment network. Therefore,
it is no surprise that quick commerce retailers may need help to achieve profitable
operations, and most businesses suffer from losses or face closure in certain areas
(Stone and Davalos 2022). This shows that planning support and efficient solution
approaches are needed to enable a sustainable business.

Our work addresses these challenges of quick commerce. It considers a network
problem to decide on the number, locations, sizes, and types of MFC, while consid-
ering the existing delivery restrictions with short lead times. To establish an efficient
distribution network and to assess total fulfillment costs, it is necessary to consider
network and routing decisions simultaneously. We formulate the resulting problem
as a Capacitated Location Routing Problem with Micro Depots (CLRP_MD). LRPs
have been widely studied, and there is a plurality of variants (see, e.g., Nagy and
Salhi 2007; Prodhon and Prins 2014; Schneider and Drexl 2017). The existing lit-
erature does not, however, consider the innovative application in quick commerce
when selecting locations, sizes and types of MFCs, and its combination of special
delivery requirements and cost structures. Our work addresses these open areas and
incorporates the problem characteristic of quick commerce: extremely short lead
times without time windows, a decentralized MFC network, differing MFC settings
(i.e., storage size and technologies), small order sizes, and very restrictive routing
options. We further derive problem-specific costs for quick commerce operations
that are considered when determining the MFC network. This includes MFC-spe-
cific processing costs (picking and packing), transportation and lateness costs for
order fulfillment, and location-dependent replenishment and setup costs. We solve
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the resulting problem using a cluster-first-route-second approach tailored to the
problem characteristics of quick commerce that approximates transportation costs
for a grounded decision on the MFC network structure.

The remainder of this work is structured as follows. Section 2 develops the real-
world business problem at hand and the associated network planning problem.
Section 3 reviews related literature. Section 4 presents the formal model and the
proposed solution approach. Section 5 delineates numerical analyses and derives
managerial insights. Last, we summarize our findings in Sect. 6.

2 Description of planning problem

Quick commerce is an innovative concept both in practice and academia. To build
a common understanding, this section first derives the fulfillment process and real-
world application and then verbalizes the underlying network design problem, its
interrelations and related costs.

2.1 Description of the real-world business problem

In contrast to the usual mode of traditional retailers with large warehouses out-
side the city, quick commerce retailers have to set up multiple, spatially distributed
MEFECs to ensure prompt order fulfillment (Ariker 2021). Only a well-defined net-
work ensures the fast delivery of a variety of products in urban areas. Figure 1 illus-
trates such a distribution network for quick commerce fulfillment.

Quick commerce retailers operate a two-echelon supply chain. The first echelon
is the central distribution center (CDC). The second echelons are the MFCs. In our
example, one CDC (diamond) is outside the delivery area. CDCs are organized to
efficiently process large volumes (see, e.g., de Koster et al. 2007; Holzapfel et al.
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Fig.1 Quick commerce fulfillment network illustrating MFC replenishment and customer delivery
(example)
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2018; Boysen et al. 2019). The inbound process from suppliers is organized via
these CDCs, which may serve as classical inventory locations and also partially as
cross-docking locations. The CDCs are located outside the urban delivery region
due to the space requirements of these warehouses. They are usually unavailable for
direct customer delivery and only supply the MFCs. The MFCs (triangles) are set up
in inner-city areas such that they are surrounded by the respective delivery areas and
customers (dots) and thus in direct customer proximity (Nierynck 2020). The MFCs
are frequently replenished from CDCs to ensure high product availability. The
MEC:s are responsible for order fulfillment and last-mile delivery. Potential locations
are limited by the real estate available on the market. Individual MFCs consequently
differ significantly, resulting in a heterogeneous network structure. Moreover, MFCs
can be set up flexibly in available locations with adapted layouts as no predefined
layouts have to be strictly followed compared to classic brick-and-mortar retailers.
For example, an MFC can be opened on empty store spaces of 200 to 500 m? or even
in backrooms of existing local hypermarkets and supermarkets or as attachments of
small city stores. When setting up an MFC network, a retailer must decide on the
number and locations of the MFCs and the respective available storage size and pro-
cessing capacity. Regardless of the size, each MFC covers the identical assortment,
i.e., the entire product portfolio that is offered in the quick commerce online shop.
In smaller-sized MFCs, the replenishment, picking, and packing are exclusively car-
ried out manually. In contrast, in larger MFCs, warehouse automation and robotics
to store and retrieve products can be installed to some extent (see, e.g., Boysen et al.
2019). Available technological support ranges from relatively simple conveyor belts
purely for material flow in semi-automated goods-to-man systems to automated stor-
age and retrieval systems (see, e.g., Eriksson et al. 2019; Jaghbeer et al. 2020). A
simple conveyor belt can be installed with relatively low investment, but productiv-
ity benefits are limited. On the other hand, more sophisticated systems can auto-
mate more complex processes to improve both productivity and picking capacity
but require higher investments (see, e.g., Azadeh et al. 2019). This means that each
MEC location needs to be equipped with a certain technology for manual, partially
automated, or fully automated order processing, for example. Altogether, the MFC
setting at an available location determines the fulfillment (i.e., picking) capacity and
the corresponding number of customers that can be supplied.

Quick commerce retailers use defined delivery areas (see red circle in Fig. 1) for
each MFC to restrict the delivery radius and to ensure feasible operations (driving
range, customer volume). The retailers promise a lead time, which represents the
time between the order submission and the receipt by the customer. Due to the small
order sizes and tight lead time promises, orders are picked individually quickly with-
out batching across orders (Walmuth et al. 2023; Buldeo Rai et al. 2023). The fast
delivery promise requires that each customer order be picked completely and ful-
filled from one MFC. For distribution, picked orders from multiple customers may
be bundled within a certain time frame on a tour. Otherwise, when the lead times
promised do not allow bundling, the delivery is carried out via direct deliveries.
Quick commerce retailers operate their own distribution fleets consisting of small
vehicles (e.g., e-bikes, cargo bikes) with limited capacities. This also means the
driver returns to the same MFC after completing a tour to take on the next delivery.
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Tour sizes in quick commerce are limited due to the short delivery lead times and
the limited capacity of the small delivery vehicles. The short lead times restrict the
number of customers that can be reached on a single tour due to travel and service
times. The vehicle capacity further restricts the number of orders allocated to a tour,
even if the lead time allows for bundling.

2.2 Decision problem, assumptions and related costs

The resulting network design problem of the quick commerce retailer can be ver-
balized as follows. The retailer must simultaneously decide on the (i) number and
location of MFCs and the detailed setting of each MFC. The setting comprises the
(ii) size and (iii) type of MFCs. While the size reflects the available storage space
and processing capacity of orders, the type describes the degree of technology and
automation that is applied in an MFC, which also affects the processing capacity.
The three decisions are interrelated, and resulting tradeoffs must be considered.
For example, the decision-making process involves evaluating whether implement-
ing several decentralized, smaller MFCs near customers is more advantageous than
deploying fewer, larger, centralized MFCs with the capability for automated picking.
This example also shows that the MFC network design needs to include decisions on
the (iv) assignment of customers to the MFCs for potential order fulfillment and the
resulting options for the (v) vehicle routing and order delivery. Altogether, the strate-
gic network design problem described can be formally classified as a special variant
of a capacitated location routing problem (CLRP) (see, e.g., Nagy and Salhi 2007;
Prodhon and Prins 2014; Schneider and Drex] 2017). LRPs combine strategic facil-
ity location decisions with operational vehicle routing to supply customers (see, e.g.,
Daskin 1997). Decisions regarding the placement of facilities and the establishment
of efficient transportation routes are intertwined. Research has demonstrated that
addressing these aspects separately can lead to excessive overall system costs (see,
e.g., Prodhon and Prins 2014). In the standard form, LRPs are formulated as static
problems. They are relevant in many applications such as production network plan-
ning (see, e.g., Nagy and Salhi 2007; Hasani Goodarzi and Zegordi 2016), disas-
ter relief logistics planning (see, e.g., Oezdamar and Demir 2012; Rath and Gutjahr
2014; Wei et al. 2020) and retail networks (see, e.g., Agatz et al. 2008; Schneider
and Drexl 2017). In our problem context, the classical LRP needs to be extended to
include decisions on the (ii)) MFC size and (iii) MFC type. The network design deci-
sion is additionally subject to constraints for picking capacity of MFCs, tight vehicle
capacities, and ambitious lead time targets.

