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Abstract: Life cycle assessment (LCA) is used frequently as a decision support tool for evaluating 

different design choices of products based on their environmental impacts. A life cycle usually 

comprises several phases of varying timespan. The amount of emissions generated from different 

life cycle phases of a product could be significantly different from one another. In conventional LCA, 

the emissions generated from the life cycle phases of a product are aggregated at the inventory 

analysis stage, which is then used as an input for life cycle impact assessment. However, when the 

emissions are aggregated, the temporal variability of inventory data is ignored, which may result in 

inaccurate environmental impact assessment. Besides, the conventional LCA does not consider the 

environmental impact of circular products with multiple use cycles. It poses difficulties in 

identifying the hotspots of emission-intensive activities with the potential to mislead conclusions 

and implications for both practice and policy. To address this issue and to analyse the embedded 

temporal variations in inventory data in a CE context, the paper proposes to calculate the emission 

intensity for each life cycle phase. It is argued that calculating and comparing emission intensity, 

based on the timespan and amount of emissions for individual life cycle phases, at the inventory 

analysis stage of LCA offers a complementary approach to the traditional aggregate emission-based 

LCA approach. In a circular scenario, it helps to identify significant issues during different life cycle 

phases and the relevant environmental performance improvement opportunities through product, 

business model and supply chain design. 

Keywords: life cycle assessment; circular economy; multiple product life cycles; temporal 

variability; life cycle inventory; emission intensity 

 

1. Introduction 

Life cycle assessment (LCA) is used frequently as a decision support tool to evaluate different 

design choices of products (e.g. cars, refrigerators, and freezers) based on their environmental impact 

during the entire life cycle from cradle-to-grave [1]. LCA includes four interdependent stages: goal 

and scope definition, inventory analysis, impact assessment, and interpretation [2]. Among these, 

inventory analysis deals with flows involving inputs and outputs, such as materials and energies, 

during the entire life cycle of a product [3]. The life cycle usually comprises consecutive and 

interlinked stages of a product system (i.e. production, distribution, use, and end of life). The length 
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of different life cycle phases could be significantly different. For example, the use phase of most 

energy-using products is much larger than the production phase (Figure 1). Each life cycle phase 

further entails several activities and events, and the emissions generated from a life cycle phase could 

also be significantly different from one another [4]. 

                                       

 

 

Figure 1 Illustrative graph of timespan of different life cycle phases 

In conventional LCA, the emissions generated from different periods are aggregated at the inventory 

analysis stage (Figure 2), which is then used as an input for life cycle impact assessment [5].  

 

 

Figure 2 Illustrative graph of aggregate emissions during the entire life cycle 

However, when the emissions are aggregated, the temporal variability of inventory data is 

ignored which may result in inaccurate environmental impact assessment [4]. Besides, the 

conventional LCA does not consider the environmental impact of circular products with multiple life 

cycles. It poses difficulties in identifying the hotspots of emission-intensive activities during different 

life cycles of a product with the potential to mislead conclusions and implications for both practice 

and policy. 

To address this issue and to analyse the embedded temporal variations in inventory data in a 

CE context, the paper proposes to quantify the timespan of each phase of a life cycle and the 

associated amount of emissions at the inventory analysis stage of LCA. These variables then can be 

used to calculate the emission intensity (emission amount per unit time) during each phase of a life 

cycle. The paper argues that calculating and comparing emission intensity for the individual life cycle 

phases, based on their timespan and amount of emissions, offers a complementary approach to the 

traditional aggregate emission-based LCA approach. In a circular scenario, it helps to identify 

significant issues during different life cycle phases and the relevant environmental performance 

improvement opportunities through product, business model and supply chain design. 

Timespan 

Amount of emissions 
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Section 2 introduces the LCA methodology and some of its main limitations. In section 3, 

different perspectives on the temporal dimension in LCA literature have been analysed. Section 4 

provides a few examples of LCA studies to show the implications of their results for practice and 

policy. In section 5, we propose our emission intensity-based approach to analyse temporal 

variability in inventory data and illustrate its implementation based on the data from existing LCA 

studies. In section 6, we discuss the implications of emission intensity in the context of a circular 

economy with the help of a case example. Section 7 provides discussion and conclusion. 

