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Abstract

The rapid diffusion of Industry 4.0 technologies creates a dual decision challenge for firms:
these technologies can support lean-oriented value creation while also increasing the
carbon footprint associated with hardware, energy use, data processing, maintenance, and
digital infrastructure. This study develops a multi-objective framework for selecting an
Industry 4.0 technology portfolio that balances lean value creation against carbon control.
A binary weighted goal programming model minimizes normalized deviations from
predefined carbon and lean value targets while considering technology-attributable, life-
cycle-oriented carbon burden, investment cost, implementation difficulty, multidimensional
lean value contribution, and technology dependencies. The carbon boundary covers
production, operation, maintenance, and end-of-life burdens attributable to the
technologies themselves; technology-enabled avoided emissions are not credited. Unlike
ranking-oriented multi-criteria decision-making approaches, the framework constructs
feasible technology portfolios under explicit target, resource, and dependency constraints.
An illustrative numerical application evaluates carbon-priority, balanced, and lean-priority
strategies, revealing distinct trade-offs between carbon excess and lean value shortfall.
Sensitivity and robustness analyses further examine the effects of managerial settings and
parameter uncertainty on portfolio selection. By integrating environmental and lean
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objectives within a single optimization framework, the study contributes to sustainable and lean operations research
and provides a structured decision-support tool for carbon-aware and lean-oriented Industry 4.0 investment
planning.

INTRODUCTION

The emergence of Industry 4.0 has fundamentally transformed production and service systems through the
integration of advanced technologies such as artificial intelligence (AI), robotics, cloud computing, and
cyber-physical systems!" . These technologies enable firms to achieve higher productivity, flexibility, and
value creation'”. At the same time, their adoption may introduce additional environmental burdens through
hardware production, electricity consumption, data processing, maintenance, and supporting digital
infrastructure®. Recent studies therefore point to a dual effect: digital technologies may support energy
efficiency, waste reduction, predictive maintenance, and other operational improvements, while these
operational benefits may be accompanied by technology-attributable life-cycle carbon burdens” ..

This tension is particularly relevant when firms must decide which Industry 4.0 technologies to adopt under
limited financial and organizational resources. Existing studies frequently address this decision through
multi-criteria decision-making (MCDM) approaches that assess or rank alternative technologies according
to economic, technical, organizational, and sustainability criterial’>**). Such approaches provide valuable
prioritization support, but they do not generally formulate the decision as a resource-constrained portfolio
problem in which combinations of technologies are selected jointly under explicit aspiration levels and
technology dependencies. Moreover, environmental considerations are often represented as broad
sustainability criteria rather than as the technology-attributable carbon burden associated with the selected
portfolio®. This leaves a need for a prescriptive framework that integrates operational value creation and
carbon considerations at the portfolio level.

Lean value creation provides an appropriate operational perspective for this decision because Industry 4.0
technologies can support improvements in lead time, quality, work-in-process and inventory, resource
efficiency, flexibility, and responsiveness!”'*. These improvements, however, should not automatically be
interpreted as measured carbon reductions, since the technologies that enable them may themselves require
energy-intensive computing, digital infrastructure, and hardware resources”*'". The resulting decision
problem therefore involves balancing lean-oriented value creation against technology-attributable carbon
burden while also respecting investment, implementation-capacity, and technological-dependency
conditions.

Goal programming (GP) is well suited to such a target-based decision setting because it minimizes deviations
from decision-maker-specified aspiration levels for competing objectives”>**). GP itself is an established
methodology and has been applied to project and portfolio decisions as well as low-carbon and sustainable
operations problems® . The contribution of this study is integrative and problem-oriented rather than
methodological: it formulates a binary weighted GP framework that brings together technology-attributable,
life-cycle-oriented carbon burden, multidimensional lean value, investment budget, implementation
capacity, and technology dependencies within a single Industry 4.0 portfolio-selection problem.

The contributions of the study are threefold. First, it moves beyond technology ranking by formulating
Industry 4.0 adoption as a constrained portfolio-selection problem in which feasible technology
combinations are determined under budget, implementation-capacity, and dependency conditions. Second,
it integrates technology-attributable carbon burden and multidimensional lean value within a normalized
target-based optimization structure, making the carbon-lean trade-off explicit without interpreting
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operational efficiency gains as measured carbon reductions. Third, it provides a scenario, sensitivity, and
robustness framework for examining how managerial preferences, carbon targets, resource availability,
parameter uncertainty, and dependency assumptions affect portfolio selection, while exact weight-breakpoint
and Pareto-efficiency analyses clarify how preference changes translate into alternative optimal portfolios in
the illustrative application. The resulting framework is intended as a decision-support structure that can be
populated with firm-specific data rather than as evidence that particular Industry 4.0 technologies are
universally preferable.

The remainder of this paper is organized as follows. Section “Conceptual framework and literature review”
develops the conceptual foundation and positions the study within the literature on lean value creation,
technology-attributable carbon burden, and portfolio decision-making. Section “Proposed GP model
formulation” presents the binary weighted GP formulation. Section “Numerical application” reports the
numerical application, sensitivity analysis, robustness analysis, and efficiency validation. Section “Managerial
implications” discusses the managerial implications and practical implementation of the framework. Section
“Conclusion” concludes the study and outlines directions for future research.

CONCEPTUAL FRAMEWORK AND LITERATURE REVIEW

This section develops the conceptual basis of the study through three complementary perspectives: lean-
oriented value creation, the carbon footprint implications of Industry 4.0 technologies, and the trade-off
structure underlying portfolio selection.

Value concept within the lens of lean manufacturing

Within lean manufacturing, value is defined primarily from the customer perspective and is created by
meeting customer requirements while minimizing non-value-adding activities and unnecessary resource
consumption. Lean thinking therefore emphasizes systematically reducing waste, variability, and overburden
across production processes.

Industry 4.0 technologies can complement these principles by improving process visibility, responsiveness,
data availability, and operational integration®*". Real-time monitoring, analytics, automation, and digitally
enabled coordination can support reductions in variability, downtime, defects, lead times, and inventory
while improving resource utilization and flexibility.

Accordingly, lean value is treated in this study as a multidimensional construct rather than a single financial
measure®'. Five performance dimensions are considered: (i) lead-time reduction; (ii) defect and rework
reduction; (iii) work-in-process and inventory reduction; (iv) resource efficiency improvement; and (v)
flexibility and responsiveness. These dimensions provide the operational basis for the lean value
representation used in the proposed model.

Carbon footprint implications of Industry 4.0 technologies

Industry 4.0 technologies can generate carbon burdens across several stages of their life cycle, including
hardware production, operation, maintenance, and end-of-life treatment'>'>*\. A life-cycle perspective is
therefore important because restricting assessment to operational energy use alone may overlook material-
and equipment-related impacts occurring before and after deployment”..

Operational carbon is particularly relevant for data-intensive technologies. Al cloud computing, digital
twins, and related applications may require substantial computing, storage, communication, and supporting
infrastructure”!. Recent carbon-aware optimization studies illustrate this issue in digital infrastructure.
Hanafy et al. examine carbon-cost-performance trade-offs in cloud workload scheduling”*, Cao et al.
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incorporate computing and physical-infrastructure emissions into adaptive data-center capacity
provisioning®, and Zhao et al. jointly optimize energy cost and carbon footprint in cloud data centers".
These studies show that the carbon burden associated with digital technologies depends not only on
operation but also on the supporting infrastructure required for deployment and use.

Production-stage carbon is also relevant because sensors, edge devices, robotics, mobile platforms, and
semiconductor-based equipment require materials, component manufacturing, assembly, and associated
supply-chain activities””**.. Maintenance, replacement, and end-of-life treatment can add further burdens
over the technology’s service period, particularly for electronic components and batteries.

At the same time, Industry 4.0 technologies may enable indirect carbon reductions through improved energy
efficiency, waste prevention, predictive maintenance, and process optimization. Such avoided emissions,
however, depend on plant-specific baselines, operating conditions, and interactions among technologies and
cannot be inferred directly from the technology itself. The present study therefore distinguishes between
potential technology-enabled reductions and the technology-attributable carbon burden associated with
adopting and operating the technologies. The latter defines the carbon-side decision boundary used in the
portfolio model, while technology-enabled operational improvements are represented through the lean value
dimension.

Trade-off structure, GP, and research positioning

Taken together, the preceding discussion indicates that Industry 4.0 investment decisions involve a portfolio-
level trade-off between operational value creation and the carbon burden associated with technology
adoption. Technologies that improve process visibility, quality, flexibility, resource utilization, and
responsiveness may simultaneously require additional hardware, computing, communication, and energy
resources'®”'"). Technology selection should therefore account for both operational benefits and
environmental burden rather than treating either dimension in isolation.

