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Abstract

Rapid global urbanization has made brownfield reuse a vital issue for sustainable urban
development. However, the regeneration of brownfield landscapes is a complex and lengthy
process that requires a combination of factors to be considered. Their landscape regenera-
tion must be planned and prioritized to utilize brownfield sites and achieve positive social
benefits. Therefore, an urgent need must be established to establish an assessment frame-
work and system for various types of brownfield landscape regeneration dominant factors to
find different brownfield landscape regeneration dominant factors. This research developed
an assessment model using the Analytic Hierarchy Process (AHP), covering five brownfield
types: industrial, mining, military, transportation, and landfill in Xi’an, China. The potential
assessment factors in three levels were analyzed for weighting to explore the dominant fac-
tors for the potential regeneration of brownfield landscapes in Xi’an. The results showed
that, firstly, among the five first-level assessment factors, the physicality factor was the most
important. Secondly, among the 16 second-level factors, the spatial and physical features of
the visual landscape were the most critical. Finally, among the 40 three-level factors, spatial
features were the primary factor. Therefore, the purpose of this research is to provide a spe-
cific assessment system and data analysis methods and ideas for the dominant factors of
urban brownfield landscape regeneration in China and other regions based on the assess-
ment framework with strong adaptability proposed by the AHP method, which can be flexibly
adapted in the different areas and countries, to realize the sustainable development of cities
in various regions.

1. Introduction

Urban brownfields are a global phenomenon in almost all industrialized countries [1]. These
brownfields are often abandoned due to transformations in economic, spatial, or social devel-
opment, for which no suitable alternative use can be found [2,3]. The concept of brownfield
was gradually established in the 1990s to refer mainly to contaminated or potentially
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contaminated land [4]. Meanwhile, the contemporary definition of brownfields is more spe-
cific. One of its sources is the US Environmental Protection Agency, which introduced the fol-
lowing definition: “Abandoned, idled, or under-used industrial and commercial facilities
where expansion or redevelopment is complicated by real or perceived environmental con-
tamination” [5].

These definitions reveal that the existence of brownfields not only represents a waste of
land resources but also poses serious environmental, health, and economic risks. Brownfields
are often accompanied by soil and groundwater contamination, which can threaten the health
of neighboring residents and increase the cost of development and use [6]. These risks add to
the complexity of brownfield reuse, causing many projects to stall due to high remediation
costs and regulatory requirements, affecting the surrounding area’s economic development. At
the same time, the uncertainty of brownfield redevelopment poses challenges to urban plan-
ning and sustainable development, which can lead to broader environmental problems and
social instability.

In China, on the other hand, with rapid industrialization and urbanization since the 1980s,
enterprise transformation, out-migration, and policy closures have resulted in large amounts
of idle and abandoned land in urban areas. It is estimated that more than 100,000 enterprises
closed between 2001 and 2015, leaving more than 200,000 ha of high-risk brownfields [7]. The
pollution problems and spatial reuse needs of these brownfields have become important issues
in the sustainable development of Chinese cities. The current focus of policymakers and aca-
demics is how to effectively assess brownfields to address the environmental and health risks
they pose, regenerate their spatial landscapes, and reintegrate them into the urban spatial
cycle.

1.1 Brownfield landscape regeneration

Brownfield landscape regeneration is not only about restoring the physical aspects of the land
but also involves complex ecosystem restoration, environmental pollution control, and
enhancement of socio-economic benefits [8]. Therefore, when regenerating brownfield land-
scapes, it is necessary to combine the perspectives of different stakeholders and utilize different
planning tools and methodologies to assess these factors holistically to ensure that the strate-
gies formulated can address the unique challenges of different brownfield sites. GIS technology
and community participation are essential [9]. It has been shown that perceived landscape
quality influences community assessment of regeneration plans, revealing community people’s
preference for post-industrial aesthetics. Therefore, brownfield regeneration schemes must
consider community aspirational needs [10]. In addition, it will start with case studies and
incorporate public preferences for post-industrial land transformation programs [11], estab-
lish assessment indicators for urban brownfield landscape conservation and regeneration pro-
grams, and explore comprehensive assessment methods [12] to respond to current brownfield
land-scape regeneration issues. Land use typology is also a research focus for brownfield land-
scape regeneration, combining sustainable brownfield restoration methods with spatial and
local social theories to guide brownfield conservation and regeneration [13]. Because of the
diversity and complexity of urban brownfield landscape regeneration elements, urban brown-
field landscape regeneration needs to be supported by multiple parties, especially the govern-
ment’s participation in providing a policy framework and statistical basis for urban brownfield
inventory [14].

Assessments related to brownfield landscape regeneration have focused on three types of
sites: industrial and infrastructure waste sites, mining waste sites, and landfills. These sites suf-
fer from landscape fragmentation, pollution dispersal, water disruption, and habitat
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degradation [15]. The core element of the brownfield “pollution” problem is “brownfield
earthworks,” which emphasizes the physical and spatial dimensions [16]. Engineering and bio-
logical approaches such as toxicity and pollution management, soil improvement, revegeta-
tion, and physical remediation are available [17]. Some studies have pointed out that land near
brownfields and heavily trafficked highways are more susceptible to chemical pollution [18].
Remediating contaminated soils by adopting chemical contamination by plants, such as the
three autochthonous plant species Acer pseudoplatanus L and Betula celtiberica Rothm [19], is
highly practicable in response to this type of contamination.

1.2 Assessment of brownfield landscape regeneration

Brownfield regeneration assessment studies align with the international concept of sustainable
development and aim to mitigate the associated costs and risks [20]. Inter-nationally, incen-
tives have been introduced in Germany, the UK, and France to promote sustainable brown-
field regeneration [21]. Brownfield sites are complex environments with a wide range of
landscape regeneration indicators, and it is crucial to summarize and generalize the indicators.
The main methods of indicator selection are as follows: interviews with leaders, review of rele-
vant literature, creation of a hierarchy of objectives, and the ability of indicators to serve the
goals [22]. A framework for assessing the sustainability of brownfield development has been
proposed, with the most evaluated indicators being physical, cultural, and institutional factors
[23]. The UK government has attempted to elucidate whether the main differences in the treat-
ment of brownfield sites in different regions are related to these three factors [24]. In addition,
case studies of brownfield development are commonly used to generate assessment systems
[25]. To reflect the integrity and health of brownfield regeneration ecosystems, a system for
assessing brownfield ’ecosystem services’ (ES) has been developed, with indicators that include
the provision of biologically diverse environments, the maintenance of plant and animal
genetic diversity, and the quality of the soil [26]. Optimized ecosystem structures for brown-
field regeneration will have sound ecological, social, and economic effects [27].

Differences between evaluators of the same speciality can affect the criteria for risk assess-
ment and stakeholder communication. Therefore, aggregating and summarizing interprofes-
sional and interdisciplinary perspectives is necessary to obtain objective assessment results
[28]. Brownfield issues involve a combination of multi-disciplinary intersections and different
research perspectives. For example, botanists have developed assessment systems to inform
plant selection for regeneration in brownfield landscapes [29]. Digital technology has perme-
ated all aspects of social development, and the development of assessment models has become
famous [30]. For example, the emission of malodorous pollutants from brownfield sites can be
effectively controlled using CHS-SC [31].

1.3 Factors for brownfield landscape regeneration

Brownfield regeneration design requires a combination of economic, environmental, and
social factors [32]. The aim is to turn derelict spaces into public spaces focusing on public
needs and attitudes [33,34] and the public’s ethical understanding of the changing brownfield
landscape [35]. Therefore, some scholars have explored the relationship between stakeholders
in sustainable brownfield regeneration by combining the Fuzzy Hierarchical Analysis (FAHP)
and social network analysis (SNA) [36] and have utilized the advanced image recognition tech-
nology based on the land classification model of CNN to identify and classify urban brown-
fields as a means of transforming urban industrial wasteland [37], emphasizing that image and
visual perception play an essential role in the regeneration and reuse of brownfields, influenc-
ing the public and decision makers’ perceptions and decisions [38]. It has also been pointed
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out that policies and regulations, public participation, and cooperative mechanisms are crucial
factors in brownfields’ sustainable development [39]. In the assessment, the goal of sustainable
urbanization and brownfield regeneration can be achieved from the combined impacts of eco-
logical, social, and economic factors with the help of the weight-of-evidence (WOE) modeling
approach of geographic information systems (GIS) [40]. This method is applied in assessing
brownfield landscape regeneration and predicting the current trend of urban land becoming
brownfield [41]. Brownfield landscape regeneration is related to landscape regeneration and
the ecological quality of cities [42]; enhancing the multiple benefits of brownfield cleanup by
applying the concept of ecosystem services highlights the importance of considering ecological
services during brownfield remediation to maximize environmental and social benefits [43].
The very formation of a brownfield site determines that it has a regional historical identity and
a cultural phenotype. Therefore, cultural factors are critical to brownfield regeneration [44].
The cultural characteristics of brownfield sites vary from country to country and region, so
potential structures and patterns should be explored based on the contextual elements of
brownfield sites in different areas [45]. Therefore, studies have addressed the importance of
climate change in various regions for brownfield regeneration and the need to integrate cli-
mate considerations for sustainable brownfield regeneration [46]. Urban agriculture, as an
innovative urban development model, can not only enhance the urban green space area and
increase biodiversity. Some scholars focus on the integrated decision-making of urban agricul-
ture in the gray land regeneration environment and explore how to integrate urban agriculture
in the process of urban regeneration effectively [47], as well as the need to consider historical,
cultural, and environmental factors in brownfield remediation for different regions and types
of brownfields too retain the regional character of brownfields while promoting sustainable
urban development [48].

