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Abstract. The sustainable development of old industrial buildings is in line with the national construction strategy and has 
an important impact on current urban renewal. Only by achieving a unified balance among economic, social, and envi-
ronmental factors can reused industrial buildings be considered sustainable. However, there are no relevant sustainability 
assessment indicators and methods for reused industrial buildings in China. The purpose of this study was to provide a 
reasonable and effective method for assessing the sustainability of reused industrial buildings. First, this study analysed the 
factors influencing reused industrial building sustainability through a project investigation. Second, based on the assess-
ment indicator setting procedure, the sustainability assessment indicator system for reused industrial buildings was opti-
mised. Moreover, a multi-level sustainability assessment model based on extenics was established to identify the correlation 
functions of indicators with different attributes. Finally, a case was considered to verify this assessment method. The results 
showed that this assessment method in good agreement with the actual state of the case was validated to be more effective 
and practical. The assessment method could provide a basis for decision-making to improve sustainability and could be 
adopted by relevant rating agencies to determine the sustainability level of reused industrial buildings.
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Introduction

In the 1990s, major cities in China underwent industrial 
restructuring, and a large number of old industrial build-
ings were demolished. However, in recent years, China has 
attached increasing importance to inheriting urban history 
and culture and protecting the ecological environment. In 
particular, the government outlined specific construction 
strategies for an ecological civilisation society. Therefore, 
the sustainable, recyclable, green, and energy-saving mode 
will become the main trend of urban construction in the 
future, and the reuse of old industrial buildings, this term 
derived from relevant industry standards in Mainland 
China similar to the adaptive reuse of industrial buildings 
in Hong Kong (Tan et  al., 2018a) and the regeneration 
of industrial facilities in South Korea (Eom & An, 2018), 
conforms to the current policy and development trend.

As it has gradually matured, the idea of sustainable 
development has progressively been accepted in the con-
struction industry (Turcu, 2013). It is recognised that the 
development and application of building sustainability as-
sessment methods can better solve the problem of sustain-

able construction. Scientific and reasonable sustainability 
assessment can guide project plan optimisation, planning 
and design, construction process control, and manage-
ment thought adjustment. Some reuse projects have 
proved that sustainability assessment can greatly promote 
the realisation of various construction goals.

Many developed countries have studied and estab-
lished sustainability-based assessment systems for build-
ings, considering their construction characteristics (Zhang 
et  al., 2014). The relatively complete and mature green 
building assessment systems include LEED, BREEAM, 
CASBEE, GBC, NABERS, Eco Profile, and ESCALE (Ali 
& Al Nsairat, 2009; Drejeris & Kavolynas, 2014). China is 
relatively late in researching assessment systems for green 
buildings. In 2004, it implemented the Assessment Sys-
tem for Green Building of the Beijing Olympic (Qin et al., 
2017). In 2006, it implemented the Assessment Standard 
for Green Building (ASGB), which was revised in 2014 
and 2019. Although some of the assessment indicators 
in the ASGB could be used in assessing the reuse of old 
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industrial buildings as civil buildings, others are not ap-
propriate for this application and diverge from reality. 
Therefore, China and other countries lack a complete, sys-
tematic, and applicable sustainability assessment system 
for reused industrial buildings.

Although more green building assessment standards 
have emerged, research on building sustainability assess-
ment is ongoing. Hannouf and Assefa (2018) proposed 
an LCSA-based decision-making analysis framework for 
sustainable development; analysed the interrelationships 
among the three dimensions of environment, economy, 
and society; and provided sustainable development solu-
tions. Tokbolat et al. (2018) analysed the existing residential 
building types in Kazakhstan and assessed the gap between 
the existing buildings and green buildings specified in the 
standards. Vucicevic et al. (2013) analysed the factors in-
fluencing the sustainability assessment (economy, environ-
ment, and society) by investigating an existing residential 
area in Serbia and developed a sustainability assessment 
indicator framework for residential buildings. Zhang et al. 
(2016) selected the old industrial zone in Tiexi as a case 
study to assess the overall sustainable performance of an 
old industrial zone after brownfield restoration by observ-
ing the changes in the input–output flow. This multi-stand-
ard assessment method is recognised to a certain extent.

The reuse of old industrial buildings has been increas-
ing in China for more than 20 years, and various aspects 
of corresponding research have also emerged; however, 
research on the sustainability of reused industrial build-
ings is scarce and lacking. Our team has been committed 
to researching the reuse of old industrial buildings and 
has compiled several specifications for related industries. 
The sustainability assessment of the reuse of old indus-
trial buildings is a new research focus in China. Fan et al. 
(2013) summarised the key indicators, preconditions, and 
guaranty factors for the reuse potential of old industrial 
buildings and estimated the future value added to the pro-
ject through a comprehensive assessment of the reuse po-
tential; this was a pre-project assessment method and did 
not involve the project cost, construction uncertainty, and 
other factors. In similar studies, some researchers have fo-
cussed on the factor analysis of reused urban industrial 
buildings and old neighbourhood regeneration. Chan et al. 
(2015a) obtained information on a revitalisation scheme 
from questionnaires and analysed the impacts of revitalis-
ing industrial buildings from economic, social, and cul-
tural perspectives. Tan et al. (2018a) examined industrial 
building reuse in Hong Kong and found 33 factors that af-
fected their adaptive reuse. Almeida et al. (2018) compared 
different sustainability assessment systems to find suitable 
sustainability indicators for the rehabilitation in old urban 
centres in Portugal. By analysing urban rehabilitation and 
regeneration policies, they defined the assessment crite-
ria and created a simplified method model, which was 
considered a useful and easy-to-use tool by all the actors. 

Subjective assessment methods such as expert scoring, 
Delphi, and analytic hierarchy processes are commonly 
applied in sustainability assessment, which quantifies in-
dicators based on a high level of expert knowledge (Lee 

& Lim, 2018). If an artificial neural network is applied, a 
function approximation of the nonlinear relationship be-
tween the input and output data can be realised to reduce 
the influence of subjective factors (Zhang et  al., 2018). 
However, structured data are much more difficult to ob-
tain, which makes it difficult to satisfy the conditions for 
applying this method. Based on the indicator data col-
lected in a survey, TOPSIS can be used to assess the sus-
tainability of projects involving the reuse of old industrial 
buildings (Peng et al., 2019), but the TOPSIS assessment 
method cannot further analyse the remodelling of reused 
industrial buildings.

