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Abstract

Creating products that support the circular economy (CE) requires evaluating product
sustainability performance (PSP) and planning the production process during the design stage.
Evaluating PSP disregarding demand and production variations over the time a product is
produced can lead to significant calculation errors, and therefore, misinformed design decisions.
This has severe consequences in the CE-focused closed-loop productions. However, current
literature on product sustainability and circularity evaluation methods is largely design-specific
and explicitly or implicitly assumes a steady-state production. Thus, there exists a gap in the
literature concerning PSP forecasting over multi-period productions with closed-loop flows.
Therefore, this paper proposes a metrics-based framework that quantifies, simulates, and
forecasts the PSP, considering the dynamic variations in demand forecast, closed-loop resource
constraints, and end-of-use resource allocations. Accordingly, based on the literature on PSP
evaluation as well as production planning, and input from industry experts, a new methodology
was formulated to synthesize and develop this framework. A numerical application demonstrates

that the PSP significantly varies with the demand curve profile (up to 25% change in certain
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metrics), even when the product design is constant. Most importantly, this paper introduces the
concept of PSP as a “dynamic” measure over the temporal dimension, providing a framework to
evaluate it comprehensively and with greater accuracy. Thereupon, this concept transforms how
sustainability and circularity are viewed conventionally. When adopted, the concept will offer
the designers greater insights that significantly improve the product design and planning process

to advance the CE.
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1. Introduction

Sustainable manufacturing (SM) provides a foundational and comprehensive basis to implement
the circular economy (CE). Understanding the product sustainability performance (PSP) in terms
of economic, environmental, and social dimensions (i.e., the triple bottom line - TBL) is crucial
during the product design stage. It allows corrective design choices to minimize negative
sustainability consequences throughout a product’s life, including improvements to end-of-use
(EoU) recovery and integration with the CE. Thus, the product design stage requires accurate

methods to evaluate PSP over the life cycle.

PSP evaluations typically assess TBL impacts focusing on the design attributes and neglecting
the production-related variations that happen over time. This is evident by many measures of
product sustainability and circularity being “design-specific.” Since SM and CE promote closed-
loop production that interlink the supply chain with demand cycle!—typically identified by the
market introduction, growth, maturity, and decline phases—these time-dependent variations are

further consequential to the PSP. The following example illustrates this.

Figure 1 visualizes the production forecast and the forward and return product-flows (depicted as
batches to simplify) for a timeline spanning multiple production periods. The production forecast
corresponds to the demand cycle. The delay in returns (due to the product’s time in use) and the
cumulative effect (due to progressively increasing number of production periods contributing
EoU products) cause the amount of recovered EoU products to dynamically change over the

production timeline. Therefore, the primary resources and processing needs for a product

1 The term “product life cycle” is often used to refer to these market phases. However, to avoid confusion,
the term “product life cycle” in this paper refers to the product’s physical life stages of pre-
manufacturing, manufacturing, use, and post-use, following the SM literature.



produced in a later period can considerably reduce compared to a product produced in an initial
period (visualized by reducing solid yellow lines below the x-axis). Thus, depending on the
processes and EoU activities utilized (e.g., reuse, remanufacture, recycle), the per product TBL

impacts and the resulting PSP dynamically differ over time, even for the same product design.
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Fig. 1 Visualization of production forecast, and forward and closed-loop return flows along the production timeline

Current methods evaluate product sustainability and circularity assuming (either explicitly or
implicitly) a “steady-state” in production. However, due to dynamic variations (identified in
Figure 1) occurring over the demand cycle, such a steady-state production assumption can lead
to a significantly inaccurate PSP assessment. Therefore, a PSP calculation that considers these
“dynamic” production variations enables a more realistic evaluation. Moreover, the authors’
direct interactions during project meetings with design experts from multiple industries (e.qg.,
automotive, aerospace, and consumer electronics) also suggested that designs teams understand
the need for dynamic evaluation. Nevertheless, there is a lack of design stage tools that account

for the dynamic secondary resource availability and the resulting PSP implications.



Therefore, the novel evaluation framework presented in this paper quantifies and forecasts a
product design’s PSP through its closed-loop production timeline, considering the dynamic
variations in demand, production, and EoU-appropriation (involving reuse, remanufacture,
recycle, sell, and disposal streams). Section 2 provides the theoretical background related to
building this new framework. Section 3 details the development of the proposed metrics-based
framework, adapting to the design stage’s limited data and resource availability. The PSP metrics
were chosen from a recently established sustainable product design evaluation method [1].
However, the notion of dynamic PSP applies to any product sustainability evaluation method.
Furthermore, while this paper focuses on the product level, the presented framework also applies
to the module level in production-platforms where multiple product designs are produced using
common modules. Section 4 presents an example as a numerical application of the proposed
framework. The different demand curves in the example demonstrate the potential for significant
variations in PSP measures over time, even when the product design is kept constant. It
highlights the importance of considering the PSP as a dynamic measure in the temporal
dimension. Since the CE benefits are drawn from comprehensive sustainability evaluations, this
shift in approach to evaluating product sustainability is fundamental to advancing the CE. The

last section summarizes the significant contributions of this paper.

Table 1 List of frequently used abbreviations

Abbreviation  Description
Reduce, Reuse, Recycle, Redesign,

6Rs Recover, Remanufacture

B2B business-to-business

CE circular economy

CO2e carbon dioxide equivalent

DC demand curve

EoU end-of-use

EPR extended producer responsibility
GHG greenhouse gas

LCA life cycle analysis



LCC life cycle costing

MCI material circularity indicator
OEM original equipment manufacturer
PCI product circularity index

PSP product sustainability performance
ProdSI product sustainability index

SM sustainable manufacturing

SS steady state

TBL triple bottom line

2. Background

2.1. Sustainable Manufacturing (SM) and Circular Economy (CE)

SM strives to reduce negative TBL impacts of manufacturing by minimizing waste, toxic
emissions, and resource use; improving safety and product/process quality; and improving life
cycle cost benefits [1]. Enabling SM requires effective planning during the product design stage
[2]. Product sustainability and SM are essential to advancing the CE [3, 4]. Given the importance
of accurate evaluation for proper life cycle planning [5], this paper focuses on measuring and

forecasting PSP at the design stage.