In China, research on brownfield governance and studies is still in the early stages, and the
comprehensiveness of research perspectives has yet to be developed, focusing mainly on spatial
quality, environmental characteristics, and human psychological perception. Some scholars
have used hierarchical analysis and GIS technology to evaluate the ecological status of waste
mine areas [49,50]. There are also analytical methods such as ex-ante assessment of environ-
mental characteristic factors of brownfields and ecosystem-related factors from a systemic per-
spective [51]. Some scholars, based on the case of urban brownfields, have assessed the
ecological, social, and economic values of brownfields by identifying areas with potential
regeneration value and summarizing methods and strategies for identifying urban rewilding
opportunity spaces, preserving ecological diversity, and promoting urban sustainability, in
terms of factors such as social participation, environmental vegetation, water, and climate
[52,53], and analyzing the impact of brownfield space on human psychological perception
from a psychological analytical approach are also widely used [54]. In addition to the previ-
ously mentioned methods, some new brownfield regeneration design methods have been pro-
posed. For example, a novel brownfield identification method based on urban land use and
business data provides more accurate and effective data support for brownfield regeneration
design [55]. A quantitative and comparative study on the microclimate of landfills in China
was conducted at different variable levels using remote sensing technology to explore ecologi-
cal restoration in brownfield regeneration [56].

1.4 Comparison of AHP methodologies

AHP is a commonly used multi-criteria decision analysis method that can decompose the
problem into a more understandable hierarchy of sub-problems and is suitable for dealing
with complex multi-criteria decision problems. Moreover, this research on brownfield
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landscape regeneration involves complex and multidimensional factors and problems. There-
fore, the AHP research method is chosen to help the study determine the relative importance
of each factor in brownfield landscape regeneration. AHP is widely used in various fields
because it effectively deals with multilevel and multifactor decision-making problems.

First of all, in applying the AHP method in industry management and decision-making,
most scholars have deepened the AHP method into the FAHP and have played a key role in
risk modeling and risk management. For example, describing the main characteristics of a sup-
ply chain and modeling risk assessment based on AHP and FAHP methods are practical
approaches [57]. Some scholars have used these methods to develop a fuzzy model that com-
bines the main criteria and the subjective judgment of decision-makers to select the best min-
ing method [58]. Another study proposed an extended BBS approach that combines AHP,
FAHP, and fuzzy comprehensive evaluation (FCE) to assess sustainable safety performance in
the petrochemical industry [59]. In addition, other scholars have used FAHP and the entropy
weighting method to combine the overall weights of design indicators and the TOPSIS method
to evaluate customer value [60] comprehensively. In metro system design, the comprehensive
evaluation method of metro auxiliary power system design options based on AHP and FAHP
helps metro system designers and managers select the best options [61].

Secondly, in terms of building and environmental assessment applications, studies have
shown that fuzzy-based assessment models play an important role in estimating the signifi-
cance of structural assessment criteria for concrete buildings [62]. In addition, these models
have also been used to assess and analyze the degree of seismic vulnerability related to demo-
graphic, environmental, and physical criteria [63]. Recently, the use of AHP-based methods in
brownfield regeneration has gradually increased. Some scholars have used hierarchical analysis
to develop landscape sustainability assessment models in South Korea and Taiwan to provide a
systematic and transparent decision-making approach to promote sustainable landscape man-
agement [64] and analyze ecological restoration indicators [65,66]. To assess their relationship,
matrix assessment methods combine brownfield development’s aesthetic and environmental
characteristics [67]. Brownfield landscape regeneration requires government intervention and
significant capital investment, so combining the environmental and socioeconomic compo-
nents indicators to form an assessment system to coordinate the various interests in brown-
field regeneration planning [68]. To better assess the quality of landscape design, some
scholars have also used AHP to assess the spatial quality of brownfield landscapes to better uti-
lize the social benefits of brownfield landscape regeneration [69].

In another field, the system of indicators for evaluating the health of urban aquatic ecosys-
tems is of great importance for the assessment, management, and urban development planning
of urban river networks. Studies based on AHP, FAHP, and the Interval Analytic Hierarchy
Process (IAHP) aim to identify the priority indicators needed for cultural heritage manage-
ment to address the complex challenges of protecting and managing cultural heritage in urban
environments [70]. An important research direction is establishing an evaluation indicator
system based on the relationship between people, cities, and aquatic ecosystems, covering envi-
ronmental conditions, ecological construction, and social services [71]. Meanwhile, some
scholars constructed a green water evaluation index system for reservoir projects based on
AHP to solve the problems of unsystematic planning and designing ecological environments
in reservoir basins and unbalanced ecological, economic, and social benefits [72]. In addition,
related studies have developed an integrated framework to assess the importance of influenc-
ing factors and prioritize these factors to provide a sustainable management approach for the
shipping industry to meet the increasing environmental challenges [73]. These studies show
that applying AHP methodology in building and environmental assessment can help solve
complex environmental problems and promote sustainable development.
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Thirdly, applications in health assessment and information networks: For the COVID-19
epidemic, the research investigated the vaccine selection problem using a novel Vikor hybrid
approach with AHP and interval type-2 fuzzy sets to cope with uncertainty [74]. The FAHP
and FTOPSIS (Fuzzy Technique for Order Preference by Similarity to Ideal Solution) tech-
niques were used to select suitable composite materials for dental restorations, providing a
powerful decision-making tool for dental professionals [75]. The impact of epidemics on con-
sumer preferences and the strategic problems FMCG companies face in selecting distribution
channels have been investigated through AHP using a mixed methods approach to analyze the
impact of factors on selecting distribution channels [76]. In addition, other scholars have used
AHP to study the sustainability of mobile learning (CBML) in a cloud computing environ-
ment, evaluating the impact of technological, managerial, social, and environmental factors to
identify critical factors for success [77].

Finally, the application in other design areas. Some researchers have studied the application
of AHP and FAHP decision modeling in designing chronic disease healthcare pillboxes, and
the proposed packaging design is a case study [78]. Electrotherapy designers, as well as a case
study, to research the application of product fuzzy decision model selection in human factors
design [79]. In intelligent backpack design, selecting suitable built-in mobile power is critical
using the automatic weighted fuzzy weighted cross FAHP method to compare and determine
the suitable built-in mobile power for clever backpack design [80]. Other scholars constructed
an evaluation index of attractive attributes of Chinese fashion T-shirt products from the per-
spective of attractive consumption, an essential basis for improving product development [81].

It is easy to see from the above literature that the AHP has been widely used and discussed
in various areas of multi-criteria decision-making. It stands out because of its ability to inte-
grate qualitative and quantitative data, providing a structured framework for comparing and
prioritizing factors. The advantage of AHP over other methods, such as the Delphi Method,
FAHP, and Multi-Criteria Decision Analysis (MCDA), is its simplicity and ease of use.
Although the Delphi method relies on iterative expert consultation to reach consensus, and
the FAHP introduces fuzzy logic to deal with uncertainty in expert judgments, the direct pair-
wise comparisons and consistency checking of AHP make it a practical choice for many appli-
cations. Therefore, AHP was chosen for this research because of its systematic approach to
dealing with the complexity of regeneration factors on brownfield sites in Xi’an. The innova-
tions in this research application are the adaptation of the AHP framework to the unique
socio-economic and cultural context of Xi’an, ensuring that the selected criteria and weights
accurately reflect local conditions and priorities, and the operationalization of the methodol-
ogy, which allows for the flexibility to change the content of the framework and adaptively
apply it to other regions, and indeed other countries.