Because of economic, cultural, and environmental dif-
ferences in different regions of China, the uncertainties 
affecting the implementation of projects are complex and 
numerous (Li et  al., 2013). Because of the lack of origi-
nal data on most old industrial buildings and the limited 
number of reused industrial buildings that have been in 
good operating condition, it is difficult to conduct quan-
titative analyses of linguistic variables in the assessment 
indicators. Meanwhile, the quantification of linguistic var-
iables is different from metric variables and their values 
may come from different types of sets. Therefore, consid-
ering the current situation, this study selected the extenics 
method to analyse the sustainability of reused industrial 
buildings. The extenics theory is an interdisciplinary sub-
ject involving systematic science, thought science, and 
mathematics. Based on the matter element and extension 
set (including fuzzy set and classical set) concepts, the 
relationship and transformation of quality and quantity 
can be considered simultaneously, which is mainly used 
to solve the problem of incompatibility (Liu et al., 2019). 
Thus, this method can eliminate the incompatibility be-
tween subjective and objective indicators and output rea-
sonable results. The extension set explores the degrees that 
research objects possess certain characteristics and trans-
formations from a transformable perspective. It is used 
to study changing classifications, along with the classified 
changes and transformation of contradictory problems 
(Gu et al., 2019). It is an emerging design methodology 
for addressing problems with conflicting, irreconcilable 
design requirements. Extenics has a solid foundation set 
for formalising the descriptions of matter, information, 
knowledge, and their relations with the real world with 
which they engage.

This study holds that the sustainability assessment of 
reused industrial buildings is a multi-level assessment pro-
cess that still follows the previous practise, classifies and 
weights indicators, and forms a multi-angle and multi-
indicator sustainability assessment indicator system.

1. Methods

This study initially utilised sustainability assessment indi-
cators to assess the sustainable development status of Chi-
na’s reused industrial buildings to establish a sustainability 
assessment model. Based on a review of the literature on 
the application of assessment methods and indicators, the 
research process used in this study is shown in Figure 1.
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Step 1: Analyse the factors influencing project sustainabil-
ity from three aspects: economy, society, and environment, 
and set the tone for the selection of follow-up indicators.
Step 2: First, through a literature review and project sur-
veys, the sustainability assessment indicator framework 
(economic indicators, social indicators, and environmen-
tal indicators) is initially established. Second, importance 
and correlation analyses are used to optimise the indica-
tors. Considering that subjective and objective assessment 
indicators may exist simultaneously, the indicator weights 
are determined using a combination weighting method. 
Finally, the corresponding literature and national stand-
ards are used to set up the assessment indicator thresholds 
and complete the establishment of the assessment indica-
tor system.
Step 3: Compare and analyse the relevant assessment 
methods, select a method suitable for sustainability as-
sessment, and set the assessment process according to the 
characteristics of the selected method.
Step 4: Select a typical reuse project involving old industri-
al buildings and employ the established assessment model 
to analyse its sustainability.

2. Sustainability indicators for  
reused industrial buildings

2.1. Surveys on reused industrial buildings

Since 2009, our research group has conducted several 
surveys on reuse projects involving old industrial build-
ings in China and collected 148 cases in 30 cities. In this 
research process, through on-site investigations and ques-
tionnaires, related government personnel, project inves-
tors, designers, users, and late operators were consulted 
to collect historical data, project plans, reuse design draw-
ings, and building entity images related to the reuse case, 
to fully understand the reuse background and reuse status 
of the project and to clarify the cause, purpose, and exist-
ing problems of reused industrial buildings. The on-site 
information and survey results that were preliminarily col-
lated to form a basic database for reused industrial build-
ings provide a basis for analysing the factors influencing 
the sustainability of reused industrial buildings. The re-
search process obtained some basic information, and the 
relevant cities and numbers of reused industrial buildings 
are shown in Figure 2.

Figure 1. Sustainability analysis process for reused industrial buildings
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As a result of China’s industrial development process, 
the construction years for China’s old industrial buildings 
are unevenly distributed, with the structure types also 
changing with the construction years. The distributions 
of the construction years and structure types are shown 
in Figures 3 and 4, respectively.

The reused industrial buildings have several character-
istics. 1) Most of them were built in the early part of the 
period considered and have rich historical and cultural 
connotations. 2) Most of the building structures are in-
tact, and more than 90% of the structures are masonry-
concrete or reinforced concrete with good bearing capaci-
ties. 3) The reuse of these early buildings requires a large 
amount of work, and the reconstruction technology is 
relatively complex. Measures such as heritage protection 
have further increased the cost of reuse. 4) Because of the 
unique attraction of its location and cultural characteris-
tics, a reused industrial building has commercial and cul-
tural attributes, which enhance its economic value.

2.2. Indicator selection procedures

Indicators are used to measure the essential attributes and 
characteristics of the assessment objects from a quantita-
tive or qualitative perspective. The indicator system refers 
to a set of indicators that are relatively independent of 
each other. A reasonable and effective indicator system is a 
prerequisite for the sustainability assessment of reused in-
dustrial buildings and is directly related to the rationality 
of the assessment results (Nilashi et al., 2015). Therefore, 
the selection of indicators is a key link in the assessment 
process.

The sustainability assessment of reused industrial 
buildings belongs to the post-assessment category. Its 
main function is to determine whether the economic, so-
cial, and environmental impacts of a project in the process 
of planning, construction, and operation have reached 
the expected goals; obtain experience from the problems 
found, provide effective reference information for future 
project decision-making; and improve the level of deci-
sion-making. Based on the theory of sustainable develop-
ment, the indicator system for the sustainability assess-
ment of reused industrial buildings is a set of indicators 
that need to comprehensively, accurately, and effectively 
reflect the decision-design-construction-operation ration-
ality during the entire process for the project.

The reuse of old industrial buildings commenced late 
in China, and a corresponding assessment system has not 
yet been developed. Different regions have different eco-
nomic, cultural, and geographical environments, and there 
is a lack of effective historical data for reference (Li et al., 
2018; Fan et al., 2013). Therefore, it is necessary to select 
applicable indicators through special investigations, and 
finally develop an assessment indicator system for reused 
industrial buildings. The entire process of selecting indica-
tors is shown in Figure 5.