2. A brief introduction to LCA methodology 

2.1. General framework of LCA  

LCA is a tool to assess the environmental aspects and potential impacts of a product, process or 

service system throughout its life from cradle-to-grave. With increasing application in different 

industrial sectors, there have been several methodological developments in LCA during the last three 

decades [6-8]. While some aspects of the LCA methodology are still being debated in the literature 

[9-11], the International Organization for Standardization (ISO) provided a general LCA framework, 

principles [2], requirements and guidelines [5] that are widely accepted and used in both academia 

and industry. The ISO framework of LCA is comprised of four main stages: Goal and Scope 

Definition, Life Cycle Inventory Analysis (LCI), Life Cycle Impact Assessment (LCIA), and 

Interpretation. 

The goal and scope definition phase of an LCA includes the purpose of carrying out the study, 

the intended application, and the intended audience [2]. It describes the product system in terms of 

the system boundaries and the functional unit. The functional unit is a quantitative measure of the 

functions that the goods (or services) provide. 

The LCI phase is an inventory of inputs (resources) and output (emissions) from the product 

over its life cycle in relation to the functional unit [2]. It is built based on the unit process that is the 

smallest element considered in the life cycle inventory analysis. For each unit process, which 

represents one or several activities such as production processes or transportation, data are collected 

on the inputs of natural resources and outputs of emissions, waste flows, and other environmental 

exchanges. The LCI, then, is the compilation and quantification of the different unit processes within 

the system under study. Conventional LCA provides the set of total system-wide flows that are 

associated with or attributed to the delivery of a specified amount of the functional unit [12]. In 

conventional LCA, the processes included are those that are considered to contribute significantly to 

the studied product and its function. It typically implies that material and energy flows are followed 

systematically upstream from the process associated with the reference flow to the extraction of 

natural resources and downstream to the final disposal of waste. Conventional LCA utilizes average 

data for each unit process within the life cycle. Average data for a system represents the average 

environmental burdens for producing a unit of the good or service in the system 

The LCIA phase aims at assessing a product system's LCI results for their environmental 

significance [2]. The LCIA provides an evaluation of the magnitude and significance of the potential 

environmental impacts for a product system throughout the life cycle. According to ISO 14040 series, 

there are three general impact categories (also referred to areas of protection) that should be taken 

into account when defining the scope of an LCA study: resource use, human health, and ecological 

consequences.  

Life cycle interpretation is the final phase of the LCA, in which the results from the previous 

LCA phases are summarized and discussed as a basis for conclusions, recommendations and 

decision-making [2]. 

 

2.2. Major limitations of LCA methodology 

Several limitations of the LCA methodology have been identified in the literature. In LCA’s first 

phase, there is a lack of clear guidance for matching the goal with the subsequent LCA phases of 
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scoping, inventory analysis and impact assessment [13]. Besides, selection and definition of the 

functional unit and setting an appropriate scale to it are identified as critical problems requiring 

particular attention [7,13-15]. In the second phase of LCA, compiling the inventory data can be very 

resource and time-intensive. Lack of readily available inventory data or poor data quality and lack of 

spatial and temporal considerations in inventory data are the main limitations in LCA methodology 

[7,12,13,16]. In the third phase of LCA, one of the limitations is the missing data that link emissions 

to different impact categories. Besides, the impact models and impact assessment approaches do not 

consider the spatial and temporal differentiation in inventory data [16,17]. Assumptions about global 

homogeneity and steady-state conditions introduce the most severe errors in impact assessment. In 

particular, the dynamics of the environment, such as the timing of emissions, rate of release, and 

time-dependent environmental processes, affect the impact of pollution [18]. Aggregation is the 

overarching problem in the interpretation phase. Collapsing inventory or impact data into a single 

figure of merit requires weighting or valuation of some kind, which introduces subjectivity [17]. 

