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Abstract

At present, the enormous environmental pressure caused by the manufacturing industry has promoted the development of the recycling
industry. The recycling industry is pivotal for sustainable utilization of regional resources, pollution reduction and environmental protection.
LCA (Life Cycle Assessment), as a comprehensive analytical tool, plays an important role in the analysis of the cyclical industry from different
levels, including regional level, industry level, enterprise level and product/service levels. The product service system, a new production system
with high integration and overall optimization of products and services, is conducive to obtaining complete product/service information and
management. The LCA based product service systems in the field of circular economy is not only crucial in the life cycle management of the
product/service for the enterprise, but also contributes to the comprehensive assessment of the environmental benefits of the recycling
enterprise. This paper summarizes and systematic reviews the applications of the LCA and PSS (Product Service System) integration in circular
economy from a micro perspective. Based on that, the study identifies the challenges for current researches and propose future research
directions to promote the development of LCA in circular economy from the perspective of enterprises.
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1. Introduction alleviating resource constraints, improving the economic

efficiency of the industry.

At present, the overall deterioration of the ecological
environment has not been fundamentally reversed, and the
environmental pollution situation is becoming increasingly
serious. The water, the atmospheric and the pollution of solid
waste is becoming increasingly prominent. Besides, the rate of
harmless treatment of municipal solid waste is low, and the
rural environmental problems are serious. At the same time,
from the perspective of manufacturing industry, the cost of
products is mostly constrained by resource endowment, but
the efficiency of resource utilization is not high enough.
Therefore, the development of circular economy is conducive
to not only alleviating environmental pollution, but also

2212-8271 © 2019 The Authors. Published by Elsevier B.V.

As an effective environmental management tool, life cycle
assessment has broad application prospects in circular
economy. LCA (Life Cycle Assessment) is considered as one
of the important tools of environmental impact assessment.
However, theoretically, there is a lot of work to be done on the
research on the application of life cycle assessment in circular
economy. From the application of LCA in the field of circular
economy, most of the current research on LCA focuses on the
macro-regional level and part of the meso-industrial level,
while most of the research on micro-enterprises is based on
the analysis of a specific production process, rather than the
whole enterprise. Besides, most of these studies are case
studies. The representativeness of these studies and their
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contribution to application and promotion are still unclear, and
there is a lack of a more general analytical framework. This is
because the LCA evaluation for enterprises needs many
different types of data integration, and the current data
integration is mostly manual operation, so it faces the problem
of time-consuming growth and high cost. Therefore, it is very
important to combine LCA with PSS. This is not only
conducive to promoting enterprise environmental impact
control and management, but also conducive to promoting the
development of circular economy from the source, because
construction, manufacturing and other industrial enterprises
are still the biggest source of environmental pollution.

Number of Publication

Time 2019 2018 2017 2016 2015 2014 2008
Number of Publication| 8 26 28 15 2 2 1
Percentage(100%) 975.60% 3170.70% 3414.60% 1829.30% 243.90%  243.90%  122.00%

Fig. 1. statistic results of the integration of LCA and PSS related researches.

According to Fig.1, the research on integration of LCA and
PSS has been increasing since 2014 and has been growing
rapidly in 2016 and 2017 (The bland marked by X means
there is at least one related research on this issue). This shows
that the integration of LCA and PSS has attracted more and
more attention. On the other hand, the rapid growth of LCA
and PSS in a short time and the relatively small number of
literatures mean that there are still many problems to be solved
in this field.

This paper summarizes the existing literature in integrating
environmental analysis methods with PSS in the context of
LCA and other circular economy, from the perspective of
integrated methods/frameworks and major application
industries. Based on the summary, the gap in the field of
environmental assessment and PSS is put forward. Based on
this, this paper puts forward the potential direction of future
research from the perspective of research industry and method
to promote the combination of LCA and PSS and realize the
transition from theory to application.

The contributions of this paper are mainly reflected in the
following three aspects. Firstly, the current review of methods
is generally general, mainly aiming at the application goals
and significance of environmental impact assessment in PSS
environment, lacking analysis and summary of how to realize
data integration of LCA and PSS and the technical problems
of replacing manual operation with automated models.
Although there is not much research in this area, this paper
introduces the integration method into the review. This is
mainly because the method research is the key link to realize
the integration of LCA and PSS into application.