GP provides an appropriate structure for this type of decision when managers can specify aspiration levels
for competing objectives. Instead of optimizing a single criterion, GP minimizes deviations from predefined
targets and can therefore represent situations in which carbon control and operational improvement are
pursued simultaneously. Previous applications have used GP in sustainable and low-carbon supply-chain
planning, project and portfolio decisions, and lean production system implementation!?»**>2***!]_ These
studies establish GP as a well-established multi-objective decision method; accordingly, the contribution of
the present study does not arise from introducing a new GP technique.

The contribution of the present study instead concerns the integration of several features within Industry 4.0
portfolio planning. Candidate technologies differ in their technology-attributable carbon burden, lean value
contribution, investment requirement, implementation difficulty, and dependence on enabling
infrastructure”***. Existing Industry 4.0 studies provide important approaches for technology assessment
and selection, while related optimization studies address environmental technology portfolios or lean-
oriented objectives. To clarify the position of the present framework relative to these streams, Table 1
compares six closely related studies using the decision features directly relevant to the proposed model.

The comparison shows that these studies address complementary parts of the present decision problem.
Almeida et al. provide a multidimensional framework for Industry 4.0 investment appraisal and explicitly
recognize technology prerequisites, but do not formulate them as portfolio constraints"*?.. Maretto et al.
extend technology selection to groups of related digital technologies!'””, whereas de Mendonga Santos ef al.
prioritize sustainability functions supported by Industry 4.0 technologies rather than optimizing technology
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Table 1. Comparison of related studies and the present framework

Stud Main decision Portfolio Technology-attributable Lean-oriented Implementation-capacity Technology
v approach optimization carbon burden value constraint dependencies/prerequisites

MCDM

Almeida et al.’™  investment - - - - A
appraisal
Fuzzy AHP

Maretto et al.™  technology A - - - -
selection

de Mendonca Fuzzy-DEMATEL B A

Santos et al.'"®! prioritization
Multi-objective

Kellner et al.t“2 portfolio A - - -
optimization
LCA-based

Bonello et al.t™ multi-objective A - - -
optimization

Karakutuk and

Ornek 6P ) . v .

Present study Binary weighted \ v v v R

GP

vV indicates that the feature is explicitly represented in the decision model; A indicates that a related aspect is considered but is not represented in
the same explicit form; - indicates that the feature is not represented. MCDM: Multi-criteria decision-making; AHP: analytic hierarchy process;
DEMATEL: decision-making trial and evaluation laboratory; LCA: life cycle assessment; GP: goal programming.

portfolios"®. Kellner et al. optimize powertrain technology portfolios under greenhouse gas (GHG)
considerations'*”, while Bonello et al. combine life-cycle environmental assessment with multi-objective
optimization of technology combinations"'. Karakutuk and Ornek, in turn, demonstrate the use of GP for
lean-oriented production objectives™'.

Among the related studies examined in Table 1, none simultaneously represents portfolio selection,
technology-attributable carbon burden, lean-oriented value, implementation capacity, and technology
prerequisites within the same prescriptive decision model. The contribution of the present study is therefore
integrative and problem-oriented rather than a methodological extension of GP. The framework brings these
decision dimensions together in a binary weighted GP formulation that identifies feasible Industry 4.0
portfolios under carbon and lean aspiration levels, resource limitations, and technology-dependency
conditions.

PROPOSED GP MODEL FORMULATION

Problem definition

The decision problem addressed in this study concerns the selection of an Industry 4.0 technology portfolio
that simultaneously supports lean-oriented value creation and controls the technology-attributable carbon
burden associated with emerging digital and automation technologies. A firm is assumed to evaluate a finite
set of candidate technologies, each of which requires a given investment cost, consumes a certain
implementation capacity, contributes to lean value creation, and generates a technology-attributable, life-
cycle-oriented carbon burden. The central managerial question is therefore not only which technologies
provide higher operational value, but also which combination of technologies can be adopted without
creating an excessive carbon burden.

The problem has an inherently multi-objective structure. On the one hand, the firm seeks to minimize the
total carbon burden of the selected technologies. On the other hand, it aims to maximize lean-oriented value
creation through improvements in lead time, quality, inventory, resource efficiency, and operational
flexibility. In its basic form, the decision structure can be expressed as follows:
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man Cl-xi (1)
iel

maxz; Ll-xi (2)
i€

subject to budgetary, implementation-capacity, technology-dependency, and binary selection constraints.
These two objectives may conflict with each other. A portfolio that generates higher lean value may require
additional hardware, more energy-intensive digital infrastructure, or greater computational capacity, whereas
a lower-carbon portfolio may fail to achieve the desired level of lean transformation. Because the two criteria
are measured in different units and reflect different managerial priorities, optimizing either objective in
isolation would provide an incomplete basis for strategic technology selection.

To reconcile these competing priorities, the proposed framework adopts a GP approach. In the proposed
model, carbon burden and lean value are treated as target-based goal dimensions: exceeding the carbon
target and falling short of the lean value target are the undesirable deviations to be minimized. The model
therefore seeks a technology portfolio that minimizes the weighted and normalized deviations from these
two targets, subject to budget, implementation-capacity, and dependency constraints.

Model assumptions
To delineate the scope of the proposed framework and to keep the formulation tractable and transparent, the
following assumptions are adopted:

(1) Each candidate technology is either fully adopted or not adopted within the planning horizon; partial or
incremental adoption is not considered, which justifies the use of binary decision variables.

(2) All model parameters, including carbon components, lean value contributions, investment costs, and
implementation-capacity requirements, are treated as deterministic point estimates in the baseline
formulation. Uncertainty in these inputs is examined separately through the robustness analysis.

(3) In the baseline formulation, portfolio-level carbon footprint and lean value are calculated from
technology-level parameters. These parameters are interpreted as adjusted, incremental, and non-
overlapping decision inputs rather than as gross, standalone effects. Accordingly, the lean value contribution
of a technology represents its additional contribution after accounting for the roles of prerequisite and
enabling technologies, while the carbon parameter reflects the technology-attributable burden assigned to
that technology, without double-counting shared infrastructure. Interaction effects beyond the explicitly
modeled prerequisite and infrastructure dependencies are not estimated endogenously in the baseline model.

(4) The decision is made for a single strategic planning period; the timing and sequencing of investments
within the horizon are not modeled.

(5) The aspiration levels for carbon burden and lean value, as well as the goal weights, are specified by the
decision-maker and reflect the firm’s strategic orientation toward sustainability and operational excellence.

These assumptions define the baseline formulation and keep the model transparent for target-based portfolio
selection. Extensions for portfolio-level interaction effects are discussed after the model formulation.

Construction of carbon parameter
The carbon parameter C, represents the technology-attributable carbon burden of technology i. The total

carbon burden is represented through four components:
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Ci=CPod 4 coP g cmaint y ceol el 3)

where C?“ denotes production-stage carbon associated with raw material acquisition, component
manufacturing, hardware production, assembly, packaging, transport, and initial deployment; C* represents
operational carbon arising from electricity use, data processing, cloud computing, communication, and
computational requirements; C,"*" captures the carbon burden associated with servicing, spare parts,
replacement activities, and hardware or software maintenance; and C* represents end-of-life carbon

associated with recycling, recovery, treatment, or disposal.

The system boundary covers the carbon burden attributable to the technologies themselves. The model does
not estimate the net plant-level carbon effect after accounting for technology-enabled energy savings, waste
reduction, defect prevention, reduced downtime, or other avoided emissions. Such operational
improvements are represented, where relevant, through the lean value dimension and are not subtracted
from C,. This separation avoids treating lean resource-efficiency improvements as measured carbon
reductions or implicitly crediting avoided emissions without plant-specific evidence. The framework
therefore identifies which portfolio delivers lean value under a specified technology-attributable carbon
burden; it does not determine which portfolio minimizes the net carbon footprint of the plant.

Carbon unit, life-cycle alignment, and planning horizon

Carbon parameters in the numerical application are expressed in normalized carbon footprint units (CFU)
because the analysis is illustrative and is not based on a plant-specific emissions inventory. Published carbon
estimates for Industry 4.0 technologies frequently differ in system boundary, functional unit, deployment
scale, utilization, electricity mix, and equipment lifetime: embodied carbon is reported per device for Internet
of Things (IoT) and edge hardware®/, per server or per chip for computing hardware®, and at sector level
for information and communication technology”’. Assigning plant-level values in kg CO,-eq by combining
such heterogeneous evidence would therefore imply a degree of physical precision that the illustrative data
do not support. CFU is used to represent the relative carbon profiles of the alternatives without presenting
these values as measured emissions.