The CE transforms the current “take-make-use-dispose” linear economy to a restorative and
regenerative one [6]. Literature also discusses the direct relevance of the CE to the
manufacturing sector [7, 8]. A recent comprehensive review by Kirchherr et al. [9] identifies
over 100 different definitions for the CE. They synthesized an exhaustive definition for the CE,
emphasizing the fundamental connection to sustainability [9]. Many other CE definitions lack a
direct link to SM, where some fail to consider all three TBL dimensions [4, 9, 10]. However, in

another extensive literature review comparing the SM and CE, Geissdoerfer et al. [4] establish



many similarities between the two concepts and find the CE often considered a condition or a

positive influence on sustainability.

Since SM entails complex and sometimes contradicting objectives due to its TBL focus, in some
cases, a higher circularity-level does not necessarily equate to better sustainability [11, 12].
Moreover, the CE-related EoU activities (e.g., remanufacture and recycle) themselves have
different TBL impacts depending on the exact processes/materials used. Thus, their net
sustainability impact in each application must be carefully analyzed [13]. While some authors
suggest separating environmental sustainability concerns from the circularity measures for clarity
[14], products must be evaluated in terms of both sustainability and circularity [1, 10].
Accordingly, the following two sub-sections discuss the available product sustainability and

circularity measures.

2.1.1. Product Sustainability Measures

Metrics-based quantification at the product design stage enables SM by allowing targeted
improvements [15]. Prior literature identifies many methods and measures to evaluate
sustainability [16, 17]. Life Cycle Assessment (LCA) [18] based methods and the National
Institute of Standards and Technology (NIST) initiated work (including a repository of over 200

SM indicators [19]) are some of the prominent early product-level specific evaluations [1, 19].

Given the bias towards the environmental dimension in sustainability, it is vital to choose correct
sustainability measures [20]. Although social-LCA [21, 22] and manufacturing process social
impacts [23] literature offers some measures, the social dimension generally lacks
comprehensive metrics [17, 24]. Additionally, fuzzy-logic-based [25] or optimization-based [26]

approaches can be used to improve assessment and aggregate different TBL dimensions.



To overcome the drawbacks of many other methods, the Product Sustainability Index (ProdSl)
[27] method incorporated over 90 metrics spanning all three TBL dimensions to provide a
framework for comprehensively evaluating PSP. A recent work [1] further expanded ProdSI and
adapted it to the design stage. Section 3.2.1 discusses the use of this expanded method and its

metrics within this paper’s proposed framework.

2.1.2. Product Circularity Measures

Recent reviews [10, 28, 29] identify numerous metrics and indicators to assess circularity at the
product level (i.e., nano-level of the CE [30]). Saidani et al. [30] highlight the crucial role of
circularity measures for improved CE implementations. Given the wide range of CE definitions,
different circularity measures focus on a variety of aspects. In general, many of these measures
focus on material and resource recirculation and fail to fully assess all three sustainability
dimensions [10, 31]. Similar to sustainability measures, many CE measures are also based on

LCA-related methods [5, 7].

A review of three common product-level measures (including the Material Circularity Indicator
(MCI)) found that although they provide a good overview of product circularity, these methods
miss certain CE elements and lack guidance for product designers [30]. Bracquené et al. [32]
introduced the Product Circularity Indicator (PCI), expanding on MCI and other previous
circularity measures. PCI made critical improvements to add accounting for the tightness of
cycles (reuse vs. recycling) and links with other product systems. Section 3.2 of this paper

discusses incorporating circularity metrics (including PCI) in the dynamic PSP measurement.



2.2. Planning Resource Reutilization at the Product Design Stage

Careful planning of EoU resource utilization is essential to advance the CE. Therefore, Section
2.2 discusses background literature on elements that must be considered for sustainable and

circular production.

2.2.1. The Necessity for Closed-loop Production

SM requires evaluating TBL impacts of all product life cycle stages to avoid burden shifting
[33]. The CE identifies business opportunities in EoU resource recovery to overcome SM
challenges [34]. Notably, efficient disassembly and recovery of EoU products are vital to enable
TBL benefits and support adoption of the CE [35]. The recovered EoU resources can be utilized
in value chains of both the same product (i.e., closed-loop flow) and other suitable applications
beyond the original product (i.e., cascading or open-loop flow [6]) [36, 37]. However, the CE
and SM both promote tighter cycles (i.e., closest restoration paths that require the minimum
transformation of EoU resources) as the preferable option [6, 33]. Owing to increasing extended
producer responsibility (EPR) regulations [38-40], manufacturers are further compelled to take
back EoU products and be responsible for the post-use stage. Also, due to the unique knowledge
and access to materials and design of the original product, there are merits to manufacturers
themselves carrying out EoU activities such as remanufacture [34, 41]. Furthermore, previous
studies establish closed-loop supply chains’ ability to create economic, environmental,
informational, and customer value [7, 42, 43]. Thus, closed-loops are crucial to implementing the

CE and SM, and will be the primary focus of this paper.



2.2.2. End-of-Use (EoU) Activity Hierarchy and 6Rs

An EoU activity hierarchy is key to the CE as it can prioritize the more effective and sustainable
tighter cycles [9]. A European Union directive [44] recommends the descending priority order of
EoU options: prevention; reuse; recycling; other recovery methods (e.g., energy recovery [45]);
and disposal. Likewise, the 6Rs concept (reduce, reuse, recycle, redesign, recover, and
remanufacture) [7, 46] transforms the traditional 3Rs (reduce, reuse, and recycle) into a more
comprehensive EoU activity framework. It further underscores the purposeful EoU activity
planning at the product design stage to minimize TBL impacts [46]. Though there are recent
discussions of additional “Rs” (up to 10Rs, such as refuse, rethink, repair, refurbish, and
repurpose) in the literature [9], the 6Rs concept provides the necessary basis for the closed-loop
system discussed in this work. Importantly, the 6Rs concept was also established as a technical
element of advancing the CE [47]. Section 3.1.1 discusses the application of 6Rs-based

production planning.

2.2.3. Dynamic Production Considerations

The CE’s increased push for prolonged and multiple circulations [48] makes evaluating TBL
impacts due to EoU activities and the primary (i.e., virgin) vs. secondary (i.e., sourced from
recovered resources) resource-flows essential. Therefore, planning a sustainable production

requires keeping track of the resource’s recirculation [29], availability [29], and quality [34].

There is a dynamic link between the product demand cycle and the return resource availability
[49]. The mean product lifetime, technical innovation rate, and component failure rate are some

of the primary influencing parameters. Thus, the EoU activity levels vary with the demand cycle,
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leading to dynamic TBL impacts over time. As the demand cycles become shorter [50],

understanding the dynamic variation of PSP becomes paramount.

