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Abstract: The COVID-19 pandemic has led to a surge in the use of self-service facilities (SSFs)
in residential areas worldwide. Previous studies on SSFs mainly focused on their application in
commercial or other scenarios. However, SSFs in residential areas have not been thoroughly studied.
This study develops an analytical framework for assessing both the supply and demand for SSFs
in residential areas. The study evaluates 2693 residential communities and 479 smart parcel lockers
(SPLs) in Tianjin, China. The results show that the high-demand area for SPLs is within 300 m of
home, while the high-supply area is 300–600 m from home. Further analysis using the Gini coefficient
and location quotient shows that the top 20% of the population have access to 80% of SPLs, and most
residential communities experience an oversupply. Our study suggests that a mismatch between the
supply and demand of SPLs may result in massive public space waste, resource waste, and inequity.
Given the many uncertainties of the future, this study highlights the need to consider the dynamic
supply–demand relationship of SSFs. This may encourage urban planners, policymakers, and experts
in other related disciplines to work towards a more service-efficient and equitable utilization of SSFs
in residential areas.

Keywords: smart parcel lockers; self-service technology; self-service facilities; supply–demand
matching; residential communities; spatial assessment; Tianjin

1. Introduction

The COVID-19 pandemic has had a significant impact on people’s lifestyles in
two ways [1,2]. First, the lockdown policy has indirectly limited people’s lives to their
living space, which has encouraged a shift from offline to online shopping. Second, the
no-contact policy has made self-service facilities (SSFs) an effective COVID-19 prevention
and control measure, as well as an unavoidable choice for people’s physical and mental
health. As a result of these changes, the rapid expansion of SSFs in residential areas has
become a concern.

SSFs are pioneering the shift of traditional manual services from “high-touch” to
“high-tech” [3,4]. With the advantage of reducing or eliminating human interaction, SSFs
have been widely used in the service industry since the pandemic’s outbreak [5]. Smart
parcel lockers (SPLs) are one of the most widely used self-service solutions in recent years.
They are created to enable contactless deliveries in response to e-commerce orders [4,6,7].
SPLs are typically designed as collection-and-delivery machines that can be easily placed
in a wide variety of living and commercial environments, such as transportation hubs,
office buildings, shopping malls, and residential communities [8]. Unlike traditional home
delivery services and collection-and-delivery service points, SPLs provide consumers with
the ease of 24 h access. They also significantly minimize delivery failures and are considered
beneficial from both sociological and operational perspectives [9–11].

As both supply and demand are increasing, SPLs are applied worldwide. Prominent
examples include ByBox in the UK, PackStation in Germany, InPost in Poland, SingPost
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and Ninjia Van in Singapore, and Hive Box in China [8,10,12–14]. While most studies
have focused on techniques to refine the model or increase the accuracy of the algorithm
to optimize logistical performance and better understand consumer demands, some re-
searchers have recognized the significance of SPL location selection. They have summarized
a variety of SPL location issues, such as accessibility, availability, security, environmental
impact/land occupation, costs, methods of use, and regulations [15–18]. In fact, the location
of SPLs is where the conflict between supply and demand occurs. Addressing location
issues is critical to long-term supply and demand for SPLs. It is important to investigate a
balanced path for the development of SPLs under the new type of supply–demand interac-
tion between logistics businesses, customers, and governments. In this regard, SPLs could
be more service-efficient and sustainable.

In this paper, we conduct a case study on the assessment of the supply–demand match
of SPLs on a residential community level in the central metropolitan region of Tianjin,
China. Most urban residential communities in China have distinct physical boundaries [19],
which divide the inside from the outside. This means that residents are more likely to use
SPLs in their own community, rather than in another community. As a result, the acceptable
distance for Chinese residents to use SPLs may be shorter than in other countries. Tianjin is
one of China’s four municipalities, and it is also a notable e-commerce powerhouse. The
express delivery sector in Tianjin has witnessed tremendous growth, and it consistently
outpaced the national average growth [8]. In 2016, there were only five SPLs in Tianjin.
From 2019 to 2022, the number of SPLs climbed from 51 to 479, reflecting an average annual
growth rate of roughly 279.74% during the pandemic period [8]. The increase in supply
has led to an increase in complaints from residents. This may be because the policy lacks
limits on where to install and where not to place SPLs. As a result, some SPLs are located in
inconvenient locations, such as in residential buildings, in a remote corner of a community,
or in the middle of a busy street outside the boundary of the community. The government
of Tianjin intends to raise the number of SPLs to 5000 [20]. However, installing SPLs blindly
may result in a massive waste of resources. Therefore, research on the supply and demand
matching of SPLs can provide valuable reference for policy formulation, urban planning
and management, and city logistics layout.