2.3. Preliminary assessment indicators

The concept of ‘low-carbon and green buildings’ has be-
come deeply rooted in the construction industry. How-
ever, because of the unbalanced regional development 
in China, building reuse based on the concept of sus-
tainable development is still limited to some extent, and 
there is no unified and effective measurement standard 
to comprehensively assess the level of reuse for industrial 

Figure 3. Construction years of reused industrial buildings

Figure 4. Structure types of reused industrial buildings

Figure 5. Sustainability assessment indicator selection procedures for reused industrial buildings
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buildings. To break through the ‘bottleneck’ in the reuse 
of old industrial buildings, it is necessary to start from 
the perspective of sustainable development; seek a uni-
fied balance between economic, social, and environmental 
aspects; and establish feasible assessment criteria. Sustain-
ability assessment indicators for reused industrial build-
ings were selected from ASGB, the building sustainability 
indicators of the related literature, and surveys related to 
reused industrial buildings. These indicators were divided 
into three types: economy, society, and environment.

1. Economy
During the investigation, it was found that in different re-
use projects, there were large differences in the amounts 
of investment per unit area, rates of return, etc. For exam-
ple, the unit area investment for the Beijing 768 Creative 
Industry Park project was 291.12 yuan/m2, while the unit 
area investment for the Tianjin No. 6 Creative Industry 
Park project was 1724.14 yuan/m2. At the same time, there 
were also some cases where the investment per unit area 
of the reuse project far exceeded the cost for local new 
construction of the same type.

For investors, a general project without sufficient ben-
efit cannot be carried out. The economic benefit of a pro-
ject is generally determined using a financial assessment 
(Ameen & Mourshed, 2019) (public or government-led 
projects need to be assessed in relation to the national 
economy). Commonly used quantitative economic assess-
ment indicators mainly include the reuse cost (Ameen & 
Mourshed, 2019), dynamic payback period (Banani et al., 
2016), internal return on investment (ROI) (Mahmoud 
et al., 2019), rate of return (IRR), and net present value 
rate (NPVR) (Almeida et al., 2018). Some reuse projects 
have had complex and diverse sources of investment, 
which have led to uncertainty about the financial risks. 
The survey found that the financial risks, investment 
plans, and financing models had significant impacts on 
the project benefits. For reused industrial buildings, the 
complexity and applicability of reuse technology directly 
affect the cost of reuse (Section 2.1). Therefore, the eco-
nomic efficiency of the reuse techniques (Tan et al., 2018b) 
should be taken into consideration. 

2. Society
If construction projects conflict with the wishes of resi-
dents, the expected economic benefits to the investors 
will not be realised. In contrast, if the social response to 
construction projects is exceptionally good, it is bound 
to improve the economic benefits to the investors. It can 
be seen that the economic benefits and social benefits are 
positively correlated. Government-led reuse projects tend 
to focus more on their social impacts.

The indicators that measure a project’s social benefits 
are commonly qualitative. For a reused industrial building 
project, these mainly include the impact on neighbour-
hood development (Fan et  al., 2013), capacity for im-

proving public health (Atanda, 2019), coordination with 
neighbours (Si et al., 2016), ability to provide employment 
(Ameen & Mourshed, 2019), ability to provide services 
(Tupenaite et al., 2018), disturbance to residents (Eom & 
An, 2018), and civilised construction (Ameen & Mour-
shed, 2019). Surveys on reused industrial buildings have 
been conducted for more than 10 years. In later research, 
it was found that culture is also an important component 
of the sustainability of reused industrial buildings (Chan 
et al., 2015b). Because of insufficient data samples related 
to culture, only some cultural indicators with prominent 
social influence were considered in social factors, such as 
the coordination with culture, protection of cultural rel-
ics (Tan et al. 2018b), and promotion of a regional image 
(Chan et al., 2015c).

3. Environment
As the need to establish an environmentally friendly so-
ciety has gradually been recognised, the promulgation of 
the ASGB shows that reuse projects have begun to be in-
cluded in the green construction period. Especially in the 
ASGB, some indicators can also be used for the assess-
ment of reused industrial building projects, including the 
indoor environment quality (Saraiva et al., 2018), air pol-
lution, noise pollution, and green building management 
(Mahmoud et al., 2019).

Some relevant researchers have pointed out that an en-
vironmental sustainability assessment should integrate the 
environment (Fan et al., 2013), environmental sensitivity 
(Si et al., 2016), rational use of land (Zhang et al., 2014), 
sewage disposal (Tan et al., 2018b), and use of renewable 
energy (Banani et al., 2016). The survey found that when 
reusing old industrial buildings, many experts and project 
managers mentioned the use of recyclable materials, the 
reduction of energy consumption, waste disposal, and spe-
cial pollution disposal, which are closely related to the en-
vironmental sustainability of reused industrial buildings.

In addition, some researchers discussed sustainability 
evaluation dimensions related to laws and policies (Chan 
et al., 2015a, 2015b, 2015c; Tan et al., 2018b). However, in 
the early investigation, it was found that there were few 
laws or policies related to the reuse of old industrial build-
ings in Mainland China. Only in recent years, a few cities 
have issued some related policies, which are still not com-
prehensive, and national laws or policies have not been 
formulated. Hence, there is not enough data or informa-
tion to discuss the impact of laws or policies on the sus-
tainability of reused industrial buildings. Nevertheless, the 
proposed sustainability assessment indicators and model 
could promote the formulation of relevant laws or policies 
to a certain extent.

Considering the actual development of old industrial 
building reuse in China, a preliminary framework of the 
sustainability assessment indicators for reused industrial 
buildings (Figure 6) can be summarised from the three 
aspects of the economy, society, and environment.
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2.4. Optimization of assessment indicators

During the indicator selection process, a total of 56 valid 
questionnaires were recovered, of which 26 were provided 
by government personnel (responsible persons in depart-
ments such as the planning bureau, land bureau, and com-
mission of economy and information technology), 18 were 
provided by people engaged in the design of old industrial 
buildings in various regions, and 12 were provided by re-
searchers who have been engaged in this field for a long 
time.