Multiple previous works [49, 51, 52] discussed the demand cycle’s impact on remanufacturing
potential, particularly concerning the economic dimension. Geyer et al. [51] presented analytical
modeling for closed-loop production with remanufacturing and considered the limited durability
and finite product cycling aspects. This work demonstrated the need for careful coordination of
demand cycle, return rate, and component durability. Wang et al. [52] studied dynamic diffusion
modeling to identify optimal economic benefits. However, research studying the demand cycle’s
interaction with other TBL dimensions or multi-EoU streams has been minimal. One such
reported study presented the economic and environmental impact of remanufacturing [53].
Another study introduced the novel concept of the sustainable half-life model—which integrated
the profit and loss curve with the demand cycle’s half-life [54]. A recent study on modeling the
demand cycle and EoU returns over a multi-period production timeline [55] set the necessary
groundwork for modeling overall PSP. Section 3 of this paper details modeling the TBL impacts

of multiple EoU streams for a typical production.

2.2.4. The Necessity for Product Design Stage-focused Evaluation

Design stage decisions affect these dynamic production concerns, including through
limiting/promoting of specific EoU activities. Design stage was also identified critical to
remanufacturing for both improving the production planning as well as quality [56]. Thus, the
PSP must be estimated and planned at the design stage. Early work on Life Cycle Costing (LCC)
[57, 58] identified approaches to model and estimate life cycle metrics but was limited to the

economic dimension. Developing manufacturing process information models to aid more
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sustainable decisions at the product design stage is another necessity [59]. Especially, the
production planning level lacks TBL-focused decision support frameworks [20]. In addition,
other publications discussed how production concerns (e.g., quantity and complexity) directly
impact PSP [60] and the importance of multi-life cycle production planning for optimum product

configuration design [55].

However, current sustainability and circularity measures (discussed in Sections 2.1.1 and 2.1.2)
concentrate on the product design attributes rather than production. Even the comprehensive
methods (e.g., ProdSI, MCI, or PCI), while providing valuable information in their own right,

implicitly or explicitly assume a steady-state production.

Thus, in the current practice, the product design stage lacks comprehensive evaluation tools that
consider the factors discussed in this section and forecast the PSP over closed-loop production.
Therefore, Section 3 details the development of a quantitative framework that transcends the

available “retrospective” evaluations.

3. Proposed Methodology

Figure 2 provides an overview of the new two-step framework. Sections 3.1 and 3.2 discuss Step

1 and Step 2, respectively. The framework utilizes the Monte Carlo method to simulate the

Expected recovery ratio,
. Step 1: Demand forecast,
EoU appropriations, — . . . S .
Product, > rmove?ypincintives, Production plan simulation production data, ...
processes,
and systems *
specifications cprgzudcatt?fr;gﬂ:ttlﬂ:ﬁaCtL:Is? . Step 2: ¢ Parametric and Detailed
y CHITINE, LS€) TBL impact modeling modeling approaches
EoU-processing, ...)

Product Sustainability

Performance (PSP) forecast
for the production timeline

Fig. 2 An overview of the developed framework evaluating product sustainability performance over production timeline
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stochastic primary input uncertainties in the production factors (periodic demand, product life
span, and EoU recovery ratio) and calculates the TBL impact metrics. Finally, the metrics are

aggregated over the production timeline to forecast the PSP.

3.1. Production Plan Simulation

3.1.1. Modeling Multi-Period Production

Demand forecast for each period of the production timeline is available at the design stage. It
typically uses previous product generation data or market analysis and is calculated at the
product level (i.e., as a number of products). Most products consist of multiple sub-assemblies or
components. For brevity, the term “component” is used in this paper to designate the secondary
level (i.e., component, part, or sub-assembly levels). The concepts presented for these two levels

(i.e., product and component) can be easily extended to more complex multi-level designs.

EoU returns happen at the product level and are then disassembled into components during
recovery processing. Many products return due to failures of one or a few components, while
numerous other components are still functional. Thus, for recovery and other EoU activities, the
number of reusable/remanufacturable components must be calculated. In the proposed model, the
“production-mix” is the total number of new (i.e., “newly manufactured”), reused, and

remanufactured components produced in a specific period.

When the number of periods analyzed is N, number of unique components c in a single product
is A., and total number of components is C, the inputs to calculate production numbers are as

follows:

Demand for product in periodi =D; fori=1,2, ..., N

13



Demand for component c in period i = D;A, fori=1,2,..,Nandc=1, 2, ..., C
Fraction of products produced in period ip, which comes to EoU in period i = wip,i

Due to the nature of product failure, the variable wipi can be considered a normally-distributed

parameter with an expected value of E—which reflects the product’s expected life.

Number of products coming to EoU in period i (NF°Y)= ¥i,_; Diwyp (1)
Number of recovered products in period i (N/¢°°) = X},_; Diw;,R; (2)
R; is the recovery ratio (the proportion of EoU products returned to OEM/EoU-agent for

recovery, out of the total number of products that becomes EoU) for the period i. EoU products

not returned to the manufacturer are considered “lost products.”
Number of “lost products” in period i (N/°*) = ¥} ,_; Diw;, (1 — Ry) (3)

Given that these production calculations are forecasts, there is inherent uncertainty in the input
parameters. The Monte Carlo method stochastically simulates feasible ranges of values for the
uncertain parameters. Previous studies have detailed the use of Monte Carlo simulation to
quantify and address such uncertainties of production parameters in closed-loop supply chain
applications [61, 62]. Section 4.1 presents the stochastic modeling of periodic demand (D;),

product life span (E), and EoU recovery ratio (R;), based on the Monte Carlo simulation.

The returned products of period i are disassembled and evaluated at the component level to
identify the most appropriate EoU option based on the CE idea of “tighter circles” and are
utilized in period (i+1). Components (or products) that can be used after cleaning or repackaging

are commissioned for reuse in the same application (e.g., products returned to the manufacturer
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due to packaging damages). From the remainder, components that can be brought back to
original specifications by some additional processing are commissioned to remanufacture. From
the rest, components that can be recycled into raw material are designated to recycle. The
remaining components with a residual value that can be utilized in other applications are then
allocated for sale (which may include energy recovery). Since such “other applications” are
varied and indefinite, the sale fraction’s metric-level measurement’s scope was limited to the
disassembly processing. Any remaining components without recoverable value are finally

allocated to disposal.