We first obtained basic data of 2693 residential communities and 479 SPLs in the
study area from open access websites. Using the analytical framework we developed, we
examined the supply and demand of SPLs. We found that both supply and demand of
SPLs are positively correlated with road density, population density, and per capita income.
We then assessed the supply–demand matching state of SPLs. The results showed that the
supply of SPLs is concentrated in the central urban area, and the top 20% of the population
has access to 80% of the SPLs. This could lead to significant improper use of public spaces,
resource waste, and inequity. Our extensive analysis indicates the critical importance of
research on the supply–demand matching of new emergent facilities such as SPLs. To the
best of our knowledge, this is the first study to address location difficulties by integrating
both supply and demand for SPLs. Our findings indicate that location, particularly the area
within 600 m of home, is critical to balancing supply and demand for SPLs. Future research
may consider the dynamic planning of SPLs to adjust the location to satisfy both the profit
of logistics businesses and the satisfaction of residents in order to improve resilience to
future uncertainties.

2. Literature Review

To date, research on the location issues of SPLs appears to be scarce. The research
field of SPLs is not highly established, with only 42 research documents in the Web of
Science Core Collection Database (as of August 2023, when this manuscript was written).
The first study related to SPLs was published in 2014 [21]. Lemke et al. (2016) [12]
and Iwan et al. (2016) [14] were among the first scholars to introduce the concept of SPLs
and present descriptive evidence of benefits from both the operators’ and consumers’
perspectives. To the best of our knowledge, Deutsch and Golany (2018) [22] developed the
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first quantitative approach to determine the optimal locker location. Just as an SPL is a
newly implemented delivery method, the retrieval results indicate that the research topic
of SPLs is also a newly emerging field. Based on the search results, we discuss related work
along two aspects: (1) SPL preference under COVID-19 and (2) the location issues of SPLs.

2.1. SPL Preference under COVID-19

The rise of online shopping has led to a significant increase in demand for dedicated
delivery services to the end consumer. However, traditional home delivery has several
disadvantages, including a high number of missed deliveries, which can lead to more
kilometers traveled, higher pollution emissions, and additional costs [21,23]. As a self-
service tool, an SPL is considered an efficient way to solve the last-mile problem in delivery,
enhance the delivery network system quality, and increase customer satisfaction [24]. As a
result, SPLs are growing quickly, especially in metropolitan areas [21].

The COVID-19 pandemic has led to a surge in e-commerce sales and has also changed
customer behavior [4,25]. During the pandemic, the e-commerce sector in Pakistan in-
creased by 10% in daily records [26]; the volume of parcels increased by 37% in the UK
from April to May 2020 [27]; and retail e-commerce sales in Canada experienced a 99.3%
increase from February to May 2020 [28]. The surge in e-commerce has further strained
the last-mile delivery process, which has long been recognized in the literature as the most
costly, inefficient, and environmentally burdensome component of the supply chain [25].
In the shock of COVID-19, among the delivery alternatives, those characterized by a con-
tactless or unattended nature stand out as the favored options by consumers under the
pandemic context [29]. To this end, the pandemic represents a unique disruptive factor
that drives a much faster diffusion of alternative delivery methods and shapes consumers’
preferences towards contactless or self-service-based options [30]. Extensive research has
been conducted to investigate customer preferences, revealing a strong inclination towards
simplified and self-service options [31,32]. Customers who have grown accustomed to
online services may feel uneasy when faced with in-person interactions and may avoid
social situations [31,33]. Consequently, the adoption of SPLs becomes not only a matter of
convenience but also a health-related choice [34].

2.2. Location Issues of SPLs

The worldwide application of SPLs has exhibited remarkable exponential growth in
the short term after the breakout of the pandemic. For example, in Poland, the number of
SPLs surged from 7000 to 13,000 during the pandemic [10]. While the supply and demand
for SPLs are both expanding, complaints from consumers and negative profits of enterprises
continue. This has focused the attention of the academy on SPL location issues [22].

SPLs can be located in places where consumers can access them easily. Even though
the literature shows that the spatial distribution of SPLs is concentrated in central cities,
SPL location preferences vary in different countries [16]. For example, in Sweden and
France, commercial areas and public transport stops were preferred locations [21,35], while
in Poland, these places were identified as the worst locations [12,14]. In South Korea
and Australia, high-population-density areas with public transport stops were the most
preferred locations for SPLs [17,36]. In Tianjin, China, residential communities are the
most preferred location for SPLs. In 2019, 92.2% of SPLs were installed in residential
communities, and this percentage increased to 97.7% in 2022 [8]. Many researchers believe
that SPL networks can help solve the last-mile problem, and they emphasize the importance
of determining the locations of SPLs [18,22,37].

