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Abstract: The topic of sustainability is becoming one of the strongest drivers of change in the 
marketplace by transforming into an element of competitiveness and an integral part of business 
strategy. Particularly in the manufacturing sector, a key role is played by technological innovations 
that allow companies to minimize the impact of their business on the environment and contribute 
to enhancing the value of the societies in which they operate. Technological process can be a lever 
to generate sustainable behaviors, confirming how innovation and sustainability constitute an 
increasingly close pair. However, it emerges that the nature of this relationship is explored by 
researchers and considered by practitioners almost exclusively in terms of the degree of 
sustainability of technological solutions. Lacking is an in-depth exploration of how a product or 
process, in addition to being environmentally and socio-economically sustainable, must or can also 
be technologically sustainable. This research therefore aims to build a theoretical foundation for 
technological sustainability seen as a possible fourth dimension of sustainable development. 
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1. Introduction 
Technology and sustainability should be considered key factors in a company’s 

competitiveness, since without these factors it is more difficult to achieve positive results 
and keep them over time [1]. Together, technology and sustainability enable companies 
to achieve higher earnings, reach new markets, expand their customer base, and increase 
their margins. However, for this to happen, firms need to embed technology and 
sustainability within their strategies and corporate culture [2], as well as invest in them 
and take action to address results and continuously monitor performance [3]. 
Nevertheless, especially in a managerial environment, when talking about sustainability, 
there is a tendency to consider the environmental, economic, and social dimensions as 
separate and independent elements [4,5]. What is still missing is an understanding of the 
strong interconnections that bind the different dimensions of sustainability that are linked 
together and enabled by technology, which is a fundamental driver of business 
development [6]. 
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1.1. Background 
With the growing use of digital platforms, technological innovation is currently 

helping manufacturing companies to adopt sustainable processes and practices by 
making available a series of innovative solutions that can support the path to responsible 
production [7]. However, for a company to take full advantage of this opportunity, 
sustainable practices must extend to all stakeholders in the production chain and to all 
phases of a product’s life cycle [8]. Indeed, sustainability requires the adoption of a 
systemic approach and a holistic vision with the application of 4.0 technologies to the 
entire production process to enable the reengineering of products, business models, and 
logistics supply chains in a sustainable way [9]. 

On the other hand, the current concept of sustainability is the result of a growing 
awareness of its multidimensionality [10,11]. In a seminal work, Osorio [12] defined 
sustainability as the ability of man to maintain a certain system in a state of equilibrium. 
At the same time, the concept of development has also changed over time to include 
multidimensionality as a characterizing factor as well as the multiplicity of objectives [13]. 
Multidimensionality is expressed by the definition of sustainable development that 
includes the three pillars or the three dimensions of sustainability [14]: environmental 
sustainability (ability to protect the environment and preserve the resources offered by 
the planet); economic sustainability (continuous ability to generate profit, welfare, and 
wealth while respecting what surrounds us), and social sustainability (ability to ensure 
social welfare to every individual in the world in an equitable manner). According to 
Braccini and Margherita [15], each of these dimensions is a necessary but not sufficient 
condition for achieving sustainability because they interact, overlap, and sometimes 
conflict with each other. 

The concepts of sustainability and technology are associated together mainly with 
the meaning of sustainability of technologies, explored primarily in the environmental 
dimension and more rarely in the economic and social ones [16]. In fact, the environmental 
approach to sustainability is prevalent and refers to an equilibrium situation that can be 
maintained over a long period without depleting natural resources or causing serious 
damage to the environment [17]. When this definition is translated to the domain of 
technology, it usually means the possibility that companies have to progress through 
development and innovation, but without forgetting to consider the respect of natural 
resources [18]. This approach to production is referred to as sustainable manufacturing 
[19] or even green manufacturing [20] and is an operational model that integrates product 
and process design with production planning [21]. The aim is then to identify, quantify, 
assess, and manage material flows, energy, and water consumption, air emissions, and 
waste generation, maximizing resource use efficiency and minimizing environmental 
impact [22]. In this framework, the sustainable manufacturing domain thus covers three 
areas: production technologies (facilities and equipment), products and their life cycles, 
and the organizational contexts in which value is created (manufacturing firms and 
supply chains) [23]. 