The fractional-allocation for each EoU option (i.e., EoU appropriation) at the component-level

illustrated in Figure 3) are defined as reuse (yZ¢"5¢), remanufacture (y2¢™*™"), recycle (y,;~>°),
C,l C,l C,l

sale (y$9'°) and dispose (/7).

Number of components allocated for reuse, Ng;“¢ =y[ ;"¢ x N/ ¢ 4)

Number of components allocated for remanufacture, N/ ;™" = y ¢4 x N 67°7 (5)
Number of components allocated for recycle, N/ ;™ =y /¢ x N]*f°” (6)

Number of components allocated for sale, NS¢ = y5%t¢ x NJ¢fo¥ )

Number of components allocated for disposal, NP 8

— reuse reman recyc sale recov
=[1—= e > Fve Yy tver DN

NP is the number of component ¢ that needs to be manufactured new for the period i. A

production capacity maximum can constrain it (N7 "-"%%).

15



r—-- Product level = — =— = 4

Production
(Total
number of
products
produced)

Use

Returned
(Number of
products
that come
back to OEM

(Number of | |
products not | |
returned) | |

I Anlocated to, Fractions: :
Reuse in same application yre_use | 2
(back to use after cleaning & QA) o I ©
e
Il a
Remanufacture in same application }'mm‘m I 8
(back to use after cleaning, processing & QA) i I -
U
wv
Recycle to use as material to produce same product recyc I o
(to be decompaosed to material level) Yei v
1
or Eonagent)lﬁ Sale (Cascade) to use in other applications, cate |
I beyond scope of the model Yei |
|
J Dispase in landfill when no recoverable residual dispo |
1 value is present Yei |

Lost | =

[ =

Landfill

Fig. 3 Transition of products through life cycle stages and EoU-appropriation at component-level

The total number of components ¢ produced and delivered to the market in period i (Nc’fi”’d) is:

Prod — new reuse reman
Ng; ™" = Ngiw + Ne; ™" + Ngj 9)

(ati = 0: NZg¥se= 0 and NZ§™%" =0)

For each period i at the component level (component c), the production-mix (Né’{"d) is calculated

matching their demands (D;A.) while constrained by the N;'7*-™* and EoU allocation levels (as

visualized in Figure 4).

Taking the EoU hierarchy [44] as the initial basis of calculation, first, any available reuse

allocation (N;;"*¢) is used to fulfill demand of the period (D;A.). If that does not suffice,

remanufactured components (N ;") are used to fulfill the demand. If both those allocations

do not suffice, newly manufacturing is sought. If the demand for the product/component is lower

than the reuse or remanufacture allocations, the excess is allocated for recycling (updating the
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Fig. 4 Multi-period production-mix and EoU appropriation

total number of components recycled to N_;”"). All recovered content of each period i is

allocated to an EoU option in the next period (i+1).

In remanufacturing, the term “core” designates a key component (e.g., an engine cylinder block,
a toner cartridge casing) that is typically repurposed when other components are replaced or
repaired. In complex multi-level products, each sub-assembly can contain a “core.” When

calculating the number of new components to be manufactured in each period, the number of

cores (N,_,.;) and other components retained for remanufacturing (N reman_retain

c,i

) are factored

in. The retain ratio (A7¢¢%") indicates the percentage of a specific component type c retained. For
cores, the 176t js 100%. Thus, the total number of new components necessary to produce from

the component ¢ in period i is:

Ng"LleW — D]_AC _ (Ncr:lguse + Ncr'?man_retain)’ (10)

reman_retain _ i
Where NTe _ - AretamN .
cl c Ccoresl
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3.1.2. Material Requirement Calculations

Material mass requirement calculation for a “new” component considers the material efficiency
in component production (¢""). It compensates for the material scrappage during processing. If
the material m’s final mass in component c is m¢m, the total material m necessary to produce a

“new” component ¢ is M5’ = me ., /@™".

For remanufactured components, the material requirement factor (uz5;**") is the average
fractional material amount necessary to remanufacture a component back to its specification.

Thus, for a remanufactured component c, the additional material m needed is MZ57*%™" =

Muﬁ’{la". This assumes remanufacture processing has a similar material efficiency to “new”

new
P

component processing.

The total raw material m mass required (M:,ﬁ?) for producing the total number of new and

remanufactured components in period i (assuming reused components do not require additional

raw material) is,

Mreg — ZC MganN(?lEW + ZC Mg(—;’rrlnanN:(l—;man_ (ll)

mi

recyc

Using the recycling efficiency of material m (¢,, ° "), the total material mass available from

recycling in each period (RM2’%) can be estimated by:

RMEEE = Sememppe @ NI (12)

c,l

For period i, the actual material m mass recycled (RMZf %), total material m virgin mass

required (VM,, ;) and excess material m mass allocated as sale in other applications (RM,Sn‘ffe) are

18



calculated by comparing the material m requirement (M,Tn’f) and available recycled material m

(RMZ¥e) masses.

If RMZH > M0, then (13)
RMpE e = M2E, RMy2i® = RMo2t- My T and VM,,; = 0.

Otherwise, RMZtual = pMavall, VM, ; = M;’? — RMZ " and RMS%€ =0

3.2. Product Sustainability Performance (PSP) Evaluation

The scope of this work spans evaluating TBL impacts in all life cycle stages: pre-manufacturing
(material extraction and energy generation); manufacturing (processing and sales); use
(product’s functional and maintenance); and post-use (returns, recovery-processing, and

disposal). It also includes the transportation between and within those stages.
3.2.1. Product Sustainability Performance Metrics Considered

Quantifying PSP is a challenging task. It is particularly true in the design stage—a stage
markedly constrained by resources, time, and data. A recent PSP evaluation method [1]
developed specifically for the design stage was selected for the proposed analysis. The tables
below list several sustainability metrics and metric-clusters used for analyzing the economic
(Table 2), environmental (Table 3), and social (Table 4) impacts. Uniquely, this method also
explicitly quantifies the TBL impacts on three broad stakeholder groups (manufacturer,
customer, society-at-large), allowing a more comprehensive evaluation going beyond the typical

manufacturer-focused methods. The metric-clusters here are arranged to provide a more distinct
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perspective for each stakeholder. In addition, listing both costs and revenues allows a greater

understanding of each stakeholder’s economic impact.