The optimization structure is invariant to a common positive rescaling of the carbon coefficients and the
carbon target. If all C, values and C*** are multiplied by the same constant k > 0, the corresponding carbon

deviation is scaled by the same factor, and the normalized term d."/C**" remains unchanged. Thus, changing

only the carbon measurement unit does not alter the optimal portfolio, provided that the carbon coefficients
and target are expressed on the same basis.

In a firm-specific application, the carbon coefficients may be obtained from physically measured emissions
by a fixed scaling. Let E, denote the technology-attributable carbon burden of technology i, expressed in kg
CO,-eq, and let A be a scaling constant expressed in kg CO,-eq per CFU. Then

C; = Ei//l, ctarget _ Etarget//l (321)

and the same scaling applies to each of the four components, so that Equation (3) holds in either unit.
Practitioners may equally omit the scaling and enter all coefficients and the target directly in kg CO,-eq; no
change to the formulation is required. In the present numerical application, however, the CFU coefficients
are structured relative decision parameters rather than rescaled empirical measurements.

The four-component structure in Equation (3) follows a simplified life-cycle perspective consistent with the
general principles of ISO 14040 and ISO 14044"**) and with the GHG Protocol Product Life Cycle
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Accounting and Reporting Standard”®’!. The production-stage component corresponds to the material
acquisition and production stages of those frameworks, the operational and maintenance-related
components to the use stage, and the end-of-life component to the end-of-life stage. As noted in Section
“Carbon footprint implications of Industry 4.0 technologies”, the structure supports decision-oriented
carbon accounting and should not be interpreted as a full ISO-conformant life-cycle assessment of the
individual technologies; it addresses only technology-attributable greenhouse gas emissions.

Consistent aggregation further requires the four components to refer to a common planning horizon and
deployment basis. Let T denote the planning horizon. One-time or asset-related emissions and recurring
annual emissions may then be placed on a common planning-horizon-equivalent basis:

T . ) )
Ei(T) — ; (Eiprud,umt + E[eol,umt) +T (Eop,yr + Eimalnt,yr) (3b)

i i

4

where 7, is the expected service life of technology i in years; EZ"**"* and E***" are the production-stage and
end-of-life emissions associated with one equipment life; and E" and E;"*"*" are the annual operational and
maintenance-related emissions. Equation (3b) provides a service-life-adjusted planning-horizon basis for
portfolio comparison rather than a literal inventory of emissions physically occurring within the horizon.
Where detailed replacement and disposal schedules are available, actual timing can be used instead.

In empirical applications, the resulting coefficients vary with deployment scale, utilization, electricity mix,
equipment lifetime, and end-of-life treatment. Operational carbon is strongly influenced by electricity
demand and the relevant grid emission factor; therefore, a lower-carbon electricity mix reduces the
operational component and increases the relative importance of embodied carbon. These assumptions
should therefore be defined consistently across the candidate technologies and reported alongside the
coefficients. End-of-life recovery or recycling credits may be incorporated where the selected carbon-
accounting convention supports them.

Construction of lean value parameter

Lean-oriented value creation is defined as a composite lean value score derived from multiple lean
performance dimensions. Let gq,, denote the illustrative lean contribution score of technology i with respect
to lean value dimension m. In the numerical application, g,, is assigned on a 1-10 scale, where higher values
indicate stronger expected contribution. Let «,, be the weight of lean value dimension m, with «,, > 0 and

T, ey, = 1. The composite lean value score of technology i is calculated as:

L; =10 Z AmGim, Vi € 1 (4)
meM

Since q,,, € [1, 10], the weighted average £, < ,«,4,, also liesin [1, 10], and L, lies in [10, 100]. The

multiplication by 10 is used only to express the technology-level lean contribution on a convenient 10-100
score scale.

In a firm-specific application, both the dimension weights and technology scores should be elicited
systematically rather than assigned directly. A cross-functional expert panel representing relevant functions
such as production, maintenance, quality, information technology, and sustainability can first define
anchored descriptions for the 1-10 scoring scale. The dimension weights o, may then be elicited using a
structured weighting method such as analytic hierarchy process (AHP) or best-worst method (BWM), while
the technology-level scores g,, may be obtained through a Delphi-based procedure, in which experts provide

independent initial assessments, review anonymized group feedback, and revise their judgments where
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appropriate. The resulting scores may be aggregated using the median or another prespecified group-
aggregation rule.

As with any expert-based assessment, the elicited values may be affected by anchoring, differences in scale
interpretation, expert selection bias, or overly optimistic expectations for particular technologies. These risks
can be reduced through explicit scale anchors, independent initial scoring, anonymized feedback, and a
common evaluation procedure applied consistently across all technologies. The resulting parameters should
therefore be interpreted as structured managerial judgments, and their uncertainty can be examined through
sensitivity or robustness analysis.

Sets, parameters, and decision variables
The notation used in the proposed model is summarized below.

Sets

I Set of candidate Industry 4.0 technologies, indexed by:

M  Set of lean value metrics, indexed by m.

P Set of prerequisite relationships; if (j, i) € P, technology j may be selected only if prerequisite technology i
is also selected.

A, Set of alternative infrastructure technologies, any one of which can satisfy the infrastructure requirement

of technology j.

Parameters

C. Total technology-attributable carbon burden of technology i.
Cr**  Production-stage carbon components of technology i.

C*  Operational carbon components of technology i.

Cn Maintenance-related carbon components of technology. i

C" End-of-life carbon components of technology i

L, Composite lean value score of technology i.

q,, Lean contribution score of technology i with respect to metric m.
a,, Weight of lean metric m.

K, Investment cost of technology i.

H, Implementation-capacity requirement of technology i.
B Total available investment budget.

H™*  Maximum available implementation capacity.

Cwet Carbon target.

L*#  Lean value target.

we, w,  Weights of the carbon and lean value goals.

Decision variables
x, Binary variable equal to 1 if technology i is selected and 0 otherwise.
d.,d. Positive and negative deviations from the carbon target.

d,’,d, Positive and negative deviations from the lean value target.

Binary weighted GP formulation
Following the standard weighted GP structure described by Jones and Tamiz!**, the proposed binary
formulation is expressed as follows:

. .
_de 4
Ctarget L

MinZ = we Tfarger (5)
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subject to:
> Cixi +dg - df = Crerset (6)
iel
> Lixi+dp - df = L'7&! )
iel
D Kixi < B (8)
iel
ZH,-xi < gmax (9)
iel
xj <x;,V(j,i)eP (10)
XjSZX[,Vj:AJ':#@ (11)
iGAj
xi€{0,1},Viel (12)
df.dg.dy,d; >0 (13)

The objective function (5) minimizes the weighted and normalized deviations from the carbon footprint and
lean value targets. Normalization by the corresponding target makes the two deviation terms dimensionless
and prevents differences in numerical scale from determining their relative importance. Only d.." is penalized
for the carbon goal because exceeding the carbon aspiration level is undesirable, whereas only d," is penalized

for the lean goal because falling short of the desired lean value is undesirable. Performance beyond either
aspiration level receives no additional reward. This target-satisfaction structure represents a satisficing
decision context in which the objective is to control carbon burden while attaining a desired level of lean

22,24

value”*!. If continued improvement beyond either target is itself valued, a different objective structure, such

as a conventional weighted objective or a lexicographic formulation, would be more appropriate.

The weights w. and w, represent the relative importance assigned to proportional carbon excess and
proportional lean value shortfall. They should therefore not be interpreted as a direct exchange rate between
one CFU and one unit of lean value. Because portfolio decisions are discrete, changes in the weights do not
necessarily produce gradual changes in the solution; Section “Weight breakpoints and Pareto-efficiency
validation” examines the resulting weight intervals and portfolio breakpoints.

Constraints (6) and (7) are the goal constraints; they measure, respectively, the deviation of the selected
portfolio’s total carbon footprint and total lean value from their target levels. Constraint (8) ensures that total
investment cost does not exceed the available budget, while constraint (9) limits the cumulative
implementation difficulty of the selected portfolio to the firm’s available managerial and technical capacity.
Constraint (10) enforces strict prerequisites, while constraint (11) requires that, for any technology
depending on supporting infrastructure, at least one admissible infrastructure alternative be present. Finally,
conditions (12) and (13) impose the binary and non-negativity requirements on the decision and deviation
variables, respectively.