Based on the preliminary indicators shown in Figure 
6, the optimal sustainability assessment indicator system 
for reused industrial buildings was developed through re-
peated exchanges and demonstrations with experts (Del-
phi method) and analyses of the importance and disper-
sion degree of the indicators.

A questionnaire was specially created to analyse the 
importance and dispersion degree of the indicators. In this 
questionnaire, the interviewed experts made judgements 
on the importance of the three categories of economic, 
social, and environmental indicators, which were divided 
into five levels: very unimportant – 1, unimportant – 2, 
average  – 3, important  – 4, and very important  – 5. In 
this study, the objective degree of the questionnaire source 
was the same, and the data obtained from the survey were 
equally weighted.

1. Indicator importance analysis method
The analysis of the importance of the indicators was based 
on the comparison of the importance indexes, RIIi, where 
a relatively small index indicated that the experts agreed 

that this indicator was relatively minor compared with 
other indicators, and could be properly eliminated accord-
ing to the actual assessment (Li et al., 2013).
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from 1 to 5 in the questionnaire, and N is the total number 
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2. Indicator dispersion analysis method
The dispersion degree of the indicator was mainly ana-
lysed based on variation coefficient di calculated from the 
statistical data. When di had a larger value, the experts’ 
opinions on the indicator had greater divergence. Gener-
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Through calculation, it can be seen that EI13, EI14, and 
EI16 in the economic indicators; EI24 and EI28 in the social 
indicators; and EI32 in the environmental indicators all be-
long to the indicators with the smaller importance indexes 
(RIIi < 80). Moreover, the variation coefficients of these six 
indicators are larger (di > 0.25), indicating that the experts 
questioned showed great differences in the importance 

Figure 6. Preliminary indicators of sustainability assessment for reused industrial buildings
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that they placed on these indicators. Therefore, these in-
dicators were removed from the preliminary framework, 
and the rearranged indicators were collected and fed back 
to 56 interviewed experts. These were recognised by the 
experts, and finally formed the sustainability assessment 
indicators for reused industrial buildings (Table 1).

2.5 Sustainability indicator weight

Weight determination methods include subjective and ob-
jective methods. A subjective method weights each indica-
tor according to the subjective importance assigned by de-
cision-makers (Tupenaite et al., 2017), such as through an 
expert survey and analytic hierarchy process (AHP). An 
objective method mainly determines the weight accord-
ing to the correlation and variation degree of the assess-
ment indicator itself (Rani et al., 2014), such as through 
the entropy method and principal component analysis. 
A subjective method relies excessively on the subjective 
judgements of decision-makers and is susceptible to sub-
jective factors, whereas an objective method avoids human 
factors but is affected by the random error of indicator 
samples (Tan et al., 2014). Comprehensive weighting can 
account for both subjective and objective weight informa-
tion, which allows it to not only make full use of objec-
tive data but also meet the subjective wishes of decision-
makers (Wang et al., 2017). Therefore, the sustainability 
assessment of reused industrial buildings adopts a combi-
nation method that uses the minimum deviation sum (La-
grange condition extreme value principle) to determine 
the weight.

Sustainability assessment indicators are evaluated in 
two forms. Indicators such as SI14, SI15, SI16, SI32, SI33, 
SI39, and SI310 are all evaluated based on quantitative 
values. At the same time, the other qualitative indicators 
with fuzzy attributes can be expressed using five linguistic 
variables (degrees of performance). Based on the literature 
review and expert consultation, these five linguistic vari-
ables were low, relatively low, middle, relatively high, and 
high, which corresponded to the five intervals of [0, 0.2), 
[0.2, 0.4), [0.4, 0.6), [0.6, 0.8), and [0.8, 1.0], respectively.

In this study, AHP was used to obtain the subjective 

weights: ( )1 2, ,..., nw w w w′ ′ ′ ′= , 0jw′ ≥ , and 
1

1
m

j
j

w
=

′ =∑  (Wang 

et al., 2017). Based on Saaty’s suggestion, the elements be-
tween 5 and 9 (7 ± 2) should be the ideal at one level 
(Mu & Pereyra-Rojas, 2017). There are 12 indicators in 
the environmental category. Therefore, we grouped SI36, 
SI38, and SI311 into one temporary indicator ‘pollution dis-
posal’, grouped SI39 and SI310 into ‘pollution’, and applied 
the AHP to acquire weights at this level. Subsequently, the 
original indicators such as SI36, SI38, and SI311 were taken 
as the sub-level elements of their corresponding temporary 
indicator, and the AHP is applied a second time to obtain 
their respective weights. An entropy method was used to 
determine the objective weights, ( )1 2= , ,..., nw w w w′′ ′′ ′′ ′′ , of the 

indicators (Polat, 2016), and 13 projects involving reused 
industrial buildings with complete data were selected from 
153 projects to determine the entropy weights.

The comprehensive weights w of the indicators can be 
expressed as

* * ,j j jw w w ′′′= α +β   (3)

where α* and β* are the degrees of importance of w′ and 
w″, respectively. Seeking the solution of w is a constrained 
optimization problem that can be dealt with by the La-
grange multiplier method (Borwein & Zhu, 2016). In this 
way, the values α* and β* can be obtained as follows:

1 1

1 1

* ,

m n
ij j

i j
n m

ij j j
i j

a w

a w w

= =

= =
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α =

 ′′′ +∑ ∑  
 

                                     (4)

1 1

1 1

* ,

m n
ij j

i j
m n

ij j j
i j

a w

a w w

= =

= =

′′∑ ∑
β =
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                                      (5)

where aij represents the standard value of the indicator SIij.
If an individual indicator was missing in the actual 

assessment process, the weight of the indicator could be 
evenly distributed among the other indicators in the same 
indicator layer. The final calculated weights are listed in 
Table 1.

3. Sustainability assessment model 

3.1. Assessment method

In the extenics theory, matter-element theory and exten-
sion mathematics are two theoretical bases of the objective 
world (Zhou et al., 2016). Matter-element theory attempts 
to reveal the combination between qualitative and quan-
titative research approaches, and extension mathematics 
quantifies certain contradictory problems with extension 
sets and corresponding correlation functions (He et  al., 
2016). 