The new framework was developed to be generic and look at high-level impacts to assess a PSP,
especially considering the production and EoU-appropriation. Many LCA-based methods
evaluate endpoint impact categories. Due to the design stage’s constraints, midpoint impact
categories and readily quantifiable metrics were found to be more apt. Furthermore, the metrics
were selected to reflect this paper’s focus on studying the production variations’ impacts on PSP.
The elemental metrics here provide a proof-of-concept for the framework. It is expandable to
incorporate the complete set of metrics and clusters discussed in [1], especially when relevant

modeling data and resources are available.

The social dimension, as identified in Section 2.1.1, is typically more challenging to quantify.
Table 4 lists some of the metrics and metric sub-clusters available to evaluate social dimension.

Prior studies [22, 63, 64] have detailed the methodologies and calculation of these metrics.

Table 2 Economic impact evaluation metric sub-clusters and specific metrics (Adapted from [1])

Affected/

Benefitted Life Cycle

Primary Stage Metric Sub-clusters Specific Metric Examples
Stakeholder

Category

Cluster: “Manufacturer” stakeholder category Gross Profit (3) = R_Manu - C_Manu
i. Cost for “Manufacturer” stakeholder category (C_Manu)

Manufacturer | M Capital cost Cost acquiring technology, employee training

PM, M, PU Material cost Virgin material acquisition cost, material
recycling cost

M Processing cost Energy cost, labor cost

PU Product recovery cost Buyback cost (portion), sorting cost

PU EoU activities cost (reuse, Processing cost related to each EoU activity

remanufacture, etc.)

PM, M, PU Waste disposal cost Landfill cost, labor cost

PM, M, PU Transportation cost Material transportation cost, EoU transportation
cost
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ii. Revenue for “Manufacturer” stakeholder category (R_Manu)

Manufacturer | M Product sales revenue Revenue from new, reuse, and remanufactured
product sales
PU Recovered components/assembly sales Revenue from component or assembly sales
revenue
PU Excess recycled material sales revenue

Cluster: “Customer” stakeholder category Gross Profit ($) = R_Cust - C_Cust
i. Cost for “Customer” stakeholder category (C_Cust)

Customer | U Product purchase cost Purchase cost of new, reused, or
remanufactured products, tax
U Product operational cost Consumables’ cost, operator labor cost

ii. Revenue for “Customer” stakeholder category (R_Cust)

Customer | U Product operational revenue

PU Product disposal value Product buyback value, product resell value

Cluster: “Society-at-large” stakeholder category Gross Profit ($) = R_Soc - C_Soc
i. Cost for “Society-at-large” stakeholder category (C_Soc)

Society-at-l. | PU Landfill costs
PU Recovery incentives Buyback cost (portion)
ii. Revenue for “Society-at-large” stakeholder category (R_Soc)
Society-at-l. | PM, M, U, PU Labor compensation Labor compensation in manufacturing
processes
PM, M, U, PU Tax revenue Sales tax, carbon/energy tax

Note: PM = Pre-Manufacturing; M = Manufacturing; U = Use; PU = Post-Use;

Table 3 Environmental impact evaluation metric sub-clusters and specific metrics (Adapted from [1])

Affected/
Benefitted Life Cvcle
Primary Stage y Metric Sub-clusters Specific Metric Examples
Stakeholder g
Category
Cluster: Primary material consumption (by material’s mass or a "weighted’ sum based on scarcity, value, etc.)
Society-at-l., | M, PU Primary material mass in products Primary material mass in new, reused, and
Manufacturer remanufactured products
M, PU Material mass discarded as waste Scrapped/consumable material mass in new,

reused, and remanufactured products
Cluster: Greenhouse gas emission (GHG) (GWP in Carbon Dioxide Equivalent (CO2e))

Society-at-1. | PM GHG emission due to material

production

M GHG emission due to manufacturing
processes

U GHG emission due to product usage

PU GHG emission due to EoU activities

PM, M, U, PU GHG emission in transportation
activities
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PU (-) GHG emission reduction due to

recovery

Cluster: Energy consumption (Btu, kWh, etc.)

(expandable si

milar to Cluster on GHG)

Cluster: Water/Other resource consumption

(expandable si

milar to Cluster on GHG)

Cluster: Waste emissions
(expandable similar to Cluster on GHG)

Note: PM = Pre-Manufacturing; M = Manufacturing; U = Use; PU = Post-Use;

Table 4 Social impact evaluation metric sub-clusters and specific metrics (Adapted from [1])

Affected/
Benefitted
Primary
Stakeholder
Category

Life Cycle

Metric Sub-clusters
Stage

Specific Metric Examples

Cluster: Product quality and durability score (product specific metrics)

Customer

Society-at-1.

Society-at-I.

Cluster: Circu

Society-at-1.

U Expected product lifespan (design
dependent)
U Product repairability score (design
dependent)
Cluster: Safety and health impact score
M Safety incidents in production
PM, M, U, PU Hazardous material exposure risk rating
Cluster: Regulatory and broader impacts score
M Direct employment opportunities
created
PM, M, U, PU Product regulatory compliance rating
larity compliance score
PM, M, PU Product Circularity Indicator (PCI)
PU Cascaded value to other CE loops
M Product design’s fit to larger CE system

Injury rate of processes
Human toxicity potential of activities

Number of employees in
manufacturing/operation

Value of material cascaded to other applications

Percentage of standard components in the
product

Note: PM = Pre-Manufacturing; M = Manufacturing; U = Use; PU = Post-Use;

3.2.2. Modeling Simplification Using Basic Measurement Categories

Due to this framework’s intended utility as a designer (and manufacturer) decision support tool,

the data collection and analysis process require simplification. For that, a combination of
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parametric and detailed modeling methods [57, 58] was chosen. The following five “basic
measurement categories” were used to simplify the modeling of sustainability metrics. The
categories were selected based on whether the product design can (directly or indirectly)

influence the type of measure considered in each category.
i.  Material-use based measurements:

This category of TBL metrics is estimated based on the correlations between primary material
masses used and metric-of-interest (e.g., cost of material, GHG emission in raw material
extraction). The primary (virgin) materials calculations are based on the VM, ;. The TBL
impacts due to closed-loop recycled (i.e., secondary) material are computed in the processing-

time-based category evaluating EoU-activities.

Equation (14) expresses a general form for the material-use based impact measure of metric x
(XM;) in period i, where it is a function of VM,, ;. Equation (15) suggests a simplified equation,
which calculates XM; using the rate of metric x impact per unit mass of material m (Xumat-use)
and the mass of virgin material m consumed (VM,,, ;). The rest of this paper uses simplified
equations to represent the calculations. These expressions require adaptation depending on the

application, and available data, measurements, or modeled variables-metric correlations.