Secondly, the current applications of LCA in PSS system
seldom summarize specific cases, such as classification and

comparative analysis of cases based on different industries.
This is mainly because the current research for different
industries is mostly specific case analysis, lack of systematic
framework. Besides, there are some differences in the specific
process of LCA application in different industries. This paper
tries to find out the characteristics and commonalities of LCA
application in PSS systems of different industries from these
cases and to provide some theoretical support for the
realization of LCA-PSS data integration and dynamic
environmental impact analysis.

Thirdly, this paper adds the application review of PSS in
the general circular economy environment. Although some of
the environmental impact assessment methods used in these
studies are not LCA, these methods are conducive to a more
comprehensive understanding of the needs of environmental
impact assessment in PSS system and the assessment scope
that can be provided. Thus, the goal of combining LCA with
PSS could be made clearer. Moreover, these methods and
frameworks of integration with PSS are helpful to provide
some enlightenment for the related research on the
combination of LCA and PSS.

The following parts of this paper are as follows. The
second part mainly introduces the methodologies of the
integration of LCA and PSS. The third part classifies and
compares current applications of LCA in PSS according to the
research industry. The fourth part summarizes the application
of PSS in other circular economy. The fifth part is the
summary and future research direction.

2. The methodology of the integration of LCA and PSS

Current research on integrating LCA into PSS can be
divided into three main categories according to different
purposes. They are the development of evaluation models and
platforms for LCA in PSS (Santana et al, 2010), the
construction of models for specific products, services or
processes in specific PSS, and the evaluation of the
effectiveness of current LCA in PSS applications. Integrated
comparative analysis. The current main researches on
methodology of the integration of LCA and PSS in Fig.2.
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Fig. 2. researches on methodology of the integration of LCA and PSS.

From the perspective of model framework and platform
development, Glatt et al (2019) believes that technology
product service system composed of life cycle-oriented
service enhancement technology products not only has
economic advantages, but also has a positive impact on
ecological sustainability. The complex structure of PSS
challenges the quantification of various aspects of ecological
sustainability (Doualle et al, 2014). Therefore, more targeted
methods, such as Cumulative Energy Demand (CED) and
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Eco-cost/Value Ratio (Vogtlander et al, 2002), have greater
practical applicability than more comprehensive methods,
such as Life Cycle Assessment (LCA). As an estimation of
LCA, CED reduces the difficulty of data collection and the
complexity of the model. Dal Lago et al (2017) believes that
LCA evaluation in PSS framework is mostly evaluation of
physical products but lacks guidelines for the form of
conceptual framework supporting PSS life cycle assessment,
especially for practitioners and platform and system
developers, which can overcome the challenges faced in
developing LCA in PSS. Corti et al (2016) proposes that
current LCA tools are mainly product oriented, so solutions
that can easily integrate service components are needed. Based
on this, a reference architecture for LCI implementation is
proposed, which considers how service and product
information can be integrated and how to collect data needed
for life cycle assessment. The architecture is as general as
possible and can be used for any type of PSS. Pialot et al
(2014) proposes a product-based scalable ecological
innovation system that includes LCA and other methods to
promote remanufacturing, PSS and longer product life.

From the perspective of building evaluation models for
specific products, services and processes, most of the current
studies are framework studies for product services in different
industries (Xing et al, 2013; Vezzoli, Sciama, 2006). Zhang et
al (2018) built an evaluation tool based on the combination of
life cycle assessment (LCA) and life cost calculation (LCC) to
support the development of high energy-consuming equipment
(HECE) sustainable model. Fargnoli et al (2018) evaluates the
market demand and customer demand model of medical
devices based on quality function deployment (QFD) through
life cycle modeling, which includes life cycle assessment
(LCA) and life cost calculation (LCC). Pragoropoulos et al.
(2017) constructed two LCC-based evaluation models to
assess the impact of cost-benefit analysis on shipping industry
service strategy formulation. Allais and Gpbet (2016) based
on the concepts and tools of social sciences and environmental
engineering sciences, constructed a sustainable business
model assessment method for social and environmental
change. This model not only considers the life cycle
assessment of products, but also includes the cooperation
among stakeholders and the use process of products/services
by consumers. Costa et al (2015) developed product-oriented
PSS and use-oriented PSS for furniture recycling, which can
be used by enterprises to develop new products according to
local conditions.