The decisions are further based on different cost components that need to be
assessed. First of all, each location has different renting and purchasing costs. This is
particularly relevant in quick commerce as the MFCs need to be established in costly
central urban real estate. Moreover, each location may have different size options,
and each MFC can be equipped with different technologies (e.g., semi- or fully-auto-
mated picking support). The type selection and, hence, the automation comes along
with maintenance and leasing or depreciation costs. Altogether, these costs can be
summarized as fixed setup costs compromising rental, depreciation, utilities, leasing,
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maintenance, and overhead costs that depend on the MFC size, type, and location.
Secondly, the MFCs are replenished from the CDC. The size of the MFC deter-
mines the required replenishment frequency and volume, its location, and the dis-
tance to the CDC that needs to be covered. In addition, the technology installed for
inbound replenishment may also impact costs. Replenishment costs are consequently
location-, size-, and type-specific. Third, there are setup-specific order processing
costs, as each MFC location, size and type has a different picking productivity. For
example, the travel distance of the picker depends on the MFC size and also on the
structure of the MFC location (i.e., the MFC type). The latter matters as usually
locations in the city center are rented that are not designed for logistics efficiency.
The usage of automated picking equipment also influences the productivity of the
pickers. The order processing costs account for these picking and packing processes
at the MFC and depend on the customer order (e.g., items from different categories)
and the MFC location, type, and size. Further, selecting MFC locations also deter-
mines the travel distances to customers and the possible routing options. The rout-
ing options are limited by tight vehicle capacities and impacted by lead times. The
resulting transportation costs reflect the travel distances and times that need to be
covered within the network (i.e., MFC-customer and customer-customer distances).
They account for energy costs, drivers’ salaries and vehicle usage. Finally, quick
commerce operates with ambitious lead times. This may only be violated in favor of
a better assignment solution. Late deliveries are possible to allow for more flexible
assignments. Customers expect delivery within the lead time promised but usually
accept delays to a certain degree as products are ordered for immediate consumption
(Gatta et al. 2021). The lateness leads to future customer churn or financial compen-
sation, which is reflected in lateness costs.

Table 1 summarizes the decisions to be made in our special variant of a CLRP
and highlights the corresponding tradeoffs by matching the decisions (in columns)
with the related costs (in lines). For example, assigning more customers to one MFC
allows the setup of a larger MFC and investment in automation technologies. This
is beneficial for the order processing costs but increases the fixed setup costs and, in
particular, the travel distances and transportation costs to customers.

Table 1 Summary of network design decisions and impacted costs

Costs | Decisions (i) MFC (i) MEC size  (iii) MFC type (iv) Assignment' (v) Routing?
location

Fixed setup costs v v v

Replenishment costs v v v

Order processing costs v/ v 4 4

Transportation costs v v v

Lateness costs v 4 4

v: Direct dependency of costs on decision
! Assignment of customers to MFCs

Vehicle routing (i.e., assignment of customers to tours and sequencing of the tour)
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3 Review of related literature

Due to the recent development of quick commerce retailers, there is only a small
amount of academic literature for this novel application. While this small group of
contributions establishes quick commerce as an intriguing new retail format (see,
e.g., Dablanc et al. 2017; Gatta et al. 2021; Singh and Liébana-Cabanillas 2022),
they do not analyze fulfillment models and network design. Our problem is mainly
related to network design problems of e-commerce retailers where locations need
to be set up to process orders from online channels and deliver the orders to the
customers’ homes. We analyzed literature reviews in the e-commerce context (see,
e.g., Agatz et al. (2008), Melacini et al. (2018), Caro et al. (2020), Hiibner et al.
(2022), WaBimuth et al. (2023)) to identify related problems. We highlight the con-
tributions in the following and the relationships in a summarizing table at the end of
this section.

In the first set of papers, the authors develop models to integrate stores into
fulfillment systems. These publications relate to our problem setting, as decen-
tralized locations are applied to complete customer orders. Aksen and Altinke-
mer (2008) is the first contribution that investigates enabling physical stores for
online order processing. They formulate a static LRP to determine a subset of
stores that should be turned into fulfillment depots and solve it with a Lagrangian
relaxation. Each customer order adheres to a strict deadline. The model considers
setup and transportation costs based on the specific routing of customer orders.
However, fulfillment capacities and location-specific order processing costs are
not taken into account. Extending this idea to both stores and depots, Bretthauer
et al. (2010) choose a subset of existing stores and depots to fulfill online orders.
Their static model includes setup and processing costs and bases the transporta-
tion costs on direct shipments to customers. The problem is solved with a branch-
and-bound for small-scale problems. Ishfaq and Bajwa (2019) evaluate the profit-
ability of fulfillment from omnichannel DCs, e-commerce DCs or stores. They
identify under which circumstances DCs to open and how many orders should
be processed at the DCs and stores. The dynamic choice of fulfillment location is
made through an outer approximation of lower and upper bounds of the objective
function. Fixed operating costs of DCs, order processing costs and direct ship-
ment costs to customers are included in their model. Also exploring the oppor-
tunity to use stores and DCs for order fulfillment, Arslan et al. (2021) dynami-
cally assign customer demands to a given set of DCs and stores to minimize costs
while respecting a delivery deadline. Time constraints consider processing and
fulfillment times. If a delivery cannot be fulfilled within the given deadline, this
is penalized as lost sales. Replenishment, setup and order processing costs are
included in the model. Transportation costs are calculated as direct delivery from
the depot to customers. Amongst existing stores and DCs, Dethlefs et al. (2022)
assign available orders to fulfillment locations. They apply a cluster-first-route-
second heuristic for the assignment and routing problem. The authors consider
differing order processing costs in various fulfillment locations and the trans-
portation costs based on routing with a maximum route duration constraint as a
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reflection of rapid delivery. Extending the idea of using stores for order pickup
by customers, Janjevic et al. (2021) optimize an omnichannel distribution net-
work by changing the number of DCs and order pickup points for customers.
This static LRP represents a three-tiered multi-modal network. While capacities
and costs of depots are part of the model, the transportation costs are estimated
with a route cost formula based on a continuous approximation. The time aspect
is included as a maximum duration of each tour without a lead time restriction.
Mahar et al. (2022) apply a dynamic program to study a similar problem and
develop a dynamic order allocation policy for fulfilling online orders from stores.
They consider average processing costs per order, direct shipment costs by car-
rier zone from store to customer, and focus on expected inventory costs. Delivery
time aspects are not considered.

The second set of papers analyzes establishing new central or regional depots for
online fulfillment. For example, Pulido et al. (2015) develop a logistics cost function
that includes setup, processing, inventory and transportation costs. They determine
the optimal number of warehouses for the customer density, the routing zones for
each demand period, and the number of orders to be consolidated into a route. To
estimate the transportation costs, they adopt the continuous approximation model
of Daganzo (1984) for retailers facing short time windows with different urgency.
The authors consider up to two-hour deadlines by limiting the number of custom-
ers per tour. Actual travel and service times are not taken into account. Acimovic
and Graves (2015) introduce a multi-product model that dynamically chooses the
best fulfillment location for each product amongst a set of DCs. DC-specific fixed
and variable costs and lead time are not integrated in the approximate dynamic pro-
gram. Rahmani et al. (2016) consider a two-echelon delivery network of a retailer.
The first echelon is a CDC that supplies the second echelon of processing depots.
They use a clustering-based solution approach to solve the static LRP. Setup costs
of a depot and transportation costs based on actual routing are included, while order
processing costs are neglected. The vehicles are capacitated, but depots are uncon-
strained, and delivery deadlines are expressed through time limits for route dura-
tion. Millstein and Campbell (2018) present a case study where a retailer chooses
the optimal locations for depots to fulfill online orders and to replenish stores. The
static location and allocation problem is implemented as a mixed-integer problem
(MIP) in a solver with setup costs for various depot capacities. Also working with
direct shipments, Kang et al. (2022) improve the delivery stations network for a
retailer in cities. Delivery stations are small cross-docking hubs before the last-mile
delivery to customers. These delivery stations are selected based on optimizing fixed
setup and delivery costs. A neighborhood heuristic is applied to solve the dynamic
problem. Millstein et al. (2022) formulate a MIP to determine depot location and
capacities to fulfill online and offline orders. A solver is applied to the MIP. They
account for fixed costs and picking costs. Finally, Vazquez-Noguerol et al. (2022)
introduce a static multi-objective location-allocation model that optimizes the over-
all operational efficiency while minimizing picking and delivery costs and balancing
workload when allocating orders to depots. Small-scale problems are solved using
a MIP solver. The authors consider time windows. All papers in the second stream
model the transportation costs as direct shipments to customers. They do not build
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vehicle routes for the joint delivery of multiple customers. The only exception is
Pulido et al. (2015) that apply a route cost estimation with a variant of the continu-
ous approximation of Daganzo (1984).