In the established indicator system, some indicators 
are assigned subjective data and others are assigned ob-
jective data. Thus, this study adopted extension priority-
degree assessment to analyse the sustainability of reused 
industrial buildings. The theoretical support of extension 
priority degree assessment is the extenics theory, which is 
a widely used engineering method in the extenics (Jiang 
et al., 2019). The basic process of the sustainability analysis 
based on extension priority-degree for reused industrial 
buildings is shown in Figure 7.

1. Indicators
The indicator set of an assessed object Z is { }1 2, , , nSI SI SI SI=  

{ }1 2, , , nSI SI SI SI= 

, which can be expressed as ( ),i iSI c V= , with ci 
being a feature of an indicator and Vi being the threshold 
as shown in Table 1.
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Table 1. Sustainability assessment indicator system of reused industrial buildings

Sustainability assessment indicator system of reused industrial buildings Case data

Category
SIi

Weight
αi

Indicators
SIij

Range
Vij 

Weight
αij 

Correlation 
function

Kij

Score Correlation 
degree

Priority
Degree

Comprehensive 
priority degree

Economy
(SI1) 0.3653

Investment plan SI11 [0,1] 0.1188 E(12) 0.82 0.82

0.6760

0.6532

Financing model SI12 [0,1] 0.1022 E(12) 0.75 0.75
Economic efficiency of 
reuse techniques SI13 [0,1] 0.1823 E(12) 0.78 0.78

Reuse cost SI14 [a14,b14] 0.2989 E(10) 1250 0.5
Dynamic PP SI15 [a15,b15] 0.1211 E(11) 2.1 0.73
IRR SI16 [a15,b15] 0.1766 E(12) 15.3 0.69

Society
(SI2) 0.2142

Impact on 
neighbourhood 
development SI21

[0,1] 0.2704 E(12) 0.83 0.83

0.72

Capacity for improving 
public health SI22

[0,1] 0.1085 E(12) 0.65 0.65

Coordination with 
neighbours SI23

[0,1] 0.0810 E(12) 0.67 0.67

Ability to provide 
employment SI24

[0,1] 0.0901 E(12) 0.5 0.5

Ability to provide 
services SI25 

[0,1] 0.0362 E(12) 0.45 0.45

Disturbance to 
residents SI26

[0,1] 0.0626 E(11) 0.25 0.75

Protection of cultural 
relics SI27 

[0,1] 0.2429 E(12) 0.75 0.75

Promotion of regional 
image SI28 

[0,1] 0.1085 E(12) 0.74 0.74

Environment
(SI3) 0.4205

Integration with the 
environment SI31

[0,1] 0.0683 E(12) 0.68 0.68

0.5993

Use of renewable 
energy SI32

[0.2,1] 0.0310 E(12) 0.77 0.71

Use of recyclable 
materials SI33 [0,0.5] 0.1478 E(12) 0.34 0.67

Reduction in energy 
consumption SI34

[0,1] 0.1463 E(12) 0 0

Rational use of land 
SI35

[0,1] 0.1603 E(12) 0.74 0.74

Sewage disposal SI36 [0,1] 0.1002 E(12) 0.69 0.69
Indoor environment 
quality SI37

[0,1] 0.0622 E(12) 0.73 0.73

Waste disposal SI38 [0,1] 0.0854 E(12) 0.69 0.69
Air pollution SI39 [0,200] 0.0493 E(11) 79 0.605
Noise pollution SI310 [30,65] 0.0282 E(11) 35 0.857
Special pollution 
disposal SI311

[0,1] 0.0334 E(12) 0.67 0.67

Green building 
management SI312

[0,1] 0.0876 E(12) 0.72 0.72

2. Matter-element
Suppose a matter-element M = (Z, C, V) is an ordered ter-
nary for transformation. Specifically, the matter-element 
M can also be written as:

1 1
2 2 ,

n n

Z c V
c VM

c V

 
 

=  
 
  

 

                                                 (6)

where each sub-matter-element of M is defined as Mi = (Z, 
Ci, Vi) for i = 1, 2, . . . , n.

3. Correlation function
In the extenics, the correlation function to describe the 
degree of correlation of each indicator can be expressed 
as K(z). Before priority-degree calculation, the obtained 
degrees of correlation should be normalized as:
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k(x) = ( )( )= .
max ( )

K zk x
K x

  (7)

The calculation of the value of k(x) is related to the 
threshold of the indicator, and the detailed calculation 
process is shown in Section 3.3.

4. Priority-degree
The priority-degree, the sum of the weighted correla-
tion-degree of each indicator, indicates the sustainability 
performance level of an assessed object Z. The priority-
degree of the assessed object Z can be defined as:

1

( ) .
n

i i
i

C Z k
=

= α∑   (8)

The detailed calculation process of the priority-degree 
in the two cases will be introduced in Section 3.4.

3.2. Setting assessment indicator range

In determining the indicator range, priority should be 
given to the official planned standard thresholds of the 
relevant social, economic, and environmental indicators. 
In addition, the case data collected in the current investi-
gation should be used as the basis to determine the value 
range. Considering the changing trends of the regional 
economy and environment, the estimated value in this 
changing process is used as the basis for determining the 
value range.

The indicator describing the degree is usually a kind 
of fuzzy measurement such as the ‘investment plan (SI11)’ 
or ‘financing model (SI12)’, in which case the value range 
is [0,1], an assessment value of one is considered to indi-
cate the largest correlation degree for the indicator range. 
However, for measurements such as the ‘disturbance to 
residents (SI26)’ and ‘air pollution (SI39)’, an assessment 
value of 0 indicates the largest correlation degree for the 
indicator range. It is easy to understand that a project with 
less disturbance and pollution is more sustainable.

Some indicators are greatly influenced by a region’s so-
ciety, economy, and environment, and there are regional 
differences. These make it difficult to set the value range, 
and it needs to be combined with an actual investigation. 
According to the principle of extension transformation, 
for example, the ‘reuse cost (SI14)’ can be converted into 

the cost per unit square metre, and its value range can be 
expressed as 14 14,a b   . Considering regional differences, 
the assessment of the value of ( )14 14 2a b+  is set as the 
maximum correlation.