Zhang et al (2018) considers that the development of PSS
may not always be a sustainable practice based on the analysis
of the application conditions of different PSS modes from the
point of view of the effectiveness evaluation of current LCA
applications in PSS. Similarly, Kjaer et al (2016) put forward
a similar view that PSS has the potential to reduce
environmental impact, but the environmental benefits of PSS
need to be quantified and put forward specific challenges to
quantify environmental benefits. On this basis, Kjaer et al
(2018) proposed an LCA process related to the specific
consideration of PSS evaluation, and proved that the
guidelines can significantly reduce the error of evaluation
results based on case analysis.

Overall, the current research methods on LCA and PSS
mainly focus on system development, especially on the
framework construction of evaluation system (Amaya et al,
2014) and model construction and application for specific
products. However, there are few studies on the evaluation of
application effect of integrated evaluation system of LCA and
PSS. This is mainly due to the scattered application fields of
current research, the lack of a relatively uniform standard and
comparable cases to compare and evaluate methods. In
addition, the current research on methods and system
development is mainly based on the framework. Few
literatures have designed the technical implementation process
of LCA integration in PSS system, which means that the data
of LCA based on PSS is still mainly manual operation.
Therefore, it can be considered that the current research still
belongs to the category of static evaluation model, and there is
still a long way to go to realize LCA evaluation in real-time
PSS system. Therefore, this paper holds that the realization of
data integration of PSS and LCA at the technical level is an
important way for the future application of LCA in PSS
system, and then to promote the development of circular
economy in various industries. On this basis, the evaluation of
integration schemes of LCA and PSS is more pertinent and
instructive.

3. The Applications of LCA in PSS

At present, there are few articles about the application of
LCA in PSS system for case analysis, and the scope involved
is large. It is difficult to compare and analyze these cases.
Overall, these applications can be summarized as life cycle
analysis for products, life cycle management for a service or
process, and life cycle assessment for the overall business
model of an enterprise (Sakao et al, 2017). The current main
researches on applications of LCA in PSS in Fig.3.
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Fig. 3. Researches on application of LCA in PSS.

The life cycle analysis of products mainly includes
mechanical manufacturing, energy (Alstone et al, 2014) and
waste recycling. The main research is mechanical
manufacturing. In the field of mechanical manufacturing,
Zhang et al (2018) focuses on manufacturing high energy-
consuming equipment and life cycle management. The results
show that the additional economic benefits of manufacturer
and customer are related to the increase of investment,
environmental burden and risk. Therefore, not all PSS have
environmental benefits in the field of high energy-consuming
equipment industry. Similar conclusions also exist in the
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analysis of agricultural machinery. Glatt et al (2019) believes
that technological products account for a large proportion of
Cumulative Energy Demand (CED) in PSS system. That is,
product technology is still the main factor of environmental
pollution. Costa et al (2015) takes office furniture design and
manufacturing company as an example to discuss the
application of LCA in furniture recycling and remanufacturing
of PSS from the economic, environmental and social
perspectives. Lelah et al (2014) proposed an enhanced PSS for
waste glass recycling and demonstrated that this system is
conducive to reducing environmental impact.

Life cycle management for a service or process mainly
includes decision support analysis for a specific method and
process in developing PSS, comparative study of multiple
schemes, etc. (Lindahl et al, 2014). In the field of biomedical
equipment manufacturing, according to Fargnoli et al. (2018)
research conclusions, market demand and customer demand
analysis based on Quality Function Development (QFD) has
obvious advantages in the development of sustainable PSS
solutions. This advantage is mainly reflected in the
improvement of customer satisfaction, the alleviation of
environmental problems and the reduction of costs. However,
Glatt et al. (2019) based on part of the LCA assessment,
concludes that services for agricultural machinery have less
impact on the environment and sustainability. However, some
specially involved services may have a positive impact on the
environment. The impact of this specially designed service is
described as the energy leverage effect of the service. In
shipping services, although PSS may reduce the cost of life
cycle, the use of PSS may also lead to the complication of
service strategy formulation (Pragoropoulos et al, 2017).
Therefore, PSS in shipping service industry is not necessary.
However, in the process of household appliances rental
service, the use and promotion of PSS has shown a significant
positive role (Allais and Gpbet, 2016). Similar conclusions
also exist in the business model of leisure clothing rental
(Piontek, Mueller, 2018) and the design scheme of water
tourism (Scheepens et al, 2016).

