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Abstract

A manufacturing system can simultaneously exploit more strategies from the Circular Economy paradigm, such as reduction, reuse, repair,
refurbishment, and remanufacturing. These strategies involve finished products, raw materials, and components, and each adopted strategy can
unpredictably impact the system performance along one or more dimensions (technical, economic, and environmental) at both the planning and
the life cycle levels. This paper deepens the simultaneous measurement of the multi-dimensional and multi-level (strategic and tactical planning
and life cycle design) performance of the manufacturing system in the presence of circular economy strategies. The Multi-layer Enterprise Input-
Output (MEIO) formalisation method is extended to integrate Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) approaches to perform
scenario analyses. The proposed approach is applied to a numerical example to show the impacts of adopting new processes for circular economy
strategies in a brownfield context. The considered scenarios combine different circular economic strategies applied to different levels of the Bill
of Materials of a multi-product environment. The proposed approach can help practitioners and production managers evaluate adopting circular
economy strategies. Moreover, the approach can support the development of methods for simultaneous multi-dimensional performance assessment

of manufacturing systems at the operational level.
© 2024 The Authors. Published by Elsevier B.V.
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1. Introduction

Manufacturing systems are under pressure due to disruptions
in the global supply chains, starting with the COVID-19 pan-
demic and then continuing with the geopolitical context [18].
Also, as mass personalisation increases variability and fluctua-
tions in demand, such systems require frequent system recon-
figurations and wide product varieties [17]. Circular Economy
(CE) strategies can support manufacturing systems to reduce
lead times by recovering parts and components from end-of-
life (EoL) and end-of-use (EoU) products [9] while decoupling
the economic growth and the consumption of virgin resources
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to limit the environmental impact [19] and diversify the raw
material supplies [12].

The transition from a linear to a circular paradigm implies
developing methodologies for evaluating multi-dimensional
performance in a brownfield context. Indeed, components and
shared processes of new products exploiting CE strategies are
intertwined with current goods produced by the system. More-
over, implementing CE strategies at a specific level of the Bill
of Materials (BoM) of one product also impacts the production
of other products because of the synergies and strategies that
involve other raw materials and components (e.g., the bundle of
optional components managed to reduce lead times [6] or in-
ventories while increasing sales [2]). Therefore, implementing
CE strategies impacts the entire manufacturing system, from the
processes to the product design and raw material supply [4].

This paper proposes a comprehensive and integrated frame-
work for assessing the life cycle environmental and economic
performance of adopting CE strategies for a new product with
new activities while considering the impacts on the technical,
economic, and environmental performance of the other prod-
ucts. The integrated framework exploits the Multi-layer Enter-
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prise Input-Output (MEIO) formalisation method to collect and
organise data from the system runtime.

The MEIO formalisation method supports and organises the
data collection from a manufacturing system to enable simul-
taneous evaluation of technical, economic, and environmental
performance by ensuring data consistency while avoiding re-
dundancies in data and collection activities [7]. MEIO focuses
on all the resources produced and consumed by every single
activity (e.g., finished products, energy vectors, waste, scrap),
workers, machine failures, processing times, and setups, en-
hancing multi-dimensional system monitoring and control be-
yond performance assessment.

This paper proposes an improved version of the MEIO
method to include environmental and economic life cycle in-
formation to allow the concurrent sustainability assessment of
introducing new products and activities while updating opera-
tional performance. The novel MEIO version integrated into the
proposed framework allows performing Life Cycle Assessment
(LCA) and Life Cycle Costing (LCC) to evaluate:

o the environmental impact of the new products while up-
dating the impacts of those already in production;

e the economic and financial assessment of introducing
new activities and processes in the current system.

The remainder of the paper presents state of the art and the
contribution of the paper in section 2, and the introduction of
the integrated framework in section 3. Section 4 discusses the
implementation of the proposed framework in a numerical ex-
ample, and section 5 concludes the paper.

2. Literature review

LCA and LCC are consolidated and widely accepted meth-
ods for evaluating product environmental footprint and the fi-
nancial performance of assets like processes and systems. Many
contributions in the literature aim to integrate LCA and LCC to
provide a multi-dimensional overview.