The baseline formulation assumes additive portfolio-level carbon and lean value. To avoid double counting,
the technology-level parameters are therefore constructed as incremental, non-overlapping contributions
relative to a defined reference configuration of the plant’s existing sensing, network, computing, and
analytics infrastructure. For dependent technologies, the contribution is assessed conditional on the
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prerequisite technology already being available. For example, the lean contribution of predictive
maintenance is evaluated as the additional improvement obtained when IoT-based monitoring is already in
place. Shared infrastructure is accounted for only once, either as a separate platform component or through
allocation among the technologies using a documented physical basis such as computing time, storage
demand, communication traffic, or installed sensing capacity. The same incremental principle is applied to
shared carbon burdens.

Where material interactions remain after this attribution procedure, the formulation can be extended using
pairwise interaction variables y,, where y,, = 1 if technologies i and j are selected together, and y,, = 0
otherwise. Let S denote the set of technology pairs for which interaction effects are relevant. The auxiliary
variables are linearized as:

Vij SXi,Yij £Xj,yij2xi+x;—1,y; €{0,1},V(i, j) € S (14)

The corresponding portfolio-level lean value and carbon burden become:

L(x) = Z Lix; + Z YijYij

il (i.)es (15)
C(x) = Z Cix; + Z 0ijyij
iel (i,j)eS

where y, represents synergy, overlap, or diminishing returns in lean value, and J, represents additional or
avoided carbon burden associated with joint implementation or shared infrastructure. These interaction
coefficients are not estimated in the numerical application because they require firm-specific deployment
and operational data. The baseline model therefore uses the incremental technology-level parameters
together with the explicit dependency structure.

Scenario-based preference setting

To examine how managerial priorities shape the selected Industry 4.0 technology portfolio, the model is
solved under three preference scenarios. These scenarios represent different strategic orientations toward
carbon control and lean value creation, with w, + w, = 1:

Carbon-priority: w,. = 0.70, w, = 0.30

Balanced: w,. = 0.50, w; = 0.50

Lean-priority: w, = 0.30, w; = 0.70

The carbon-priority scenario gives greater emphasis to avoiding carbon-target violations. The balanced
scenario assigns equal importance to carbon control and lean value creation. The lean-priority scenario
emphasizes achieving the desired lean value level while still penalizing carbon excess. Comparing the
resulting portfolios provides a scenario-based assessment of how the selected technology set changes as the
strategic emphasis shifts between sustainability and operational improvement.

NUMERICAL APPLICATION

This section presents an illustrative numerical application to demonstrate the use and interpretability of the
proposed binary GP model. The application considers a manufacturing firm that plans to invest in a
portfolio of Industry 4.0 technologies under limited financial and implementation resources. The firm seeks
to support lean-oriented value creation while controlling the carbon burden associated with the selected
portfolio.
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Table 2. Industry 4.0 technology alternatives

T loT-based machine monitoring T6 Digital twin

T2 Al-based quality inspection T7 Cloud manufacturing analytics
T3 Predictive maintenance T8 Edge computing

T4 Collaborative robots T9 RFID/RTLS tracking

T5 AGV/AMR internal logistics T10 Additive manufacturing

loT: Internet of Things; Al: artificial intelligence; AGV: automated guided vehicle; AMR: autonomous mobile robot; RFID: radio frequency
identification; RTLS: real-time location system.

To avoid implying the direct measurement of actual emissions, carbon-related quantities are expressed in
normalized CFU, investment requirements in cost units (CU), lean value contributions as a composite lean
value score, and implementation difficulty in implementation-capacity units. These decision scales provide a
consistent basis for representing the illustrative parameters without implying firm- or sector-specific
measurements. Accordingly, the numerical results should be interpreted as evidence of model behavior
rather than as empirical evidence of the superiority of specific Industry 4.0 technologies.

Technology alternatives

The firm evaluates ten Industry 4.0 technology alternatives, listed in Table 2. These technologies were
selected to represent a broad set of digital, data-driven, and automation-oriented technologies commonly
associated with smart manufacturing and lean transformation. Prior studies on the Industry 4.0 and lean
manufacturing interface emphasize that technologies such as IoT, cloud computing, simulation, advanced
robotics, additive manufacturing, and data analytics can support different levels of the value stream and
contribute to operational improvement, process visibility, and resource efficiency**°.. Recent studies also
highlight a broader technology set, including AI, industrial IoT, digital twins, big data analytics, advanced
robotics, and additive manufacturing, as key enablers of sustainable and data-driven industrial
transformation.

The alternatives differ in their technological role within the illustrative setting. IoT-based monitoring (T1),
radio frequency identification (RFID)/real-time location system (RTLS) tracking (T9), and edge computing
(T8) are treated primarily as enabling infrastructure technologies because they support data acquisition,
connectivity, traceability, and local processing. Predictive maintenance (T3), digital twin (Ts), and cloud
manufacturing analytics (T7) are represented as data-driven decision-support technologies because they use
operational data to improve planning, monitoring, maintenance, and process control. Collaborative robots
(T4), automated guided vehicle (AGV)/autonomous mobile robot (AMR) internal logistics (T5), and
additive manufacturing (T10) are treated as more hardware-intensive technologies.

Parameter setting for the numerical application

The numerical application uses a structured illustrative parameter set covering carbon burden, lean value
contribution, investment cost, implementation difficulty, managerial targets, and technology dependencies.
Each parameter is classified according to its construction basis as literature-informed (L), engineering-based
(E), or application-specific (X). Literature-informed parameters reflect relative technology characteristics
reported in previous studies; engineering-based parameters represent comparative technical characteristics
applied consistently across the alternatives; and application-specific parameters represent values that would
be estimated or elicited from firm data, managers, or experts in an empirical implementation. Table 3
summarizes this classification. Because the construction basis represents comparative technology profiles
rather than empirical absolute levels, the parameters should be interpreted as structured relative decision
inputs. Their numerical magnitudes are used directly in the optimization, while the absolute values should
not be interpreted as measured firm-level quantities.



Ervural et al. Carbon Footprints 2026, 5, 55 Page 13 of 30

90

80
—_
-}

2 70
)]
5

- 50
—
>

o 40
c

o 30
2

c 20
O

10

0

T1—loT- T2 — Al-based T3 — T4 — T5 — T6 — Digital T7 — Cloud T8 — Edge T9 — T10 —
based quality Predictive  Collaborative =~ AGV/AMR twin manufacturing computing RFID/RTLS Additive
machine inspection  maintenance robots internal analytics tracking  manufacturing
monitoring logistics

M Production m Operational ™ Maintenance B End-of-life

Figure 1. Carbon footprint components of technology alternatives. CFU: Carbon footprint unit; loT: Internet of Things; Al: artificial
intelligence; AGV: automated guided vehicle; AMR: autonomous mobile robot; RFID: radio frequency identification; RTLS: real-time
location system.

Table 3. Provenance and construction basis of the illustrative parameters

Parameter Basis Construction

Broad relative profiles are informed by reported differences in hardware intensity and operational energy, computing,

Cprod, Co» L/E and communication requirementst¢202381: the numerical CFU values are illustrative rather than literature-derived
measurements

Crnt Ceo £ Comparative values reflect servicing requirements, replacement intensity, electronic or electromechanical content,
b and end-of-life treatment requirements

q M Technology contributions to the five lean dimensions on the 1-10 scale defined in Section “Construction of lean value
" parameter”

u M Equal weights are adopted as the baseline; firm-specific weights are elicited as described in Section “Construction of
" lean value parameter”

K; E/X Relative values reflect acquisition and integration effort; absolute investment requirements are firm-specific

Relative values reflect technical integration, organizational effort, training requirements, and implementation

! E/X complexity

Managerial settings defining the resource limits and aspiration levels of the numerical application (Section “Cost,

max (TCtarget | target
B Hre:, Cont L X implementation difficulty, and model settings”)

CFU: Carbon footprint unit.

Hllustrative carbon parameters

The carbon parameters are constructed comparatively across the ten alternatives using the four components
defined in Section “Construction of carbon parameter” and the construction bases summarized in Table 3.
The component values for each technology are reported in Supplementary Table 1.

Figure 1 presents the resulting carbon composition of the alternatives. Hardware-intensive technologies
exhibit comparatively larger production-stage components, whereas data- and computing-intensive
technologies exhibit relatively greater operational components. The alternatives therefore differ in both their
carbon profiles and their total technology-attributable carbon burdens.
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Table 4. Model settings used in the numerical application

Parameter Value
B 340
Hmax 18
(Ctareet 220
[tareet 350

T 5years

Illustrative lean value parameters

Lean-oriented value creation is represented through the five performance dimensions defined in Section
“Construction of lean value parameter”. Technology-level scores are assigned on a common 1-10 scale to
represent relative contributions to lead-time reduction, quality improvement, work-in-process and inventory
reduction, resource efficiency, and flexibility and responsiveness. Equal dimension weights (a,, = 0.20) are
adopted as the baseline weighting structure, and the composite lean value follows from Equation (4). The
scores are structured to represent heterogeneous lean contribution profiles across the five dimensions.
Supplementary Table 2 reports individual scores and the resulting composite values.