Summary and contribution. Table 2 summarizes the related literature determining
locations and order allocations in an e-commerce context. It highlights the different
decision scope of the papers. The common denominator of the static and dynamic
models is selecting locations and allocating orders to locations. Therefore, all these
papers constitute different variants of a LRP. However, the majority does not include
the size and type selection. In many cases, transportation is simplified by assum-
ing direct shipment costs without routing customers on one tour. Furthermore, it
becomes evident that decision-relevant costs for quick commerce fulfillment are
only partially considered. In particular, the considerations of actual costs for the
routing (instead of only approximating it with direct deliveries) and location-, type-,
and size-specific setup, replenishment and processing costs, and penalty costs for
late deliveries are not comprehensively integrated. Furthermore, the tight capacity
restrictions for vehicles and at the depot are only partially considered. Regarding
the solution approach, no established exact or heuristics approach is widely used in
e-commerce network problems. To fill this gap, our paper aims to consider capaci-
ties, costs, routing and delivery time aspirations. Our model includes location-spe-
cific setup, replenishment, order processing, transportation and lateness costs.

4 Model and solution approach

This section first introduces the mathematical formulation of the CLRP_MD
(Sect. 4.1), and then presents our CFRS specialized heuristic (Sect. 4.2).

4.1 The capacitated location routing problem with micro-depots

The CLRP_MD minimizes the total Fulfillment Costs (FC) by determining the num-
ber, locations, sizes, and types of MFCs, allocating customers to MFCs, assigning
customers to delivery tours, and determining the sequence of each tour. Table 3
summarizes the notation used.

The CLRP_MD is formulated on a complete undirected, weighted graph
G=(N,E), where N ={1,...,LL1+1,...,n} represents all n locations of the net-
work, and E = {{i,j} : i,j € N,j > i} the set of edges connecting all nodes. Each
edge is associated with a non-negative travel time d; to account for the driving
time between locations i,j € N. Furthermore, the delivery at customer i is asso-
ciated with a service time s; accounting for customer interaction (order receipt,
payment) in attended home delivery. The set of locations N comprises the set
of potential MFC locations L = {1, ...,/}, with / <n -1, and the set of customer
locations C = {l+ 1, ...,n}, with N = LU C. The subset L, represents the potential
MEC locations a customer i € C can be assigned to. L, reflects the requirement
that MFCs can only fulfill customer orders within a predetermined maximum
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Table 3 Notation of the CLRP_MD

Sets

C Customer locations, withi € C

L Potential locations for MFCs, with [ € L

L; Subset of potential MFC locations where a customer i can be assigned to, with ; C L

M Sizes of MFCs, withm € M

N All locations, withi,j e Nand N =LU C
T Types of MFCs, witht € T

\%

Homogeneous vehicles, withv € V

Parameters

c 1&; Fixed setup costs of MFC size m and type ¢ at location,m e M,t € T, € L

c;:f Inbound replenishment costs of MFC size m and type ¢ at location , m € M,t € T, € L
-;}:;C Processing costs of the order by customer i at MFC location [ with size m and type ¢,

ieCmeM,teT,leL

ci}‘a"s Transportation costs between locations i, j, i,j € N

cl,'““’ Penalty costs for late delivery at customer i,i € C
i Travel time from location i to j, i,j € N (in time units)

D Lead time for customer deliveries (in time units)

Di Picking volume of the order by customer i, i € C (in picking units)

q; Transportation volume of the order by customer i, i € C (in transportation units)

0 Maximum transportation capacity of a vehicle (in transportation units)

S; Service duration at customer location i, i € C (in time units)

St Maximum picking capacity of MFC size m and type t,m € M,t € T (in picking units)
Variables

r; Continuous variable, indicating lateness (delay) of the delivery to customer i,i € C

w;,  Continuous variable, indicating the arrival time of vehicle v at locationi,i € N,v € V

X;; Binary variable, indicating whether the vehicle v directly travels fromitoj,i,j e N,ve V

i
Y Binary variable, indicating whether location / will be chosen to build an MFC of size m and type f,
meM,teT,l€L

Zye Binary variable, indicating whether customer i is assigned to MFC size m and type ¢ at location /,
ieCmeM,teT,leL

distance (see also Fig. 1). Quick commerce customers desire order receipt as soon
as possible. This is respected with a promised lead time D for customer deliver-
ies. Deliveries aim to arrive at customers at this upper time limit for the travel and
service time; otherwise, a delivery is considered a late delivery. Set M represents
the potential sizes of MFCs and set T the potential types of MFCs at each loca-
tion / € L. The MFCs have a limited picking capacity S,, that depends on their
size m and type t. Further, a sufficiently large set of homogeneous vehicles v € V
with capacity Q is available for the deliveries. Each customer i € C in the net-
work considered submits a single order. Each customer’s order is associated with
a picking volume p; at the MFC and transportation volume g; for the delivery.
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All MFCs are replenished from a CDC with full truckloads. This imposes
inbound replenishment costs Cz . P of each MFC that depend on the location (i.e., dis-
tance to the CDC), the size, and the type of the MFC. The MFC type and size deter-
mine the required replenishment frequency and the inbound handling processes
(e.g., processing capabilities and automation). Setting up an MFC imposes the loca-
tion-, size- and type-dependent fixed setup costs that are denoted by cl%. The pro-
cessing of the order by customer i and respective picking and packing costs in an
MFC are denoted by c, . Picking and packing costs depend on the customer’s
order (e.g., number of products, mix of customer orders) and on the MFC setting

chosen (location, size and type). The transportation costs are denoted by cj"a"‘ as the

costs for travelling between locations i and j. Finally, we apply lateness costs cl.'ate if
the aspired lead time D is not met. Please note that the decision-relevant costs are
derived in the analysis of Sect. 2.

The following decision variables represent the decisions to be made. The binary
variable y,,,, indicates whether location / will be used to open an MFC of size m and
type . The binary variable z;,,, indicates whether customer i is assigned to the MFC
at location /, size m and type t (z;,, = 1) or not (z;,, = 0). The binary variable Xy
indicates whether vehicle v drives directly from location i to j. Two auxiliary vari-
ables are applied. The continuous variable w;, defines the arrival of vehicle v at cus-
tomer i, and the auxiliary variable r; indicates the amount of time the arrival time at
customer i exceeds the lead time D. The CLRP_MD is formulated as follows.