The combined use of LCA and LCC is suitable for evalu-
ating CE strategies at the system level [1], even for retrieving
data directly from the shop floor to perform LCA [20]. The inte-
grated LCA and LCC approach brought benefits (i) to evaluate
and improve the manufacturing system [3], and (ii) in the new
product development [21], also in combination with the Cus-
tomer Valuation [5].

However, integrating LCA and LCC has some challenges,
such as handling data volatility, data integration, and data in-
consistency and redundancies, which are the main reasons for
integrating the two methods [11]. Such integration is even more
complicated when considering techno-economic analysis tools
because of the differences in the data units of analysis and be-
tween the required data type [15].

Few approaches address the simultaneous improvement of
the environmental sustainability of the products and the se-
lection of the best process technology to optimise system
performance by considering the impacts on the entire BoMs

of other products. The multi-objective optimisation problems
can provide optimal solutions for small problems since model
complexity increases exponentially by adding components or
processes [13]. Conversely, dynamic life cycle inventory ap-
proaches allow scenario analysis or updated system characteris-
tics; as an example, technological gaps to reach pre-determined
objectives have been identified through a parametric model in-
tegrating LCC and LCA in Yao and Huang [22].

2.1. Contribution

This paper addresses a gap, identified by the recent literature,
regarding the lack of tools capable of comprehensively assess-
ing the adoption of CE strategies caused by the complexity of
the synergistic performance assessment at different levels and
multiple dimensions to satisfy the needs of the large number
of stakeholders involved in the implementation of CE strategies
[16]. A novel framework is proposed to integrate the LCA and
LCC by exploiting the MEIO formalisation method.

The MEIO architecture enhances the scalability of the novel
framework, supporting the decision-maker at the system design,
production planning and control levels. From the system inno-
vation and production planning perspective, the framework as-
sesses the economic and environmental life cycle sustainability
of including new activities in the manufacturing system. At the
operational level, the framework provides the technical, eco-
nomic, and environmental system performance assessment for
production monitoring and control.

The aim is to enhance the comprehensive technical, eco-
nomic, and environmental performance assessment for manu-
facturing systems. In particular, the proposed approach aims
to support the multi-dimensional and multi-level assessment in
complex systems adopting circular economy strategies by con-
sidering the BoMs of all the involved products and their inter-
actions, the disposal of waste, and the consumption of virgin
resources beyond the technical performance of the system.

3. The integrated assessment framework

The MEIO formalisation method collects data related to the
resources produced and consumed in the manufacturing sys-
tems (e.g., energy vectors, energy dissipated, water and wastew-
ater, scrap, parts, components, raw materials, finished and semi-
finished products), the parameters of the system activities (e.g.,
manufacturing processes, transports, waiting times in invento-
ries, and setups), and the production and consumption func-
tions intertwining the resources in each activity. These data
are organised into three tables: the Resource-Activity MEIO
table, the Activity Parameters MEIO table, and the Resource-
Function MEIO table. Further details are provided in Cas-
tiglione, Pastore, and Alfieri [7].

The MEIO method shares some important aspects with the
LCA and LCC approaches. Specifically, (i) it is based on the
choice of the unit of analysis; (ii) it reports all the average re-
sources produced and consumed by the system (i.e., MEIO pro-
vides the inventory for LCA and a database for estimating pro-
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Fig. 1. The MEIO-Life Cycle framework integrates the three MEIO tables with the environmental footprints of the resources involved in the process (green table),
the economic and financial information of the activities (yellow table), and the performance assessment engine that exploits the user’s parameters.

duction costs by LCC); (iii) it reports economic data regarding
the resources of the activities (i.e., machines and equipment),
the waste disposal, labour costs, and activity costs. Moreover,
the MEIO method is based on the material and energy balance
between input and output, thus helping to remind all the in-
volved resources when assessing LCA and LCC.

LCA and LCC need further information that should be inte-
grated within the proposed approach. LCA requires the evalua-
tion of the impact of all the resources consumed and produced
by the system concerning the chosen objective function, such
as the carbon dioxide (CO;) equivalent emissions required to
calculate the impacts in terms of Greenhouse Gas (GHG) [10].
LCC requires economic and financial information to evaluate
the economic impact of adopting one technology by consider-
ing the initial investment and estimating the fixed and variable
production costs in the system life cycle [14].