The resulting lean values are composite decision parameters rather than measured performance outcomes. In
an empirical implementation, firm experts would elicit both the technology scores and the dimension
weights using the procedure described in Section “Construction of lean value parameter”. Figure 2
summarizes the weighted and rescaled lean value components of the alternatives, consistent with the
composite lean value calculation in Equation (4).

Cost, implementation difficulty, and model settings

Investment-cost parameters reflect relative differences in acquisition and integration effort, while
implementation-difficulty parameters represent the technical, organizational, and managerial effort
associated with deployment, including system integration, training requirements, and implementation
complexity. Both groups are expressed on relative illustrative scales and would be replaced by firm-specific
estimates in an empirical application. Table 4 presents the model settings.
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Table 5. Technology dependency constraints assumed for the illustrative application

Constraint Interpretation Justification within the assumed architecture

The model assumes no pre-existing condition-monitoring layer, so T1 supplies the machine-level

Predictive maintenance is condition data on which failure prediction depends. Condition-monitoring and diagnostic

X3 S X i - i . s o, . . .
T Ir:g:g;grio-r based machine architectures distinguish data acquisition and processing from subsequent diagnostic and
g prognostic functionst*®), Where such sensing already exists, this constraint can be removed
T6 is defined here as a continuously updated digital representation synchronized with shop-floor
w<x Digital twin is linked to loT- data. In the established classification of digital twins by degree of data integration, a representation
6 = M

based machine monitoring without automated data exchange with the physical asset is classified as a digital model rather than
a digital twint”), Offline simulation applications would therefore not carry this dependency

The cloud-analytics application modeled here uses machine-level operational data supplied through
T1, consistent with cloud-manufacturing architectures that connect manufacturing equipment and
machine-data acquisition with cloud-based analyticst®. If equivalent data are already available
through MES, ERP, or historian systems, this constraint can be relaxed

Cloud manufacturing
X; <X analytics is linked to loT-
based monitoring

In the modeled application, the processing required for Al-based quality inspection is assumed to
be provided through either cloud analytics or edge computing. The relevance of such computing
infrastructure is consistent with manufacturing quality-inspection architectures combining machine
learning with edge-cloud computingt®!

Al-based quality inspection
X, <X, +Xg  requires cloud or edge
computing

In the modeled configuration, T9 provides the localization and load-tracking infrastructure used for
material tracking and dispatching. RTLS technologies have been reviewed against manufacturing
use cases of this kind®, and their deployment alongside AGVs to support smart material handling
has been proposed®”. Architectures relying on alternative on-board localization methods would not
carry this dependency

AGV/AMR logistics is linked
to RFID/RTLS tracking

loT: Internet of Things; MES: manufacturing execution system; ERP: enterprise resource planning; Al: artificial intelligence; AGV: automated guided
vehicle; AMR: autonomous mobile robot; RFID: radio frequency identification; RTLS: real-time location system.

The settings were selected to create a constrained and non-trivial decision environment, and their resulting
properties characterize that environment. The budget corresponds to approximately 44% of the total cost of
adopting all ten alternatives, while the implementation-capacity limit corresponds to approximately 42% of
their total implementation-difficulty requirements, thereby restricting simultaneous adoption of the full
technology set. Under the baseline resource and dependency conditions, the lean value target corresponds to
the maximum attainable lean value, whereas the carbon target is individually attainable but cannot be
satisfied simultaneously with the lean target. The baseline setting therefore generates an active trade-off
between the two goals. Carbon excess and lean value shortfall are permitted but penalized in the objective
function, whereas the budget and implementation-capacity limits are hard constraints. The dependency
relationships are specified in Section “Technology dependency constraints”.

Technology dependency constraints

Industry 4.0 technologies may rely on shared data-acquisition, computing, localization, or tracking
infrastructure. These relationships are represented in the model through the strict prerequisite and
infrastructure-alternative constraints introduced in Section “Proposed GP model formulation” [Equations
(10) and (11)]. The numerical application adopts the architecture-specific dependencies reported in Table 5.

These constraints represent the technology architecture assumed for the illustrative application rather than
universal requirements of the corresponding technologies. In a firm-specific application, the dependency set
should be defined according to the organization’s existing digital infrastructure and implementation
architecture, and individual constraints may therefore be added, removed, or modified. The robustness
analysis in Section “Robustness Analysis” evaluates the sensitivity of the results to alternative relaxed and
strengthened dependency configurations.

Computational results

The model was implemented in General Algebraic Modeling System (GAMS) and solved separately for each
preference scenario. Because the application contains only ten candidate technologies, global optimality was
independently verified by complete enumeration of all candidate portfolios. Table 6 reports the optimal
portfolios and their performance values.
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Figure 3. Portfolio performance against the carbon and lean value targets across the three scenarios. (A) Carbon burden vs. target; (B)
Portfolio lean value vs. target. CFU: Carbon footprint unit.

Table 6. Optimal technology portfolios under the three preference scenarios

Scenario Selected technologies Total carbon Lean value Cost Difficulty Carbon excess Lean shortfall
S1Carbon-priority T1,T3,T6, T7 215 296 285 16 0 54

S2 Balanced T1,T3,T6,T8, TS 233 334 320 17 13 16

S3 Lean-priority T1,T3,T6,T7, T9 251 350 330 18 31 0

The optimal portfolio changes systematically with managerial preference. In the carbon-priority scenario
(S1), the model selects {T'1, T3, T, T7}. This portfolio has a total carbon burden of 215 CFU, which is below
the carbon target of 220 CFU, while its portfolio lean value is 296, leaving a lean value shortfall of 54. Thus,
the portfolio avoids carbon excess but does not fully attain the lean value target.

In the balanced scenario (S2), the optimal portfolio is {T1, T3, Ts, T8, T9}, yielding a carbon burden of 233
CFU and a portfolio lean value of 334. Relative to S1, this portfolio accepts a carbon excess of 13 CFU while
reducing the lean value shortfall from 54 to 16. It therefore represents an intermediate solution between
carbon control and lean value creation. In the lean-priority scenario (S3), the optimal portfolio is {T1, T3, Ts,
T7, T9}. This portfolio meets the lean value target exactly at 350 but increases the carbon burden to 251 CFU,
resulting in a carbon excess of 31 CFU. Under the specified budget and implementation-capacity limits,
attaining the lean value target is therefore associated with a higher carbon burden. Figure 3 compares the
carbon burden and portfolio lean value of each solution with their respective targets.

Across the three scenarios, the trade-off pattern is clear. As the preference emphasis shifts from carbon
control toward lean value creation, carbon excess increases from 0 to 13 and then to 31 CFU, while the lean
value shortfall decreases from 54 to 16 and then to 0, as shown in Figure 4. Resource utilization also increases
in the same direction. Budget use rises from 285 to 320 and then to 330 CU, corresponding to 84%, 94%, and
97% of the available budget. Implementation-capacity use increases from 16 to 17 and then to 18 units, with
the lean-priority portfolio fully utilizing the available implementation capacity.
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Figure 4. Scenario outcomes in terms of (A) carbon excess and (B) lean value shortfall. CFU: Carbon footprint unit.

Table 7. Sensitivity analysis results

Analysis Changed parameter  Result

As the lean value weight increases, lean shortfall decreases from 54 to O, while carbon excess increases

SA1 Preference weights from 0 1o 31
SA2 Carbon target Relaxing the carbon target reduces lean shortfall and eventually allows both goals to be achieved
Increasing the budget improves lean value up to a threshold, but additional budget does not change the
SA3 Budget ) -
solution after B =320
Jointly increasing the budget and relaxing the carbon target reduces lean shortfall; zero lean shortfall is
SA4 Budget and carbon target first achieved at B = 330 when Ctereet =260, while tighter carbon targets limit the benefit of additional

budget

As a validation check, all possible portfolios were enumerated. After filtering by budget, implementation
capacity, and dependency constraints, 125 feasible portfolios remained, 31 of which were Pareto-efficient.
The three GP solutions were all on this efficient frontier, confirming that no dominated portfolio was
selected. The enumeration was used only for verification, while the GP model remains the main decision-
support framework.

Across the three nominal scenarios, T1, T3, and Té are selected repeatedly, whereas T7, T8, and T9 vary with
the preference structure. These patterns reflect the illustrative parameter set and dependency assumptions.
Their stability under simultaneous parameter uncertainty is examined in the robustness analysis presented in
Section “Robustness Analysis”.