As summarized in the above literature, the existing research focuses on various aspects of
brownfield redevelopment, and different scholars have made significant contributions to this
field, especially in laying a solid foundation for brownfield landscape regeneration research.
However, due to the late start of brownfield research in China. The systematic theory has yet
to be formed, and most of the research has been expanded based on foreign scholars’ research,
mainly focusing on exploring strategies at the theoretical level of brownfield governance. The
related assessment of brownfield governance practices and specific guidance strategies are less
involved, and the depth of their research needs to be improved, especially regarding the spe-
cific factors of brownfield landscape regeneration, where there still needs to be a gap. Based on
the above problems, this research aims to clarify the following questions: (1) What are the
main factors involved in urban brownfield landscape regeneration? Which factors are consid-
ered as potential dominant factors? (2) How do these factors compare with those in other
regions? Although the focus of this research is Xi’an, China, the findings form a strategy that

PLOS ONE | https://doi.org/10.1371/journal.pone.0312668 February 10, 2025 6/34


https://doi.org/10.1371/journal.pone.0312668

PLOS ONE

Brownfield landscape regeneration

can be applied to cities with similar contexts, and the research forms a flexible assessment
framework based on the AHP that can be adapted to other regions as well as countries with
appropriate modifications, thus enhancing the applicability of this research. The above litera-
ture is summarized by the factors explicitly related to the regeneration of brownfield land-
scapes, as shown in Table 1.

2. Materials and methods
2.1 Site selection and sampling

This research site is located in Xi’an, Shaanxi Province, China, which is well known as the
“World Famous Historical and Cultural City” and an important starting point of the Silk
Road. Xi’an covers an area of more than 9,000 square kilometers and has a population of more
than 7 million. According to the data, more than 3,000 acres of brownfield sites are to be devel-
oped, mainly concentrated in the western suburbs of Xi’an, and formed by the defense indus-
try’s abandoned land.

Five representative types of brownfield sites in Xi’an were selected for this research. These
brownfields vary in character and regeneration challenges due to their historical background,
geographical location, and use characteristics. They are industrial brownfields, mining brown-
fields, military brownfields, transportation brownfields, and landfills. It was ensured that the
brownfield sites were selected to cover the city center and suburban areas to reflect the land
use and development of the different regions. Second, the historical context of the brownfields
was considered, including various types of industrial, military, commercial, residential, and
abandoned public facilities, to ensure that the study would cover the diversity of brownfields.
In addition, as this research focuses on the potential dominant factors in the regeneration of
brownfield landscapes, this research mainly selected brownfield types planned to be regener-
ated to understand the challenges and strategies of different regeneration processes, as shown
in Table 2. In terms of sampling methodology, this research used a combination of stratified
and purposive sampling strategies. Through stratified sampling, this research categorized
brownfield sites in Xi’an based on geographic location, historical context, and current status.
This research applied purposive sampling to select brownfields with representative and
research values within each category. This systematic approach finally identified the five most
representative brownfields, as shown in Fig 1. These brownfield sites will provide this research
with a comprehensive perspective and an in-depth understanding of the characteristics and
regeneration challenges of brownfield sites in Xi’an.

2.2 Data collection

According to the characteristics and steps of the AHP research method, the data collection of
this research mainly comes from the assessment weight values of relevant experts for each fac-
tor. To allow all invited experts to understand the current status of brownfield sites in detail
and make an objective evaluation, and to ensure the accuracy and reliability of the assessment
data for the five types of brownfield sites, this research used a variety of means of data collec-
tion, mainly on-site photographs and text description, questionnaire design, and semi-struc-
tured interviews with expert samples.

2.2.1 Photography. The purpose of on-site photography is to provide experts with com-
prehensive and accurate information to ensure they can make more objective and scientific
decisions during the assessment process. In the study of the five brownfield types selected in
Xi’an, this research conducted on-site photography and in-depth research to ensure that the
experts had a clear understanding of the current status of each site when evaluating the
weights. The authors have taken many photographs of each brownfield type and have
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Table 2. Characteristics and challenges of different brownfield site types.

Brownfield Type

Industrial
Brownfield

Mining
Brownfield

Military
Brownfield

Transportation
Brownfield

Landfill

History background

In the past, it was used
for industrial
production but was
gradually abandoned
with the adjustment of
economic structure and
industrial upgrading.

Used for mining in the
past, abandoned when
resources were
exhausted or
economically unfeasible

Used for military
purposes in the past but
abandoned as military
purposes changed or
bases were relocated

In the past, it was used
for transportation
infrastructure but was
abandoned as the
transportation network
was adjusted and
modernized.

In the past, it was used
as a landfill but was
abandoned or
transformed as cities
developed and
environmental
requirements increased.

Location

In the city or
suburbs, close to
transportation
hubs

Outskirts of cities
or remote areas

Urban fringe or
strategic location

Near
transportation
hub

Urban fringe or
suburbs

https://doi.org/10.1371/journal.pone.0312668.t002

Key Features

There may be heavy
metal and chemical
pollution, and
environmental
management of soil and
groundwater is required

The terrain is broken,
there may be
accumulation of slag
and waste, and the
ecological environment
is damaged

The facilities are well-
equipped and may
contain unexploded
ordnance and other
dangerous items

The facility is extensive
and covers a wide area
of land

The land is covered with
garbage, which may
cause harmful gas
emissions such as
methane

Regeneration
Challenge

Environmental
governance,
infrastructure
transformation, land
use planning

Ecological
restoration, safety
hazard treatment,
high development
costs

Safety inspection,
facility renovation,
land use conversion

Facility renewal, land
consolidation, and
community
integration

Pollution control,
land restoration,
long-term monitoring

described and documented their geographic location, topography, vegetation cover, water
conditions, contamination, and ecological damage to provide informative and essential infor-
mation for qualitative research. In addition, this research analyzed and studied each site’s cov-
erage, historical background, socio-economic conditions, and environmental problems, as
shown in Table 3. These site research data provide an essential reference basis for the subse-

quent brownfield management and ecological remediation work.
2.2.2 Questionnaire. A questionnaire survey is a standard quantitative research method
widely used in various fields such as social sciences, market research, and academic research

because of its ability to collect a large amount of data quickly and accurately. Based on the field
research, this research designed an AHP questionnaire containing 27 questions covering the
comprehensive assessment factors from A to D. During the questionnaire design process, rele-
vant literature and theories were reviewed, and several revisions and optimizations were made
based on the feedback from experts invited in advance to ensure the accuracy and feasibility of
the questionnaire design. The questionnaire was distributed to relevant experts both on-site
and by mail. During the distribution process, extensive communication and explanations were
made with the experts to ensure that they understood the content and purpose of the
questionnaire.

2.2.3 Expert sample interviews. Semi-structured interviews offer great flexibility and
depth, allowing for a better understanding of experts’ views and perspectives. According to
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Fig 1. Location of Xi’an, China, main distribution areas of brownfields, and siting of five types of brownfields. The figure
shows a representative selection of sites in Xi’an, China, for each of the five brownfield types. Sites from urban and suburban areas
were selected to ensure a comprehensive sample. Sources of map layers are available in the SI Appendix. A figure is similar but not

identical to the original image and is for illustrative purposes only.

https://doi.org/10.1371/journal.pone.0312668.g001
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Table 3. Specific information on the brownfield study sample.

Site Name Brownfield Location Area History background Site status
Types &Management
(®Northwest Industrial Bagiao ~136784m | The site is mainly -Site status: Flat terrain,
National Cotton | Brownfield District of abandoned, and the good plant cover, less
Factory Xi’An north side has been water pollution.
No. 3 (Urban area) transformed into an -Management:
industrial arts district. Managed, to be
Pollution. developed.
® Mining Lantian ~2587312 | The site has been -Rugged terrain, good
Wang Brownfield | Countyin m’ abandoned and plant cover, high water
Chuan Xi’An unmanaged until now. pollution.
Abandoned Coal (Suburbia) - Management:
Mining Area Managed, to be
developed.
® Military Chang’An ~36397786 | Bankruptcy in 2006, - Flat terrain, poor
618 Wind Brownfield District of m abandoned until now,a | plant cover, less water
Thunder Xi’An small portion converted | pollution.
Instrument (Suburbia) into an art district -Management:
Factory Unmanaged and
abandoned.
@ Traffic Weiyang ~74800m* | Site railroad tracks have | - Flat terrain, poor
Abandoned Brownfield | Daxing New been removed and are vegetation cover, and
Military District awaiting rezoning. high water pollution.
Railroad (Urban area) -Management:
Unmanaged and
abandoned.
® Landfill Bagiao ~2349200m* | It was built in 1994. -High terrain, poor
Xi’an Jiangcun District of Recently, the park was vegetation cover, and
Landfill Xi’an closed. water pollution.
(Suburbia) -Management: Strict

https://doi.org/10.1371/journal.pone.0312668.t003

management and
initial treatment of part
of the site.

international research standards, using the AHP method, it is usually recommended that a
sample size of 15-20 experts be collected. Semi-structured interviews were used in this
research, and 20 representative experts were selected to participate. These experts’ professional

backgrounds cover Landscape design, Architectural design, Urban planning, and Historic

building preservation, among others. In choosing the experts, first of all, the experts need to
have an advanced degree (such as a master’s or a Ph.D.) and have more than five years of prac-
tical work experience in these fields. In addition, they have experience in brownfield regenera-
tion, urban planning, or related projects and hold academic qualifications or industry
certifications (e.g., registered architect, landscape architect). These criteria ensure diversity
and specialization of experts, thus reducing potential bias.