Fig. 1 shows the framework of the MEIO-Life Cycle
(MEIO-LC) extension. The data collected and organised by
MEIO are enriched with new information collected in two new
tables (the green and yellow ones in Fig. 1) to allow LCA and
LCC assessment; also, a set of information in common regard-
ing the specific scope of the multi-dimensional and multi-level
performance assessment is added to the Performance Assess-
ment Engine (PAE, bottom part of Fig. 1).

The Environmental Assessment table (the green table in Fig.
1) collects data regarding the environmental footprint of each
resource produced and absorbed by the system. For example, it
indicates the overall quantity of CO,-equivalent or freshwater

(in columns) emitted and used to obtain a specific resource (in
rOWS).

The Company Costing Information table (the yellow table
in Fig. 1) intertwines each system activity (in rows) with the
financial and economic parameters (in columns), such as aver-
age capital cost of the company, initial investment costs, and
depreciation years.

The PAE receives the input data for the scenario analysis
to compare different alternatives regarding environmental ob-
jectives, time window duration, production volumes, and the
estimated volumes of recovered EoL and EoU products to be
reintroduced in the value chain. PAE comprises a set of rules
and indicators whose evaluation can be developed and automa-
tised by different software routines (from simple spreadsheets
to more sophisticated executable software connected with in-
tegrated databases). The flexibility of such a PAE tool makes
this approach scalable to the needs and knowledge of the inter-
ested manufacturing companies, from micro, small, medium,
and large enterprises.

In particular, PAE includes two sets of KPIs: (i) the life cy-
cle and (ii) the strategic and tactical performance for produc-
tion planning and control. PAE updates both sets of indica-
tors by changing the input parameters that the user provides
for the scenario analyses. The set of life cycle KPIs provides
the Net Present Value (NPV) for each new activity while up-
dating the NPV of those already implemented and impacted by
the changes in the periodical flows (e.g., the emergence of new
costs and the reduction of some current ones). The analysis can
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be performed both on single activities and sets of activities (e.g.,
lines or departments), guaranteed by the MEIO aggregation and
disaggregation functions [8].

Also, life cycle KPIs include the formulas to evaluate the
environmental footprint of specific LCA functions (e.g., water
depletion and GHG emissions) by considering the impacts of
all the produced and consumed resources. Each resource emit-
ted or absorbed by the system has a negative or positive impact
on the LCA functions, respectively, proportional to the environ-
mental parameters associated with the resource in the Environ-
mental Assessment table.
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Fig. 2. Manufacturing system for producing products FP1 and FP2. There are
three already established processes (yellow boxes) to produce component C
(activity A3) and assembly products FP1 (A1) and FP2 (A2), and two new
activities for CE strategies (green boxes). At the bottom, the BoM is given.

4. Numerical example

A numerical example is proposed to show the use of the ex-
tended MEIO-LC approach to evaluate the adoption of new CE
strategies in an already-established manufacturing system. For
space reasons, the example is focused on the GHG footprint,
but it can be easily extended to freshwater depletion.

The example involves two assembled products, FP1 and
FP2, whose BoMs are reported at the bottom of Fig. 2. FP1
and FP2 are both composed of components B and C (3 units
of B for FP1, 2 units of B for FP2, 4 units of C for both FP1
and FP2); they also have specific components: component A for
FP1 and D for FP2. Component C is manufactured by working
1.25 kg of raw material E. Components A, B, and D, and the
raw material E are purchased.

The introduction of two CE strategies is analysed in the nu-
merical example. The two strategies involve two new activities
(green boxes in Fig. 2): (i) the collection of EoL products of FP1
(EOL1) to be disassembled for recovering valuable components
(activity A4); (ii) the remanufacturing of the scrap of compo-
nent C (C*) to partially substitute the purchasing of component
D (activity AS). Table 1 shows the environmental footprints for
freshwater depletion and GHG emissions of the resources in-
volved in the process.

When a resource is embodied in a new semi-finished or fin-
ished product, its environmental footprint is added to those of
the other components. Conversely, when CO; is absorbed from

Table 1. Environmental footprints for GHG emissions and freshwater depletion
of the resources involved in the manufacturing system under analysis.