Sensitivity analysis

A sensitivity analysis was conducted to examine whether the proposed model produces interpretable and
consistent portfolio responses under changing preference, target, and resource conditions. Because the
numerical application is based on an illustrative parameter set, the sensitivity analysis does not validate
empirical parameter estimates; it evaluates the model’s behavior under alternative assumptions.

Four sensitivity analyses are reported. SA1 varies the preference weights; SA2 varies the carbon target; SA3
varies the investment budget; SA4 varies the budget and the carbon target jointly. Table 7 summarizes SA1-
SA4.
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Figure 5. Sensitivity to managerial preference weights. (A) Carbon excess; (B) Lean value shortfall. CFU: Carbon footprint unit.

Preference weight sensitivity

In the first experiment, the preference weights assigned to the carbon and lean value goals were varied while
keeping the carbon target, lean value target, budget, and implementation capacity fixed. The results reveal
three distinct portfolio regions. When the model assigns greater weight to the carbon goal, it selects the
carbon-conservative portfolio {T1, T3, Ts, T7}. This portfolio keeps the total carbon burden below the target
but leaves a lean value shortfall of 54. As the preference structure becomes more balanced, the model shifts to
the compromise portfolio {T1, T3, Ts, T8, T9}, which accepts a carbon excess of 13 CFU while reducing the
lean value shortfall to 16. When greater weight is assigned to the lean value goal, the model selects {T'1, T3,
Te, T7, T9}, attaining the lean value target while increasing the carbon excess to 31 CFU.

As illustrated in Figure 5, the model responds consistently to changes in managerial priorities. A stronger
emphasis on carbon control leads to lower-carbon portfolios, whereas a stronger emphasis on lean value
creation leads to portfolios with higher lean value but also higher carbon burden. This result supports the
central premise of the numerical application: under the assumed parameter setting, Industry 4.0 portfolio
selection involves an explicit trade-off between carbon control and lean-oriented value creation.
Supplementary Table 3 reports the optimal portfolio, goal deviations, and resource use at each weight setting.

Carbon target sensitivity

In the second experiment, the carbon target was varied under the balanced preference setting. The results
indicate that stricter carbon targets make lower-carbon technology combinations more attractive, but this
may come at the expense of lean value performance. For example, when the carbon target is reduced to 180
CFU, the selected portfolio produces a lean shortfall of 74. As the carbon target is relaxed, the model can
include additional technologies that improve lean value performance. When the carbon target reaches 260
CFU, both the carbon and lean value goals are achieved without any undesirable deviation.
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Figure 6. Sensitivity to the carbon target (balanced setting). (A) Carbon excess; (B) Lean value shortfall. CFU: Carbon footprint unit.

Figure 6 shows that the carbon target functions as a strategic control parameter rather than a passive
reporting threshold. A stricter target limits the attractiveness of technology combinations with higher carbon
burdens, even when they offer higher lean value contributions. Conversely, a more flexible carbon target
allows the firm to adopt a broader technology portfolio and reduce the lean value gap. Therefore, the carbon
target can be interpreted as a managerial lever for aligning digital transformation intensity with
environmental ambition. The full results for all carbon target levels and preference scenarios are reported in
Supplementary Table 4.

Budget sensitivity

In the third experiment, the available investment budget was varied while maintaining the balanced
preference setting. The results show that increasing the budget initially broadens the feasible solution space
and improves lean value performance. When the available budget increases from 220 to 320 CU, the lean
shortfall decreases from 126 to 16. This indicates that the budget constraint is influential when financial
resources are limited. However, after the budget reaches 320 CU, further increases do not alter the selected
portfolio. At budget levels of 320 CU and above, the selected portfolio uses 320 CU, leaving positive budget
slack for higher budget levels.

As shown in Figure 7, additional financial resources improve the selected portfolio only up to the point at
which the budget constraint ceases to be binding. Beyond this point, a firm cannot necessarily obtain a better
Industry 4.0 portfolio by simply increasing its investment budget. Under the balanced weighting scheme and
the baseline carbon target, reducing the remaining lean value shortfall would require selecting a more
carbon-intensive portfolio, thereby increasing carbon excess and worsening the weighted goal-deviation
objective. Thus, financial resources are effective only when they align with the carbon target and
implementation capacity. The complete budget sweep is reported in Supplementary Table 5.
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Figure 7. Sensitivity to the investment budget (balanced setting). (A) Carbon excess; (B) Lean value shortfall. CFU: Carbon footprint unit;
CU: cost unit.

Supplementary Table 6 summarizes the saturation diagnosis for each preference scenario, including the
resources used at the saturation point and the objective penalty of the best remaining single addition.

Combined budget—carbon target sensitivity analysis

The single-factor budget sensitivity analysis showed that the selected portfolio becomes insensitive to
additional budget after a certain threshold. To examine this result jointly with environmental stringency, the
investment budget and carbon target were varied simultaneously. The lean value target was fixed at 350 and
the preference weights at the balanced setting. Budget levels of 280, 310, 320, 330, 340, 370, and 400 CU were
evaluated together with carbon targets of 200, 220, 240, and 260 CFU.

Table 8 summarizes the joint effects of the investment budget and carbon target on lean value shortfall. At
the strict carbon target of 200 CFU, the lean shortfall remains at 70 across all budget levels. Neither resource
constraint is binding at this point, since the selected portfolio uses 275 of the 280 CU available at the lowest
budget level and 15 of the 18 available implementation-capacity units. The shortfall persists because the
available portfolio changes that would increase lean value also increase carbon deviation sufficiently to
worsen the balanced goal-deviation objective. At the baseline carbon target of 220 CFU, the lean shortfall
reaches its minimum value of 16 at a budget of 320 CU, consistent with the single-factor analysis in Section
“Budget sensitivity”. Additional budget does not further improve the solution because closing the remaining
lean gap would require a portfolio with a higher carbon burden, thereby increasing carbon excess and
worsening the objective.

When the carbon target is relaxed to 260 CFU, the lean shortfall reaches zero at 330 CU. The joint analysis
therefore shows that the effective budget threshold depends on the carbon target: additional financial
capacity improves lean performance only when the target permits portfolio changes that improve the
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Table 8. Lean value shortfall under joint variation of the budget and the carbon target

Carbon target (CFU)
200 220 240 260

280 70 68 68 68

310 70 54 50 50

320 70 16 16 16
Budget (CU) 330 70 16 16 0

340 70 16 16 0

370 70 16 16 0

400 70 16 16 0

CFU: Carbon footprint unit; CU: cost unit.

weighted goal-deviation objective. Supplementary Table 7 reports the portfolio selected for each of the 28
budget—carbon-target combinations, along with its carbon burden, cost, and both goal deviations.

Robustness analysis

The sensitivity analyses in Section “Sensitivity analysis” vary managerial settings while holding the
technology-level parameters fixed. In an empirical application, these parameters would also be subject to
estimation uncertainty. A Monte Carlo analysis was therefore conducted to examine the stability of the
selected technologies and portfolios under simultaneous parameter perturbation.

The experiment combines two perturbation levels (p = 0.10 and p = 0.20), three dependency configurations,
and the three preference scenarios defined in Section “Scenario-based preference setting”, yielding 18
experimental cells. Each cell contains 10,000 replications. Within each preference scenario, the goal weights
remain at their nominal values, while the budget and target levels are held at the baseline settings.

In each replication, the four carbon components, five lean sub-scores, investment costs, implementation-
difficulty values, and implementation-capacity limit are multiplied by independent factors drawn from
Uniform(1 - p, 1 + p). Lean sub-scores are restricted to the admissible range [1, 10], while implementation-
difficulty and capacity values are retained as continuous normalized quantities. Lean dimension weights are
drawn from a Dirichlet distribution centered on the baseline equal-weight vector. The concentration
parameter is set to v = 399 for p = 0.10 and v = 99 for p = 0.20, corresponding to an approximate coefficient of
variation of 10% and 20% for each dimension weight.

Technology dependencies are examined under three alternative configurations rather than being perturbed
randomly. The baseline configuration uses the dependencies in Table 5. The relaxed configuration assumes
that a condition-monitoring layer is already available and therefore removes the three prerequisite
relationships involving T1. The strengthened configuration adds a computing requirement for the digital
twin and restricts the computing alternative for Al-based quality inspection to edge computing. Detailed
definitions of the three configurations are provided in Supplementary Table 8.