To improve the standardisation of the assessment pro-
cess, some indicators need to be set by referring to na-
tional standards. For example, the ASGB has relevant pro-
visions on the ‘use of renewable energy (SI32)’. Therefore, 
the value range of this indicator is set at [0.2,1], and it is 
believed that the correlation degree is the largest when the 
assessment value is one.

The sustainability assessment indicator ranges of the 
reused industrial buildings were set based on the above 
analysis (Table 1).

3.3. Establishment of correlation functions

A correlation function is a quantitative tool used in exten-
ics. In extension priority degree assessment, the degree of 
correlation between the assessment value of the indicator 
and its range is established through the correlation func-
tion to carry out the assessment (Lou et al., 2018). Based 
on the range attributes of the sustainability assessment 
indicators for reused industrial buildings, the correlation 
function k(x) is selected as follows: 

Let the interval of the quantitative range be

      [ , ]X a b= , M X∈ ,

,
( ) ,

,

x a x M
M ak x b x x M
b M

− ≤ −=  − ≥
−

                                       (9)

where k(x) reaches its maximum value when x = M, and 
k(M)  = 1; x X∈ , and , ( ) 0x a b k x≠ ⇔ > ; x X∉ , and 

, ( ) 0x a b k x≠ ⇔ < ; and x = a or ( ) 0x b k x= ⇔ = .
Different indicator ranges represent different attrib-

utes, and the maximum correlations of these different 
indicators are also different. Therefore, an appropriate 
correlation function should be selected according to the 
specific situation. Considering the three cases of maxi-
mum correlation degree: M = (a + b)/2, M = a, and M = 
b, the calculation formulae for the correlation degree of 
an assessment indicator are as follows, and the selected 
correlation functions are listed in Table 1.

Figure 7. The extenics-based sustainability assessment
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( ) 2M a b= + , 

2( ) ,
2( ) ,2( ) ,
2

x a a bx
b ak x b x a bx
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− + ≤ −=  − + ≥
−

;         (10)
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  (12)

After the correlation degree was calculated, the data 
collected from the 13 groups of surveys were used to cal-
culate the normative correlation degree, and the priority 
degree could be calculated.

3.4. Assessment process 

It is generally believed that when the comprehensive cor-
relation degree of an assessment indicator is greater than 
zero, the assessed object Z meets the requirements and 
has sustainability at this stage. The assessment process 
was established based on the basic principles of extension 
priority-degree assessment, as shown in Figure 8.

1. Primary assessment
The primary assessment is performed before the priority 
degree assessment, which is a characteristic of extension 
priority-degree assessment and more in line with the ac-
tual situation.

The primary assessment is used to determine whether 
the policies, regulations, and standards for the assessed 
object meet the mandatory requirements for social, eco-
nomic, environmental, and structural safety in the process 

of project construction. In particular, if the reused indus-
trial building to be assessed cannot meet the requirements 
for structural safety stipulated in the mandatory regula-
tions, it is not sustainable.

If the assessed object meets the mandatory conditions, 
it is considered that the project can enter the link of prior-
ity degree assessment.

2. Priority degree assessment
After calculating the normative correlation degree of the 
assessment indicator, a judgement is made using the fol-
lowing formula: 

3

1 1 1
( ) ,

n

ij iji j
C Z k

= =
= ∧ ∧   (13)

where ∧ means to take the minimum of all kij values for 
(1,2,3)i∈ , and (1,2, , )j n∈  .
• C1(Zij) > 0. 
The assessed object passes the priority degree assess-

ment as a whole. The fact that the correlation degree of all 
the indicators is greater than zero under limited circum-
stances indicates that the assessed object can also pass the 
comprehensive priority-degree assessment, which means 
that the assessed object is considered to be sustainable. If 
the sustainability of the reused industrial building needs 
to be further analysed, this can be achieved through a 
comprehensive priority degree assessment.

• C1(Zij) ≤ 0.
It is considered that the assessed object as a whole fails 

to pass the priority degree assessment. Thus, it is necessary 
to further determine whether the reused industrial build-
ing has sustainable development potential, and it should 
be analysed together with a comprehensive priority degree 
assessment.

3. Comprehensive priority-degree assessment
The comprehensive priority-degree assessment is a pri-
ority-degree assessment that utilises the corresponding 
weight coefficients for the determination based on the 

Figure 8. Assessment process based on extension priority degree assessment
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following formula:
3

2
1 1

( )
n

ij i ij ij
i j

C Z k
= =

= α α∑ ∑ .  (14)

The calculation of C2(Zij) is similar to formula (8).
• C2(Zij) > 0.
In this case, it is believed that the assessed object Z 

has the potential for sustainable development based on the 
results of the comprehensive priority-degree assessment. 
In an actual project, combined with the indicators with 
a negative correlation degree, the project can be partially 
adjusted, which will generally allow it to pass the priority-
degree assessment. Moreover, to rate sustainability levels 
can enable stakeholders to compare the sustainability per-
formance of reused industrial buildings in a standardised 
manner. This study adopts an approach similar to ASGB 
and other research (Ameen & Mourshed, 2019) to divide 
the sustainability state into 4 levels, which are low, mod-
erate, high, and very high, respectively. The reused indus-
trial building is not awarded any star if the comprehensive 
value is below 0.4 at the first level. If the value is between 
0.4 and 0.6, the building can be awarded one star at the 
second level. The building can be awarded a two-star rate 
with a value between 0.6 and 0.8 at the third level. Finally, 
if the value is above 0.8, the building can be awarded a 
three-star.

• C2(Zij) ≤ 0.
This indicates that both assessments failed, and the as-

sessed object did not have sustainable development poten-
tial. At this point, by comparing and analysing the norma-
tive correlation degrees of the assessment indicators, it can 
be found that there are many negative correlation degrees. 
In other words, the project needs major adjustments to 
pass the priority-degree assessment.

4. Case study

4.1. Project overview

This study considered a reuse project at Huaqing College, 
for which relatively complete basic data were available 
(Figure 9). Huaqing College involved a typical combina-
tion of reuse modes, which could be divided into educa-
tion parks, creative parks, and residential areas. Based on 
this project, a sustainability assessment model was estab-
lished for application analysis. Two methods were adopted 
to obtain the qualitative indicator value. In one method, 
basic data from the project were provided to the relevant 
experts, along with assessment values from experts. The 
other method was to find the participants in the imple-
mentation process of the project, and let them provide 
assessment values based on their construction experience.