Although literature identifies many limitations of LCA methodology, this paper focuses 

specifically on the temporal dimension mainly due to its high relevance and importance in a CE 

context. Next section analyses different perspectives on the temporal dimension in LCA literature. 

3. Perspectives on temporal dimension in LCA literature 

In LCA literature, the temporal dimension has been discussed from different perspectives: i) 

temporally dynamic goal and scope (e.g., temporally induced changes in service life) [19]; ii) 

temporally dynamic inventory for the system (e.g., the shift from gas to electric vehicles) [20]; iii) 

temporally dynamic inventory for individual unit processes (e.g., electricity generation plants 

becoming more efficient with time) [21]; iv) temporally dynamic normalization or weighting (e.g. 

variation in  indexes - such as public concerns, green taxation systems, pollution charge fees - 

commonly used to calculate weighting factors) [22]; v) temporal variability in characterization factors 

(e.g. change in variables, such as wind speed and temperature, used for the computation of 

characterization factors) [23]; and iv) temporal variability in inventory data (e.g., variation in 

emissions along the life cycle of a product) [14]. Although all these perspectives on temporal 

dynamism and variability are relevant for an effective LCA (see, e.g., [24] for a thorough review on 

temporally dynamic LCA), this paper focuses only on temporal variability in inventory data and its 

implications for LCA results and their interpretation. 

Temporal variation is present in inventory as emissions are generated mostly from different 

periods spreading along the whole lifetime of a product [4,25]. In conventional LCA, the temporal 

variability in inventory data is largely ignored due to difficulties in its operationalization for the 

whole life cycle of a product system [14]. As a result, various emissions generated from different 

periods are treated as a single aggregated emission generated at one time during the life cycle of a 

product [18]. This assumption of temporal homogeneity of inventory data has been identified as one 

of the main problems in LCA literature [4,26,27]. To address embedded temporal differences of 

inventory data in LCA, [4] proposed a framework for temporal discounting. The framework provides 

guidelines to calculate the temporal scale of LCA (including the time duration of individual life cycle 

phases) and the associated emissions. However, their focus is on eliminating the temporal differences 

by aggregating discounted emissions at the inventory analysis stage. Aggregating the discounted life 

cycle emissions might be useful for accurate impact assessment; identification of significant issues 

including the hotspots of emission-intensive activities remains a challenge with the potential to 

mislead conclusions and implications of LCA results for both practice and policy. It is particularly 

important in the context of CE where the products can have multiple and alternative life cycles with 

different activities such as reuse, remanufacturing, recycling. In the next section, we report some of 

the representative LCA studies to show the implications of their results for practice and policy. 
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4. Implications of conventional LCA results for practice and policy 

Apart from using LCA as a decision support tool to evaluate different product design choices 

(e.g. automotive lightweighting), LCA and other approaches rooted in life cycle thinking have been 

widely utilised to support policy-making process throughout the entire policy cycle, from policy 

formulation, policy implementation and regulatory frameworks enforced, as well as monitoring and 

evaluation of policy performance. For instance, the Eco-design Directive is a hard regulation that 

provides a framework for the establishment of Eco-design requirements for all energy-using products 

and energy-related products in the residential, tertiary and industrial sectors. It is accompanied by 

Energy Labelling regulation for individual categories of products. Similarly, the Car Labelling 

Directive (Directive 1999/94/EC) requires providing fuel economy and CO2 emission performance 

for new passenger cars and new light commercial vehicles. The directive is a complementary measure 

to help car manufacturers to meet their specific CO2 emission targets set under Regulation (EC) 

443/2009. It is obvious that LCA results have implications for both practice and policy. Therefore, a 

multifaceted analysis and interpretation of inventory data and LCA results is important to properly 

guide the practice and policy. Table 1 provides a few examples of LCA studies and the implications 

drawn from their results. 