Each replication was evaluated by exhaustively enumerating all candidate portfolios, ensuring that the
reported variation reflects parameter uncertainty rather than solver tolerance. The complete design therefore
comprises 180,000 solved instances. Table 9 reports technology selection frequencies averaged across the
three dependency configurations for each perturbation-level-preference-scenario combination, together with
the minimum and maximum frequencies observed across all 18 experimental cells. Figure 8 complements
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Table 9. Technology selection frequencies (%) under parameter uncertainty

p=0.10

Technology s1 p=0.10 S2 p=0.10S3 p=0.20S1 p=0.20S2 p=0.20S3 Min Max
T1loT-based machine monitoring 99.2 99.8 99.7 95.7 98.2 97.6 87.2 100.0
T2 Al-based quality inspection 1.1 0.4 1.1 8.6 5.8 8.4 0.4 1.0
T3 Predictive maintenance 98.3 99.2 96.7 83.4 88.5 83.7 80.7 99.5
T4 Collaborative robots 0.0 0.0 0.0 0.8 0.4 05 0.0 1.0
T5 AGV/AMR internal logistics 0.0 0.0 0.0 0.4 0.6 0.9 0.0 0.9
T6 Digital twin 81.7 63.1 79.7 715 58.4 70.8 58.2 82.0
T7 Cloud manufacturing analytics 87.0 38.9 57.9 73.6 56.4 63.2 38.7 873
T8 Edge computing 324 98.4 65.2 53.8 83.0 68.4 322 98.7
T9 RFID/RTLS tracking 30.1 97.5 97.3 471 82.2 83.3 299 97.8
T10 Additive manufacturing 0.0 0.0 0.0 0.7 0.5 0.6 0.0 0.8

loT: Internet of Things; Al: artificial intelligence; AGV: automated guided vehicle; AMR: autonomous mobile robot; RFID: radio frequency identification; RTLS: real-time location system.

these results by showing the nominal selection pattern and the minimum, maximum, and mean selection frequencies across the 18 robustness cells. The complete
matrix is provided in Supplementary Table 9.

IoT-based machine monitoring (T1) and predictive maintenance (T3) exhibit the highest selection stability. Across the 18 cells, T1 is selected in 87.2% to 100% of
replications and T3 in 80.7% to 99.5%. The high frequency of T1 is partly structural, since it serves as a prerequisite for three other technologies under the baseline and
strengthened configurations; its frequency decreases when these relationships are removed in the relaxed configuration. T3, by contrast, is not a prerequisite for another
technology and remains highly selected across the alternative dependency structures.

The three dependency configurations yield broadly similar exact-reproduction rates. Holding the perturbation level and preference scenario fixed, exact reproduction
of the nominal portfolio varies by at most 4.5 percentage points across the configurations. The clearest technology-level effect concerns T1, whose selection frequency
decreases under the relaxed configuration when its prerequisite role is removed. This confirms that part of T1’s apparent stability is structural rather than attributable
solely to its carbon and lean value parameters. Apart from this effect, the alternative dependency configurations produce relatively small changes in the overall
portfolio-stability pattern.
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A Selection in the nominal scenarios B Range across the 18 robustness cells
S1 S3
Carbon- S2 Lean-
priority Balanced priority
T1 — loT-based machine monitoring . . . e) 87.2-100.0
T3 — Predictive maintenance [ | [ | [ | e 80.7-99.5
T6 — Digital twin || | [ | e 58.2-82.0
T9 — RFID/RTLS tracking [ ] [ ] 29.9-97.8
T7 — Cloud manufacturing analytics . . 38.7-87.3
T8 — Edge computing B 32.2-98.7
T2 — Al-based quality inspection 0.4-11.0
T10 — Additive manufacturing »p 0.0-0.8
T5 — AGV/AMR internal logistics » 0.0-0.9
B selected W min-max across cells
T4 — Collaborative robots p 0.0-1.0 not selected @ mean
T T T T T
0 20 40 60 80 100

Selection frequency under parameter perturbation (%)

Figure 8. Nominal technology selection and selection-frequency ranges under parameter uncertainty. (A) Selection in the nominal
scenarios; (B) Range across the 18 robustness cells. [oT: Internet of Things; RFID: radio frequency identification; RTLS: real-time location
system; Al: artificial intelligence; AGV: automated guided vehicle; AMR: autonomous mobile robot.

The digital twin (Ts), cloud manufacturing analytics (T7), edge computing (T8), and RFID/RTLS tracking
(T9) show greater sensitivity to the perturbed parameters and preference scenarios. Across these four
technologies, selection frequencies span 29.9% to 98.7% across the experimental cells. In particular, Ts,
although selected in all three nominal portfolios, varies between 58.2% and 82.0%, indicating greater
parameter sensitivity than T1 and T3. Al-based quality inspection (T2), collaborative robots (T4),
AGV/AMR internal logistics (T5), and additive manufacturing (T10) are selected in no more than 11.0% of
replications in any cell. These results apply to the perturbation ranges and dependency configurations
examined and should not be interpreted as general rankings of the technologies.

The robustness results therefore qualify the nominal interpretation in Section “Computational results”. T1
and T3 exhibit the highest cross-scenario selection stability, whereas the repeated selection of T6 in the
nominal solutions is more sensitive to the assumed parameter values. The identification of candidate core
technologies is consequently dependent not only on the nominal optimization results but also on their
stability under parameter uncertainty.

Portfolio composition is less stable than technology-level selection. At p = 0.10, the nominal portfolio is
reproduced in approximately 61% to 67% of replications for the carbon-priority and balanced scenarios and
about 33% for the lean-priority scenario. At p = 0.20, exact reproduction rates fall to approximately 16% to
35% [Supplementary Table 10]. Thus, individual technology selection patterns remain more stable than the
exact composition of the complete portfolio when multiple inputs are perturbed simultaneously.

Weight breakpoints and Pareto-efficiency validation

The effect of preference weights and the efficiency of the goal-programming solutions can be examined
exactly because all candidate portfolios can be enumerated. For a fixed portfolio, the objective is linear in the
lean preference weight w,, with w. =1 - w,. The optimal portfolio therefore changes only at intersections
between portfolio-specific objective functions. Over the open interval (0 < w, < 1), three optimal portfolio

regions are obtained, as reported in Table 10 and illustrated in Figure 9.

At w, = 0.3524, the first and second portfolios are co-optimal, while at w, = 0.6415, the second and third

portfolios are co-optimal. The endpoints represent limiting cases: at w, = 0, only carbon excess is penalized,
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w, = Q.3524 w, = 0.6415
[} >
T1+T3+T6+T7 T1+T3+T6+T8+T9 T1+T3+T6+T7+T9
C=215CFU L =296 C=233CFU L=334 C=251CFU L =350
R Gl T e =g g = 15 aiit — sl @ =
two portfolios two portfolios
w. =0 co-odtimal co-odtimal
83 co-optimal w =1
portfolios unique optimum
T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 9. Weight regions and breakpoints of the optimal portfolio.

Table 10. Weight regions of the optimal portfolio

Lean weight region Selected technologies Total carbon Lean value Carbon excess Lean shortfall
0<w,<0.3524 T1,T3,T6,T7 215 296 0 54

0.3524< w, < 0.6415 T1,T3,T6, T8, T9 233 334 13 16

0.6415<w, <1 T1,T3,T6,T7, T9 251 350 31 0

and 83 feasible portfolios attain zero deviation, whereas at w, = 1, the lean-priority portfolio is the unique
optimum. The balanced setting (w, = 0.50) lies farther from a breakpoint than the carbon-priority (w, = 0.30)
and lean-priority (w, = 0.70) settings, with distances to the nearest breakpoint of approximately 0.142, 0.052,
and 0.058, respectively.

Complete enumeration yields 31 Pareto-efficient portfolios in the carbon-lean objective space. All three goal-
programming solutions belong to this efficient set, confirming that none is dominated under the baseline
parameter setting. Supplementary Table 11 reports the complete frontier.

Only 6 of the 31 efficient portfolios are supported efficient solutions; the remaining 25 are unsupported and
therefore cannot be generated by a conventional positive weighted-sum scalarization of portfolio carbon and
lean value. The carbon-priority solution T1 + T3 + Te6 + T7, with 215 CFU and a lean value of 296, is one of
these unsupported solutions. The goal-programming formulation can reach such a portfolio because it
minimizes one-sided deviations from aspiration levels rather than a linear weighted sum of the two portfolio
objectives.

GP does not generally guarantee Pareto efficiency because improvements beyond an aspiration level may
remain unpenalized. The solutions obtained here are efficient by direct enumeration. Where a goal-
programming optimum is dominated, or multiple solutions share the same primary objective value, a
secondary Pareto-refining optimization can be applied after fixing the optimal goal-programming value. An
e-constraint formulation could likewise generate the efficient frontier; complete enumeration is used here
because the 10-technology illustrative application contains only 2'° =1,024 candidate portfolios, making exact
evaluation computationally tractable.