XM; = Zm f(VMm,i) (14)

XMi = Zm Xumat_useVMm'i (15)

For instance, when calculating costs, the cost of material m1 for period i (CM,,, ;) is calculated

using the unit material ma cost (Cujmyt~"*¢) and total virgin material m: (VM,,, ;) required.
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ii.  Process-time based measurements:

This category is estimated by correlating the different manufacturing and EoU activity

processing times (e.g., cost of processing, GHG emission during processing).

act_type

The processing-time based impact measure of metric x (XP, ) in period i is calculated at

the production-type level (i.e., new manufacture, reuse, remanufacture, recycle, sale, and

disposal). It uses the number of components processed in each activity type (N;-~7¢), average

act_type

processing-time of process p for component ¢ (&,

), and the rate of metric x impact per unit

processing-time (Xub™¢™"):

act—-type __ act_type proc—t  act_type
XP, = Y2 N Xub tor (16)

iii.  Product usage-based measurements:

This category estimates TBL impacts during the “use” stage. It considers metrics that can be
modeled based on product usage (e.g., average number of hours of usage per period, number of
use cycles per period). All relevant metrics are evaluated at the product level (e.g., usage cost,

GHG emission in use of the product).
For a specific period n, the number of products in the use stage (N5¢) is:

N¥s¢ = Y, Prod; — Y=, EoL; @an
An average usage factor (t,.) is defined based on the number of hours (or another applicable
unit of measurement tracking usage) a single product is expected to be used during a period. The

usage-based impact measure of metric x (XU;) is calculated using the metric x impact rate per

Zsage):

unit time of usage, per product (Xu
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XU; = N¥set,  Xuusage (18)
For products with multiple types of uses or multiple distinctive usage patterns, the parameters

Xu;>*9€ and t,, represent multi-value arrays.
iv.  Number of products based measurements:

TBL impacts model for this category is based on the number of products (or components)

produced. Calculations differentiate between the production types (i.e., new-manufactured,

reused, and remanufactured) in each period i (Prodl.ty P€). Example metrics for this category
include manufacturer’s sales revenue, Customers’ purchase cost, revenue from the sale of

components for other applications.

The production-number based impact measure of metric x (XN;) is expressed using the metric x

prod.num

impact rate per unit product (Xuy,,, ):

d.
XN; = Y Prod??® Xuly oo™ ™ (19)
Transportation can also be simplified to measure using this category when every individual

product follows a similar path.

The EoU products unreturned to the manufacturer (i.e., lost products) are often discarded
improperly, ending up in landfills. For each metric, the burden of a single “lost product” is
assumed to be the same as the burden of discarding a single product in a landfill (or the most
common EoU-option taken, as appropriate for the application). This simplification assumption
enables TBL-impacts estimation for the disposal aspect of “lost products” using the “number of

products” category.
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v.  Fixed overheads and other measurements:

TBL impacts that are not variable (i.e., fixed) with other design and production parameters or not
applicable in the last four categories are quantified under this category (e.g., fixed overhead cost

(including capital costs) of operation, overhead GHG emissions).

When comparing product design alternatives, if a specific fixed aspect is common across all
alternatives, the evaluation can be simplified by disregarding those (e.g., multiple product

designs produced at the same facilities with the same fixed overhead metrics).

3.3. Aggregation of Metric-level Calculations

The estimated metrics (and sub-clusters) are then aggregated at the “Cluster” levels. This
aggregation is done for the entire production timeline (i.e., all periods studied) based on the
products and components quantities calculated in Section 3.1. If multiple basic measurement
categories are available for a metric, they are combined. For example, the total GHG emissions
cluster combines GHG emissions based on material production, manufacturing processes, and

product usage.

The economic dimension aggregation is straightforward as all metrics are typically calculated in
a single unit ($). In the environmental dimension, each cluster is calculated in a specific unit.
However, in the social dimension, the metrics within a cluster may not be directly compatible.
Thus, a “score” is calculated here, through aggregating the metrics sub-clusters as suggested

previously [27], by normalizing each metric using a benchmark.

For the economic dimension, the “Gross Profit” cluster is defined for each stakeholder category

(by taking the difference between cost and revenue). Understandably, an accurate gross profit
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value is incalculable without all applicable costs and revenue metrics. The cost and revenue
clusters are also individually significant when comparing different product design alternatives.
Additionally, all economic values are taken at the present value using an appropriate discount

rate to compensate for the economic value created over several periods.

Furthermore, the values estimated for each stakeholder category depict values for the entire
category of stakeholders (as further detailed in [1]) rather than for the individuals within that

category.

Once all PSP metrics are calculated for the entire production, per product metrics can be calculated
by dividing the values by respective production numbers (except for the “scores” which are

independent of production numbers).

4. Results and Discussion

This section illustrates the application of the proposed methodology to a consumer electronics
product with an established closed-loop flow. For this simplified example, the life cycle and
production data provided in the Supplementary Document was used as inputs. Since the specific
data are proprietary to the manufacturer, and the intention here is to examine the proposed
model’s concept (rather than making specific assertions on the TBL impacts of given activities),
these input values were based on typical data available in relevant literature [65, 66] and
reasonable approximations made consulting an industry expert. Moreover, to keep the

comparisons fair, all cases use the same input life cycle data set.
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4.1. Case Study Setup

MATLAB (version R2020a) computing environment was used to code and simulate the models.
At the product design stage, only imperfect information is available (say, from the marketing
department of the manufacturer, based on historical data and market models) regarding the future
states of demand and other production parameters. After consulting the typical information
available to the designer/manufacturer and its margin of error, the input values for the periodic
demand, product life, and recovery ratio were identified needing to be approximated by normal
distributions. Table 5 lists the system parameters, including the descriptive statistics of the
respective normal distributions. These parameters were also approximated by consulting the

typical historical and market data available.

Table 5. Parameters relating to the analyzed product system

Parameter name Value
Price of a new product $55
Price of a rebuilt product $45
Product demand * Cv=0.1
Product life (i.e., average use time, in # periods) p==6 c=1.5
Recovery ratio (R1) u=04 Cv=0.1
EoU appropriations for returned products:
Reuse fraction 5%
Remanufacture fraction 80%
Recycle fraction 10%
Sale fraction (cascade) 5%
Disposal fraction 0%

NOTE: A “rebuilt product” is a product with a reused or remanufactured component. In this manufacturer-involved recovery,
rebuilt products are brought back to the original specification, and are functionally comparable to brand-new products.
*Figure 5 presents periodic demand mean values. u = mean, o = standard deviation, CV = Coefficient of Variation (CV = o/w).