Previous studies have used a variety of methods to optimize the location of SPLs,
including the Spherical Fuzzy Analytic Hierarchy Process [38], bilevel programming ap-
proach [39], cluster analysis [40], multi-criteria methods [41], and integrated algorithms [42].
However, most of these studies have focused on optimizing the algorithm or model, rather
than considering the demand for SPLs [43]. This has led to a fundamental mismatch
between supply and demand. The SPL system is complex and involves a variety of stake-
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holders, including public authorities, urban planners, users, and private companies [44].
This makes it difficult to optimize SPL locations using a single approach. Therefore, this
study will fill the major gap in the literature by developing a framework to address SPL
location issues in consideration of both supply and demand aspects. The framework is
based on a combination of the spatial analysis of SPL accessibility and the resident purchase
power of residential communities. The results of the study could provide valuable insights
for urban planners and policymakers who are responsible for the distribution of SPLs.

3. Materials and Methods
3.1. Study Area

The central Tianjin region was selected for this study (Figure 1). Tianjin has 16 districts,
a population of more than 13.73 million people, and a land area of 11,916.85 km2 [45].
The study area includes six districts: Heping District, Hedong District, Hexi District,
Hebei District, Nankai District, and Hongqiao District. It is the city’s central urban area
for political, cultural, and economic activities, with a land area of 576.160 km2 (13.29%
of Tianjin) and a population of 4.06 million people (29.26% of Tianjin, according to the
People’s Republic of China’s Seventh Census) [45]. And the urbanization rate of the study
area is 100% [30]. The central Tianjin region accounts for the majority of online shopping
and express delivery services of Tianjin city due to its high population and road network
density. As a result, a considerable number of SPLs have been placed in the area [8]. This
makes it an ideal location for studying the supply and demand of SPLs.
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3.2. Data

Three datasets were used in this study:

• Area of interest (AOI) data on 2693 residential communities in the study area. Com-
pared with point of interest (POI) data, which have been commonly used in prior
studies on residential communities and service facilities [46], AOI data provide infor-
mation about the shape of a region and can more accurately present the boundaries of
residential communities [47]. The AOI data were obtained from Lianjia.com (accessed
on 10 May 2023), one of China’s major real estate transaction service platforms.

• The geographical data for SPLs. The data were obtained via open access electronic
map using Python (accessed on 19 December 2022) and includes the name, address,

Lianjia.com
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longitude, and latitude of each SPL. By the end of 2022, there were 479 SPLs in the
study area, with the vast majority (97.7%) installed within residential communities [8].

• The attribute information of the residential communities, including the area of the
community, the number of households of the community, and the average house price
of the community. The method of data collection for this dataset was the same as for
the AOI data.

3.3. Pre-Experiment

We conducted a pre-experiment questionnaire survey in Tianjin in May 2022 to
gain a better understanding of residents’ opinions and usage habits regarding SPLs.
The questionnaire survey was administered online, and the survey link is available at
https://www.wenjuan.com/s/UZBZJvi7EWm/ (accessed on 31 May 2022). A total of
350 participants completed the survey, with a male-to-female participant ratio of 1:1.5. The
preliminary results are summarized as follows (Table 1) [48]:

• SPLs are the most popular choice for residents among various types of SSFs.
• Residents expressed dissatisfaction with the current spatial layout of SPLs. They

would like SPLs to be located within a 5 min walking distance of their homes.
• Residents rely heavily on SPLs for their parcel collection and delivery needs. This

suggests that it may be challenging to replace SPLs with other types of facilities in the
short term.

Table 1. Pre-experiment questionnaire survey questions and answers.

Questions Answers

“The most frequently used sort of SSFs” SPLs > ATMs > vending machines > shared bikes > self-checkout
“Attitude towards location of SPLs” Satisfied (56%), Dissatisfied (44%)

“Frequency of using SPLs” More than 3 times/week (49.5%), once a week (31.9%)
“Daily travel distance and transportation” 15 min living circle (34%), walking (34.8%)

“Expected distance from SPLs to home” Within 5 min walk (61.0%)

The findings from the pre-experiment survey serve as a foundation for the next step,
which involves developing the framework for supply and demand assessment.

3.4. Methods

To assess the supply and demand for SPLs in residential communities, an integrated
framework was designed. The framework consists of three main modules:

• SPL supply assessment: This module evaluates the accessibility of SPLs on a residential
community level.

• SPL demand estimation: This module estimates the demand for SPLs based on the
purchase capacity of each residential community.

• Supply–demand matching analysis of SPLs: This module evaluates the supply and
demand for SPLs and identifies where and how they become mismatched. The
evaluation is carried out at both the macro-regional level and the micro-community
level, with the former focusing on the overall supply and demand for SPLs and
the latter focusing on the supply and demand for SPLs in individual residential
communities.

The framework is illustrated in Figure 2.

https://www.wenjuan.com/s/UZBZJvi7EWm/


Buildings 2023, 13, 2088 6 of 19Buildings 2023, 13, x FOR PEER REVIEW  6  of  19 
 

 

Figure 2. The framework for the assessment of supply and demand of SPLs. 