In economics, the term manufacturing is used to indicate the sector that, through 
production processes, transforms raw materials into manufactured goods, i.e., products 
that satisfy utility and consumption needs [24]. As part of the development of a product 
that is able to meet the needs of consumption, a crucial role is assumed by the engineering 
activities. Based on the outputs of the design processes, the engineering activities verify 
the technical feasibility of the product in terms of raw materials, constituent components 
as well as processes, ensuring qualitative compliance with reference standards [25]. It 
follows that there is both product engineering and process engineering integrated and 
interdependent with each other [26]. The engineering establishes the characteristics of a 
product by determining the relationship between quality and costs that, by the way, 
depends on the performance of the process, also expressed by the relationship between 
quality and costs [27]. Business decision-makers must therefore resolve the technological 
trade-off (incompatibility) between costs and quality both of the process and of the 
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products looking for the best solution that maximizes the quality and minimizes the costs 
[28]. The technological trade-off is not the only challenge facing manufacturing 
companies. Attention to sustainability (especially environmental sustainability) has now 
become an ever-growing business necessity [29], not only for compliance or reputational 
reasons, but also because of the widespread presence of ESG (Environmental, Social, and 
Governance) funds [30]. These funds by statute are expected to invest in sustainable 
companies, as well as those that pay attention to the well-being of employees and 
collaborators and to the respect of governance rules. For companies, therefore, two 
additional sustainability trade-offs arise. 
• Environmental trade-off [31]: is environmental sustainability economically viable, or 

is it increasingly difficult to find the resources needed to finance the ecological 
transition? 

• Social trade-off [32]: how consistent is social equity with the goal of economic 
efficiency? 
Even the orientation of European policies, for example with the programming of 

structural funds 2021–2027 (Next Generation EU), propose a paradigm of development 
achieved through the integration of economic growth with social inclusion and 
environmental sustainability [33]. In other words, business and profit goals must go hand 
in hand with social and environmental responsibility issues, no longer considered as 
alternatives to be balanced in a difficult equilibrium, but as mutually reinforcing pillars 
[34]. Reconciliation of conflicts related to environmental and social trade-offs, however, 
should also consider reconciliation of technological trade-offs [35,36], but not only. From 
a perspective of effective sustainable manufacturing, conflict reconciliation should take a 
holistic view and include all three trade-offs (environmental, social, and technological) 
simultaneously [37]. 

With this approach, economic sustainability, understood as the economic viability of 
a process or product, becomes the common thread between environmental and social 
sustainability [38]. Therefore, within the framework of sustainable development, in order 
to ensure the growth of manufacturing companies and social systems in which they 
operate, it is appropriate to raise the issue not only of sustainability of technologies [39], 
but of an effective technological sustainability. In fact, the question of the technological 
feasibility of a product or a process cannot be separated from its environmental and socio-
economic impact [40]. In other words, a process or a product, as well as minimizing the 
impact on the environment and society and being economically viable, must also be a 
technically feasible solution and have technological performance that complies with 
applicable standards. 

1.2. Gap Identification and Research Aims 
The scientific literature shows that the concept of “technological sustainability” is often 

used as a synonym for “sustainability of technologies” emphasizing mainly their 
environmental dimension and, to a lesser extent, their social and economic one. 
Confirming this, it is clear that in the few studies published on “technological 
sustainability”, scholars refer to sustainable technologies [41], components of economic 
sustainability [42], environmental sustainability [43], sustainability of technological 
processes [44], sustainability of (mobile learning) m-learning [45], exergy [46], personal 
access devices (PDAs) [47], capabilities to reduce ecological impact [48,49], components of 
sustainable development [50], technological competitiveness [51], degree of how 
technology affects other dimensions of sustainability [52], and intellectual infrastructure 
of technological development [53]. 