Table 1: Implications of conventional LCA results for practice and policy 

Reference Product type 
Identified significant 

issues 

Implications for 

practice  

Implications for 

policy 

[28]  

Automotive 

(Passenger 

Vehicle) 

The largest 

environmental 

impact occurs in the 

use phase due to the 

combustion and 

depletion of fossil 

fuels 

Future efforts should 

consider the 

reduction of the 

environmental 

impact of the use 

phase 

Future legislation 

efforts should be 

based on the 

environmental 

impact of the 

emissions rather 

than plainly on their 

amounts 

[29]  Automotive 

(Plug-in 

Hybrid 

Vehicle -

PHEVs) 

- Electricity 

consumption in the 

use phase has a 

major impact on 

GHG emissions  

- Lithium-ion battery 

materials and 

production account 

for 2–5% of life cycle 

emissions 

The lifetime and 

performance of the 

battery is an 

important parameter 

for the economic and 

environmental 

success of PHEVs 

Public policies 

that complement 

PHEV adoption 

should focus on 

encouraging 

charging with low-

carbon electricity 

[30]  Household 

Refrigerator 

Electricity 

consumption in the 

use phase has the 

highest 

environmental 

impact along with 

material 

consumption during 

production phase 

Study suggests 

improvements in 

product design, 

advances in 

manufacture 

practices, consumer 

encouragement, 

supply chain 

optimization 

Emphasizes the 

importance of a 

better understanding 

of the life cycle 

environmental 

impacts of Chinese 

refrigerators and 

improve its 

sustainability 
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[31]  Automotive 

(Passenger 

Vehicle) 

 

Use phase is 

responsible for 79% 

of the GHG 

emissions 

Mass reduction with 

lightweight design 

options 

Life cycle based 

improvement forms 

an integral part of 

Volkswagen’s 

corporate policy and 

environmental 

strategy 

5. Proposed approach 

5.1  Proposed approach to calculate emission intensity 

In this section, we propose a complementary approach to calculate the emission intensity for 

individual life cycle phases at the inventory analysis stage of LCA. Emission intensity is defined as 

the emission amount per unit time during a particular phase of a life cycle. It includes four steps:  

Step 1: Calculate the timespan of each life cycle phase 

This research uses the methodology proposed by [4,27] to calculate the timespan of individual 

life cycle phases. It requires estimating the minimum and maximum phase duration times. The 

minimum time that must elapse to include all activities of a phase can be calculated using the critical 

path method. The maximum time can be calculated by summing the duration of all of the activities 

of a phase. Accordingly, the phase duration is assumed a value within this range and can be 

approximated by taking the mean of the two extremes. 

Step 2: Calculate the amount of emissions from each life cycle phase 

Emissions from different life cycle phases can be calculated using the conventional life cycle 

engineering approach, which differentiates between material extraction, components supply, 

production/assembly, use, and end-of-life phases of a product [31]  

Step 3: Calculate the emission intensity of the product during each life cycle phase 

The emission intensity of the product during each life cycle phase can be calculated by simply 

dividing the amount of emissions during that phase by its time duration (see equation 1).  

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑑𝑢𝑟𝑖𝑛𝑔 𝑎 𝑙𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒 𝑝ℎ𝑎𝑠𝑒

𝑇𝑖𝑚𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒 𝑝ℎ𝑎𝑠𝑒
 

(1) 

Step 4: Interpret results by comparing emission intensity of the product during different life cycle 

phases 

5.2  Implementation and results 

To illustrate the implementation of the proposed approach, this paper uses timespan and GHG 

emissions data from existing studies in the automotive sector. In particular, this paper uses timespan 

data based on the work of [27] and the GHG emissions data based on the work of [31]. Four life cycle 

phases of a car are considered: mining and material production/supply, manufacturing, usage, and 

end of life. 

• GHG emissions are considered for different life cycle phases of Golf VII, 1.6 TDI produced at 

Volkswagen’s Wolfsburg plant in Germany for an assumed running distance of 200000 km. 

Here, approximately 15.8% of total emissions are emitted during mining and material 

production/supply phase, 4.2% during manufacturing phase at Volkswagen plants, 79% during 

the use phase and 1 % during the end of life phase [31]. 