Additionally, since few people can imagine and develop a
vision of how the future sustainable product and service
system will reflect, some studies have focused on the
application of LCA to PSS at the enterprise level. Sinclair et al
(2018) proposed the concept of consumer intervention
mapping and used it as a tool to create future product
strategies. By modeling and visualizing the impact of
stakeholders in the product life cycle, a scenario describing
existing product service systems and new product concepts
adapted to circular economy is successfully created.

Because the main principles of circular economy include
reduce, reuse and recycle, the current application of LCA in
PSS system mostly concentrates on the initial production
stage, that is, trying to solve the problem of reduce, but not
enough attention has been paid to the two principles of reuse
and recycle. This leads to the current research on LCA in PSS
mostly focused on a manufacturing process, and less on waste
management. This is also one of the research directions of
LCA in PSS application in the future.

At the same time, because of the complexity of the
analyzed system in each stage of the life cycle, it is not

scientific to simplify the results of LCA into a single
comprehensive score or number. At the same time, LCA
evaluation needs a large number of parameters and production
data from enterprises. Therefore, some indicators in LCA are
selected as the criteria for environmental impact assessment. It
should be noted that in the process of building this simplified
model, attention should be paid to whether the neglected
evaluation indicators will have a greater impact on the
evaluation results, thus affecting the accuracy of the
evaluation results. In order to ensure the accuracy,
practicability and operability of life cycle assessment, the
implementers of enterprise evaluation should timely modify
its purpose and scope according to the principles and
framework of life cycle assessment and specific application
intentions.

4. Applications of PSS in circular economy

At present, the research on circular economy and
sustainable development of ecological innovation can be
divided into four perspectives: green and sustainable product
development, business model or supply chain integration,
green marketing and sustainable consumption, and hybrid
model construction and optimization (Kuro, Smith, 2018). At
present, there are more studies on green and sustainable
development, less on hybrid model construction and
optimization, and more theoretical studies, while less
empirical support. The research on business model or supply
chain integration and sustainable consumption is growing
rapidly, although it started late. This shift from ownership to
development, application and evaluation of business models
based on consumption and innovation is the main research
content of PSS in circular economy (Cherry, Pidgeon, 2018).
Traditionally, when a product is sold, it is difficult for an
enterprise to track what the user has done to the product.
However, the behavior of key users has a great impact on the
use and recycling of products (Wastling et al, 2018). In fact,
besides product design itself, service also affects user
behavior. Modeling and analyzing consumer behavior to
analyze the obstacles and solutions of current PSS application
in circular economy is an important part of current PSS
research in the field of circular economy. The current main
researches on applications of PSS in circular economy is in
Fig.4.
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Fig. 4. main researches on applications of PSS in circular economy.