Supplied resources CO; equivalent (gr) Freshwater (1)
A (1 pc) 150 10

B (1 pc) 500 5

D (1 pc) 300 30

E (1kg) 250 20
Power (1 kwh) 50 0,5
Freshwater (1 1) 0 1

the environment, or freshwater is returned to the environment,
a negative contribution of the environmental footprint is added
to the output product to indicate the environmental regenerative
and considerably positive impact the product has.

Table 2 shows the Resource-Activity MEIO table for the 5
activities (in columns) and all the resources produced and con-
sumed by the system (in rows). Through the A1 activity (i.e.,
the assembly of FP1), producing 1 unit of FP1 requires 1 unit
of A, 3 units of B, and 4 units of C, and absorbs 10 kWh of
power and 3 1 of fresh water.

Table 2. The Resource-Activity MEIO table of the 5-activity manufacturing
system.

Resource-Activity Al A2 A3 Ad AS

In Out In Out In Out In Out In Out
A 1 0 0 0 0 0 0 0 0 0
B 3 0 2 0 0 0 0 2 0 0
C 4 0 4 0 0 2 0 3 0 0
D 0 0 3 0 0 0 0 0 0 1
E 0 0 0 0o 25 0 0 0 0 0
Power 10 0 15 0 3 0 3 0 1 0
U. Power o 75 0 12 0 2 0o 25 0 075
W. Power 0o 25 0 3 0 1 0o 05 0 025
Freshwater 3 0 10 0 1 0 1 0 1 0
Wastewater 0 3 0 10 0 1 0 1 0 1
PF1 (8 kg) 0 1 0 0 0 0 0 0 0 0
PF2 (9 kg) 0 0 0 1 0 0 0 0 0 0
EOLI (8 kg) 0 0 0 0 0 0 1 0 0 0
Scrap C (1 Kg) 0 0 0 0 0o 05 0 0 1 0
Scrap EOLI (1kg) O 0 0 0 0 0 0 3 0 0

In Table 2, the kg reported for each resource indicates the
weight of the unit, and it ensures the mass balance. The power
balance is shown by observing that 10 kWh of power corre-
sponds to 2.5 of thermal kWh dissipated by the machines and
measured (W. Power row of the table), and 7.5 kWh of used
power obtained for difference (U. Power row of the table). The
disassembly activity (A4) of EOL1 allows for recovering 2 units
of B and 3 units of C, which are less than the units required to
produce the original product FP1; this allows to model the par-
tial recovery of components and materials from EOL due to
potentially damaged parts, or scraps produced during the disas-
sembly.

Fig. 3 shows the scenario analysis of different degrees of
adoption of the two CE strategies. The strategy of disassem-
bling EOL1 to reuse components that substitute virgin re-
sources is evaluated through various scenarios in the differently
coloured curves of the figure. Each curve represents a different
ratio between the volume of EOL1 and the fixed product de-
mand. The strategy of remanufacturing C* for producing com-
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ponent D from scrap is evaluated through various scenarios in
the different values of the horizontal axis of the figure. For each
curve, each marker represents a percentage of remanufactured
C*.
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Fig. 3. Scenario analysis for evaluating GHG emissions of 15 levels of EOL1
volumes recovered and disassembled for components reuse (coloured lines) and
11 levels of C* remanufacturing.

The first blue line from the top of Fig. 3 shows the GHG
emissions in the case the EOL1 recovering strategy is not
adopted, and various levels of adopting the C* remanufactur-
ing strategy (i.e., EOL1 recovered volumes equal to 0). Instead,
the markers at point O (i.e., the first column of markers) show
the GHG emissions if the C* remanufacturing strategy is not
adopted while various levels of EOL1 are recovered. All the
other markers in the graph represent a mixed strategy of simul-
taneously adopting different degrees of EOL1 recovery and C*
remanufacturing.