Based on the above statements and at the current state of our best knowledge, we can 
conclude that there is a gap in the scientific literature regarding the concept of 
technological sustainability. Scientists do not attribute to this term an unambiguous 
meaning, but above all there is a lack of vision of technology as an integral part of 
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sustainability on the same level as the other dimensions: environment, economy, and 
society. Given these premises, we address the following research questions. 
• RQ1: Can a conceptual framework arise from a manufacturing context to ascribe 

technology as a key dimension of sustainability? 
• RQ2: Is it also feasible to design a model for assessing technological sustainability? 

Therefore, this exploratory paper aims to define a conceptual framework for 
technological sustainability and develop a method for its assessment in manufacturing, 
both from an organizational and product perspective. 

2. Research Design and Methodology 
The RQs previously stated call for a methodological approach capable of resolving 

the uncertainty and complexity of the topic of technological sustainability, which is still 
under-researched. The constructivist paradigm has been considered more appropriate for 
the creation of an explanatory model of the real world as it is that of the manufacturing 
environment. In such a model, the knowledge building is due to the two-way interaction 
between the researcher’s experience and ideas with the sociocultural context in which 
he/she acts; thus subject and context are interactively linked [54]. Following this 
constructivist approach, the theoretical framework was built using inductive inference. 
For this purpose, empirical data from both secondary (literature, best practices, 
international standards and guidelines) and primary (direct observation of a factory 
reality) sources were processed simultaneously. The factory reality that was observed as 
a primary source of data is an important Italian company that produces ceramic tiles for 
the building industry, already studied by the authors to carry out research on 
sustainability management [8,34]. Finally, through abductive inference [55], empirical and 
real-world observations were transformed into an explanatory model for technological 
sustainability, which is aimed at answering the RQs posed above. The abductive logic has 
already been applied in the managerial field in those cases where it takes its cue from the 
existing theory and then develops a new theory to better understand and interpret 
organizational phenomena [56,57]. 

3. Theoretical Framework 
A general definition of sustainability can be obtained by inductive inference, 

synthesizing the scientific contribution of other scholars. In this sense, it is possible to 
consider sustainability as an intrinsic property of a system [58,59], that is the ability of a 
complex organization structured in processes to perpetuate itself over time while 
maintaining its structure and functions unchanged by integrating its economic, social, and 
environmental dimensions [60,61]. In manufacturing, sustainability [62] is a set of 
operational best practices [63], enabled by digitization [64], aimed at reaching and 
maintaining the point of equilibrium [65] where all production factors [66] are consumed 
at least as intensively as they can be regenerated [67]. Therefore, based on what has been 
said above, we argue that: 

Proposition 1 (P1). The concept of sustainability is related with change to indicate the capability of a natural, 
economic, and social system to maintain its intrinsic properties, a continuous process where these three 
fundamental dimensions interact and are interdependent. 

Proposition 2 (P2). Sustainable manufacturing is a system that integrates product design, process design, 
and operating practices while maximizing resource use efficiency. 

Sustainability requires an assessment of the environmental [68], social [69] and 
economic [70] impacts of products, processes, and organizations [71,72]. Currently, the 
most widely used framework for these assessments is Life Cycle Thinking (LCT) [73], 
which considers all the phases and processes that contribute to the manufacturing of a 
product, including the use and end-of-life phases [74], according to the cradle-to-grave 
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approach [75]. The perspective of analysis can be the product [76], the process [77], or the 
organization [72] that controls manufacturing. The LCT is a tool to support decision-
making and to develop regulatory frameworks or industrial strategies [78]. It is enabled 
by scientific methods such as Life Cycle Assessment (LCA), Life Cycle Costing (LCC), and 
Social Life Cycle Assessment (S-LCA) used respectively to determine the environmental, 
economic, and social impacts of a product, process, or organization [73]. LCA is a 
methodology standardized by ISO 14040:2021 that defines the principles and framework 
in which the analysis should be performed [79]. In contrast, LCC does not yet have a 
recognized standard for products and services; instead, there is the ISO 15686-5 standard 
for buildings and constructed assets [80]. S-LCA also does not refer to an ISO standard, 
but to the UNEP guidelines updated in 2020 [81]. The three methods share the same 
analytical framework defined by ISO 14040 for LCA, namely four steps: (1) goal and scope 
definition, (2) inventory analysis, (3) impact assessment, and (4) interpretation [82]. 
Environmental impact assessment can also be combined with economic [83] or social [84] 
impact assessment to get a more complete view of the degree of sustainability. 
Alternatively, LCA, LCC, and S-LCA can be integrated with each other in a holistic 
methodological approach called Life Cycle Sustainability Assessment (LCSA) [85]. 
Consequently, we postulate that: 