3.4.1. Supply Assessment 

The supply of smart parcel lockers (SPLs) includes the number, location, and size of 

SPLs [22]. However, the accessibility of SPLs is also a key consideration when optimizing 

their locations and layouts [49,50]. Therefore, this study used the walking accessibility of 

residential  communities  to  SPLs  as  the  indicator  of  supply. Walking  accessibility was 

measured using walking time and distance [51]. Previous research has shown that people 

are less willing to walk as the distance increases, a phenomenon known as the distance 

attenuation law [52]. Based on these findings, this study categorized the straight-line dis-

tance from home to SPL into six grades: within 300 m, 300–600 m, 600–900 m, 900–1200 m, 

1200–1500 m, and over 1500 m. The corresponding path distance for each walking time 

was calculated assuming a walking speed of 80 m/min [53]. Accessibility is presented as a 

supply index. In order to correspond to the demand index in the next step, an item of the 

demand  index score  is added  (Table 2). The pre-experiment results  indicated  that resi-

dents generally do not prefer SPLs that are more than 1500 m away from their residences. 

Therefore, the category of over 1500 m was excluded from the assessment of SPL supply. 

Table 2. Supply index score measuring standard. 

Straight‐Line Distance  Path Distance  Walking Time  Supply Index  Supply Index Score 

<300 m  <400 m  <5 min  1.0  1 

300–600 m  400–800 m  5–10 min  0.8  2 

600–900 m  800–1200 m  10–15 min  0.6  3 

900–1200 m  1200–1600 m  15–20 min  0.4  4 

1200–1500 m  1600–2000 m  20–30 min  0.2  5 

>1500 m  >2000 m  >30 min  0  - 

The specific operational steps for assessing the supply of SPLs are as follows: First, 

take the demand point of each residential community in the study area as the center and 

the path distance as the search threshold range. Next, find the distance interval where the 

nearest SPL is located using ArcGIS. Finally, refer to the indicators provided in Table 2 to 

determine the supply index and its corresponding supply index score. 

3.4.2. Demand Estimation 

As previously stated, SPLs are market-driven commodities that are closely related to 

e-commerce. According  to  the  e-commerce  literature,  household  income  and  internet 

Figure 2. The framework for the assessment of supply and demand of SPLs.

3.4.1. Supply Assessment

The supply of smart parcel lockers (SPLs) includes the number, location, and size of
SPLs [22]. However, the accessibility of SPLs is also a key consideration when optimizing
their locations and layouts [49,50]. Therefore, this study used the walking accessibility
of residential communities to SPLs as the indicator of supply. Walking accessibility was
measured using walking time and distance [51]. Previous research has shown that people
are less willing to walk as the distance increases, a phenomenon known as the distance
attenuation law [52]. Based on these findings, this study categorized the straight-line dis-
tance from home to SPL into six grades: within 300 m, 300–600 m, 600–900 m, 900–1200 m,
1200–1500 m, and over 1500 m. The corresponding path distance for each walking time
was calculated assuming a walking speed of 80 m/min [53]. Accessibility is presented
as a supply index. In order to correspond to the demand index in the next step, an item
of the demand index score is added (Table 2). The pre-experiment results indicated that
residents generally do not prefer SPLs that are more than 1500 m away from their residences.
Therefore, the category of over 1500 m was excluded from the assessment of SPL supply.

Table 2. Supply index score measuring standard.

Straight-Line Distance Path Distance Walking Time Supply Index Supply Index Score

<300 m <400 m <5 min 1.0 1
300–600 m 400–800 m 5–10 min 0.8 2
600–900 m 800–1200 m 10–15 min 0.6 3
900–1200 m 1200–1600 m 15–20 min 0.4 4

1200–1500 m 1600–2000 m 20–30 min 0.2 5
>1500 m >2000 m >30 min 0 -

The specific operational steps for assessing the supply of SPLs are as follows: First,
take the demand point of each residential community in the study area as the center and
the path distance as the search threshold range. Next, find the distance interval where the
nearest SPL is located using ArcGIS. Finally, refer to the indicators provided in Table 2 to
determine the supply index and its corresponding supply index score.

3.4.2. Demand Estimation

As previously stated, SPLs are market-driven commodities that are closely related
to e-commerce. According to the e-commerce literature, household income and internet
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usage are important factors influencing online purchases [40]. During the pandemic, high
rates of last-mile deliveries were connected with higher income, higher education levels,
more internet access, and larger households [17,54]. In this case, this study considers the
residential community’s purchasing capacity to be an indicator of demand for SPLs. The
demand index for residential community i is calculated as follows:

Di =
Ti × Pi

Ai
(1)

where Di represents the demand index of residential community i; Ti represents the total
population of residential community i; Pi represents the average property price in the
residential community i; and Ai represents the area of residential community i. We have
assumed that all residents of the study area have access to the internet, so the item of internet
access has been deleted from the formula. In addition, since the dataset we obtained from
the real estate website provides the total number of households in the residential community
instead of the entire population, the value of Ti needs to be determined indirectly. The
average household size in Tianjin, based on the 2022 census data, is 2.70 people per
household [55]. Therefore, the formula for calculating Ti is as follows:

Ti = 2.70× Hi (2)

where Hi represents the number of households in the residential community i.
Furthermore, the supply index falls within the range of [0, 1], as mentioned in the

preceding subsection. To ensure consistency between the supply index and demand index
results, the demand index value is linearly and proportionally scaled to the [0, 1] interval.
The formula for this scaling process is as follows:

D′i =
Di − Dmin

Dmax − Dmin
(3)

where D′i is the demand index value after being scaled to the [0, 1] interval; Dmin is the
minimum value of the demand index; and Dmax is the maximum value of the demand
index. The community with the highest purchasing capability is assigned a value of 1,
while the community with the lowest purchasing capability is assigned a value of 0. To
be consistent with the supply index for the next step of matching assessment, the demand
index score and supply index score are each set to five values from 1 to 5 (Table 3).

Table 3. Demand index and demand index score.

Demand Index Demand Index Score

[0.8–1.0] 1
[0.6–0.8] 2
[0.4–0.6] 3
[0.2–0.4] 4
[0–0.2] 5

3.4.3. Spatial Matching Identification and Evaluation

To examine the spatial distribution of SPLs at the residential community level, we
assessed the correlations between the supply index score and the demand index score. The
supply index score and the demand index score both have five grades and are assigned
from high to low. As a result, there are 25 possible matching outcomes, which are further
classified into three groups (Table 4). This matching process was performed using ArcGIS.
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Table 4. Matching outcomes of supply–demand.

Matching Type of Supply–Demand Combination of Supply–Demand Index Scores

Supply > Demand (S > D) 12, 13, 14, 15, 23, 24, 25, 34, 35, 45
Supply = Demand (S = D) 11, 22, 33, 44, 55
Supply < Demand (S < D) 21, 31, 41, 51, 32, 42, 52, 43, 53, 54

The matching evaluation was conducted at both macro and micro levels. At the macro
level, the entire study area was used as the assessment area, and the degree of supply
and demand matching was assessed using the Gini coefficient and Lorenz Curve methods.
The Gini coefficient is a widely used indicator in economics to measure the inequality in
the distribution of social wealth within an economy [56]. It can also be used to analyze
broader distributional equity aspects, including those in urban planning [57]. Given that
the matching of supply and demand for SPLs is fundamentally rooted in the concept of the
equitable allocation of social resources, this analysis approach is applicable. The formula
for computing the Gini coefficient is as follows [58]:

G = 1−
n

∑
k=1

(
D′k − D′k−1

)
(Sk + Sk−1) (4)

Above, the cumulative value of the demand index score is denoted as D′k, where
k = 1, 2, . . ., n, D′0 = 0, D′n = 1; the cumulative value of the supply index score is denoted
as Sk, where k = 1, 2, . . ., n, S0 = 0, Sn = 1. In this case, the Gini coefficient is the metric
that measures the balance between the supply and demand for SPLs. The closer the Gini
coefficient is to 0, the higher the matching degree between the supply and demand of SPLs
and the more balanced the supply and demand relationship; conversely, the closer the Gini
coefficient is to 1, the more imbalanced the supply and demand of SPLs are.

At the micro level, this study uses the location quotient (LQ) to express the ratio of
supply and demand in each residential community. The LQ is a ratio that can be easily used
to estimate economic impact multipliers from the regional level to the local level [59]. We
use the LQ to calculate how each residential community’s supply–demand ratio compares
to that of the overall study area. The LQ is calculated as follows [60]:

LQi =
Si
S′
·D
′

D′i
(5)

where LQi is the location quotient of the residential community i, Si is the supply index
score of the residential community i, D′i is the demand index score of the residential
community i, S′ is the average supply index score of all residential communities in the
study area, and D′ refers to the average demand index score of all residential communities
in the study area. If the LQ value of a residential community is greater than 1, it implies
that the supply–demand ratio of SPLs in this residential community is higher than the
overall level in the study area.

4. Results
4.1. Supply Assessment of SPLs

The spatial patterns of the supply for SPLs are illustrated in Figure 3. The figure shows
a gradual increase in SPL supply index scores from the center towards the periphery. Resi-
dential communities in proximity to the city center tend to have lower supply index scores,
indicating a higher availability of SPLs. Conversely, suburban residential communities are
predominantly characterized by higher supply index scores, indicating a relatively lower
supply of SPLs in those areas.
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High-supply communities (with supply index scores of 1 and 2) accounted for 72.30%
of the total and were concentrated in the districts of Heping, Nankai, and Hexi. These
districts each contributed 15.74%, 13.59%, and 13.18%, respectively. Medium-supply res-
idential communities (with a supply index score of 3) were concentrated around urban
centers and suburban areas, accounting for 20.01% of all residential communities. These
communities were primarily located in east Hexi (24.95%), south Nankai (23.65%), and east
Hedong (17.88%). Low-supply communities (with supply index scores of 4 and 5) were
primarily located in further-flung areas, such as east Hexi (32.86%), north Hebei (19.05%),
southwest Nankai (19.05%), and northeast Hedong (18.10%). These communities accounted
for 7.69% of the total.