Min FC(x,y,z) = Z Z Z Clmt [l,:f *Yime Z Z Z Z l]l)r:;C Zitmt

leL meM teT ieC leL meM teT
trans late
DI IDIERE DI
ieN jeN veV ieC

ey

subject to

ZZZz”mtzl VieC ?)

l€eL; meM t€T

Zinjvzl vieC 3)

JjEN veV

D D v <1 VieL @

meM teT

Z wa <1 WweV 5)

i€eL jeC

D oxp =D x, ViENvEV ©)

jEN jeNn
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D it Dy <1+ > Y2y, VieCleLveV -

heN heN meM 1T
w,=0 VIELveEV (8)
Wy +s;+d; =2D-(1—-x;)<w;,, VieENjeCveYV )
w,<D+r, YieC,veYV (10)
> Pi L < S Vi VIELMEMtET an
ieC
ZZqi-x,-jst YWweV (12)
ieC jeN
r; >0 VieC (13)
w, >0 VieNyveV (14)
x;, €{0,1} VijeN,veV (15)
Yy €{0,1} VieL meM (16)
zm €{0,1} VieC/leLmeM (17)

The Objective Function (1) minimizes the total fulfillment costs. The first term sums
up fixed setup and inbound replenishment costs that depend on the location, size,
and type of MFCs selected. The second term calculates the total order processing
costs across all MFCs. The third term considers transportation costs for the delivery
of customer orders, and the final term calculates the lateness costs. Constraints (2)
and (3) ensure that each customer i is assigned to exactly one MFC and delivery
tour (vehicle), respectively. At most, one size m and one type ¢ of MFC can be built
at each location / (Constraints (4)). Constraints (5) ensure that each tour starts at an
MEFC. The flow constraint in Eq. (6) defines that each location visited is also left
again. According to Constraints (7), an MFC and a customer are on the same tour
only if a customer is assigned to that MFC. Each tour starts at time O at the MFC
(Constraints (8)). The arrival times at each customer location, i.e., the service start
time at each customer, are then set by Constraints (9), where 2D is used as “big M”.
Constraints (10) calculate the lateness of a delivery at a customer location if the
promised lead time is exceeded. Constraints (11) limit the picking volume assigned
to an MFC to the available picking capacities and ensure that customers can only
be assigned to activated MFCs. Constraints (12) limit the transportation volume
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assigned to a vehicle such that the vehicle capacity Q is respected. Constraints (13)
— (17) define the variable domains.

4.2 Solution approach

The CLRP_MD is an LRP variant and a generalization of the CVRP (capacitated vehi-
cle routing problem). It thus belongs to the class of NP-hard optimization problems
(see, e.g., Toth and Vigo 2014). The interrelation of location selection, location type
and size, customer assignment, and routing decisions drives the problem complex-
ity of the CLRP_MD. This requires solving a multiplicity of VRPs for changing cus-
tomer assignments and location decisions (number, picking capacities, and locations
of MFCs). Heuristic approaches are, therefore, needed to obtain insights into indus-
try-relevant problem sizes of several thousand customers and a realistically large set of
possible MFC locations. Nagy and Salhi (2007), Prodhon and Prins (2014), and Sch-
neider and Drexl (2017) review LRP variants and show that sequential approaches are
efficiently applied to LRPs. Sequential approaches solve the clustering and routing first
and then allocate clusters to facilities or vice versa. Transferred to our problem, the lat-
ter case would imply that we first allocate customers to MFCs and thus determine the
size, type, and location of MFCs before solving the resulting routing problems. This
approach consequently neglects the fast delivery time aspiration in quick commerce as
well as the major impact of transportation costs when deciding on locations and their
sizes/types. The fast deliveries are, however, a major cost driver and essential for the
fulfillment of the core service promises. An alternative and well-established approach
is the approximation of transportation costs as input for the location and customer
assignment (see, e.g., Barreto et al. 2007; Lopes et al. 2008). Quick commerce services
have ambitious lead times, and small vehicles are applied, resulting in limited transpor-
tation capacity. These restrictions lead to short delivery tours with only a handful of
customers on a tour. The limited tour lengths and sizes are advantageous when cluster-
ing customers to tours and enable an exact evaluation of transportation costs by solving
a travelling salesman problem (TSP) for each cluster built. Figure 2 summarizes the
proposed approach based on a CFRS methodology that approximates actual transporta-
tion and lateness costs for the final MFC selection and customer assignment. We first
adapt the agglomerative hierarchical clustering (AHC) algorithm to our problem setting

ﬂ Assignment of customers to tours with agglomerative hierarchical
Step 1: Approximation of clustering

transportation and lateness 1

costs
Solution of the TSP for each cluster to obtain tour costs
Step 1b)

Step 2: Cluster assignment Solution of a MIP to assign clusters to MFCs and determine MFC
and MFC selection type, size and location
Fig.2 Structure of the cluster-first-route-second approach
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and subsequently solve the resulting TSPs for each cluster exactly (see Step 1: Approxi-
mation of transportation and lateness costs). Once we have obtained the transportation
and lateness costs for all tours, we solve the customer assignment and location selection
using an MIP formulation (see Step 2: Cluster assignment and MFC selection).

Step 1: Approximation of transportation and lateness costs

Step 1a: Assignment of customers to tours with AHC. The clustering of custom-
ers is a central aspect of our heuristic as it determines potential delivery tours. In our
problem context, we need to cluster many customers from the entire delivery region into
many small clusters due to tight lead times and capacity limits. We apply an AHC with
a group average as a proximity measure for the clustering of customers. Barreto et al.
(2007) show that the AHC constitutes an efficient approach for solving the clustering
within LRPs. The authors analyze different clustering algorithms for LRPs and show
that the AHC performs best based on standard LRP instances from Gaskell (1967),
Christofides and Eilon (1969), Or (1976), Perl and Daskin (1985), Min et al. (1992), and
Daskin (1997). In general, AHC starts with every customer as its own cluster and then
merges clusters sequentially based on the proximity measure defined (Johnson 1967). In
our application, the proximity measure calculates the average travel times between two
clusters and defines the sequence in which promising clusters are merged (Barreto et al.
2007). We define C, and C,, as two customer clusters and d;; as the travel time between
two customers. The group’s average travel time is then defined as

Ziec Zjec dij
6(C ,C,) := = e 18
(o G IC,| - 1G] (1)

Please note that MFCs are not yet considered for customer clustering. We further
tailor the AHC to fit the requirements of quick commerce and thus implement
four additional conditions for the clustering: inner-cluster travel times, travel times
between customers and the next MFC location, maximum travel distance per cus-
tomer to MFCs, and maximum vehicle capacity. The first clustering restriction
reflects the aspired short lead times that apply in quick commerce. We exclude cus-
tomer pairs with long travel times by limiting the possible driving time within a
cluster with a maximum travel time between any two customers (denoted by u). All
customer pairs with d; > p cannot be merged in one cluster. Second, we additionally
limit the number of customers within a cluster to limit the total tour duration, thus
tightening the search for feasible clusters. Using the average travel time from cus-
tomers to their nearest potential MFC location (A ), the average travel time between
customers (A,) that can be merged (i.e., all customers i, j with d; < p), and the aver-
age service time of customers (s), we define the maximum number of customers in

a cluster as
, D-A
cm = [5 +SI] (19)
2

Third, we need to ensure that each cluster created is feasible concerning the maxi-
mum travel distance from MFCs to individual customers. The maximum travel dis-
tance defines the delivery areas and may differ from the respective travel times, i.e.,
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customer reachable within the lead time may still not be allocated to an MFC due to
customer density or service areas defined. Considering the maximum travel distance
per MFC, we only allow the clustering of customers that can be assigned to at least
one joint MFC. Using the sets L, reflecting the possible MFC assignments for each
customer i, we define that two customer clusters C,, C, can only be merged if

(1 L;# @. Finally, we can only add additional customers to a cluster as long as
ieC,uC,
the Véhicle capacity Q is not exceeded, i.e., Constraints (12) have to be respected.
The vehicle capacity restricts the tour size if the lead times allow the clustering of
multiple customers and reflects the limited capacities of small delivery vehicles used
in quick commerce.

The adapted AHC, therefore, merges clusters according to the proximity measure
Eq. (18) and adherence to the four additional criteria defined. Algorithm 1 illustrates
the adapted AHC algorithm. Applying the AHC, all customers i € C are assigned to
customer clusters C, (C, C C), where k € K represents the set of clusters created.
Each customer cluster C, created will be the basis for the routing and customer allo-
cation in the next steps.