This research used semi-structured face-to-face interviews and online and offline survey
data collection methods to collect 20 valid questionnaires (12 online and 8 offline). The two

data collection methods, interviews and questionnaires, were chosen for this study because the
questionnaires were mainly used to collect experts’ quantitative evaluation of the importance
of each factor. In contrast, the interviews explored experts’ in-depth understanding of the cur-
rent status of brownfield sites and related regeneration factors. Such an approach reflects the
diversity of data collection methods and the rigor of the assessment but also provides more
comprehensive and objective information for this study, which is an essential reference for the
subsequent decision-making analysis of potential dominant factors in brownfield landscape
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Table 4. Background information of the experts.

Items Related details Percentage
Gender Man 60%
Female 40%
Age 35-45 20%
45-55 35%
55-65 40%
Over 65 5%
Education Junior college 5%
Bachelor’s Degree 45%
Master’s Degree 30%
Doctoral Degree 20%
Major Landscape design 25%
Architectural design 15%
Landscape architecture 25%
Urban planning 10%
Historic building preservation 5%
Civil engineering 5%
Community and housing planning 5%
Engineering management 5%
Structural engineering 5%
Workplace Design institute 30%
Architectural design firms 10%
Government agency 30%
Academic institution 20%
Enterprise management 10%

https://doi.org/10.1371/journal.pone.0312668.1004

regeneration. The detailed professional breakdown of the experts and the necessary informa-
tion on their academic background are shown in Table 4.

2.3 AHP implementation

The AHP is a system for evaluating complex problems that can be broken down into multiple
levels and elements for decision-making and assessment. Its features include systematization,
transparency, and repetition, eliminating subjective ambiguity and public scepticism; thus, it is
widely used in sustainable development and other fields. The implementation process includes
establishing a hierarchical model of assessment indicators for the target problem, defining
assessment indicator scales and meanings, inviting experts to conduct an assessment, calculat-
ing weights and obtaining priorities, synthesizing and ranking the weights, and finally obtain-
ing preferred options. Meanwhile, the results of AHP analysis can be visualized using SPSS
and EXCEL software. This research combines the characteristics of five types of brownfield
sites in Xi’an, establishes a spatial assessment system for brownfield landscape regeneration in
X{i’an, uses the hierarchy analysis method to compare the components of spatial quality
according to the hierarchy, and makes an order of importance, and ultimately establishes the
weighting and ordering of the elements of each hierarchy, to obtain the priority options for
brownfield landscape regeneration in Xi’an. The AHP The detailed data analysis steps are as
follows:

2.3.1 Assessment indicator hierarchy model. Based on the current research data, this
research searched for relevant literature to establish a comprehensive evaluation of brownfield
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sites in Xi’an and invited five landscape and planning experts to conduct semi-structured face-
to-face interviews to establish a four-tiered evaluation hierarchy: i.e., the objective layer (A),
the first-tier assessment factor layer (B1-B5), the second-tier assessment factor layer (C1-C16),
and the third-tier assessment factor layer (D1-D40), and the assessment factors pointing to a
gradual clarification of the assessment factors from A to D. The assessment factors point to a
gradual clarification of the assessment factors. A to D layer assessment factors point to gradual
clearing. The assessment indicator hierarchy model for brownfield landscape regeneration in
Xi’an is given in Fig 2.

2.3.2 Definition of assessment indicator scales and meanings. Based on Fig 2, the AHP
model was utilized with a nine-point scale to establish the basis for pairwise comparisons
between the assessment factor layers and assess the relative importance of the factors. The
scale of the nine-level scaling method and its definition are shown in Table 5, where B; and B;
are the same levels of assessment factors; By is the importance comparison between B; and B;,
and Bj; is the importance comparison between B and B;; i, j=1, 2, .. ., n, “n” is the number of
assessment factors existing in the current level. For example, B; is slightly more important than
By, and according to Table 5, By = 3 and B;; = 1/3.

2.3.3 Pairwise comparison and assessment of factors at each level. Assuming “n” ele-
ments, each element is compared with other elements to form an “n x n” matrix. Experts,
through the AHP evaluation model with the corresponding evaluation scale, fill in the corre-
sponding values according to the importance of the factors to get each factor’s weight. For
example, a pairwise comparison matrix is constructed based on the three-factor layers i, J, and
K, as shown in Table 6.

2.3.4 Testing for consistency and calculating factor weights. Based on the nine-level
assessment scale, 20 experts rated the factors. They calculated the average value, resulting in an
assigned value for each assessment factor, with the average value retained in whole numbers.
However, due to differences like work, professional background, and cognition among the
experts, as well as differences in the experts’ understanding of the different assessment factors,
there may be logical errors in recognizing the degree of importance among the assessment fac-

»

tors. For example, there may be cases where “a” is more critical than “b”, “b” is more essential
than “c”, and “c” is more important than “a”. Therefore, consistency testing (CR) is required to
ensure the accuracy and reliability of assessment results [82]. When CR<0.1. It indicates that
the pairwise comparison matrix satisfies the consistency test. Conversely, if CR>0.1, it suggests
that the pairwise comparison matrix needs adjustment.

Calculating factor weights and priority ranking is the final step in the AHP. Firstly, the pair-
wise comparison matrices are normalized. For example, assuming the element’s weight in a
row “i” and column “k”, the calculation formula is shown in Eq (1). Following this approach,
the pairwise comparison matrices are calculated column-wise to obtain normalized weights.
Secondly, several averaging methods are employed to calculate the arithmetic mean, resulting
in row weights “W;”. Finally, by synthesizing the row weights “W;” and column weights “W;”,
the total weight “Wr” is obtained, which determines the ranking of element weights, as shown
in Eq (2). The entire process is analyzed using SPUSS software and visualized for better com-
prehension.
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Fig 2. Assessment indicator AHP model for brownfield landscape regeneration in Xi’an.

https://doi.org/10.1371/journal.pone.0312668.9002

In this equation, “n” represents the current evaluation factors: i,j,k=1,2,...,n.

0; = 0,0 (2)

In this equation, “W;” represents the row weights; “W;” represents the column weights: i, j,
k=1,2,..,n.
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Table 5. Specific scales and meanings of the nine-layer assessment scale.

Assessment scale (Bj;) Definition
1 B; and B; are equally important
3 B; is slightly more important than B;
5 B; is a little more important than B;
7 B; is much more important than B;
9 B; than B; is absolutely important

2,4,6,8 In the middle of 1,3,5,7,9

B; compared to B, By = 1/Bj;; assessment factors compared to themselves, B;; = Bj; = 1.

https://doi.org/10.1371/journal.pone.0312668.t005

3. Results
3.1 Weight of LayerB relative to the layer A

According to the data analysis in Table 7 and Fig 3, the physical factor B1 (0.3829) occupies
the most critical position in the first level assessment factor B layer of landscape regeneration
of brownfield sites in Xi’an. Functional factor B2 (0.2759) is slightly more critical than cultural
factor B3 (0.1928). It is followed by emotional factors B5 (0.1162) and informational factors B4
(0.0322). The results show that in the strategy of regenerating these five types of brownfield
landscapes in Xi’an, the physical characteristics of the brownfield sites should be emphasized
to highlight the characteristics of the sites. Then, the essential functions should be imple-
mented according to public demand. At the same time, the regional cultural characteristics of
the region where the brownfield sites are located should be inherited to continue the historical
and cultural genes of the sites.