Consumer acceptance of the new business model of
circular economy represented by PSS requires a certain
process, in which they will encounter some problems
(Camacho-Otero et al, 2017). If these problems cannot be
handled properly, the development of PSS in the field of
circular economy will encounter bottlenecks (Lieder et al,
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2017). To this end, some scholars have carried out relevant
research, including the electronics manufacturing industry
(Hobson et al, 2018; Gnoni et al, 2017), horse industry (Nasiri
et al, 2018), houschold appliances manufacturing industry
(Lieder et al, 2018; Sousa-Zomer et al, 2017; Gnoni et al,
2017), clothing industry (Stal, Jansson, 2017; Raebild, Bang,
2017), Internet of Things services (Alayaga, Hansen, 2017)
and so on. At present, some specific circular economy service
industries, such as the shared economy (Ameli, 2017), have
been practiced in many regions. Barbu et al (2018) analyzed
the impact mechanism of shared economy on consumer
behavior. This study has a certain reference significance for
the analysis of consumer acceptance of the new circular
economy business model. Similarly, Lunascu and Lonascu
(2018) analyzed the green business model behavior of
Romanian companies represented by leasing, believing that
leasing is conducive to improving corporate performance.
Chamberlin and Boks (2018) analyzed the behavioral barriers
and incentives for consumers to accept the new business
model of circular economy represented by PSS. Based on the
analysis of communication networks of four recycling
products and services retailers, the author believes that design
framework can provide more powerful support for the analysis
of marketing strategies than green marketing. Lin (2016)
studied recycling economy of glass industry in Taiwan to
strengthen recycling incentives in recycling economy. Due to
the insufficient understanding of market demand of various
glass recycling products by manufacturers, product design and
user barriers of glass remanufacturing from different sources
are caused. This study provides decision-making information
for intelligent production by identifying key user
characteristics. Schallehn et al (2019) analyzed the customer
experience of the product service system related to second-
hand products, believed that there were still many deficiencies
in the current PSS system used in the recycling industry, and
emphasized the necessity of information and communication
technology in the PSS system. The application of PSS in
circular economy in different industries and ranges is shown
in Table 1.

Table 1. Application of PSS in circular economy in different industries and
ranges.

Reducing  Reusing  Recycling
Horse industry X
Glass industry X
Appliance industry X X
Electronics industry X X
Garment Industry X X

Note: The bland marked by X means there is at least one related research on this issue.

According to Table 1, the current research covers a wide
range of areas, and there are still some gaps in many areas that
need to be supplemented by further research. It should be
noted that not all product and service systems are conducive to
reducing environmental impacts. Some new service behaviors
and corresponding product and service systems due to social
and economic development consume more resources than
traditional methods (Linder, Williander, 2017). Retamal and
Schandl (2018) analyzed three laundry behaviors in Manila,
Philippines, including hand washing, home washing machine

and laundry service, and proposed the trend of excessive
laundry behavior to product service system. However, this
trend does not have an environmental impact. Conversely, the
shift from hand washing to laundry is more energy-intensive.

Therefore, how to design PSS is very important (Pieroni et
al, 2017). Researchers have put forward solutions for the
application and promotion of PSS in circular economy
(Blomsma et al, 2018; Yang et al, 2018; Pialot et al, 2017)
from different perspectives, though the scope of application of
these solutions is relatively small and mostly framework rather
than a mature system. However, it still provides some ideas
for the promotion of PSS in circular economy and hints the
future research direction. Khan et al (2018) summarizes the
application of upgradable product service system in circular
economy from the perspective of prolonging product life. The
results show that the strategy of product life extension has
great potential, especially in the mid-life management under
PSS environment. At the same time, product scalability
promotes the widespread use of recycling economy (Bridgens,
Lilley, 2017), PSS and remanufacturing (Moreno et al, 2017).
However, the existing research is still in the theoretical aspect,
and more case studies and empirical studies are needed to
determine the concept of upgradable PSS (Ackermann et al,
2018). In terms of system development, some scholars believe
that it is necessary to plan products and services at the design
stage (De Los Rios et al, 2017). Chen (2018) put forward the
theoretical guidance for developing sustainable product
services in the early planning stage and illustrated the
calculation steps based on a case. Remero and Rossi (2017)
proposed a circular lean product service system for creating
customer-oriented circular economy solutions.

According to the existing literature, the research of PSS in
circular economy and circular industry mainly focuses on the
analysis of potential problems in development, theoretical
elaboration of possible solutions and case analysis. The case
analysis is mostly about the framework construction of
environmental assessment module in PSS, while the research
on the technology module construction of the application of
PSS in circular economy is rare. In addition, there are fewer
examples of the application of PSS system in circular
economy. This paper holds that there are two main reasons for
this phenomenon. On one hand, although circular economy is
not a very new issue in academia, while circular economy is
still in the trial stage in many industries, and there is no
standardized and flow-based management model. Therefore,
there is few development and analysis of relevant PSS
systems. On the other hand, recycling economy poses new
challenges to the assessment and management of PSS system
in terms of environment and sustainability. The diversity of
environmental assessment methods, the complexity of models,
the difficulty of data acquisition and the technical barriers of
data integration lead to the lack of environmental assessment
module in PSS which can fully realize real-time dynamic
assessment.