Algorithm 1 Adapted AHC procedure

: Objective: Sequentially merge customers into clusters based on the proximity measure §

: Input: C, dij, p, C™*, Q, L; Vie C

: Initiate each customer i € C' as its own cluster k

: Calculate the proximity measure § between all pairs Cq, Cj, of all existing clusters K using Eq. (18)

: Merge two clusters to a new cluster k that have the lowest proximity with min{d(Ca,Cs)} while adhering to the
maximum travel time between customers in the cluster u, the maximum number of customers per tour C™**, the
maximum travel distance between individual customers to MFCs ( (|  L; # 0), and the vehicle capacity Q

i€C,UC,

: Iterate steps 4 and 5 until no more merging is possible and save the clustgrs K obtained

7: Return all clusters Cy, k € K

CUS W N

Step 1b: Solution of the TSP for each cluster to obtain tour costs. In this sub-
sequent step, we calculate the corresponding tour costs of transportation and late-
ness costs by solving the TSP for each cluster C,, obtained by the AHC. As custom-
ers and respective clusters have not yet been assigned to any specific MFC, the TSP
is solved for each possible cluster-MFC combination, i.e., each TSP starts from the
respective MFC, travels to the customers and returns to the MFC. The TSP is formu-
lated as a dynamic program (see Held and Karp 1962) as it generally performs well
for small instances (Applegate et al. 2011). Despite solving up to |K| X |L| TSPs, we
show in the numerical analysis that the TSPs can be solved optimally in a short com-
putation time due to the small cluster sizes. The TSP minimizes the tour costs ¢,
for each cluster C;, supplied from MFC location /. These are calculated by

tour _ Z Z trdns )C + Z ldte 7‘ Vk I= K le L (20)

ieCu{l} jeCu{l i€Cy,

Here, X is the reduced routing variable, indicating whether location j is visited after
location i within one cluster. At the end of Step 1, we obtain tour costs for each cus-
tomer cluster created and for each possible MFC as a starting point. We use the tour
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costs obtained ¢;" as an approximation for the actual transportation and lateness
costs of the CLRP_MD and as input for Step 2.

Step 2: Solution of a MIP to assign clusters to MFCs and determine MFC
type, size and location. Using the clusters and tour costs from Step 1 reduces
the CLRP_MD to an assignment and selection problem that assigns customer
clusters to MFCs and selects the optimal locations, sizes and types of MFCs to
be opened. As we consider customer clusters instead of individual customers
in this step, we calculate the order processing costs (c;, ) per cluster k, MFC

location, size, and type by ¢,y = ¥, ¢, . The cumulative picking volume

per cluster is defined by p, = Zieck p;. Moreover, we introduce z;;,, as a binary
decision variable, indicating the assignment of clusters k to MFC location [ with
size m and type ¢, and the binary variable y,,, to indicate whether location / will
be chosen to open an MFC at location / with size m and type ¢. The assignment
and selection problem is then formulated as follows:

Min FC (yv Z) Z Z Z(clm[ l::)) Yime + Z Z Z Z(CkFZ:;[C lour) Zkimt

leL meM teT kekK leL meM teT
2D

subject to

XD D =1 VkeK @)

IEL, meM €T

DN Do wm S D D S Vi VIEL (23)

keK meM teT meM teT
2 2 ym <l VIEL (24)
meM teT
Y €10,1} VieL meM,teT (25)
Zum €10,1} VkeK,leLmeM,teT (26)

The Objective Function (21) minimizes total fulfillment costs based on the selection
of MFC locations, sizes, and types and the cluster assignment to MFC locations.
The first term sums up the fixed setup and replenishment costs of MFCs opened,
while the second term sums up total order processing and tour costs. Constraints
(22) denote that each cluster has to be assigned to exactly one MCF, whereas Con-
straints (23) ensure that the total picking capacity of each MFC is respected. Con-
straints (24) define that one MFC type and size is selected at most at each MFC
location. Finally, the variable domains are defined by Constraints (25) and (26). The
MIP returns the final solution of the CLRP_MD.
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5 Numerical analysis

This section presents the numerical analyses. First, we lay out the test data applied
in Sect. 5.1. Section 5.2 analyzes the performance of our approach by comparing it
to the optimal solution of the CLRP_MD for small problem sizes. We then provide
managerial insights on the strategic network design for quick commerce in Sect. 5.3.

5.1 Generation of test data

Customer locations C are generated based on existing buildings in OpenStreet-
Map (2022) in Munich. We chose an area in the most populated region of around
14 x 23km? for customer and MFC locations. Using this approach, there are 83,551
potential customer locations to choose from. The travel time d;; between all locations
amounts to up to 107 min with a median of 25 min. We create various customer
samples from this customer database to obtain multiple test instances and analyze
different settings. Each sample is formed using a randomly selected subset of cus-
tomers. We allow up to 30 different MFC locations. They are evenly distributed
within the delivery area in the form of a rectangular grid laid over the delivery area.
For 30 MFCs, the distance between the potential locations is roughly 3.5 km for
two neighboring MFCs. Three MFC sizes m € M (small, medium and large) with
250m?, 400m?, and 750m? and two types ¢ € T (manual and automated) are pos-
sible for each potential location. To streamline the analysis, we assume that auto-
mation applies only to larger MFCs. This reduces the possible size-type combina-
tions to three distinct options (small and medium MFCs with manual picking, large
automated MFCs). The type and size determine the picking capacity S,,, (Wulfraat
2019), set at 1000, 2000, and 5000 units, respectively.

The fixed setup costs clfn’; are calculated based on average market rental costs per
period for commercial buildings in Munich (in 2022), with a 30% surplus as costs
for utilities for manual picking and 50% for automated picking (see Statista 2023a,
extrapolated with 2023 Q1 market listings in Munich). We assume identical costs
across all locations for each MFC size-type combination, which then results in ¢,

Imt

of 650€, 1040€, and 1875€. The order processing costs cifr;(;c are based on insights
from picking in online retailing (see, e.g., Boysen et al. 2019; Dethlefs et al. 2022 ).
They mainly depend on the basket size of a customer i and the travel distance of the
picker in the MFC. The actual basket sizes range between five and 15 items, with
an average of 10 items (Statista 2022b). We determine the order processing costs,
following Dethlefs et al. (2022), who estimated the picking and packing costs with
manual picking for small depots. Using their approach, an order size of 10 items
results in 052;0 = 1.14€ for small MFCs with manual picking as an example. The
costs are then obtained for all customer order sizes accordingly. Furthermore, we
apply identical picking costs for the two manual MFC sizes as we assume a balanc-
ing effect for longer picking routes and possible layout optimization (less conges-
tion) for medium-sized MFCs. The processing costs for the large, automated MFCs
are 13% lower due to a higher throughput rate (see Caputo and Pelagagge 2006;
Waulfraat 2019, adjusted to sophisticated equipment). Finally, identical processing
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costs are applied across locations, i.e., cill’r;(;c ultimately differ by MFC type and size

as well as order size. The replenishment costs clrr:f are dependent on the distance
from the CDC and the volume processed in the MFC. The CDC is located 30 km
northeast of the geographical center of the delivery region, and its location is identi-
cal throughout all test instances. Each MFC is replenished frequently with full truck
loads (FTLs). We apply a cost factor of 3.23€/km for transport from the CDC to the
MEC (see Transport Intelligence Limited 2022). The size of the MFC determines
the replenishment frequency and volume, which results in 20% and 30% lower costs
for small and medium-sized MFCs compared to automated MFCs. We assume in
our study that the impact of automation solutions is restricted to the picking pro-
cess and that replenishment costs do not depend on the MFC type. The transporta-
tion costs cig;‘;‘s are set at 1.00€/km and calculated based on minimum wage (incl.
non-wage costs) as well as depreciation and energy usage of vehicles. The retailer
applies a homogeneous fleet across MFCs. As identical transportation boxes for all
customers are applied, we vary the vehicle capacity Q between 1 and 5 (see capacity
of vehicles associated with small depots in Dethlefs et al. 2022). If not stated oth-
erwise, we set the aspired lead time D at 60min and the service time s; at 3 min per
customer stop (see, e.g., Ulmer et al. 2022). The travel times are determined assum-
ing an average vehicle speed of 15 km/h for electric bicycles in urban traffic (see,
e.g., Fishman and Cherry 2016). Lastly, the penalty costs cl.lale are set prohibitively
high at 1.00€/min for each minute of delay.