3.2 Weight of the Layer C relative to the Layer B

According to the second level assessment factor C tier shown in Table 8, the factors C1-C7 are
subdivisions of the first level assessment factor B tier. Among the B1 physical factors, landscape
spatial features C2 (0.6491) have a critical status and occupy a dominant position. Among the
B2 functional factors, environmental comfort C7 and site safety C8 have equal importance,
accounting for (0.3514) respectively, followed by functional convenience C6 (0.1818). In B3
cultural factors, site historical heritage C9 (0.4934) and design cultural innovation C10
(0.3108) are more critical than the cultural creative atmosphere of the site C11 (0.1958), espe-
cially to highlight the site historical heritage. In the B4 information factors, offline information
C12 (0.5000) is as essential as C13 (0.5000) online information. Finally, in B5 emotional fac-
tors, compared to the regional cultural confidence C16 (0.1692), the cultural identity C14
(0.4434) and C15 site belongingness (0.3874) are more critical, especially the sense of cultural
identity.

Table 6. Pairwise comparative evaluation framework.

I J K
I 1 a b
J 1/a 1 c
K 1/b 1/c 1

In this matrix, “a” denotes the relative importance of I relative to J; “b” denotes the relative importance of I relative to

« »

K. “¢” represents the relative importance of J relative to K.

https://doi.org/10.1371/journal.pone.0312668.t006
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Table 7. Pairwise comparison matrix for correspondence between Layer B and Layer A.

A B1 B2 B3 B4 B5 Weights (W;)

B1 1 2 2 9 3 0.3829

B2 1/2 1 2 7 3 0.2759

B3 1/2 1/2 1 7 2 0.1928

B4 1/9 1/7 1/7 1 1/5 0.0322

B5 1/3 1/3 1/2 5 1 0.1162
vector of priorities (v) 2.551 1.838 1.285 0.214 0.774

Amax = 5.120, CI = 0.030, RI = 1.120, CR = 0.027<0.1, Satisfy the consistency test.
https://doi.org/10.1371/journal.pone.0312668.t007

According to the results of Table 9 and Fig 4, the total weights and ranking data of the C-
level assessment factors show that landscape spatial features C2 (0.2309) and visual physical
elements C1(0.0993) belonging to the B1 physical factors occupy the most important positions.
Next are the environmental comfort C7 (0.0970) and site safety C8 (0.0970) of the B2 func-
tional factors, and the site historical heritage C9 (0.0951) and design culture innovation C10
(0.0599) of the B3 cultural factors. Due to the more excellent categorization of the B2 func-
tional factors, its weight score in the C-level indicators has been reduced, but its importance is
still maintained. Among the 16 C-level assessment factors, relatively weak importance is
reflected in C5 (0.0125) business diversity, C12 (0.0162) offline information, C13 (0.0162)
online information, as well as C16 (0.0187) regional culture confidence, and C4 (0.0194) diver-
sity of activity space. These data provide specific assessment indexes and references for the
landscape regeneration of class 5 brownfield sites in Xi’an.

3.3 Weight of the Layer D relative to the Layer C

Assessment factor D is the last level of the assessment system of five types of brownfield land-
scape regeneration dominant factors in Xi'an, and the assessment factors are specific to all
aspects of the design elements, with a total of 40 indicators. As shown in Table 10, the assess-
ment options are relatively simple compared to the C level, mostly with two choices, and the
assessment is mainly based on the grades of “equally important” and “slightly important.”
However, the four elements of C6 functional convenience, C7 environmental comfort, C8 site
safety, and C9 site historical heritage have more assessment options, so the weighting indica-
tors are more diverse. In C6 functional convenience, D13 (0.2979) recreation convenience,
and D14 (0.2979) richness of service facilities are more critical. In C7 Environmental Comfort,
D19 (0.4220) vegetation green coverage and D18 (0.3991) pollution condition are the primary

I I 2 =
Bl B2 B3

B4 B5

Fig 3. Weights of the first-level assessment factors in Layer B.

https://doi.org/10.1371/journal.pone.0312668.9003
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Table 8. Pairwise comparison matrix for correspondence between Layer C and Layer B.

B1 C1 C2 C3 Weights (W;)
C1 1 1/3 5 0.2790
C2 3 1 7 0.6491
C3 1/5 1/7 1 0.0719
vector of priorities (v) 1.186 2.759 0.306
Amax = 3.065, CI = 0.032, RI = 0.520, CR = 0.062<0.1, Satisfy the consistency test.
B2 C4 C5 Cé6 C7 C8 Weights (W))
C4 1 3 1/5 1/5 1/5 0.0703
C5 1/3 1 1/5 1/5 1/5 0.0453
Cé6 5 5 1 1/3 1/3 0.1818
C7 5 5 3 1 1 0.3514
C8 5 5 3 1 1 0.3514
vector of priorities (v) 0.474 0.306 1.227 2.371 2.371
Amax = 5.347, CI = 0.087, RI = 1.120, CR = 0.077<0.1, Satisfy the consistency test.
B3 C9 C10 Cl11 Weights (W)
C9 1 2 2 0.4934
C10 1/2 1 2 0.3108
C11 1/2 1/2 1 0.1958
vector of priorities (v) 1.587 1.000 0.630
Amax =3 .054, CI = 0.027, RI = 0.520, CR = 0.052<0.1, Satisfy the consistency test.
B4 C12 C13 Weights (W)
C12 1 1 0.5000
C13 1 1 0.5000
vector of priorities (v) 1.000 1.000
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
B5 Cl4 C15 Cl6 Weights (W)
Cl14 1 1 3 0.4434
C15 1 1 2 0.3874
Cl16 1/3 1/2 1 0.1692
vector of priorities (v) 1.142 1.260 0.550

Amax = 3.018, CI = 0.009, RI = 0.520, CR = 0.018<0.1, Satisfy the consistency test.
https://doi.org/10.1371/journal.pone.0312668.1008

assessment indicators. In C8 site safety, D20 (0.4921) pollutant safety and D21 (0.2320) traffic
safety are more critical. Finally, the most crucial part of the C9 site’s historical heritage is the
D24 (0.4579) diversity of historical and cultural manifestations and the D25 (0.4161) accuracy
of historical and cultural expressions.

According to the data on the combined weights of level D shown in Table 11 and Fig 5,
there are three overall classes. First, the high-level comprehensive weight data mainly includes
D3 (0.1924) static spatial features and D1 (0.0745) existing architectural aesthetics. Second, the
comprehensive weight data of medium grade mainly includes D20 (0.0477) Pollutant safety,
D24 (0.0435) Diversity of historical and cultural manifestations, D19 (0.0409) vegetation green
coverage, D25 (0.0396) accuracy of historical and cultural expression, D18 (0.0387) pollution
condition, D4 (0.0385) dynamic spatial features, and D35 (0.0368) facilitating neighborhood
interactions. Finally, the comprehensive weighted data of the low grade mainly include D8
(0.0032) spatial accessibility, D10 (0.0042) the reasonableness of surrounding business propor-
tions, D12 (0.0044) dining convenience, and D34 (0.0054) electronic map and interpretation.

Among the high-grade assessment indicators, the main focus is on the B1 physical factors
layer; among the medium-grade assessment indicators, the main focus is on the B2 functional
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Table 9. Overall weight and ranking of Layer C in AHP.

A B1 B2 B3 B4 B5 Total weights Rank

— | — | — | — | — (W)

0.3829 0.2759 0.1928 0.0322 0.1162
C1 0.2790 0.0993 2
C2 0.6491 0.2309 1
C3 0.0719 0.0256 10
C4 0.0703 0.0194 11
C5 0.0453 0.0125 14
Cé6 0.1818 0.0502 6
C7 0.3514 0.0970 3
C8 0.3514 0.0970 3
C9 0.4934 0.0951 4
C10 0.3108 0.0599 5
C11 0.1958 0.0378 9
C12 0.5000 0.0162 13
C13 0.5000 0.0162 13
Cl14 0.4434 0.0490 7
Cl15 0.3874 0.0428 8
Cl6 0.1692 0.0187 12

https://doi.org/10.1371/journal.pone.0312668.t009

factors layer and the B3 cultural factors layer, which cover medium and low grades because of
more subdivided levels, but still perform as medium grades in general. The B4 informational
and B5 emotional factors layers are concentrated in the low grade, especially in the B4 assess-
ment factors layer.

3.4 Comparison and analysis of importance ratings of experts in different
specialties

Table 12 and Fig 6 compare the ranking of the B-level assessment factors between the 20
experts with landscape and architectural backgrounds. The results show that landscape experts
ranked “B1 Physical Factors” as the dominant factor for landscape regeneration of five brown-
field sites in Xi’an. In contrast, architectural experts ranked “B2 Functional Factors” as the
dominant factor. There was no difference in the ranking of the other factors.