• The timespan for mining and material production/supply phase is considered using the mean 

of the minimum and maximum phase duration times. The mining and material 

production/supply phases consist of parallel-serial processes for multiple materials used in the 

car (134 different activities for mining and 75 different activities for material production). The 
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longest duration of these parallel processes, (i.e. the critical path) is the minimum duration of 

the phase and the sum of the duration of all of the activities is the maximum duration of the 

phase. The timespan for the manufacturing phase is estimated from the processes that take place 

at Volkswagen’s Wolfsburg plant in Germany. The timespan for the use phase is considered 10 

years and the timespan for the end of life is considered based on the process of a UK based 

recycling company CarTakeBack [27]. 

• The GHG emissions and timespan values are then used to calculate the emission intensity for 

each phase.  

Table 2 provides values for GHG emissions, timespan, and emission intensity for different life 

cycle phases. 

Table 2: GHG emissions, timespan and emission intensity during different life cycle phases (based on 

the work of [27] and [31]. 

 

 

 

 

 

 
 

The emission intensity during production (54.89 Kg CO2 –eq/day) and end of life (62.44 Kg CO2 

–eq/day) is significantly higher than during material extraction and component supply (12.54 Kg CO2 

–eq/day) and use phase (6.08 Kg CO2 –eq/day). These results are quite the opposite when we consider 

and compare the aggregate emissions for each life cycle phase. Figure 3 provides the emission 

intensity of the product during different life cycle phases. 

 

Figur 3 Emission intensity during different life cycle phases of Golf VII, 1.6 TDI (based on the work 

of [27] and [31] 

6. Implications of emission intensity in the context of a Circular Economy 

In the context of a Circular Economy, products, processes, and service systems need to be 

intentionally designed for closing the loop considering a systemic approach [32]. The systemic 

approach considers three main functions in a circular system, namely business model, product 

design, and supply chain; thus, this approach stresses the necessity of mutual and dynamic 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

Mining and material
production/supply

Manufacturing Usage End of life

Emission intensity (Kg  CO2 –eq/day)

Life cycle phases 
GHG emissions 

(KG CO2 –eq) 

Timespan 

(days) 

Emission intensity 

(Kg  CO2 –eq/day) 

Mining and material 

production/supply 
4439.80 354 12.54 

Manufacturing 1180.20 21.5 54.89 

Usage 22199.00 3650 6.08 

End of life 281.00 4.5 62.44 
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interaction among these functions throughout the whole life cycle of the product for successful 

implementation of CE [32,33]. LCA as a decision support tool can play an important role in providing 

the essential information required to properly design these three functions and their interactions from 

an environmental point of view. 

In this context, products follow multiple life cycles such as maintain/prolong, reuse/redistribute, 

refurbish/remanufacture, and recycle [34]. Depending on the characteristics of the products being 

assessed, the emissions during these loops can be significantly different from each other. In a circular 

scenario, products need to be designed for longevity with several use phases and predefined recovery 

strategies (i.e. circular products) [32,35]. The circular products need to be taken back after each use 

cycle according to the recovery options such as reuse, refurbish, remanufacture, or recycle. Therefore, 

the circular products are expected to have a longer use phase compared to conventional products. 

The complexity of the environmental impacts during the life cycle of circular products increases when 

different users utilize the same product, and this complexity is disregarded in the conventional LCA.  

As discussed previously, in the conventional LCA approach the emissions are aggregated for 

the whole life of a product to calculate the environmental impacts. However, aggregating these 

emissions into a single value leads to difficulty in identifying the sources of the emissions and the 

associated loops and activities. In contrast, in a CE context, it is extremely important to understand 

the emission intensity during different loops (i.e. reuse, remanufacture, recycle, etc.) as it has 

implications for product design, business model design, and supply chain design. In a circular 

scenario, all these functions should be designed while considering the emission intensity during 

different life cycle phases.  

Here, we will use an example to illustrate the implications of emission intensity for the life cycle 

assessment of a circular product. A case of a circular washing machine offered in a pay-per-wash 

(PPW) business model is used to illustrate the implications. The washing machine is long-lasting and 

designed for multiple life cycles, hence capable of reusing, refurbishing and recycling. The system 

boundary flowchart of a circular washing machine used for illustrative purposes is shown in Error! 