4.2. Data collection

The basic data required for this case study were collected 
in the following ways.

1. Basic information
In co-operation with Huaqing College, information about 
the reuse process of this project was collected, along with 
information on all the economic indicators and some so-
cial and environmental indicators. This information pro-
vided reliable data for the assessment.

2. Government report
Information on indicators such as the ‘ability to provide 
services’ could be obtained by browsing through the sta-
tistics published by the government of the region where 
the project was located.

Figure 9. Reuse process for Huaqing College
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3. Project survey
A survey provided information to supplement the basic 
indicators obtained in the first two steps. This also made 
it possible to check the authenticity of the project infor-
mation provided by project decision-makers and experts 
or collected by the website. If the data from different re-
spondents were inconsistent, the investigators first had 
to verify it through an actual investigation and evidence 
collection. Afterwards, if there was a slight deviation in 
opinions, the investigators adhered to the opinions of the 
direct participants in the project and relevant experts.

4.3. Result of assessment

Based on the basic data collected for the reuse project, 
along with information from assessment experts and par-
ticipants, the sustainability assessment of the reuse project 
utilised the following processes.

1. Primary assessment
This process mainly involved evaluating the construction 
materials of the reuse project and asking the construction 
personnel to verify that no illegal operation occurred dur-
ing the project implementation process, the structural re-
inforcement met the reliability requirements, the structure 
was safe, and there were no major hazards during the op-
eration. Because the assessment results indicated that the 
project met the mandatory requirements, the correlation 
degree could be calculated.

2. Priority-degree assessment
The normative correlation degree of each indicator was 
calculated according to the corresponding correlation 
function, and the results are listed in Table 1. A small val-

ue, 
3

1 1 1
( ) 0

n

ij iji j
C Z k

= =
= ∧ ∧ = , indicated that the sustainability 

of the project could not be determined, and a compre-
hensive priority-degree assessment of the project needed 
to be conducted.

3. Comprehensive priority-degree assessment
The comprehensive priority degree was calculated using 
the calculated values in Table 1. For the missing indica-
tors, the weight coefficients were equally assigned to other 
indicators.

2 1 11 11 12 12 13 13 14 14 15 15 16 16( ) ( ) ( ) ( ) ( ) ( ) ( ) 0.6760;C SI a K SI a K SI a K SI a K SI a K SI a K SI= × + × + × + × + × + × =

 2 1 11 11 12 12 13 13 14 14 15 15 16 16( ) ( ) ( ) ( ) ( ) ( ) ( ) 0.6760;C SI a K SI a K SI a K SI a K SI a K SI a K SI= × + × + × + × + × + × =

2 2 21 21 22 22 28 28( ) ( ) ( ) ( ) 0.72;C SI K SI K SI K SI= α × +α × + +α × =

2 2 21 21 22 22 28 28( ) ( ) ( ) ( ) 0.72;C SI K SI K SI K SI= α × +α × + +α × =

2 3 31 31 32 32 312 312( ) ( ) ( ) ( ) 0.5993;C SI K SI K SI K SI= α × +α × + +α × =

2 3 31 31 32 32 312 312( ) ( ) ( ) ( ) 0.5993;C SI K SI K SI K SI= α × +α × + +α × =

2 1 1 2 2 3 3( ) ( ) ( ) ( ) 0.6532.C SI C SI C SI C SI= α × +α × +α × =

According to the calculated results, the project passed 
the comprehensive priority-degree assessment but did 

not pass the priority-degree assessment, indicating that 
the project was in a state of sustainable development on 
the whole, but needed to be adjusted locally. The priority-
degree assessment result of indicator SI34 was zero. This 
indicated that the energy-saving measures adopted in the 
reuse project provided a small reduction in energy con-
sumption but did not meet the relevant provisions. Over-
all, the sustainability performance of Huaqing College was 
‘high’, which indicated the college was a relatively balanced 
and sustainable reuse project in terms of the economy, so-
ciety, and environment and could be awarded a two-star. 
Also, our research group conducted sustainability assess-
ments on other projects with complete survey informa-
tion in the database and gave corresponding sustainability 
ratings.

5. Discussion

An indicator correlation radar diagram was drawn based 
on the results, as shown in Figure 10. The sustainability 
performances of the three factors were ranked from high 
to low: society (0.72), economy (0.6778), and environment 
(0.5993). The overall good social performance of the pro-
ject was consistent with the satisfaction of the respond-
ents. During the survey, the interviewed users (teachers, 
students, and tenants) and surrounding residents gave 
high praise to the reuse of old industrial buildings in 
Huaqing College. The assessment values of the economic 
indicators were balanced, and the economic performance 
of the project was good, which was better than other local 
reuse projects. The environmental assessment value was 
relatively low. This was mainly to balance the relationship 
between environmental and economic sustainability. A 
large amount of the cost of the reuse project came from 
environmental restoration. However, even though the en-
vironmental assessment value was the lowest, it still had 
good sustainability. After the operation, the project was 
awarded the title of a green building demonstration base 
by the local government.

1. Economic factors
The project had good economic sustainability, mainly 
because of its investment plan (SI11), the combination of 
three reuse modes tailored to local conditions, and the 
use of low-cost reuse techniques (SI13), through which the 
project made full use of the original building materials to 
reduce costs. Moreover, the financing model of the pro-
ject showed diversity, including government subsidies and 
social capital, which guaranteed sufficient funds. In addi-
tion, the reuse cost per square metre (SI14) of the project 
was relatively low, at only 60% of the local construction 
cost for new buildings, even though it was not the lowest 
local reuse cost. Because of reasonable investment deci-
sions, the dynamic PP (SI15) and IRR (SI16) values of the 
project both satisfied the owner. A period of observation 
of similar local projects showed that this project was one 
of the few to achieve good economic returns, with most 
of the other projects suffering losses or going bankrupt.
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2. Social factors
In the later stage of the operation, the majority of the em-
ployees were the original factory workers, and the absorp-
tion of external labour decreased. On the other hand, to 
ensure campus security and the normalisation of teaching 
order, the college was less open and had limited ability to 
provide services to the region. Therefore, the indicators 
of the ability to provide employment (SI24) and ability to 
provide services (SI25) had low scores. However, it solved 
the problem of the re-employment of the original factory 
employees and enhanced social influence. The reuse im-
proved the office conditions and street images inside and 
outside the steel factory. In this way, the college was in 
harmony with the surrounding residents to a certain ex-
tent. In addition, in the process of reuse, the original in-
dustrial equipment and materials were adequately utilised, 
and the original appearance of the old industrial buildings 
was preserved to the greatest extent possible so that the 
industrial heritage and culture could be fully protected.