MANAGERIAL IMPLICATIONS

The proposed GP framework provides a structured basis for planning Industry 4.0 investments under
carbon, lean value, budget, implementation-capacity, and technology-dependency considerations. Because
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the numerical application uses illustrative parameters, the resulting portfolios should be interpreted as
context-specific model outcomes rather than general technology recommendations. In a firm-specific
application, the same framework can be populated with company data to support portfolio planning under
the organization’s own constraints and priorities.

First, the results emphasize the importance of evaluating Industry 4.0 technologies as an interdependent
portfolio rather than as isolated investments. The attractiveness of a technology depends not only on its own
carbon burden and lean contribution but also on shared targets, resource limits, and prerequisite
relationships. Infrastructure and dependency conditions should therefore be considered explicitly when
defining feasible adoption portfolios.

Second, the framework makes the carbon-lean trade-off explicit. In the illustrative application, the carbon-
priority scenario avoids carbon excess but leaves a lean value shortfall, whereas the lean-priority scenario
attains the lean target at the cost of higher carbon burden. The balanced scenario provides an intermediate
portfolio. The model therefore translates competing strategic priorities into comparable portfolio-level
consequences.

Third, repeated selection should be interpreted together with robustness. Under the nominal parameter set,
IoT-based monitoring, predictive maintenance, and the digital twin are selected in all three preference
scenarios. The robustness analysis shows that IoT-based monitoring and predictive maintenance have the
highest selection stability under simultaneous parameter perturbation, whereas the digital twin is more
sensitive to the assumed values. Their selection therefore reflects the specified carbon, lean value, cost,
implementation-difficulty, and dependency parameters rather than evidence of general technological
superiority. The managerial value of the framework lies in identifying technologies that remain attractive
within a particular decision context and in distinguishing stable selections from parameter-sensitive ones.

Fourth, carbon targets and financial resources should be considered jointly. Additional budget improves
portfolio performance only up to a threshold, and its value depends on the carbon aspiration level. Under
stricter carbon targets, additional financial capacity may have little effect because higher-lean-value portfolios
also carry additional carbon burden. Industry 4.0 investment planning should therefore not be treated as a
purely financial allocation problem.

The life-cycle-oriented carbon structure also distinguishes the sources of technology-attributable burden
across production, operation, maintenance, and end-of-life stages. This can support more targeted carbon-
management actions, such as lower-carbon procurement, cleaner electricity supply, efficient computing
infrastructure, and improved end-of-life treatment. Since the model does not estimate net plant-level carbon
abatement, technology-enabled energy savings or avoided emissions should be evaluated separately when
relevant to the investment decision.

How managers can implement this model in practice

The framework can be implemented through a five-step decision process. First, managers define the decision
scope by specifying the plant or value stream, planning horizon, candidate technologies, and the existing
digital infrastructure that forms the reference configuration. Second, technology-level inputs are assembled.
Carbon parameters should be estimated on a consistent system boundary and planning-horizon basis using
available firm-specific, supplier, or life-cycle data, while lean contribution scores and dimension weights can
be elicited using the procedure described in Section “Construction of lean value parameter”. Investment
costs and implementation-capacity requirements should likewise reflect the firm’s own deployment
conditions.
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Table 11. Key model-based findings and corresponding managerial implications

Model-based findings from the illustrative
application

Managerial implication

loT-based monitoring, predictive maintenance, and the digital
twin are selected in all three nominal scenarios, while
robustness is strongest for the first two and lower for the
digital twin

Cloud manufacturing analytics, edge computing, and
RFID/RTLS tracking vary across preference scenarios and
parameter perturbations

Preference weights shift the portfolio from carbon-
conservative to lean-oriented solutions

Carbon targets strongly affect the selected digital
transformation pathway

Budget increases improve performance only up to a threshold

Technology dependency constraints affect portfolio feasibility

Decompose technology-attributable carbon burden into
production-stage, operational, maintenance-related, and end-
of-life components

Use the framework to identify candidate core technologies under firm-specific
carbon, value, cost, capacity, and dependency assumptions. Do not generalize
the illustrative ranking without empirical calibration

Treat scenario-sensitive technologies as conditional additions whose selection
depends on carbon targets, budget availability, implementation capacity, and
strategic emphasis

Use goal weights to make the strategic stance explicit and quantify the
consequences of prioritizing carbon control or lean value creation

Set carbon targets deliberately, recognizing that stricter targets may reduce
attainable lean value under limited resources

Avoid treating investment planning as a purely financial allocation problem;
when budget is no longer binding, focus on carbon-target performance,
implementation capacity, and integration capability

Plan Industry 4.0 adoption as an interdependent portfolio in which prerequisite
infrastructure is available for dependent technologies

Direct carbon-reduction actions toward the dominant source of technology-
attributable carbon burden, such as procurement, energy use, maintenance, or
end-of-life management

loT: Internet of Things; RFID: radio frequency identification; RTLS: real-time location system.

Third, managers specify the decision constraints and aspiration levels. This includes the available investment
budget and implementation capacity, the technology dependencies associated with the firm’s existing
architecture, and the carbon and lean value targets. Carbon coefficients and the carbon target should be
expressed on the same accounting basis.

Fourth, the model is solved under alternative managerial preference settings rather than relying on a single
weight combination. Scenario solutions and the weight-breakpoint analysis in Section “Weight breakpoints
and Pareto-efficiency validation” can then be used to identify the portfolio changes associated with different
strategic priorities.

Finally, the robustness analysis described in Section “Robustness Analysis” can be applied using uncertainty
ranges appropriate to the quality of the available data. Technologies that remain frequently selected across
plausible parameter and dependency settings can then be distinguished from selections that are more
sensitive to the underlying assumptions. The model inputs can subsequently be updated as firm-specific
implementation and operational data become available.

Table 11 summarizes the principal findings and their managerial implications.

CONCLUSION

The rapid diffusion of Industry 4.0 technologies, such as Al robotics, cloud computing, digital twins, and the
Internet of Things, creates both operational opportunities and environmental concerns. These technologies
can improve efficiency and support lean value creation, but they may also generate technology-attributable
carbon burdens through hardware requirements, energy consumption, data processing, maintenance needs,
and digital infrastructure. This study addressed this decision problem by proposing a GP-based framework
for selecting Industry 4.0 technology portfolios under carbon burden and lean value considerations.
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The proposed binary GP model minimizes deviations from predefined carbon and lean value targets. The
model considers technology-attributable, life-cycle-oriented carbon burden, investment costs,
implementation difficulty, lean value contributions, and technology dependency relationships. In this way, it
evaluates Industry 4.0 investments as an interdependent portfolio rather than as isolated technology choices.

The numerical application showed that different managerial priorities yield distinct portfolios. The carbon-
priority scenario avoided carbon excess but resulted in a lean value shortfall, whereas the lean-priority
scenario achieved the lean value target but generated carbon excess. The balanced scenario provided an
intermediate solution. Sensitivity analyses further showed that preference weights, carbon targets, and budget
levels affect portfolio selection. In the illustrative parameter setting, IoT-based monitoring, predictive
maintenance, and the digital twin were selected in all three nominal portfolios, while the robustness analysis
showed higher selection stability for the first two than for the digital twin. This illustrates how the framework
can distinguish relatively stable selections from parameter-sensitive technologies under specified
assumptions.

The study contributes to sustainable operations and carbon-aware digital transformation research by
integrating carbon control and lean value creation in a unified optimization model. From a managerial
perspective, the framework helps decision-makers compare alternative digital transformation strategies,
identify feasible technology portfolios, and align Industry 4.0 investment decisions with carbon and
operational targets.

The findings should be interpreted within the scope of the numerical application. The parameter set is
illustrative and literature-informed rather than based on measured firm-level data. The carbon parameter
follows a life-cycle-oriented structure, but the study does not perform a full life-cycle assessment for each
technology and does not estimate net plant-level carbon abatement enabled by the selected technologies. The
baseline formulation also treats technology-level carbon and lean value parameters as adjusted decision
inputs and does not endogenously estimate synergies, overlaps, or diminishing returns among technologies.

Future research may extend the framework by incorporating firm-specific life-cycle assessment data,
structured expert elicitation for lean value scores, stochastic or fuzzy parameters, supply chain-wide carbon
impacts, and multi-period investment planning. Further extensions may also include baseline-dependent
avoided emissions or portfolio-level interaction terms when reliable company-specific operational and
deployment data are available.
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