The reason behind these differences is that landscape experts are concerned with aesthetics,
ecological balance, and environmental sustainability and hope to enhance the visual appeal
and ecological health of brownfield sites through physical modifications such as green space,

C

4 C5 Cc9 Cl10 Cl11 Cl12 Cl13 Cl14 C15 Clé6

Fig 4. Comprehensive weight of Layer C in second-level assessment factors.

https://doi.org/10.1371/journal.pone.0312668.g004
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Table 10. Pairwise comparison matrix for correspondence between Layer D and Layer C.

Cl1 D1 D2 Weights (W;)
D1 1 3 0.7500
D2 1/3 1 0.2500
vector of priorities (v) 1.732 0.577
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
C2 D3 D4 Weights (W))
D3 1 5 0.8333
D4 1/5 1 0.1667
vector of priorities (v) 2.236 0.447
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
C3 D5 D6 Weights (W;)
D5 1 3 0.7500
Dé6 1/3 1 0.2500
vector of priorities (v) 1.732 0.577
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
C4 D7 D8 Weights (W))
D7 1 5 0.8333
D8 1/5 1 0.1667
vector of priorities (v) 2.236 0.447
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
C5 D9 D10 Weights (W))
D9 1 2 0.6667
D10 172 1 0.3333
vector of priorities (v) 1.414 0.707
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
c6 D11 D12 D13 D14 D15 Weights (W)
D11 1 2 1/2 1/2 1 0.1578
D12 1/2 1 1/3 1/3 1/2 0.0885
D13 2 3 1 1 2 0.2979
D14 2 3 1 1 2 0.2979
D15 1 2 1/2 172 1 0.1578
vector of priorities (v) 0.871 0.488 1.644 1.644 0.871
Amax =5.013, CI = 0.003, RI = 1.120, CR = 0.003<0.1, Satisfy the consistency test.
C7 D16 D17 D18 D19 Weights (W;)
D16 1 1/3 1/4 1/5 0.0678
D17 3 1 1/5 1/5 0.1111
D18 4 5 1 1 0.3991
D19 5 5 1 1 0.4220
vector of priorities (v) 0.359 0.589 2.115 2.236
Amax = 4.191, CI = 0.064, RI = 0.890, CR = 0.072<0.1, Satisfy the consistency test.
C8 D20 D21 D22 D23 Weights (W))
D20 1 3 3 3 0.4921
D21 1/3 1 2 2 0.2320
D22 1/3 1/2 1 1 0.1379
D23 1/3 1/2 1 1 0.1379
vector of priorities (v) 2.280 1.075 0.639 0.639
Amax = 4.060, CI = 0.020, RI = 0.890, CR = 0.023<0.1, Satisfy the consistency test.
c9 | pu D25 D26 | | \ | Weights (w,)
(Continued)
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Table 10. (Continued)

Cl1 D1 D2 Weights (W;)
D24 1 1 4 0.4579
D25 1 1 3 0.4161
D26 1/4 1/3 1 0.1260
vector of priorities (v) 1.587 1.442 0.437
Amax = 3.009, CI = 0.005, RI = 0.520, CR = 0.009<0.1, Satisfy the consistency test.
C10 D27 D28 Weights (W;)
D27 1 1 0.5000
D28 1 1 0.5000
vector of priorities (v) 1.000 1.000
Amax=2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
Cl11 D29 D30 Weight (W))
D29 1 1 0.5000
D30 1 1 0.5000
vector of priorities (v) 1.000 1.000
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
C12 D31 D32 Weights (W))
D31 1 1 0.5000
D32 1 1 0.5000
vector of priorities (v) 1.000 1.000
Amax=2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
C13 D33 D34 Weights (W))
D33 1 2 0.6667
D34 1/2 1 0.3333
vector of priorities (v) 1.414 0.707
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
Cl4 D35 D36 Weights (W))
D35 1 3 0.7500
D36 1/3 1 0.2500
vector of priorities (v) 1.732 0.577
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
Cl15 D37 D38 Weights (W))
D37 1 1 0.5000
D38 1 1 0.5000
vector of priorities (v) 1.000 1.000
Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
Cl6 D39 D40 Weights (W;)
D39 1 1 0.5000
D40 1 1 0.5000
vector of priorities (v) 1.000 1.000

Amax = 2.000, CI = 0.000, RI = 0.00, CR = null, Satisfy the consistency test.
https://doi.org/10.1371/journal.pone.0312668.1010

water bodies, and environmental remediation so that they can coexist in harmony with the
nature of the city. Architectural experts, on the other hand, focus more on functional factors,
paying attention to architectural design, infrastructure development, and adaptive reuse of
existing structures to ensure that the transformed brownfield site meets the city’s real needs,
such as housing, commercial, and public facility provision, thus enhancing the project’s eco-
nomic viability and long-term sustainability. In addition, prioritizing functional
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Table 11. Overall weight and ranking of Layer D in AHP.

D C1 C2 C3 C4 C5 Ceé Cc7 C8 Total weights (WT) | Rank
0.0993 | 0.2309 & 0.0256 | 0.0194 | 0.0125 | 0.0502 | 0.0970 | 0.0970

D1 | 0.7500 0.0745 2

D2 | 0.2500 0.0248 11
D3 0.8333 0.1924 1

D4 0.1667 0.0385 8

D5 0.7500 0.0192 14
Dé6 0.2500 0.0064 27
D7 0.8333 0.0162 16
D8 0.1667 0.0032 31
D9 0.6667 0.0083 23
D10 0.3333 0.0042 30
D11 0.0824 0.0079 25
D12 0.1594 0.0044 29
D13 0.1594 0.0150 17
D14 0.5492 0.0150 17
D15 0.0497 0.0079 25
D16 0.0678 0.0066 26
D17 0.1111 0.0108 21
D18 0.3991 0.0387 7

D19 0.4220 0.0409 5

D20 0.4921 0.0477 3

D21 0.2320 0.0225 12
D22 0.1379 0.0134 18
D23 0.1379 0.0134 18

D (o] C10 Cl11 C12 C13 Cl4 Cl15 C16 | Total weights (WT) | Rank
0.0993 | 0.2309 | 0.0256 | 0.0194 | 0.0125 | 0.0502 | 0.0970 | 0.0970

D24 | 0.4579 0.0435 4

D25 | 04161 0.0396 6

D26 | 0.1260 0.0120 20
D27 5000 0.0300 10
D28 0.5000 0.0300 10
D29 0.5000 0.0189 15
D30 0.5000 0.0189 15
D31 0.5000 0.0081 24
D32 0.5000 0.0081 24
D33 0.6667 0.0108 21
D34 0.3333 0.0054 28
D35 0.7500 0.0368 9

D36 0.2500 0.0123 19
D37 0.5000 0.0214 13
D38 0.5000 0.0214 13
D39 0.5000 0.0094 22
D40 0.5000 0.0094 22

https://doi.org/10.1371/journal.pone.0312668.t011

considerations ensures that brownfield regeneration projects are effectively connected to the
city’s overall transportation network and public services, enhancing the region’s economic
vitality and social cohesion. Despite these differences, the consensus between the two experts
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Fig 5. Comprehensive weight of Layer D in Third-level assessment factors.

https://doi.org/10.1371/journal.pone.0312668.9005

on cultural, informational, and emotional factors suggests that successful brownfield regeneration
requires a combination of aesthetic, functional, cultural, and socio-economic considerations to
achieve sustainable urban regeneration. The diversity of perspectives within the field highlights
the complexity and interdisciplinary nature of brownfield regeneration efforts. It emphasizes inte-
grating various perspectives to achieve holistic and sustainable urban development.

4. Discussion and case studies
4.1 Selection of factors related to brownfield landscape regeneration

Based on the characteristics of brownfield sites in Xi’an, China, this research combines a large
number of literature reviews and expert interviews to identify five key factors such as physical,
functional, cultural, informational, and emotional and constructs a framework for brownfield
landscape regeneration assessment using the AHP method. This framework responds effec-
tively to contemporary brownfield issues’ diverse needs and challenges and ensures that regen-
eration efforts are culturally sensitive and community-oriented. However, this does not mean
that other unrelated factors are not necessary. Due to data limitations, potential political, eco-
nomic, technological, and socio-environmental factors still need to be singled out for detailed
discussion, even though relevant sub-factors are involved, mainly due to the following consid-
erations. Firstly, despite the importance of the political factors, this study focuses on the factors
that have a more significant direct impact on the regeneration of brownfield sites and have a
more substantial operative effect, which directly affects the physical and socio-economic
aspects of brownfield regeneration.

Moreover, they require different analytical frameworks and involve a more comprehensive
range of external variables, which may add to the complexity of the study. Secondly, economic

Table 12. Comparison of ranking of Factors B by landscape experts and architecture experts.