3. Environmental factors
Except for the prominent values of the reduction in energy 
consumption (SI34) and noise pollution (SI310) indicators, 
the values were between 0.6 and 0.8. This showed the 
advantages of reuse, making full use of old industrial re-
sources, and deploying low-cost technologies to remediate 
the environment according to local conditions to reduce 
reuse costs. Because the correlation value of indicator SI34 
was zero and it had a large weight, the priority degree of 
the ‘environmental indicator’ was significantly lower than 
those of the other two items, making the overall assess-
ment value lower. The project investigation and interviews 
of project construction personnel showed that many of 
the teaching buildings reclaimed from reused industrial 
buildings adopted non-thermal insulation glass curtain 
walls, which have poor thermal insulation performance 
and no obvious energy-saving effect. After the sustainabil-
ity assessment, improvement measures were implemented, 
and the deficiencies of the follow-up projects in this re-
spect were improved. In addition, because of the distance 
from the centre of the city and the teaching needs of the 
college, the noise impact during construction was small. 

Compared with new construction projects, this project 
made reasonable use of the original buildings, roads, trees, 
and other resources of the steel factory, which greatly re-
duced the construction waste. The land and various types 
of building materials were saved, which directly increased 
the use of renewable materials.

4. Assessment indicators and model

Because there was no useful and effective sustainability 
assessment indicator system and assessment method for 
reused industrial buildings for project stakeholders in 
China, based on the literature analysis and surveys, an as-
sessment indicator system was established based on the 
economy, society (including culture), and environment 
(Almeida et al., 2018). Based on the sustainability assess-
ments of other projects (Ameen & Mourshed, 2019) or 
similar projects (Tan et al., 2018a), the applicable sustain-
ability assessment indicators for reused industrial build-
ings were determined through investigations, screening, 
and supplementation. The indicators were highly targeted 
at reused industrial buildings and could comprehensive-
ly reveal their sustainability problems (Fan et al., 2013). 
The indicator weights integrated subjective and objective 
factors, which made the assessed sustainability consist-
ent with the actual situation. The multi-level assessment 
model was found to be more practical than other mod-
els. The priority-degree assessment could determine the 
sustainability issues for all of the aspects of reused indus-
trial buildings and provided a basis for decision-making 
to improve sustainability. Furthermore, the comprehen-
sive priority-degree assessment had a great impact on the 
sustainability rating and social reputation of the reused 
industrial building project.

In short, through the case study and comparative 
analysis, it can be seen that the established assessment in-
dicator system could better reflect the characteristics of 
reused industrial buildings. Moreover, with the aid of the 
proposed assessment indicator weights and model, spe-
cific sustainability problems on reused industrial buildings 
in economic, social, and environmental dimensions could 
be found, and a reasonable sustainability rating could be 
given.

Figure 10. The indicator correlation degree
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Conclusions

There are currently a large number of idle industrial build-
ings that could be reused in China, which has been highly 
concerned by local governments and related developers. 
However, stakeholders have no effective sustainability as-
sessment approach for reused industrial buildings to rate 
the sustainability performance of a project to promote the 
sustainable development of the project in many aspects. 

To this end, this study analysed the factors influencing 
the sustainable development of reused industrial buildings 
through literature analysis, investigation on projects of re-
used industrial buildings, and a questionnaire survey, and 
applied factor analysis to group 26 assessment indicators 
into three dimensions: economy, society, and environ-
ment. These indicators could not only effectively reflect 
the influencing factors, but also met the assessment pro-
cess. The goal of sustainable development sought by a re-
use project is the economic-social-environmental balance. 
The indicator weights were assigned to balance these three 
aspects of the assessment process, and this reasonable 
weight assignment method was helpful in balancing the 
impacts of the indicators. The sustainability assessment 
extenics-based model, which offered the advantage of 
overcoming the incompatibility between linguistic varia-
bles and metric variables, was suitable for determining the 
sustainability performance of reused industrial buildings. 
In particular, the three types of correlation functions es-
tablished according to the attributes of the indicators and 
the differences between their value ranges could further 
improve the applicability and effectiveness of the method. 

The sustainability assessment extenics-based model 
was applied in a reuse project. The results showed that 
those 26 assessment indicators can fully and accurately 
display the sustainability deficiencies of the project. From 
a practical point of view, the results of the case study also 
validated the applicability and effectiveness of the assess-
ment model. The priority-degree of each indicator can be 
provided for decision-makers or operators to determine 
the specific weaknesses of the buildings and identify the 
parts that need to be improved and maintained in order 
to improve the sustainability of the buildings. Meanwhile, 
sustainability rating agencies can apply this assessment 
system to assess the overall sustainability level of a project 
or award a sustainability rating for related governmental 
departments or developers. In addition, the findings can 
provide a reference for the formulation of future policies 
and sustainability standards on reused industrial buildings.

However, the diversity of the surveys made data collec-
tion more difficult, and experts from different specialities 
affected the indicator optimisation and weights. Different 
regions have great differences in their economic, social, 
and environmental requirements for sustainable develop-
ment in China. The sustainability assessment did not in-
volve regional differentiation because of the limited data. 
In future research, we will continue to focus on those 
projects on the reuse of old industrial buildings and col-

lect their information to enlarge the preliminary database. 
Based on the enlarged database, the assessment indicator 
system will be further adjusted and extended, especially to 
supplement indicators on culture and policies. Moreover, 
the assessment method will be applied to a large number 
of projects to modify the indicator weights and model to 
improve its applicability and accuracy.
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