Therefore, this paper holds that the future research
directions are mainly reflected in two aspects. From the
perspective of industrial development, some specific problems
in the development of circular industry should be solved, such
as participating in the evaluation and management process of
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circular economy for some specific industries and processes
and evaluating the model effect of circular economy in PSS
system. From the technical point of view of the development
of PSS system, future research mainly needs to solve the
problem of data integration, targeted model construction and
simplification, so that the PSS including environmental
assessment can be used in the circular economy industry.

5. Concluding remarks

This paper reviews the current research on LCA integrated
PSS in circular economy from the perspectives of methods
and industries. At the same time, the applications of PSS
system in circular economy is summarized, promoting a more
comprehensive understanding of the application of LCA in
PSS system and making the goal of combining LCA with PSS
clearer. Moreover, these methods and frameworks of
integration with PSS helps to provide some enlightenment for
the related research on the combination of LCA and PSS.

LCA is a specific product analysis, and the production
processes and products between enterprises in the same
industry are still quite different. Moreover, data collection and
import at present rely on manual operation, LCA evaluation of
many products requires a lot of time and cost. Therefore, this
paper argues that attention should be paid on the balance of
flexibility and comparability of LCA analysis in PSS,
considering more about timeliness. Specifically, the potential
research directions, challenges and possible solutions for the
future integration of LCA and PSS in the field of circular
economy are as follows.

Firstly, in terms of data integration of LCA and PSS, LCA
analysis has the characteristics of timeliness. For example,
most of the environmental costs of a product have been
determined at the design stage of the product, and the
improvement at the later stage of product development can
only play a very limited role, so the ideal time to carry out life
cycle assessment is at the early design stage of the product.
However, in the early stage of product design, product
characteristics are often uncertain - raw materials may not be
selected, and production equipment and packaging methods
have not yet been finalized, so that a LCA cannot be
completed in the most needed evaluation. However, because
the current LCA relies on manual importation of data, it is
possible to miss the best evaluation opportunity even if it
consumes a lot of time and cost. Therefore, this paper argues
that from the perspective of methodology, the establishment of
a dynamic LCA analysis module in a data integration-based
PSS system is one of the future research directions. To
achieve data integration, on the one hand, some technical
support for data platform construction is needed. On the other
hand, a comprehensive understanding of the technology and
related parameters of LCA products is necessary in a certain
industry.

The second challenge is in the construction of LCA model
applied to PSS. For the builder of LCA module, more
attention should be paid to the universality of the application
of LCA system in the same type of enterprises. The
information obtained by LCA research can only be applied as
part of a far more comprehensive decision-making process, or

to understand widespread or general trade-offs and
compromises. For different LCA studies, it is possible to
compare their results only when their assumptions and
background conditions are the same. Therefore, this paper
argues that in the process of model building in LCA and PSS
analysis modules, research methods should be standardized,
such as using internationally recognized data units to conduct
qualitative and quantitative research on the environmental
impact of the system. This is not only conducive to the
progress of research work, but also more conducive to timely
and effective application of research results, ensuring the
value of research work itself, and will also reduce the cost of
recipients of research results.

Finally, in the case of different industries, there is no
scientific basis to simplify the results of LCA into a single
comprehensive score or number because of the complexity of
the analyzed system in each stage of the life cycle, though the
general model is beneficial to the construction of LCA module
in PSS system. As a result, LCA research has flexibility. To
ensure the accuracy, practicability and operability of life cycle
assessment, the implementers of enterprise evaluation should
timely modify its purpose and scope according to the
principles and framework of life cycle assessment and specific
application intentions. This is also the focus of most current
case studies on LCA and PSS, though these cases only cover a
small part of the entire manufacturing industry. Therefore, this
paper argues that from the perspective of case studies, more
accurate and practical case studies can be used to analyse
more micro and targeted manufacturing processes.
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