Reference source not found.4. It is assumed that after manufacturing, the washing machine is 

transported to the service provider whose role is to deploy the washing machines in the market, 

provide service and maintenance, and carry out recovery operations. The total number of use cycles 

the washing machine goes through during its entire life cycle depends on the duration of the contract 

for which the PPW service is offered and the willingness of the customer to extend the service contract 

or terminate it. At the end of each use cycle (EoU), condition of the washing machine is assessed and 

recovery operations take place accordingly to bring the machine to as good as new condition for the 

next use cycle. At the end of life (EoL), the washing machine goes to EoL treatment. 

 

 

Figure 1 System boundary flow chart of a circular washing machine in a pay per wash business model 

Simulation modelling is employed to highlight the emission intensity per unit time during each 

life cycle phase (i.e. manufacturing, forward transport, use, reverse transport, refurbishing, and EoL) 
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of a circular washing machine. Emissions data for individual life cycle phases have been extracted 

from an existing LCA study of household washing machines [36] which considers also refurbishment 

options. Let 𝑓(𝑡)𝑖 be the function representing the GHG emission intensity at time 𝑡 of the life cycle 

phase 𝑖. The definite integral of 𝑓(𝑡)𝑖 over the interval [𝑎𝑖 , 𝑏𝑖], which represents the duration of life 

cycle phase 𝑖, expressed as 𝐹(𝑡)𝑖 = ∫ 𝑓(𝑡)𝑖𝑑𝑡
𝑏𝑖

𝑎𝑖
  can be interpreted as the aggregated GHG emissions 

in the life cycle phase 𝑖. Therefore, the area underneath the GHG emission intensity curve 𝑦 = 𝑓(𝑡)𝑖 

over the interval [𝑎𝑖 , 𝑏𝑖]represents the aggregated GHG emissions in life cycle phase 𝑖. The total GHG 

emissions during the entire life cycle of the product can be expressed as in equation (2. 

 

𝐹(𝑡) = ∑ 𝐹(𝑡)𝑖

𝑛

𝑖=1
= ∑ ∫ 𝑓(𝑡)𝑖𝑑𝑡

𝑏𝑖

𝑎𝑖

𝑛

𝑖=1
  (2) 

Where, 

𝑓(𝑡)𝑖 GHG emission intensity at time 𝑡 in life cycle phase 𝑖 

[𝑎𝑖 , 𝑏𝑖] Timespan of life cycle phase 𝑖 

𝐹(𝑡)𝑖  Aggregate GHG emissions in life cycle phase 𝑖 

𝑛 Number of life cycle phases 

𝐹(𝑡) Aggregate GHG emissions over the entire life cycle  

The circular washing machine is designed for a total of 15 years of useful life (i.e. 5400 days) and 

emissions amount per day are calculated during its different life cycle phases (i.e. manufacturing, 

forward transport, use cycles, reverse transport, refurbishing, recycling). The outcomes of scenarios 

with three and five use cycles in a PPW business model are shown in Error! Reference source not 

found.5 and Error! Reference source not found.6 respectively. It can be observed that in both 

scenarios the emission intensity per day during the use phase is minor with respect to the other life 

cycle phases (e.g., manufacturing, transportation, refurbishing, and recycling). Moreover, increasing 

the number of use cycles of the same product causes more emissions due to the more frequent 

transportation (i.e. product take-back to the service provider and redistribution) and required 

recovery operations. The example clearly shows that analysing the temporal variability in inventory 

data and calculating the emission intensity during different life cycle phases have implications for 

product design (e.g. designing long-lasting washing machine that requires minor recovery operations 

after each use cycle), business model design (e.g. analysing the optimum number of use cycles 

considering both the economic and the environmental perspective), as well as supply chain design 

(e.g. designing forward and reverse transport including location decision for 

maintenance/refurbishment operations) to coordinate take-back and redistribution of products 

efficiently, in order to improve the environmental performance. 