4.2. Demand Assessment of SPLs

Multiple high-demand areas have been identified in the study area. As shown in Figure 4,
the demand index score for SPLs in residential communities generally increases from the
center towards the periphery, indicating a concentration of high-demand communities
in the central region. However, the high-demand areas are also expanding towards the
western and southern parts of the study area.
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The demand for SPLs in the study area is unevenly distributed. High-demand commu-
nities (with demand index scores of 1 or 2) account for 49.57% of the total and are primarily
located in the Heping, west Hexi, and east Nankai districts. These communities are con-
centrated in densely populated areas with a well-connected road network. Low-demand
communities (with demand index scores of 4 or 5) account for 25.99% of the total and
are widely dispersed in the outskirts characterized by relatively lower population density
and less developed road networks. These communities are found in 44.25% of Hedong’s
residential communities, 40.09% of Hongqiao’s residential communities, and 35.97% of
Hebei’s residential communities. Medium-demand communities (with a demand index
score of 3) account for 24.43% of the total and are primarily located on the outskirts of
high-demand areas.

4.3. Identification of Supply and Demand Matching

The spatial distribution of supply–demand matching for SPLs is illustrated in Figure 5.
Balanced communities (S = D) (25.21%) are primarily located on the densely populated
left bank of the Haihe River, which also hosts the city center and a well-connected road
network. Oversupplied communities (S > D) (44.78%) are mainly concentrated on the
right bank of the Haihe River and in the southwest suburbs. Short-supplied communities
(S < D) (30.01%) are concentrated in the west Hexi and east Nankai areas, as well as some
residential communities in the suburbs of each district.

The evaluation of supply–demand matching based on straight-line distance reveals
an interesting pattern (Figure 6). Only the supply within the 300–600 m range signifi-
cantly surpasses the demand, while the sections below 300 m, 600–900 m, 900–1200 m, and
1200–1500 m all experience a shortage. This finding helps explain why residents participat-
ing in the pre-experiment perceive SPLs to be too far from their homes and express a desire
for closer proximity. It indicates that residents generally find SPLs acceptable if they are
within a distance of 300 m.
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4.4. Evaluation of Supply and Demand Matching
4.4.1. Evaluation at the Macro Level

According to the United Nations Gini System for Income Distribution Segmentation, a
Gini coefficient of 0.5 or greater implies a significant difference between the wealthy and
the poor [61]. Based on the evaluation results, the Gini coefficient is 0.61, indicating a severe
mismatch between the supply and demand for SPLs.

According to the graphical representation of the Lorenz curve (Figure 7), the top 10%
of residents’ demand for SPLs accounts for 68% of the supply, while the top 20% of residents’
demand account for more than 80% of the supply (Figure 7). These findings clearly indicate
an irrational and unfair spatial distribution of SPLs within residential communities.
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4.4.2. Evaluation at the Micro Level

To assist the analysis of the supply–demand ratio at the community level, the value of
LQ was categorized into five groups (Table 5). From the perspective of spatial distribution,
the LQ of SPL supply–demand matching generally presents a circular spatial pattern
(Figure 8). Extremely high and relatively high supply–demand ratios are predominantly
concentrated in the central part of the study area, encompassing Heping, east Nankai, and
west Hexi. Medium, relatively low, and extremely low supply–demand ratios are dispersed
across each district, particularly towards the outskirts nearing the suburban boundaries.

Table 5. Classification standard of location entropy value.

Grade Location Entropy Remarks

Extremely Low <0.80 The supply–demand ratio is lower than the average level of the study area
Relatively Low 0.80–3.00

Medium 3.00–7.00
Relatively High 7.00–15.00

Extremely High 15.00–3329.90 The supply–demand ratio is more than fifteen times higher than the average level of
the study area

The LQ values of residential communities in the study area are unevenly distributed.
High-LQ communities (with LQ values greater than 1) account for 77.23% of the total and
are predominantly located in Nankai (21.96%), Hexi (20.71%), and Hedong (19.91%). These
communities are concentrated in the central part of the study area. Low-LQ communities
(with LQ values less than 1) account for 25.77% of the total and are primarily located in
Heping (39.63%), Hexi (20.32%), and Nankai (13.55%). These communities are dispersed
across the study area, particularly towards the outskirts. The highest LQ value recorded
was 3329.9, which is significantly higher than the average level in the study area. This
suggests a possibility of significant waste in public resources.
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5. Discussion
5.1. Supply and Demand Assessment of SPLs

SPLs are a newly emerging type of self-service facility that provide convenient con-
tactless services and are associated with the digital life of smart cities [13,33,62]. However,
assessing and planning SPLs remains challenging. Previous studies have mainly focused
on either the supply or demand of SPLs [12,63], and this study is the first to explore the
connection between SPL supply and demand at the residential community level from a city
planning perspective.