Proposition 3 (P3). Life Cycle Thinking (LCT) allows the social, economic, and environmental dimensions 
of the sustainability of a product, process, or organization to be brought into a single relationship by assessing 
its impacts from a life cycle or supply chain perspective. 

In accordance with ISO 14040, one of the most critical steps is the Life Cycle Impact 
Assessment (LCIA), which establishes the relationships between each life cycle stage and 
the corresponding sustainability impacts [86]. Especially in the environmental field, there 
are many database-driven methods available to determine impacts [87]. As they are very 
different, the choice of database can influence the final results of sustainability studies 
[88]. In the social domain, on the other hand, the assumption is that any human activity, 
therefore including manufacturing, has the power to create or destroy value [89]. This 
occurs through the transformation (process) of inputs (resources) into outputs (products) 
and outcomes (results) which have a direct or indirect influence on the context of reference 
[90,91]. The changes induced or caused by the input transformation process are the 
impacts generated in the general environment in which the organization operates, both in 
the short and long term [92]. The impacts are therefore that part of the outcomes that are 
attributed exclusively to the activities carried out by the organization. The causal chain 
that links inputs to processes, processes to outputs, outputs to outcomes, and outcomes to 
impacts is known as the Theory of Change (ToC) [93]. We formalize this as follows: 

Proposition 4 (P4). In a general perspective of sustainability, impact can be seen as a change or modification 
of the context in which an organization operates due to anthropogenic activities. 

In accordance with [94], in the social sciences the abductive approach becomes central 
because it allows shifting the focus from the result to the process and from theory to the 
formulation of innovative hypotheses. Abductive inference begins with an observation or 
a set of observations that, according to rules we already know, help us to formulate a 
hypothesis that can explain the result we have observed. The conclusion of this reasoning 
is a hypothesis, i.e., a possibility that must be verified [95]. In the specific case of this 
research, the abductive inference from the theoretical framework is the following: 
• Rule: the sustainability of a natural, economic, or social system is the capability to 

maintain its state, unchanged by anthropogenic activities. 
• Observation: in order to be efficient, a manufacturing system must maintain a 

balance between the technological performance of process and product. 



Sustainability 2021, 13, 9942 6 of 19 
 

• New explanatory hypothesis: (perhaps) the maintenance of the operational 
performance of a manufacturing system represents its technological sustainability. 
Based on this new explanatory hypothesis, the theoretical framework shows the 

relationships between the different topics by suggesting the following assumptions: 
1. The degree of technological sustainability of a manufacturing company is dependent 

on its capability to optimize the production factors, ensuring that the organization 
will continue to operate in the future, at least in the same way as it does today. 

2. A technological sustainability assessment should also follow the same life cycle 
approach as provided by the LCT and the same analysis steps set by ISO 14040. This 
methodological consistency with the main methods of sustainability assessment can 
indeed facilitate their integration following a holistic perspective for environment, 
economy, society, and technology. 

4. Technological Sustainability Assessment (TSA) 
Following the life cycle approach (LCT) and supply chain perspective, a 

methodological framework for technology sustainability assessment is proposed in this 
section, based on the best practices developed in the European Commission-funded 
project LIFE Force of The Future [96]. The aim is to provide a tool for managing the impact 
of technology in manufacturing industry that can assist companies’ decision-making 
processes, following the ISO 14040 logic framework.  