 

Figure 2 Emission intensity during different life cycle phases of a circular washing machine with three 

use cycles in a pay per wash business model 
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Figure 3 Emission intensity during different life cycle phases of a circular washing machine with five 

use cycles in a pay per wash business model 

7. Discussion and conclusion 

This work aimed to analyse the temporal variability in inventory data for life cycle assessment 

and its implications in the context of a CE. It acknowledges the importance of considering both the 

timespan and the amount of emissions for individual life cycle phases of a product at the inventory 

analysis stage of an LCA study. Building on the work of [4] and [27], it proposes a complementary 

approach to the conventional aggregate emission-based LCA approach and argues to calculate and 

compare the emission intensity for individual life cycle phases based on their timespan and the 

amount of emissions. Emission intensity is defined as the emission amount per unit time during a 

particular life cycle phase of a product. In the conventional LCA approach, mostly and especially in 

the energy-using products, the use phase appears to dominate the emissions as emissions are 

generated over a long timespan. This aggregation-based approach to analyse and interpret inventory 

data has had a profound impact on practice and policy leading to major changes in product design 

(e.g. lightweight of automotive to improve fuel efficiency during use phase) as well as policies and 

regulations to improve the environmental performance of the products (e.g. Eco-design and Car 

Labelling Directives) with a major focus on the use phase. Thus, the aim here was to understand how 

the emission-intensity based approach to LCA might change the implications and recommendations 

of LCA results.  

It is particularly important in the context of CE as the conventional LCA is used for cradle to 

grave products and does not consider the environmental impacts of circular products with multiple 

use cycles. In comparison to conventional products, circular products have numerous life cycle 

activities, which increase the complexity of their environmental impacts. Ignoring timespan of 

individual life cycle phases in the LCA study of circular products poses difficulty in identifying 

hotspots of emission-intensive loops and activities. Furthermore, analysis of the environmental 

impacts of circular products requires a systemic approach that considers interaction among product 

design, business model design, and supply chain design. The emission intensity-based approach to 

LCA can provide information to better design these functions and their interaction to achieve an 

overall better environmental performance of the system. The example of a circular washing machine 

in section 6 shows that by calculating and comparing the emission-intensity during different phases, 

the emission-intensive hotspots shifted from the use phase to manufacturing, transportation, and 

recovery phases. Comparing the emission-intensity based two lifecycle scenarios of a circular 

washing machine reveals a strong interaction among product, business model, and supply chain 

design and their impact on the generated amount of emissions.  

From the example, it appears that business model design has a significant impact on the amount 

of emissions generated during the life cycle of a circular product. In particular, the business model 

for a circular product should consider the optimum number of use cycles. In terms of economic 

performance, short-term contracts may be more attractive for customers, but they lead to a high 

number of use cycles, hence higher environmental impact due to high emission intensity during 

transportation and recovery operations.  

Similarly, product design has a major impact on the emission intensity during different lifecycle 

phases and the total amount of emissions generated during the entire life cycle of a circular product. 
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The lifespan of the product must be designed according to the number of use cycles considered in the 

business model design. Furthermore, the product should be designed such that the emission intensity 

during recovery processes (i.e. refurbishing, remanufacturing, and recycling) is low as product 

design can make the recovery process less or more emission-intensive. 

Lastly, supply chain design significantly affects the environmental performance of circular 

products. Circular products may require more frequent transportation which is an emission-intensive 

activity, therefore, it is important to consider supply chain network design including mode of 

transport, load, and location decisions necessary for recovery operations on a circular product. 

This work concludes that to perform LCA, the timespan of individual life cycle phases should 

be considered as an important factor. Calculating and comparing emission intensity during different 

life cycle phases of a product can help to identify the hotspots of emission-intensive activities. This is 

particularly important in the context of a CE. Emission intensity-based LCA of circular products have 

implications for product, business model and supply chain design. The proposed emission intensity 

based LCA approach provides the critical information needed to assess the environmental impacts 

of a circular system. Besides, the hotspots can be identified to improve the product, business model, 

and supply chain design and their interaction for better environmental performance. 
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