Rank Total (N=20) Landscape experts (N=10) Architecture Experts (N=10)
Assessment of Factor B | Weights | Assessment of Factor B | Weights | Assessment of Factor B | Weights
B1 physical factors 0.3829 | B1 physical factors 0.4100 | B2 functional factors 0.4055
B2 functional factors 0.2759 | B2 function factors 0.2355 | B1 physical factors 0.2613
B3 cultural factors 0.1928 | B3 cultural factors 0.1890 | B3 cultural factors 0.1928

B5 emotional factors 0.1162 | B5 emotional factors 0.1321 B5 emotional factors 0.1048

G (W N =

B4 information factors | 0.0322 | B4 information factors | 0.0334 | B4 information factors | 0.0355
CR=0.027<0.1 CR=0.038<0.1 CR=0.040<0.1

https://doi.org/10.1371/journal.pone.0312668.t1012

PLOS ONE | https://doi.org/10.1371/journal.pone.0312668 February 10, 2025 22/34


https://doi.org/10.1371/journal.pone.0312668.g005
https://doi.org/10.1371/journal.pone.0312668.t012
https://doi.org/10.1371/journal.pone.0312668

PLOS ONE

Brownfield landscape regeneration

B5 Emotional
Factors

B1 Physical Factors
0.5000

0.4000 ‘\‘ B2 Functional

0.3000 Factors

0.2000

g' (l)ggg [ Landscape Experts
4 O Architecture Experts

B3 Cultural Factors

B4 Information
Factors

Fig 6. Differences in importance assessment among different experts. The figure shows the difference between the weighting and ranking
of the landscape and architecture experts in selecting dominant factors.

https://doi.org/10.1371/journal.pone.0312668.9006

factors usually require consideration of broader economic trends and market dynamics. How-
ever, due to the local nature of the study, the brownfield regeneration strategy in Xi’an, which
did not analyze the broader economic conditions in detail, was focused on the actual and local
situation. Therefore, the direct economic conditions and market dynamics factors are relatively
more important in the assessment system. Thirdly, the importance of remediation technologies
for brownfield landscape regeneration is undisputed. However, most of today’s brownfield
research is centered around remediation technologies. There are already a large number of
existing conditions and practical strategies that can be implemented using existing technologies,
and the inclusion of a technology factor would require an exploration of future technological
developments, but this would introduce significant uncertainties and assumptions that could
diminish the direct applicability and relevance of the study. Therefore, including technology as
a separate factor has yet to be explicitly addressed. Explicitly include technology as a separate
factor. Fourth, the social-environmental factors cover community participation, social capital,
and environmental testing. However, this research focuses on environmental remediation
needs and sustainable development practices at brownfield sites in Xi’an. In contrast, the socio-
environmental factors require detailed quantitative measurements and data analysis over a long
and ongoing basis beyond this research’s timeframe and resource constraints. It was, therefore,
not included as a separate factor but is represented explicitly in the Level D subfactors.

Although the above factors were not addressed separately in detail in this study due to prac-
tical considerations related to the scope of the study, resource constraints, and direct applica-
bility of the findings, future research could start with these factors to provide a more
comprehensive and multidimensional understanding of brownfield regeneration, mainly
through longitudinal data studies and broader stakeholder engagement.

4.2 Comparison of similar research

The assessment results show that physical factors are most important in brownfield landscape
regeneration, as functional and cultural factors and emotional and informational factors. By
comparing this research results with similar studies in regions such as Europe and North
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America, the uniqueness of the historical and cultural factors and the common factors of phys-
ical, functional, and emotional factors in Xi’an can be found. First, cultural factors play a cru-
cial role in the regeneration of brownfield landscapes in Xi’an, China, where studies have
shown that the preservation and enhancement of cultural heritage not only maintains the cul-
tural identity and historical continuity of the community but also promotes tourism. Studies
of urban brownfield sites such as Bogazkale in Turkey and Kyoto in Japan, for example, simi-
larly emphasize historical culture as an essential aspect of urban brownfield regeneration and
recognize the dual benefits of cultural preservation and tourism enhancement. These studies
show the generalized importance of cultural factors in different parts of the globe [83,84].

Secondly, the physical factors emphasize the importance of infrastructure improvements,
environmental remediation, and aesthetic enhancement of brownfield sites, which are vital
factors common to all successful brownfield regeneration projects. Studies conducted in Xi’an
and other cities in North America and Europe, such as studies conducted by scholars in
Detroit in the United States and Manchester in the United Kingdom, have emphasized similar
improvements in physical factors [85,86]. These studies emphasize the global recognition of
infrastructure and environmental factors as critical to successful brownfield regeneration. This
research suggest that by improving infrastructure, adding public facilities, and upgrading envi-
ronmental quality, Xi’an’s project not only improves the living conditions of its residents but
also enhances the region’s economic attractiveness.

In addition, functional factors are an important common denominator. Functional factors
focus on brownfield regeneration spaces’ availability, adaptive reuse, and flexibility. For exam-
ple, Russo A study, in line with these findings, promotes multifunctional spaces and adaptive
reuse to accommodate changing urban needs. This study also emphasizes the importance of
such adaptability and flexibility to achieve greater sustainability and cost-effectiveness by reus-
ing structures and facilities in existing brownfield spaces [87].

Regarding emotional factors in the regeneration of brownfield landscapes, the research
found that residents’ sense of belonging and community pride in communities surrounding
brownfield sites can be significantly enhanced by creating brownfield regeneration spaces
where residents feel a sense of belonging and pride. Studies by United States and Italy scholars
have also confirmed the importance of emotional and psychological factors in revitalizing
urban brownfield sites, emphasizing the need to create spaces that enhance the well-being of
residents and the spirit of community [88,89].

Finally, information factors are an integral part of development in the current information
age, and studies across the globe have demonstrated the importance of data-driven decision-
making, transparency, and brownfield management improvements. Intelligent technologies
and data analytics to guide urban brownfield planning and regeneration projects have become
a trend in brownfield studies in London, United Kingdom, and Emilia-Romagna, Italy [90,91].
This research emphasizes the timeliness and accuracy of online and offline information to
ensure the science of brownfield landscape regeneration management.

4.3 AHP method matching and related dominant factors

The AHP assessment model of the B, C, and D level assessment indexes presents a sequential
and gradually clear relationship. In this research, based on five brownfield types in Xi’an, 20
experts with landscape and architecture backgrounds were invited to assess the dominant fac-
tors of brownfield landscape regeneration in Xi’an. Despite the differences in professional per-
spectives and the different ordering of the importance of physical and functional factors, a
comprehensive analysis shows that the assessment results are statistically consistent with the
selection logic. Therefore, this research starts from the assessment results of Level 1 Factor B,
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connects the dominant specific indicators in the assessment factors C and D, and derives the
potential dominant factors for the regeneration of five types of brownfield landscapes in Xi’an,
which will lead to the discussion of the main factors for the regeneration of brownfield sites in
Xi’an.

In this research, a review of the brownfield governance literature reveals that many studies
have only explored a particular factor in-depth and have mainly discussed the current status of
soil contamination and governance methods centered on functional factors of brownfields.
However, in this research, the physical factor layer was dominated by a comprehensive assess-
ment by 20 experts. Although functional factors are crucial, based on the current brownfield
status and remediation techniques, brownfield landscape regeneration has been transformed
from a technical challenge to an exploration of sustainability and cultural diversity inheritance.
Therefore, the current brownfield management should pay more attention to excavating the
characteristics and connotations of the existing objects and factors of brownfield sites and
maximize the retention of the physical attributes of the sites. Therefore, in brownfield land-
scape regeneration, focusing on the landscape’s spatial features and visual-physical factors of
character and feature excavation is necessary.

Of course, based on the differences between the five different brownfield types selected,
planners are required to take complete account of the uniqueness of each kind of brownfield
site when formulating regeneration strategies and developing targeted governance and devel-
opment programs. For example, industrial and transportation brownfield sites are usually
located in the urban core or transportation hubs and have high redevelopment potential. How-
ever, issues of pollution and infrastructure improvement need to be addressed. On the other
hand, mining brownfields and landfills face more complex ecological and environmental gov-
ernance challenges. They are more expensive to develop but can also realize ecological and
economic benefits through effective governance measures. Military brownfields require special
attention to identifying safety hazards and land use conversion due to their particular histori-
cal uses. Therefore, based on this study’s assessment of the potential dominant factors of
brownfield sites in Xi’an, an in-depth analysis of the differences between these different types
of brownfield sites is also needed to provide a more scientific and comprehensive guide for
urban brownfield regeneration.