4.1. Definition of the Goal and Scope of the TSA 
The first step of the TSA was to define the objectives of the study, specifying the 

motivations behind the work and the information expected to be obtained as a result. 
Similarly to other sustainability assessment tools, two different approaches can be 
adopted to capture the technological dimension of sustainability: (1) the perspective of the 
product and its manufacturing process with which the product is closely associated [97]; 
(2) the organization that operates the manufacture and sale of the product from a business 
viewpoint [98].  

The unit of analysis in the first approach is the functional unit that defines the 
product system to be analyzed, while in the second approach is the organization under 
study. Adapting the activities categories defined by Porter [99] to describe the value chain 
of a business, as already done in other recent studies [100], the pattern of possible system 
boundaries (cradle-to-gate and gate-to-grave) was drawn (Figure 1) for the assessment of 
the technological sustainability of the product process (P-TSA) or organization (O-TSA). 
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Figure 1. Life cycle approach to assessing product/process (P-TSA) and organizational (O-TSA) technological 
sustainability. 

In the case of P-TSA, the following activities are addressed. 
1. Sourcing (cradle-to-gate): supply of the raw materials and the other factors of 

productions. 
2. Inbound Logistics (cradle-to-gate): delivery of raw materials and other inputs to the 

factory. 
3. Operations (gate-to-gate): processes of physical and/or chemical transformation of 

production factors (inputs) into finished products (outputs) ready for sale, including 
packaging. 

4. Internal Logistics (gate-to-gate): handling and storage of finished products awaiting 
shipment. 

5. Outbound Logistics (gate-to-grave): processes of picking up products at the 
manufacturer’s warehouse for delivery to the distributor or end customer. 

6. Product Usage (gate-to-grave): these are the activities of using the product whether 
it is industrial assets for other industrial customers (business-to-business market) or 
consumer goods (business-to-consumer market). 

7. Waste Logistics (gate-to-grave): product end-of-life and waste gathering and 
disposal. 
In the case of the O-TSA, the perspective of the analysis changes to focus on the 

organization that controls the technologies to design, manufacture, and market a product. 
Following the same logic adopted previously, the main activities identified are as follows:  
1. Procurement (cradle-to-gate): refers to the function of purchasing technological 

inputs such as raw materials, semi-finished goods, machinery, equipment, and 
services used by the organization. 

2. Research and Development and Innovation (gate-to-gate): this is a strategic 
function of the organization that must build and preserve competitive advantage 
through product and process innovation both enabled by the development of new 
technologies and knowledge. 
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3. Manufacturing Equipment and Machinery (gate-to-gate): the endowment of 
innovative or, on the contrary, outdated manufacturing technologies has a significant 
impact on the company’s competitiveness. 

4. Organizational Technological Facilities (gate-to-gate): the relationship between 
technology and business organization goes beyond manufacturing operations and 
involves IT infrastructure, management systems such as Enterprise Resource 
Planning (ERP), and Business Intelligence systems (BI), all of which are essential tools 
for data collection and information processing. 

5. Human Resources and Knowledge (gate-to-gate): human resources, both at the 
individual and organizational level, play a fundamental role in technological 
innovation processes. Knowledge represents the intangible component of an 
organization’s technological assets, expressed through culture, skills, interactions 
between parties, and decision-making heuristics. 

6. Marketing and Sales Facilities (gate-to-gate): technologies must be at the service of 
marketing and commercial strategies to integrate and automate data and information 
that are collected and processed in other departments (product development, 
production, management control, and administration and finance). 

7. After-Sales Services (gate-to-grave): it means the set of assistance activities that a 
company provides to a customer before, during, and after the purchase or use of a 
consumable product and the technical support services of industrial companies that 
manufacture durable goods. 

4.2. Technological Inventory Analysis 
This phase includes all activities aimed at collecting data on all inputs and outputs 

included in the system boundary and elaborating specific technological metrics related to 
each category of activity of the product/process system (P-TSA) or organization (O-TSA) 
considered. 

4.3. Technological Impact Assessment 
According to ISO 14040, this is the third phase of the assessment, aiming to convert 

the inputs and outputs identified in the inventory analysis phase into potential 
contributions to technological life cycle impacts. 