We developed an analytical framework for assessing the supply and demand of SPLs,
with the supply situation measured by accessibility and the demand situation measured
by purchasing capacity of the residential community. In addition, we employed the Gini
coefficient and location quotient to further evaluate the supply–demand matching status
on the macro and micro level. This approach provides comprehensive coverage of all
communities and is highly efficient, representing a novel contribution to SPL research.
However, the framework only includes a few measurement indicators, and there is a lack
of subjective indicators. This may cause the results to differ from the actual to some extent.
Future research could expand the measurement indicator system and incorporate subjective
indicators.

The assessment results of supply show that SPLs are highly accessible, especially in ur-
ban centers, where population density and road networks are more developed. Meanwhile,
the assessment results of demand show that SPLs are highly needed in residential com-
munities with relatively high incomes, which are also generally located in urban centers.
These findings are supported by previous literature [17,64], such as a study of Amazon
lockers in Portland, which found that they tend to be located in areas with high population
density, employment density, and proximity to arterial roads [40]. Even though both the
supply and demand for SPLs are high in Tianjin, there is a considerable imbalance between
the two. This imbalance is due to the fact that the locations of SPLs are different from
what consumers expected and what SPL providers provided. This imbalance could lead to
the inefficient utilization of SPLs, waste of public spaces in residential communities, and
even inequity in the city [40,65,66]. This case emphasizes the significance of taking into
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account the spatial distribution and layout of SPLs in city planning. A substantial quantity
of low-demand SPLs and public areas could be saved for resilient utilization by properly
planning the location of SPLs.

5.2. Residential Community Level Policy Initiatives

In Tianjin, the government set ambitious goals for the installation of SPLs in 2015 and
2016. However, the first five pilot SPLs were installed in 2016, and there were only 479 SPLs
until the end of 2022 [8,20]. This is a significant discrepancy between the government’s goals
and the actual number of SPLs installed. One of the main reasons for this discrepancy is the
lack of planning and guidance on the installation location and management organization of
SPLs. On the one hand, SPLs are essentially profit-driven commodities for businesses, and
during the initial stages of promoting and implementing SPLs, the primary focus of SPL
providers is often on large-scale market penetration and the establishment of consumer
habits [40]. On the other hand, SPLs have also become an important aspect of national and
local policies as effective measures for contactless delivery during the pandemic [63,67].
As a result, there is a need for clear policies on the planning and management of SPLs,
including where to install them and where not to and which department of the government
is responsible for the planning and management of SPLs.

Without clear planning and guidance, SPLs could occupy a significant amount of
public space. According to the Hive Box official website, the size of one standard SPL is
250 cm (H) × 450 cm (L) × 55 cm (W) [68]. Assume that there is a one-meter distance in
front of the SPLs for the courier to drop off and the consumer to pick up. To achieve the
government’s goal of 5000 SPLs, 3786 m2 of residential communities’ public space will be
occupied by SPLs. To avoid future unmanageable circumstances, it is crucial to set clear
policies on the planning and management of SPLs during their early stage of growth. This
will help to ensure that SPLs are installed in a way that is beneficial to both businesses
and residents and that SPL development does not become a social problem due to their
encroachment on public spaces.

5.3. Incentives for Dynamic Approach

It is important to note that both the supply and demand for SPLs are dynamic. The sup-
ply and demand are interdependent and are influenced by technological innovation, public
emergencies such as COVID-19, and urbanization. As the external environment changes
and becomes more uncertain, the internal supply–demand relationship also changes [16,34].
This suggests that there may not be a single optimal solution for planning SPLs, and a more
flexible and dynamic approach to the planning of SPLs could be the future direction of
research [43,50,68].

Policymakers should implement full life-cycle policies that guide and govern the
layout of SPLs. In this study, the majority (97.7%) of SPLs were in residential communities.
The government of Tianjin should focus on coming up with effective ways to guide the
sustainable development of SPLs in residential communities. Residential communities with
an oversupply of SPLs should consider removing them and exploring ways to repurpose
the public space left vacant. Conversely, in residential communities where the demand for
SPLs exceeds the supply, careful consideration should be given to determining the precise
quantity, size, and location of SPLs to be installed [22,25].

In addition, SPL providers and researchers should pay more attention to dynamic
changes in consumer demand. As highlighted earlier, the pandemic has caused a surge in
both the supply of and demand for SPLs worldwide. Even in the absence of a pandemic,
the supply of and consumer demand for SPLs will change dynamically. In other words,
the environment, consumer demand, and the supply of SPLs are all uncertain. Therefore,
tracking dynamic changes in customer demand and incorporating dynamic layouts of
SPLs becomes crucial. For example, dynamic planning is an efficient strategy for address-
ing uncertain conditions [69]. It differs from traditional static planning by dividing the
process into short-term stages, estimating demand for each stage, and making necessary
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adjustments accordingly [70]. If all stages are adequately planned, dynamic planning can
mitigate encroachment on public areas and reduce resource waste caused by SPLs, thus
serving as an effective approach.