We use y = 6 min as a basic value for the clustering algorithm and allow each
customer to be allocated to each MFC, i.e., L; = L,Vi € C. The average travel times
from MFCs to a potential customer (A;) and between customers in a potential clus-
ter (A,) are determined for each instance upfront. A; ranges between 8.7 and 8.8
min and A, between 3.6 and 4.0 min. If not stated otherwise, we apply the data
set specified above in all our experiments. The heuristic is implemented in Python
3.8.14, using Gurobi 10.0.0. as the solver for the MIP. The tests were run on an
Intel(R) Core(TM) i7-1185G7 CPU @ 3.00GHz.

5.2 Efficiency and runtime analysis of the heuristic

Comparison to exact approach. The NP-hard CLRP_MD (see (1) to (17)) can only
be solved exactly for small data instances using a commercial solver. The number
of locations, types and sizes of MFCs, and the number of customers drive the com-
binatorial complexity. We, therefore, solve the CLRP_MD with varying problem
sizes for a reduced delivery area of 4 x 4 km. To obtain different costs per MFC in
this small area, we apply clr;f 2.5 times higher than in the base case defined above.
Table 4 summarizes the average runtime and solution value of 10 instances for each
problem size. We set a time limit of 3 h for the Solver for all tests. Our heuristic
provides solutions close to optimality within seconds. In contrast, an exact solution
already requires more than 20 min for ten customers and ten MFCs and two size/
technology options as an example.

The results show that the solution gap is less than 0.8% across the test instances that
could be solved to optimality with regard to the MIP gap of 0.01%. This shows that our
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Table 5 Runtime of the heuristic with |[L| = 10 and [M U T'| = 3, average of 10 instances, in sec

ICI 5000 10,000 15,000

cre 2 3 4 5 2 3 4 5 2 3 4 5

Step la 1 1 1 1 4 3 3 3 9 8 8 8

Step 1b 2 2 2 3 5 4 5 5 9 7 7 9

Step 2 137 80 65 68 161 150 133 129 373 231 225 213

Total 140 83 68 71 170 158 141 138 391 245 239 230
Min. total 127 71 36 39 72 92 106 59 274 179 127 118
Max. total 150 98 92 90 301 209 192 238 571 300 336 288

approach is able to find a good approximation for the transportation costs and provides
a solid basis for the subsequent MFC selection. Of course, the clustering limits the tour
building due to a fixed assignment of customers to clusters and tends to create more and
smaller clusters, i.e., delivery tours. As small tours are realistic due to the time difference
of orders, our approach represents a viable approach for an actual industry application.

Runtime analysis for larger problems. We analyze the runtime performance of
our approach for larger problems. Our algorithm consists of three steps (la: Clus-
tering, 1b: TSP, 2: MIP for cluster assignment). We consequently depict the runt-
ime of each solution step. We vary the number of customers, locations, MFC types/
sizes and set a maximum number of customers per cluster C"* for our experiments.
We define cluster sizes for this test externally, as the number of tours is expected to
impact the runtimes. Table 5 summarizes the tests.

Step 2 (solving the assignment MIP) is the main driver for computation time in
our approach. Steps la (clustering) and 1b (solving the TSP) are not computational
bottlenecks. We find an optimal solution for the TSPs in a short time as we only
need to deal with small TSPs of up to five customers. The number of tours naturally
increases with smaller tours (imposed by a smaller C"*). This drives the runtime of
Step 2. Yet we are considering a strategic problem, and runtimes of less than 400 sec
for realistic problem sizes are acceptable.

5.3 Managerial insights

We conduct further experiments within an application for a large city (see data
above) to investigate the impact of central problem parameters on the MFC network,
on-time delivery, tour length, and fulfillment costs. We first vary the lead time prom-
ise as the short time from order placement to delivery is the novelty of this busi-
ness. Second, we analyze the impact of increasing bundling on tours, i.e., increasing
vehicle capacities, as this is a main driver for transportation costs. Third, we study
the impact of the network setup by comparing a network with fewer large MFCs to
a network with many small MFCs based on the corresponding picking and setup
costs. Fourth, to tackle the higher fixed costs together with the possible scarcity of
city center locations for MFCs, we look into the option of building MFCs in the
outer rim of the delivery area instead of opening them in the middle of it.
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5.3.1 Analysis of delivery requirements in quick commerce

Quick commerce retailers distinguish themselves by their lead time promises. These
are pivotal for the required MFC network, the daily operations, and the cost struc-
ture. We, therefore, analyze two central aspects of the delivery to obtain managerial
insights on the impact of (i) lead times promises and (ii) bundling options on tours.

(i) Impact of lead time promises. The maximum lead times D determine the
possible routing options. Shorter lead times limit the allowed route duration and
increase possible lateness costs for deliveries. We, therefore, analyze how changes
from D = 15 to D = 60 min impact the network, on-time delivery and costs, with
D = 15 min as the baseline. This analysis assumes a sufficiently large vehicle capac-
ity Q to focus on the lead time effects. The lead time also impacts the maximum
number of customers within a cluster in our solution approach (see determination of
C"* with Eq. 19).

Figures 3 and 4 visualize the changes in MFC networks and in customer assign-
ments for D = 15and D = 60 min. Each group of customers in the same grey gradi-
ent is assigned to the MFC located in the containing area. The example shows that a
longer lead time requires fewer MFCs (see, e.g., less populated area in the top right).

Table 6 shows that aiming for D = 60 min instead of 15 min would require only
five instead of nine MFCs with the smaller customer base (|C| = 5,000). With a
larger customer base, expanding D also results in a lower required number of MFCs.
When comparing the different customer sizes ICl for the identical lead time D, it
becomes obvious that mainly the MFC sizes and their utilization increases (see, e.g.,
|C =5,000] and D =15 vs. |C = 15,000| and D = 15). The lead time expansion

Customer A Small MFC

Fig. 3 MFC network for D = 15 min, with |C| = 5,000, |L| = 10, example instance
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Customer A Small MFC

Fig.4 MEFC network for D = 60 min, with |C| = 5,000, |L| = 10, example instance

from 15 to 60 min allows cost savings of 56-57% across all instances. High savings
in transportation costs mainly achieve this. In all cases, lateness costs are minor as
the on-time delivery is still achieved through opening a sufficient number of MFCs.

(i) Bundling options in tours. The bundling options of different customers on a
tour are expected to drive the transportation costs. Furthermore, as delivery vehicles
(e.g., cargo bikes) in quick commerce are generally small, retailers must deal with
their limited transportation capacity. We analyze the bundling options on a tour by
investigating the impact of transporting one to five orders per vehicle per tour, i.e.,
limiting the vehicle capacity accordingly. To assess the impact of vehicle capacity
Q on costs and network, we set the maximum lead time at D = 60. We apply direct
deliveries with Q = 1 as the benchmark in this analysis. Table 7 summarizes the
impact of varying bundling options with different vehicle capacities Q.

We observe similar effects for varying the bundling options as for the lead times
analysis. This can be attributed to the maximum tour sizes that can be obtained in
both experiments. Larger vehicle capacities Q and larger lead times D are necessary
to obtain transportation costs savings. A larger vehicle capacity leads to a higher bun-
dling of customers and results in a significant reduction of total fulfillment costs by up
to 51%. Increasing the capacity from one to two orders per tour, the total fulfillment
costs can already be reduced by 26 to 29%. Together with the respective MFC choices,
the share of transportation costs decreases by around 30 percentage points. The anal-
ysis further highlights that limiting Q restricts tour sizes and hence also limits late
deliveries. Across all instances, almost no lateness costs apply, and customers receive
their orders with a median of less than 33 min. The median arrival time for direct
deliveries is around nine minutes, and with two orders per tour, this value increases to
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around 15min and remains below 33 min even for tours with up to five customer stops.
However, the short lead times are achieved by establishing up to nine MFCs. Espe-
cially in instances with 5000 customers, MFCs are opened with a low average utiliza-
tion of 56%. In general, a decreasing bundling of customers requires the establishment
of more MFCs and results in a lower utilization per MFC. The bundling consequently
contributes to the efficiency of both small and large MFCs.