4.3.1. Selection of Technological Impact Categories 
The selection of impact categories for technological sustainability assessment must 

be consistent with the objective and scope of the study and specify the technological 
concerns of interest to the organization. Therefore, starting with the explanatory 
hypothesis that sees technological sustainability as the ability of a production system to 
maintain its operational performance over time, the following impact categories were 
selected. 
1. In-/Outputs Availability (IOA): Refers to the potential of the system to provide the 

necessary inputs and outputs at the appropriate time to ensure continuity of 
operations. The output of one phase or activity in the life cycle becomes the input of 
the next. 

2. Operational Performance (OP): Describes the potential of the outputs of a process 
step or activity to meet the demands and needs of the organization’s internal users 
or end customers, optimizing the ratio of output value to input use. 

3. Technical Quality (TQ): Expresses the set of intrinsic characteristics and functional 
parameters that the output possesses and that satisfy the expected requirements of 
users and/or customers in accordance with current regulations. 
More generally, the concepts of availability, performance, and quality are used to 

build the OEE (Overall Equipment Effectiveness) index used to monitor the production 
losses of an equipment or process [101]. In this case, availability measures production 
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losses related to downtime, performance measures losses related to reduced speed, and 
quality measures losses due to units that are not released [102]. The choice of these 
parameters as technology impact categories is based on the results of the study by Durán 
and Durán [103] who, in addition to scaling the analysis from the facility to factory level, 
employ this approach to determine the systemic impact of each piece of equipment 
through a sensitivity analysis. 

4.3.2. Classification 
In this phase, the technological metrics selected earlier (Section 4.2), are associated 

with the various impact categories according to the effects they may have on the 
production performance of a manufacturing organization. 

4.3.3. Characterization 
In order to assess the technological sustainability, we create a composite index, 

namely a combination of individual indicators, which represents a convenient tool to 
convey information. The first stage of constructing a composite index is the selection of 
individual indicators. 

For each impact category, technological metrics are used to create indicators. These 
indicators make it possible to quantitatively express the contribution provided by each 
technological metric to each impact category. 

In the case of IOA, average stock and average consumption were selected as the 
technological metrics to construct the Stock Coverage Rate (SCR) indicator.  

Let “A” be the set of organizational activities, so that each activity a ∈ A; and let “ia” 
represent the input associated with each activity “a”: ∀a ∈ A ∃ ia. The Stock Coverage Rate 
(SCR) for each input “ia” can be defined as follows: 𝑆𝐶𝑅 = 𝐴𝑆𝐴𝐶  (1) 𝑆𝐶𝑅  = Stock Coverage Rate of input i, in the activity a, at time t. 𝐴𝑆  = Average Stock of input i, in the activity a, at time t. 𝐴𝐶  = Average Consumption of input i, in the activity a, at time t. 

As operations management aims to optimize the use of an organization’s resources, 
productivity metrics are key to evaluating operations-related performance. Therefore, in 
the case of the OP, inputs and outputs have been adopted as technological metrics to 
construct the Productivity Indicator. Productivity is the ratio between the real output of 
the production and the resources really employed (input) to generate said output, 
representing the capability to rationally use resources. 𝑃𝐼 = 𝑅𝑂𝑈𝑅𝐼𝑁  (2) 𝑃𝐼  = Productivity Indicator of the activity a, at time t. 𝑅𝑂𝑈  = Real Output in the activity a, at time t. 𝑅𝐼𝑁  = Real Input in the activity a, at time t. 

Finally, in the case of TQ, the technological metrics selected were the quality 
parameter controlled, and the acceptability threshold of this parameter set by current 
regulations to assign conformity to the output produced. The ratio between these two 
metrics represents the Output Conformity Rate (OCR). 

Let “oa” be the output generated from each activity “a”, the OCR for each output “oa” 
can be formalized as follows: 𝑂𝐶𝑅 = 𝑄𝑃𝐴𝑇  (3) 𝑂𝐶𝑅  = Output Conformity Rate of output o, in the activity a, at time t. 
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𝑄𝑃  = Quality Parameter of output o, in the activity a, at time t. 𝐴𝑇  = Acceptability Threshold of output o, in the activity a, at time t. 