4.4 Application case study

To more intuitively reflect the assessed potential dominant factors in the landscape regenera-
tion of brownfield sites in Xi’an, the specific case was selected as the most representative indus-
trial brownfield among the five brownfield types in Xi’an in this study, i.e., in the Northwest
National Cotton Factory No. 3, to carry out the landscape regeneration and renovation inten-
tion design. The Northwest State Cotton Factory is located in the textile city southwest of
Bagiao District in Xi’an, China. It is the northwest region’s most extensive textile industrial
base, as shown in Fig 1. The factory was built in 1980, closed in 2008, and has been abandoned
since, with an area of approximately 202,920 square meters, as shown in Fig 7. By digging
deeper into the characteristics and features of these physical factors, the site’s historical, cul-
tural, and ecological values can be better understood, providing a more comprehensive and
sustainable solution for brownfield landscape regeneration, as shown in Fig 8.

However, functionality remains an important issue that every brownfield landscape regen-
eration must face and address. Brownfield landscape regeneration is essentially the restoration
of the landscape ecosystem of the site, so while improving the comfort of the site environment,
it is necessary to ensure basic site safety and functional convenience. Among them, the safety
of pollutants is crucial, especially for treating heavy metal pollution in soil and water. The most
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Fig 7. Site spatial-physical status and industrial heritage construction. Image A represents an aerial view of the target site, which provides a specific
understanding of the site’s internal environment, remaining structures, and vegetative cover. Image B shows the physical and cultural elements of the
brownfield site, such as the spatial setting, historic industrial buildings on the site, and abandoned railroad tracks. These elements provide the basis for
implementing specific brownfield landscape regeneration strategies. The copyright of the figures is available in S1 Appendix.

https://doi.org/10.1371/journal.pone.0312668.g007

effective method is the guest soil and plant adsorption methods, as shown in Fig 7. The physi-
sorption method is widely used to purify the soil and water by absorbing different heavy metals
from various plants, requiring a certain degree of plant green coverage. The purpose of urban
brownfield landscape regeneration is to make up for the lack of urban space and function and
to meet the different needs of the public. Therefore, brownfield landscape regeneration must
start from the needs of the public around the site. Brownfield landscape regeneration is a long-
cycle process; in the early stage of landscape regeneration, it mainly solves the main problems
of Brownfield; informational factors and emotional factors can be implanted in the later stage
of landscape regeneration in the functional blocks.

To summarize, brownfield sites, as historical remains in urban development, have wit-
nessed the historical changes of cities and have irreplaceable historical and cultural value. In
contemporary society, sustainable development requires the sustainability of economic growth
and emphasizes the inheritance and continuation of cultural genes. Therefore, in the process
of brownfield landscape regeneration, the historical and cultural connotations of brownfield
sites must be fully excavated and demonstrated, especially for cultural capitals like Xi’an,
which has a history of 13 dynasties; it is more important to pay attention to the diversity of his-
torical and cultural manifestations and the accuracy of the expressions in the process of
brownfield landscape regeneration in different regions. At the same time, it is also necessary to
actively integrate modern elements to enhance the richness and artistry of the landscape and
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Fig 8. Landscape regeneration of industrial buildings, structures, terrain, and plants. The figures show that based on the spatial characteristics of the
brownfield site, the physical elements of the site, such as abandoned factories, railroad tracks, and chimneys, are renewed with the language of landscape
design. The design practice of brownfield landscape regeneration is based on the functional factors of the surrounding area’s public interaction, leisure, and
educational needs. To activate the regeneration of the brownfield site and the surrounding environment while highlighting the culture of the industrial site. The
source and copyright of the figures are available in S1 Appendix.

https://doi.org/10.1371/journal.pone.0312668.9008

reflect the contemporary characteristics of cultural heritage. Brownfield landscape regenera-
tion is a long-term process, with the initial stages primarily focused on addressing the primary
issues of brownfields. Information and emotional factors can be incorporated into functional
components during the later stages of landscape regeneration.

4.5 Research limitations and prospects

This research takes Xi’an, a famous historical and cultural city in China, as an object and
adopts the AHP to construct an adaptive assessment system, explore the dominant factors of
brownfield landscape regeneration, formulate a specific guiding strategy, and provide practical
suggestions for urban planning and regeneration. However, some directions and those that
need to be further optimized in the future are worth discussing.
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First, the assessment framework relies on expert assessment, which may introduce subjec-
tive bias despite efforts to ensure rigor and consistency. Although 20 experts were selected
based on the range of academic choices for the sample size of the AHP method, the findings
may need more broad applicability and reliability due to the small sample size. Future studies
should expand the sample size to include experts from different disciplines, regions, and stake-
holders to mitigate potential bias and improve objectivity through continuous environmental
monitoring and quantitative measurement. Secondly, this research comprehensively reviewed
the literature and consulted with experts to cover the main factors mentioned in academic dis-
cussions and confirmed the relevance of these factors through expert assessment. This research
mainly focuses on the selection and evaluation of factors at a macro level based on the perspec-
tives of design and landscape studies and focuses on the discussion of the dominant factors
and assessment of urban brownfield sites in Xi’an, China; there may be some factors that are
not emphasized as well as elaborated on, for example, political, economic, technological, and
legal factors. Future research could ensure a more detailed assessment of all potential factors
by utilizing a comprehensive PESTEL (Political, Economic, Social, Technological, Environ-
mental, and Legal) analysis.

Furthermore, this research proposes a flexible and adaptable assessment framework based
on the AHP methodology in the context of urban brownfield sites in Xi’an, China. Although
the specific strategies developed are based on the unique context of Xi’an, they are generaliz-
able for Chinese cities and suitable for most brownfield landscape regeneration plans in China.
However, they may not directly apply to cities and countries with different social, economic,
cultural, and environmental characteristics. The research uses Xi’an City as a case study and is
limited to a few common types of brownfield sites, and the results will be constrained by the
sites selected and the data available. Future research can be based on the framework system of
this assessment and flexibly adapted in different regional and national socio-economic and
cultural contexts to incorporate more brownfield factors, such as economic, social, cultural,
and policy, to validate and extend this research. In addition, collecting quantitative and longi-
tudinal data, such as conducting long-term environmental detection tracking studies, regularly
collecting environmental, social, and economic data after implementing assessment projects,
and observing how these factors change over time, ensures the study’s objectivity. Comparative
studies are conducted across multiple cities to identify common factors and differences,
thereby increasing the robustness and generalizability of the findings. Finally, this research is a
staged exploration that must capture long-term trends or future developments. Future studies
could explore this, including detailed implementation plans that address practical challenges,
resource needs, timelines, and potential barriers. In the meantime, conducting case studies
and pilot projects can provide valuable insights into practical applications that can help further
refine strategies and develop more comprehensive and feasible tactics. Despite these limita-
tions, this research hopes to make valuable practical and academic contributions to under-
standing brownfield regeneration dynamics and applying the AHP methodology to the
sustainable development of urban brownfields, using the city of Xi’an, China, as a base for
exploration and analysis.

5. Conclusions

Brownfield landscape regeneration is a complex and lengthy process that requires consider-
ation of many factors. Targeted analysis of the dominant factors of different brownfield types
and prioritized, step-by-step planning are effective methods for brownfield landscape regener-
ation. At the same time, since China has not yet established a brownfield database and a sys-
tematic evaluation system for brownfield development due to the late start of brownfield
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research in China, this study takes Xi’an, China, as an example and explores the establishment
of a reasonable evaluation system, which is crucial for the planning and management of
brownfield landscape regeneration in Xi’an and even in China.

This research used the AHP to summarize and disassemble the complex problems of five
types of brownfield sites in Xi’an, and a three-level assessment factor matrix was constructed.
The main factors were selected layer by layer according to the weight order based on the cur-
rent situation data collection and expert assessment. Finally, the dominant factors for land-
scape regeneration of the five brownfield sites in Xi’an were comprehensively assessed.
However, this assessment system still has some limitations and needs to be tested through the
planning in brownfield landscape regeneration to check its rationality. However, the signifi-
cance of this research lies in the fact that the established adaptable assessment framework and
methodology can be flexibly adjusted according to the economic and cultural contexts of dif-
ferent regions as well as cities, which provides new perspectives for the formation and
improvement of assessment systems for brownfield landscape regeneration in other countries
and territories. At the same time, practical solutions to brownfield landscape regeneration
challenges by comparing various types of brownfield sites across multiple cities, identifying
common factors and differences, incorporating more public and stakeholder views, reducing
potential bias, increasing the comprehensiveness of the research, and developing a detailed
landscape regeneration implementation plan are important aspects of future brownfield devel-
opment research.
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