Figure 5 visually depicts the iterative process of forecasting the PSP. To account for the above-

mentioned uncertainty, the Monte Carlo method-based production plan simulation tests for

10,000 random instances. This stochastic simulation is done by sampling from the variable input
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distributions of product demand, product life, and recovery ratio parameters. This process loops
till the total number of periods examined (T) are simulated and then aggregated. The metric
results (discussed in Section 4.2.2) were also found to follow normal distributions. Tables 6 and
8 summarize results by listing the expected (i.e., mean) values. Given the stochastic nature of the

results, Section 4.2.2 statistically analyzes the results to confirm they are in fact significant.

__________________________________

:’ Product, processes, K Product specific
1 and systems ' TBL impact life
specifications | cycle data
1
Recovery ratio (R}) i . t
p=04, CV=0.1 Z & ! Production TBL metrics Yes Aggregate PSP

@"': p—plan modeling > =P metrics over the

i=1 ! Periodic-product demand ' Monte-Carlo | Simulation No production timeline
= ! !

d u=*, V=01 | Method —

; 1 etric-1 Z !

! I Testing for

i Product life span ! 10k random Metric2 _AL

i u=6, c=1.5 ! instances

} i=(i+1) Metric-... _JL

Fig. 5 Visual representation of the steps used in forecasting the PSP over the production timeline in four cases below

4.2. Comparison Between the Demand Curves (DCs)

The purpose of this section is to establish if the forecasted variation of PSP metrics due to
demand/production changes over time are substantial enough to significantly affect the PSP of
overall production, even after accounting for the uncertainty in data available at the design stage.
Therefore, it compares the PSP metrics for three distinct demand curve (DC) profiles (D1-D3)
and a hypothetical steady-state instance (SS)—that mimics the conventional sustainability

evaluations.

4.2.1. Demand Curves Considered

DCs are typically product-category and market-specific. However, by introducing minor product
updates, the designer can influence the DC shape. Figure 6 visualizes periodic product demands

29



of D1-D3 and SS, plotted for a 24-period production timeline. For each DC, the total product

demand over all periods (each period equals one month) adds up to 240,000 units. While demand

only spans 24-periods, the analysis in the simulation extends to capture sustainability impacts

due to entire production (T), including the EoU products returning after 24-periods.
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Fig. 6 Demand curve profiles of the three dynamic cases (D1-D3) and SS

Though not stated explicitly, due to their steady-state assumption, conventional sustainability

evaluations use averaged production parameters for the entire timeline. The SS case simulates

this. Since the total production is 240,000 units in 24-periods, in SS, the periodic production sets

to 10,000 units for all periods. Also in SS, the recovery and its EoU activity allocation are set to

their initial values listed in Table 5 for all periods (rather than deriving from Section 3.1 s

methods). Since the number of total products going into the “use” stage equals the total number

of products leaving it as EoU in SS, the EoU rate equals the production rate.

Table 6 lists the aggregate demand and production values estimated by the production-mix

calculations (from Section 3.1.1) for each case.
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Table 6. Average aggregated demand,

production, and lost product numbers through all production periods for each case

Demand

Production total
Brand new products
Rebuilt products

Lost products

D1 D2 D3 SS
239,918 240,326 239,869 239,918
239,918 240,326 239,869 239,918
181,609 209,551 168,047 158,300
58,309 30,775 71,822 81,618
143,895 144,051 143,965 143,898

4.2.2. Metric Cluster Results

Due to the repetitiveness and limited space, a select set of metric clusters was chosen from

Tables 2, 3, and 4 to evaluate the PSP of studied cases. The clusters (listed in Table 7) were

chosen to represent all TBL dimensions, primary stakeholder categories, and the entire product

life cycle. For the social dimension, individual metrics specific to each cluster were identified as

proxy measures. It simplifies calculations and enables direct comparison between different cases

considering relative variations (as given in Table 8 and Figure 8).

Table 7. Metric clusters used for product sustainability evaluation

Sustainability ~ Primary Stakeholder

# Dimension Category Impacted Metric Cluster (Specific Metric)
1. Economic Manufacturer Gross profit
2. Cost
3. Revenue
4. Economic Customer Gross profit
5. Cost
6. Revenue
7. Economic Society-at-large Gross profit
8. Cost
9. Revenue
10. Environmental Society-at-large Primary material consumption
11. Environmental Society-at-large GHG emissions
12. Social Society-at-large Safety and health impact score (Human toxicity potential)
13. Social Society-at-large Regulatory and broader impacts score (Direct employment opportunities)
14. Social Society-at-large Circularity compliance (Cascaded material mass)
15.  Social Society-at-large Circularity compliance (Product Circularity Index - PCI)
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Individual metrics and metric clusters in Table 7 were modeled using the approach presented in
Section 3.2.2. Individual metric value results are not presented here due to limited space. Figure
7 illustrates a breakdown of the manufacturer’s costs in each period of D1, representing many

similar calculations done.
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Fig. 7 Manufacturer’s cost breakdown for DI (in present value)

Table 8 summarizes per product average results of metric clusters for each case. The clusters are
first aggregated for the entire production timeline (of 24 periods in this example) and then
divided by the number of products produced (the “PCI” [32] is an exception as it is an index
score). Table 8 lists the expected values of the resulting (normal) distributions after the
calculation described in Section 4.1.1. The results illustrate that the changing DCs affect different

sustainability clusters to different extents.