4.3.4. Normalization and Aggregation 
As individual indicators often have different scales of measurement, normalization 

is required prior to any aggregation [104]. This process brings indicators onto a common 
scale, maintaining the relative differences and producing dimensionless scores that allow 
for comparison. 

For the purpose of the study, we opted for standardization (z-scores); for each 
individual indicator, the mean (x̄) and the standard deviation (σ) across activities are 
computed.  

Let K be a set of individual indicators K = {km}, m = 1, …, M, standard scores are 
derived as: 𝑧 = 𝑥 − �̅�𝜎      (4) 𝑧  = standardized score of the indicator k, for activity a, at time t. 𝑥  = score of the indicator k, for activity a, at time t. �̅�  = average score of indicator k, for all activities, at time t. 𝜎  = standard deviation of indicator k, for all activities, at time t. 

After standardization, data will have a 0 mean and a unit standard deviation. 
Next, the results of the impact categories are first multiplied by weighting factors and 

then added together to obtain a single value, thus allowing the assignment of values to 
the different impact categories.  

Weights reflect the relative importance of each individual indicator to the overall 
composite index [105]. Given a set of individual indicators K = {km}, we can define the set 
of indicator weights as W = {wm}, with m = 1, …, M, such that wm ≥ 0 and ∑ 𝑤 = 1. 

Because of the exploratory nature of the study, adopting the approach already 
followed in other studies [106], we assume equal weights for all indicators: 𝑤 = 1𝑀     (5) 

wm = weight of indicator km. 
M = total number of indicators for each activity a in the life cycle. 
Weighted arithmetic mean, one of the most widely used aggregation methods [107], 

was used to aggregate normalized indicators and into sub-indexes for each category of 
technological impact.  𝐼𝑂𝐴𝐼 = 𝑤∈ 𝑧𝑆𝐶𝑅            (6) 

𝑂𝑃𝐼 = 𝑤∈ 𝑧𝑃𝐼         (7) 

𝑇𝑄𝐼 = 𝑤∈ 𝑧𝑂𝐶𝑅            (8) 

(IOAI)t = In-/Output Availability Index for the standardized indicator zSCR, at time 
t. 

(OPI)t = Operational Performance Index for the standardized indicator zPI, at time t. 
(TQI)t = Technical Quality Index for the standardized indicator zOCR, at time t.  
Finally, to build the overall Technological Sustainability Index (TSI), we aggregate 

the scores obtained from partial indices (IOAI, OPI, and TQI), each of them corresponding 
to an impact category.  
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In particular, given the set of sub-indexes H = {hj} (j = 1, …, J), we assign to each sub-
index “hj” a weight ‘wj ≥ 0’, such that ∑ 𝑤 = 1. The composite index can be formalized 
as follows: 

𝑇𝑆𝐼 =  𝑤  ℎ     (9) 

𝑇𝑆𝐼 =  𝑤  𝐼𝑂𝐴𝐼 + 𝑤  𝑂𝑃𝐼 + 𝑤  𝑇𝑄𝐼       (10) 

Additionally, in this case an equal weighting scheme was adopted, as the three 
dimensions have equal status in the composite index. However, weighting factors may be 
set differently depending on the relevance attributed by the organization to individual 
indicators. 

We can now take into consideration the TSI time series for year t, which can be 
expressed as: 𝑇𝑆𝐼 , 𝑇𝑆𝐼 , … , 𝑇𝑆𝐼        (11) 

Then, let us consider the TSI time series for the previous year t − 1: 𝑇𝑆𝐼 , 𝑇𝑆𝐼 , … , 𝑇𝑆𝐼      (12) 

The use of time series, as demonstrated by other studies [108,109], allows for the 
analysis of trends in the performance of an index. The trend variance rate of technological 
sustainability (∆TSIt − 1, t) is then given by the ratio between the index of the month of 
reference at time “t” and that of the corresponding month at time ‘t – 1’, the result is 
multiplied by 100 and then 100 is subtracted. For example, considering the month of 
March for year t and year t − 1, the following will occur: ∆𝑇𝑆𝐼 , = 𝑇𝑆𝐼𝑇𝑆𝐼 ∙ 100 − 100       (13) 