5.3.2 Analysis on MFC network options

The number, size and type of MFCs used and their setting (i.e., size and type) is the
central element of quick commerce distribution. The available MFC network defines
the possible service offerings to customers and the delivery options. In practice,
quick commerce retailers have to work with the existing locations and related setting
possibilities that are available on the market. This setting may significantly impact the
fulfillment costs for the retailers and their service offerings. We subsequently analyze
two different scenarios for the available MFC infrastructure by looking on (i) differ-
ent MFC sizes (small vs. large) and (ii) general locations (center vs. outskirt).

(i) Small vs. large MFCs. A central aspect of quick commerce distribution networks
is the question of using fewer but larger automated MFCs or establishing a distributed
network of many small and manually operated MFCs to service the delivery region.
Automated MFCs have higher fixed setup costs that enable lower order processing
costs, while the opposite applies to small, manual MFCs. To compensate for the higher
fixed costs, automated MFCs may only be cost-efficient within larger delivery regions.
However, this implies as well higher transportation distances and costs. To analyze the
impact of the MFC size and type setting on costs and network, we construct two con-
trary MFC options to highlight the different effects. The first option uses only small,
manual MFCs and constitutes the benchmark (i.e., no other MFC types and sizes are
available). The second option is the implementation of one large, automated MFC that
serves the entire delivery region and has sufficient capacity to process all customers.
The required large MFC sizes impact the fixed setup costs clfn’;, which are set at 3750€,
and 5625¢€, for 10,000 and 15,000 customers, respectively. We allow up to 30 locations
and restrict Q = 5. We allow D = 60 to be not too restrictive on the possible network
configuration (e.g., with D = 15 min, the extreme scenario with one automated MFC
results in extremely high lateness costs). All other parameters remain unchanged.

The results (Table 8) show that multiple smaller MFCs are imperative for quick com-
merce fulfillment. In other words, a network of distributed MFCs with manual order
processing outperforms the use of a single large, centralized, automated MFC. The sig-
nificant increase in transportation costs with only one central MFC counteracts the sav-
ings achieved through automated order processing. Installing a central MFC becomes
even less attractive with an increasing customer base, as increased transportation costs to
more customers further outweigh the savings resulting from automated order processing.
This means that the fulfillment needs to be conducted with many small decentralized
MEFECs, even if the quick commerce retailers continue to grow. Many distributed smaller
MEFCs enable much faster deliveries, and the median arrival time to the last customer is
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Table 8 Impact of MFC types, with |L| = 30, Q = 5, D = 60, average of 10 instances

ICl 5000 10,000 15,000

MFC type' Manual ~ Automated ~ Manual ~ Automated ~ Manual ~ Automated
Fulfillment costs - +36% - +48% - +55%
Setup/replen.costs? 21% 8% 24% 8% 25% 8%
Processing costs? 32% 21% 36% 21% 38% 21%
Transportation costs? 47% 66% 40% 66% 37% 66%
Lateness costs? <1% 4% <1% 5% <1% 5%
Median arrival time? 31.63 45.89 28.97 46.07 27.77 46.17
Longest tour duration* ~ 76.64 127.80 62.05 130.05 47.82 130.14
No. of MFCs 5.0 1.0 10.5 1.0 15.9 1.0

'"Manual, small MFCs; Automated, large MFC

2Share of fixed setup and replenishment costs, order processing costs, transportation costs and lateness
costs as % of total fulfillment costs

3Median arrival time at the last customer on a tour (incl. travel times to all customers and service times at
previous customers), in min

4Longest total travel time across all tours, including return travel to the MFC, in min

about 50% lower than with one centralized MFC. Although lead time promises can still
be achieved with one central MFC, the tour duration increases significantly.

We create a second scenario to analyze the impact of order processing costs for
MEC selection and a possible shift towards automated MFCs. We use the identical
benchmark as above but allow multiple automated MFCs with a capacity of 5000
units (as in the base case) and conduct sensitivity analysis with decreasing order
processing costs for the automated MFCs.

Table 9 shows that automated MFCs only provide cost benefits if processing costs
are significantly lower. Furthermore, the threshold of integrating automated MFCs
in the network becomes lower with an increasing customer base. This confirms
the results of Table 7. Yet, we did not account for the potentially higher investment
needed to achieve the lower processing costs. If additional setup costs are required
to decrease the processing costs, automation becomes even less cost-efficient. In gen-
eral, the results of our analyses indicate that automation may not yield substantial eco-
nomic benefits for quick commerce fulfillment. The main reason is the comparatively
low picking costs for small orders in manual MFCs. Additionally, multiple smaller
MFC:s distributed in the delivery area result in lower transportation costs compared to
fewer automated MFCs. Furthermore, smaller non-automated locations may be easier
to realize as real estate property in city centers for larger automated MFCs may be
much more difficult to get. To summarize, quick commerce retailers should only con-
sider investing in automation if two preconditions are met: The customer base is suf-
ficiently large, and the processing costs are at least 40% lower compared to the current
cost ratio between automated and manual MFCs. Even in those cases, the investment
required for the automation technology still needs to be evaluated.
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(ii) City center vs. outskirt area MFC network. Quick commerce retailers oper-
ate in city centers to realize short lead times. They often use spaces of closed-down
businesses in city centers (see, e.g., Butler 2021; tagesschau.de 2023). Additionally,
MECs can also be established within parts of larger commercial spaces previously
used by department stores or similar. Suitable and various-sized spaces may hence
become available. Nonetheless, if locations are available, rental prices in central areas
are significantly more expensive compared to more remote areas. Taking into account
these developments, we test the impact of locating MFCs only on the borders of the
delivery region. We use the base case again as the benchmark and denote this sce-
nario as “center”. We further apply a 25% reduction of fixed setup costs in a second
scenario (denoted as “outskirt”) to reflect the lower rental prices in the outskirts of
the city for comparison. There are ten possible MFC locations within a 1 km distance
from the edge of the delivery area, again evenly distributed. Locations in the remain-
ing area are not possible in the scenario “outskirt”. We test the impact of MFC loca-
tions again in dependence on Q to analyze the tour size impact on the MFC location
setting.

Our result shows that allowing MFCs only in the outskirt locations leads to
higher total fulfillment costs. Figure 5 indicates the cost increase between the
center and outskirt scenario. Despite lower setup and rental costs, it is always
more expensive to locate MFCs in the outskirts. The fewer customers that can be
bundled (i.e., decreasing Q), the higher is the cost advantage of center locations.

14%
12% e

10% A X

8% k

Change in fulfillment costs, in %

™ \
~
LS
\\
4% s
\\
-

. -
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1 2 3 4 5

-48- Cost increase of scenario "outskirt" vs. scenario "center"

Fig.5 Change of fulfillment costs when MFCs can not be located in inner city, with |C| = 10, 000,
|L| = 10, D = 60, average of 10 instances
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For details, please refer to Table 10 in the Appendix 1. The main reason lies in
the significantly higher transportation costs, which offset lower fixed setup costs.
However, the median arrival time is only about 1-2min higher when delivering
not from the city center, thus enabling efficiently fast deliveries. This result can
be attributed to two facts. Firstly, locations at the edge of the delivery area can
still be within a reasonably limited distance to customers in densely populated
cities. Secondly, opening more smaller MFCs helps to lower transportation costs.
Large MFCs are not part of the solutions. The MFC size and location choices
show that the preferable MFC setups are smaller with more of them overall when
compared to the “center” scenario due to the more remote locations of MFCs as
shown in Fig. 6. This setup becomes even more cost-efficient if customer orders
are bundled together, thus lowering the average tour cost per individual customer
order. To summarize, even with a 25% reduction of fixed setup costs in the out-
skirts, it is still more cost-efficient for the retailer to establish MFCs in central
areas.

Following these insights on MFC locations, we extend the analysis by combining
outskirt locations with locations at the very heart of the delivery region. This sce-
nario is denoted as “mixed locations”. We include ten center locations (4.5 km from
the edge of the delivery area) and ten outskirt locations for the MFCs (as above).
This is compared to the “center” scenario.