32



Table 8. Variation of product sustainability metric-cluster values for each case, averaged per product

# Metric Cluster Unit D1 D2 D3 SS
1. Manufacturer - Gross Profit $ 16.15 14.02 17.32 17.85
2. Manufacturer - Cost $ 34.47 37.86 33.02 30.79
3. Manufacturer - Revenue $ 50.63 51.88 50.34 48.64
4. Customer - Gross Profit $ 106.09 104.66 107.19 -27.37
5. Customer - Cost $ 82.77 83.99 82.66 58.70
6. Customer - Revenue $ 188.86 188.64 189.85 31.33
7. Society-at-large - Gross Profit $ 12.13 13.09 11.75 11.05
8. Society-at-large - Cost $ 0.21 0.21 0.21 0.21
9. Society-at-large - Revenue $ 12.34 13.30 11.96 11.27
10. Primary Material Consumption kg 1.08 1.24 1.00 0.93
11. GHG emissions kg CO2eq 36.07 36.24 35.95 18.60
12.  Human Toxicity Potential DALY 4.90E-06 4.93E-06 4.87E-06 1.28E-06
13.  Direct Employment Opport. #work-hrs 1.89E-01 2.07E-01 1.80E-01 1.74E-01
14. Cascaded Material Mass kg 6.37E-02 1.36E-01 3.22E-02  0.00E+00
15.  Product Circularity Index (PCI) (score) 0.23 0.15 0.26 0.29

Figure 8 illustrates the percentage (absolute) change in PSP measures for each case, taking SS as
the reference. A few cluster results (e.g., customer’s gross profit, customer’s revenue, and human
toxicity) of D1-D3 cases show a substantial discrepancy (up to 5 times) from the steady-state
results. It is also important to note the considerable differences (up to 25%) within some clusters
(e.g., manufacturer gross profit, virgin material consumption, and direct employment

opportunities), which depend on the DC.
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Fig. 8 Percentage difference of cluster results for each demand profile (D1-D3) relative to the steady-state (SS) case.
(In absolute values)

Since the cluster results (Table 8) involve distributions, the statistical significance for mean
differences of cases D1-D3 and SS was tested. Welch’s analysis of variance method was utilized
due to the heterogenous case variances. At the 99% confidence level, all metric clusters show
significant mean differences. The effect size was also calculated to characterize the magnitude of
these differences. At the 99% confidence interval, most of the metric clusters exhibit a large
effect size. Exceptions were clusters# 1, 2, 7, 9, and 13 with medium effect size, and clusters# 3
and 8 with a small effect size [67]. Therefore, the PSP variabilities due to demand and
production variations are significant, even after accounting for the data uncertainty. It confirms
that disregarding demand cycle and production factors from PSP evaluation (as done

traditionally) leads to inaccurate assessment. Accordingly, product sustainability must be
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considered as a time-varying (i.e., dynamic) measure, influenced by factors beyond the product

design attributes.

The results agree with a previous publication [68], which presented the importance of assessing
sustainability performance after determining a design’s production plan. Additionally, the results
confirm that previously established sustainability and circularity metrics (e.g., PCI [32]) must

also consider this “dynamic” nature, especially when evaluating closed-loop flows.

Compared to many previous methods identified in Section 2.2.3, this framework comprises a
broader list of EoU streams, including reuse, remanufacturing, recycling, and cascade options.
That along with the considerations for all TBL dimensions and primary stakeholder categories,

the proposed framework allows for a more comprehensive assessment of PSP.

4.3. Limitations and Future Expansions

In this work, the data limitations restricted the number of chosen sustainability metrics. Like any
modeling effort, the accuracy of input data (life cycle and production) and simplification
assumptions (especially in detailed and parametric modeling) confine the accuracy of results.
However, by applying the Monte Carlo method to simulate distributions of plausible input data

for production parameters, an aspect of the data uncertainty was accounted.

Limitations also result due to the simplified assumptions made. The revenue and cost to society-
at-large were simplified by assuming all tax revenue and landfill costs aggregate into a single
entity (in reality, multiple entities such as city, state, and federal levels bear these). The lost
products leaking out of the closed-loop were assumed to be sent directly to the landfill. The

recovered products of one period were assumed to be used in the next period without inventory
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carry-over. The assumption of direct sales from manufacturer to customer also needs expansion
to be applicable in other settings. In non-B2B applications, calculating the customer’s revenue or

economic value from a product can become rather complex.

By analyzing the variation of PSP with different DC shapes (such as D1-D3 in Table 8),
designers can reverse-model the DC that allows the best PSP for a product. Then, by introducing
(minor) updates to retain customer interest in the product, the DC can be influenced to bring
closer to the identified best shape. Additionally, this discussion on product sustainability and

demand cycle can be extended to study product marketing planning to maximize PSP over time.

The decision to introduce major design updates (i.e., a new generation) must also consider the
overall sustainability implications. A new generation can advance the production and product’s
usage efficiency (thus, improve sustainability performance). However, it can also increase the
unusable secondary resources from the previous generation (late returns), negatively affecting
the overall PSP. Therefore, designers planning the generation (G+1) at time to (in Figure 9) must
take design decisions considering the production factors and their PSP implications for the entire
production timeline of generation (G+1). That requires the proposed framework to be extended
to multi-generational systems. It will also substantially add to the preliminary work [69] on

sustainable value creation for the CE through multi-generational product design.

Quantity

Generation-G Generation-(G+1)

S

Production (forecast) Time
= = = = Returns
to - Generation-(G+1)’s time of design

Fig. 9 Multi generation production and closed-loop planning
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5. Conclusions

Conventional PSP evaluation methods overlook the time-dependent variations by assuming a
steady-state production. This paper presents a novel and improved framework to
comprehensively evaluate the PSP in a closed-loop production by incorporating the demand
cycle and production variation using a simulation-based approach. Therefore, the proposed
framework can be used in the product design stage to forecast the variation of PSP over the
production timeline. Notably, the following major conclusions can be drawn from the present

work:

e The new methodology incorporates production factors (demand cycle, supply constraints
of closed-loop production, and EoU allocations) often disregarded in PSP and provides a
more comprehensive assessment

e The results confirm that disregarding these factors leads to significant inaccuracies in
PSP assessment

e The concept presented here quantifying the PSP as a dynamic measure on the temporal
dimension (rather than a design attributes-specific static value) is a paradigm shift that

applies to any measure of product sustainability and circularity

This framework was developed in cooperation with a consumer electronics company that is
focused on designing a robust product line recognizing the reality of the dynamic effects of the
demand cycle. The company also takes advantage of a closed-loop product eco-system that
benefits the customers and the shareholders in the CE. By implementing the proposed dynamic
PSP evaluation at the design stage to assess potential design alternatives, such companies can

better predict the most suitable product design options considering the market and production
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factors. Therefore, any manufacturer who pursues incorporating sustainability value proposition
in their business strategy should carefully consider the concept of dynamic product

sustainability.

Future research into dynamic PSP evaluation must expand it to other production flow types,
including cascading flows. Further domain-specific work must also be done to refine and
correlate the shape and characteristics of demand curve profile, expected product life, and EoU-
appropriation levels to the PSP. Additionally, fundamental work is being done to extend this

method to design and plan multi-generational products and optimize PSP for the CE.
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