6. Conclusions

In this section, the main conclusions of the study, its contributions, and recommenda-
tions for future research studies will be provided.

This paper examines the spatial pattern of the supply–demand matching of SPLs
at the residential community level in central Tianjin, China. The analysis reveals spatial
disparities in SPL supply and demand, as well as SPL location issues. The main conclusions
can be summarized into four aspects: (1) The supply index of SPLs is determined by
accessibility. In general, the residential communities in the study area are easily accessible
to SPLs. The coverage rate within a 5 min walk is 31.82%, and the coverage rate within
a 10 min walk is 72.30%. The areas with low accessibility are mainly distributed on the
outskirts of the study area. (2) Residential communities with high demand for SPLs
(49.57%) are concentrated in the urban center. This is compatible with high populations,
high per capita income, and well-developed road networks. Medium- and low-demand
areas are distributed in the outskirts. (3) There is a significant disparity observed between
the supply and demand matching of SPLs. Among all the residential communities in
the study area, only 25.21% achieve a balance between supply and demand for SPLs.
Communities experiencing oversupply are located on the right bank of the Haihe River and
in the southwestern suburbs, accounting for 44.78% of the total. Furthermore, communities
facing insufficient supply are situated in west Hexi, east Nankai, and the outskirts of each
district, accounting for 30.01%. (4) From a macro perspective, the Gini coefficient of SPL
distribution in the study area’s residential communities is 0.61, and the top 20% of residents
have access to 80% of the SPLs. On a micro level, 77.23% of residential communities have a
supply–demand ratio for SPLs that exceeds the average level in the study area. Notably,
the residential community with the highest supply–demand ratio reaches an astonishing
3330 times the average level in the study area, highlighting the extreme imbalance in SPL
spatial distribution.

This study proposes the following implications and recommendations for SPL providers,
urban planners, and policymakers. First, SPL providers should focus on meeting the needs
of consumers, rather than simply providing a high supply. The findings of this study
show that even when the supply of and demand for SPLs are both high, residents may
still be dissatisfied with SPL locations if there is a mismatch between supply and demand.
Therefore, it is important for SPL providers to accurately assess demand and to tailor
their offerings accordingly. Second, urban planners should play a more active role in SPL
location issues. This is because SPLs are closely related to public spaces, facility layout,
and consumer behavior. The absence of urban planning in SPL location issues is one of the
main reasons for the confusion of the layout of SPLs and the ambiguity of related policies.
Urban planners should work with SPL providers to ensure that SPLs are located in places
that are convenient for consumers and that they do not unduly encroach on public space.
Lastly, policymakers should consider both supply and demand when formulating policies
for SPLs. In the case study of Tianjin, the city government set too-ambitious goals for the
number of SPLs, without considering the actual supply capacity and demand situation.
This led to a mismatch between supply and demand, which in turn created confusion
and dissatisfaction among residents. Policymakers should work with urban planners and
SPL providers to develop more realistic and sustainable policies for SPLs. Moreover, it
is important to note that customer demand and the supply of SPLs are dynamic. The
location planning of SPLs based on previous data is likely to lag behind the actual situation.
Therefore, it is necessary for stakeholders to monitor supply and demand on a regular basis.
In addition, we propose to implement dynamic planning for SSFs such as SPLs. This would
allow for more flexibility in the location of SPLs and would help to ensure that they are
always located in places where they are needed most.
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The main contributions of this study are as follows: First, it provides the first attempt
to provide an analytical framework and assess the supply–demand situation of SPLs.
This is a significant contribution because the existing literature has largely focused on
either supply of or demand for SPLs, ignoring the interdependence between the two. This
study’s new perspective of investigating the supply–demand matching of SPLs enriches
the literature and provides a more comprehensive understanding of this issue. Second,
this study advances the existing research by representing supply and demand status in a
spatially explicit way from an urban planning perspective. This is important because it
allows for a more nuanced understanding of the spatial distribution of SPLs and the factors
that influence supply and demand. Third, the current study provides the breakthrough
discovery that SPL location issues and consumer dissatisfaction are not due to short supply
but due to oversupply and a mismatch between supply and demand. This finding has
important implications for urban planning and the management of SPLs.

Despite the contributions of this study, there are some limitations that require future
development. First, the case study was conducted in Tianjin, which is an e-commerce
and express delivery hub in northern China. This means that the population may have
a higher supply and demand for alternative delivery modes than in other cities. Future
research should cross-validate the results by surveying other SSFs in other countries and
cities. Second, the assessment of SPL supply and demand relies on various indicators. The
assessment of supply was based solely on accessibility, and the assessment of demand
was simplified to purchasing capability. Future research could consider developing a
comprehensive indicator system to enhance the accuracy of assessing SPL supply and
demand.
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