10

Number of MFCs to be opened
wv

2 @z *-—-——-—- *-—---—-- o
1
0
1 2 3 4 5
Q

== No. of small MFCs (scenario "center")

=@~ No. of medium MFCs (scenario "center")
No. of small MFCs (scenario "outskirt")
No. of medium MFCs (scenario "outskirt")

Fig. 6 Number and Type of MFCs, with |C| = 10,000, |L| = 10, D = 60, average of 10 instances

@ Springer



326 X.Yang et al.

1%

0% m._
\\
\~~

-1% o
N S~
15 ~
£ 2% .
o« \\\
b7 ~
S 3% S~
2 [N
] S

N

é -4% \\\
E “m
]
£ 5%
Q
oo
5 -6%
(&}

7%

-8%

-9%

-10% 20% -30% -40% -50%

f

Change in ¢; X for MFCs in outskirt locations

mt

- &~- Change in fulfillment costs of scenario "mixed locations" vs. scenario
"center"

Fig. 7 Change of fulfillment costs, with |C| = 10,000, |L| = 20, D = 60, Q = 5, average of 10 instances

Assuming 50% lower setup costs for MFCs in the outskirts decreases the total ful-
fillment costs by almost 5% without having to compromise on their lead time prom-
ises (see Fig. 7 and Appendix, Table 11). The underlying reasons are like the above.
Outskirt locations have higher transportation distances that partially take away the
savings in fixed costs for the setup. Figure 8 shows that with more than 30% lower
fixed costs, the mix of MFCs also changes more from center locations to more out-
skirt locations. With the increase of more small MFCs, the customers still receive
their orders within the promised lead time.
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average of 10 instances

5.3.3 Summary of managerial insights

Our analyses show that creating the opportunity to serve several customers on
one delivery tour through either longer lead time or more bundling options sub-
stantially decreases total fulfillment costs and the selection of MFC locations,
sizes and numbers. The total fulfillment costs can already be reduced by one-
third with as little as two stops per tour instead of direct deliveries to each cus-
tomer. Furthermore, lead time promises impact the number of required MFCs
to a large extent. Economies of scale are possible with larger lead times. As a
result, an increase in lead time does not just reduce transportation costs, it also
has an effect on the number of MFCs required. Larger and automated MFCs only
become attractive and well utilized when larger tours can be built. This is only
possible again with longer lead times and larger customer bundling. As trans-
portation costs dominate, we can conclude that multiple smaller MFCs are more
cost-efficient for quick commerce distribution. With regard to MFC locations,
our findings demonstrate that building MFCs on the outskirts instead of the city
center is not the best option. City center locations are required, again due to the
dominant role of transportation costs. We summarize and highlight the three
major managerial insights as follows:
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e A lead time promise of 15 min is extremely costly to achieve. Just by targeting
30 min instead of 15 min, about 40% of the fulfillment costs can be saved.

¢ Bundling customers on tours and using vehicles with larger capacities reduces total
fulfillment costs due to more efficient routes. This also impacts the MFC locations:
When several orders can be delivered on one tour, fewer MFCs are required, resulting
in a network with fewer but better utilized MFCs.

e Several small manual MFCs instead of one large automated MFC are key to plan-
ning a cost-efficient quick commerce distribution network. Having these small manual
MEFCs throughout the delivery area is essential in keeping transportation costs low.

6 Summary, limitations and future avenues of research

Summary. Our work is the first contribution to analyze the strategic network prob-
lem for quick commerce retailing. This paper investigates the impact of where,
how many, how large, and what type of MFCs should be established in a quick
commerce distribution network. We analyze the resulting total fulfillment costs
and arrival times at customers. Our model and solution approach, based on a
cluster-first-route-second method, are tailored to the requirements of quick com-
merce and enable efficient decision support.

Limitations. As the application in quick commerce strongly defines our decision prob-
lem, we highlight the following limitations in our approach. Firstly, as we are in the realm
of common LRPs that assume an average demand in a static setting, the initial solution
warrants re-evaluation if demand changes drastically. This challenge holds for standard
LRPs in general. While we use data from actual city maps to approximate spatial cus-
tomer density, this does not cover order frequency, demand uncertainty, seasonality or
demand shifts over time. Among others, our results depend on the simulated spatial MFC
and customer distribution, the assumed travel distances and speed, and the applied pick-
ing and service times. Secondly, despite our usage of actual market real estate prices and
publicly available processing and transportation costs, the cost parameters do not origi-
nate from a real-world application. They are subject to approximations and combinations
of different sources. Thirdly, the availability of MFC locations could be very limited in an
actual application as we are looking at urban neighborhoods. However, MFCs are suit-
able for small locales, no bigger than mid-sized shops, and with many businesses shutting
down in city centers (see, e.g., Butler 2021; tagesschau.de 2023), those locations can be
candidates for MFCs. Nevertheless, our approach allows the usage of a real set of avail-
able locations in the model. Fourth, quick commerce covers the central city area. Still, it
could be more profitable to have a more nuanced differentiation of which areas should be
prioritized and which areas might be beneficial not to service at all. Similarly, if there is
already a competitor in the same city, the decision needs to be made whether we want to
compete in the whole city or focus on certain neighborhoods. Lastly, new concepts for
MFCs may arise in the future. Even so, as our model considers different capacity con-
straints, future developments in picking efficiency, including automation technologies,
may be transferable to our model.

Future Avenues of Research. There are various extensions of our work to study addi-
tional aspects of quick commerce. As called for in (Hartl et al. 2006), there is a continuous

@ Springer



Winning the race to customers with micro-fulfillment centers:... 329

need to find operations research problems closely related to practical use cases. By inves-
tigating fleet management, we could extend our research into quick commerce from a
strategic to an operational perspective. In our example and classical VRPs, the vehicles
always return to the same depot. However, future research should consider the potential
of minimizing distance travelled by allowing the vehicles to switch between depots in a
dynamic setting due to the density of delivery points and depots in urban quick commerce
areas. One could even reflect on allowing lateral transhipment between MFCs to redis-
tribute inventory (Hartl and Romauch 2016) or collaboration between shippers (Gansterer
and Hartl 2018; Gansterer et al. 2022), or across retailers and their warehouses (see, e.g.,
Mancini and Gansterer 2021). Lastly, we assume a known forecasted demand, which is
static, as a starting point for this strategic problem. This has the consequence that we do
not consider inventory implications, capacity shortage or surplus in our long-term strate-
gic setting. In day-to-day operations, several inventory aspects can be investigated, such as
identifying optimal inventory levels per MFC or capacity alignment between MFCs. The
latter would require the application of robust approaches to the LRP.

Appendix 1. Detailed results: city center versus outskirt area MFC
network

See Tables 10 and 11.

Table 10 Impact of MFC locations, with |C| = 10,000, |L| = 10, D = 60, average of 10 instances

o 1 2 3 4 5
MEC locations Base Border Base Border Base Border Base Border Base Border
Fulfillment costs' - +13% - +8% - +5% - +3% - +2%
Setup/replen. costs? 12% 9% 16% 13% 19% 15% 21% 16% 21% 17%
Processing costs? 18% 16%  25% 23% 30% 28%  33% 32% 36% 35%
Transportation costs”>  70%  75% 59%  64% 51% 57% 46%  52% 43%  48%
Lateness costs? <1% <1% <1% <1% <1% <1% <1% <1% <1% <1%

Median arrival time?  9.48 10.15 15.24 16.65 20.56 22.03 2530 2690 32.68 31.49
Longest tour duration* 54.14 50.15  66.16 57.66 66.56 60.20 68.62 62.90 72.56 64.36
No. of small MFCs 79 170 70 80 70 8.6 70 87 62 8.0
No. of medium MFCs 2.0 3.0 20 20 2.0 1.4 2.0 1.0 2.0 1.1
No. of large MFCs 00 00 00 00 00 00 00 00 00 00

!Change of total fulfillment costs (FC) compared with base case where MFCs are located across the
entire delivery area, in %

2Share of fixed setup and replenishment costs, order processing costs, transportation costs and lateness
costs as % of total fulfillment costs

3Median arrival time at the last customer on a tour (incl. travel times to all customers and service times at
previous customers), in min

4Longest total travel time across all tours, including return travel from last customer to the MFC, in min
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