The scenario analysis of Fig. 3 shows that when the re-
covered EOL1 volumes are limited or zero (upper part of the
graph), the C* remanufacturing CE strategy has a positive im-
pact on decreasing the overall GHG emissions (i.e., moving
from left to right in the graph). However, the larger the recov-
ered EOL volumes, the lower the effectiveness of remanufactur-
ing C*. In such cases, the EOL1 recovery provides most of the
necessary components. The EOL1 recovery strategy is the best
to reduce GHG emissions significantly. In contrast, the impact
of the C* remanufacturing strategy (the difference between the
marker in x=0 and the marker in x=1) decreases with the in-
crease of recovered EOL1 volumes.

However, not all the degrees of adoption of the two strategies
may be available for the company. For instance, the availabil-
ity of EOL1 to be recovered could be limited. In such cases,
the scenario analysis supports introducing a combined strat-
egy to compensate for the limited adoption of one strategy
with a broader adoption of the other. Therefore, the frame-
work proposes solutions through scenario analysis, supporting
the decision-maker in choosing the best system configuration to
implement CE strategies.

The MEIO-LC framework contains all the information about
produced and consumed resources and their costs; thus, it can
support the use of LCC by showing how, by introducing new
strategies, the cash flows of each period change. Therefore,
LCC information on adopting the new strategies can be simul-

taneously evaluated with the environmental footprints of other
functions like water depletion. The main output of the proposed
framework is a dashboard to evaluate the introduction of CE
strategies in brownfields through a multi-dimensional perfor-
mance approach.

The LCC is based on the evaluation of the Net Profit Value
(NPV) following the formula:

T
NPV = —Investment + Z

t

cashflow,
(L+r) °

where r is the cost of money. The economic sustainability of
the different alternatives for system innovation is evaluated by
comparing their initial investment with the cash flows generated
in the following months or years.

It is important to notice that the sum of the cash flows of the
T periods involves different stages of product development or
process implementation. For example, in the proposed numeri-
cal case, periodic cash flows at the very beginning can include
the machine design stage, costs for partnership development for
EoL1 recovery and the practitioners’ support to update the ERP.
Then, cash flows can be focused on the production stage, which
may be characterised by initial periods with larger costs caused
by inexperience, scarcely optimised batch size, and lack of fore-
cast regarding EoL recovery. After some periods, negative cash
flows may be reduced, and a fully optimised process ensures
larger revenues that compensate for the initial investment and
the past negative cash flows. Finally, the last periods can in-
clude the disposal of the machines and the processes in the cash
flows.

The information for the cash flows comes from the Activity
Parameters MEIO table when they regard one-off fees, while
the data comes from the Resource-Activity MEIO table when
they are variable production costs affected by manufacturing
decisions such as batch size, scheduling, and manufacturing
system control.

5. Conclusion

This paper proposes a life cycle extension of the Multi-layer
Enterprise Input-Output formalization method (MEIO-LC) to
evaluate the introduction of new activities and processes in the
manufacturing system. It assesses the environmental and eco-
nomic performance on the life cycle dimension and techni-
cal, economic, and environmental performance from the tac-
tical and strategical point of view. The proposed framework al-
lows a multi-dimensional and multi-level scenario analysis to
assess system performance. It can be used in the presence of
changes in the current system, such as the introduction of Cir-
cular Economy strategies that affect the manufacturing of many
products at different levels of the Bill of Materials. For this rea-
son, it is particularly suitable for adoption in brownfield con-
texts, where some information about the initial manufacturing
system is available. The proposed framework is flexible because
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it can be easily scaled up and down to focus on specific man-
ufacturing lines or entire departments, thanks to the scalability
characteristic of the MEIO method [8]. Moreover, the perfor-
mance assessment engine, a set of rules and indicators that al-
low the MEIO extension to perform LCA and LCC, can be im-
plemented in spreadsheets, which are widely adopted in Micro,
Small, and Medium Enterprises. Still, it can also be integrated
into more sophisticated routines connected to the shop floor and
the company databases to be updated with data from production
lines.

The proposed approach can support production planners, in-
dustrial engineers, and managers in assessing the performance
of manufacturing systems and making strategic decisions on in-
tegrating new activities or manufacturing strategies while also
considering tactical information from the shop floor. Moreover,
the LCC table can be extended to include other phases like
product design and prototyping. However, these activities do
not directly concern the manufacturing system and could be in-
cluded in future research.
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