This trend variance rate provides additional information about the effects of 
technology on process, product, and organization because it includes the time dimension. 
The performance achieved in transforming inputs into outputs using technology in 
operational activities can be monitored with the IOA, OP, and TQ indexes. While the 
evaluation of the technology-driven change can be measured as the result (outcome) 
generated by the product or process (output) and the impact (positive or negative) that 
the result has induced on the organization in the medium to long term (Figure 2). Outcome 
and impact, if positive, can be seen as benefits for the consumers of the products and for 
the organization that has operated the manufacturing process. Or, in other words, as the 
value generated by the organization for stakeholders when their expectations are met. 
One way to capture the contribution made by technology to value creation may be to 
perform a simple arithmetic mean of the monthly trend variance rates to obtain the 
Technology Improvement Index (TII) (Equation (14)). 𝑇𝐼𝐼 , = ∑ ∆𝑇𝑆𝐼 ,12       (14) 
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Figure 2. Causal relationships between inputs, activities, outputs, outcomes, and impacts in the chain of change to create 
value by technology. 

This index provides an indication of how the organization, in processing resources 
to obtain products, improves (or worsens) its results and impacts as a result of technology, 
from one year to the next. The economic and social value created through technological 
improvement can be quantified by integrating this assessment with the socio-economic 
and environmental ones. 

4.4. Technological Interpretation 
Whatever output/outcome of the data collection and processing procedures, it 

requires the researcher to perform interpretation, i.e., to attribute meaning and 
technological value to the intermediate or final results of the sustainability assessment. 
Therefore, interpretation is the stage of the technological sustainability assessment in 
which the results obtained in the inventory analysis and impact assessment are combined 
in a manner consistent with the objectives and scope of the study to derive insights and 
recommendations. Any critical issues identified in the impact assessment can help to 
modify processes, products, and organizational procedures in an iterative approach to 
improvement. Interpretation should contain three main activities: (1) identification of 
significant factors that have the potential to change the final results of the technology 
assessment; (2) evaluation of the completeness of the inventory and impact assessment 
supplemented with sensitivity analysis of key factors for technology impact and checking 
for consistency of methods and data with the objective and scope; (3) preparation of a final 
report that includes the results obtained and the conclusions reached with the study. 

This procedure, although subdivided into phases, should be conducted with an 
overview as schematized in Figure 3 for the P-TSA and O-TSA respectively. In fact, results 
are not automatically endowed with meaning if the researcher does not combine his 
expertise in processing technical data, with a technological sensitivity derived from 
knowledge of the organizational context of application of the results and his interpretive 
effort. Interpretation requires the rhetorical ability to argue the choices made and to 
effectively interpret and expose the key findings, thanks to the two-way contamination 
between technological data and organizational context. The stronger this relationship, the 
higher the heuristic potential of the final Technology Sustainability Indexes (P-TSI and O-
TSI). 
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Figure 3. Holistic interpretive frameworks for the four phases of both product/process (P-TSA) and organizational (O-
TSA) technology sustainability assessment. The frameworks differ for the different activities considered in phase #1 and 
#2. 

5. Discussion of Results 
Following a theoretical-conceptual perspective, the main result of this research is a 

methodological framework for technological sustainability assessment (TSA) based on the 
life cycle approach (LCT) and in line with the operational scheme of ISO 14040. The 
methodological framework is divided into two application options: one to determine the 
technological sustainability of a product or process (P-TSA) and the other designed for a 
whole manufacturing organization (P-TSA). In both cases, to adopt the perspective of the 
value chain and the life cycle approach (cradle-to-gate and gate-to-grave), seven main 
activities have been identified against which to conduct the analysis of technological 
sustainability. In addition, three impact categories necessary to determine the level of 
technology impact along the value chain were defined for both: In-/Outputs Availability 
(IOA), Operational Performance (OP), and Technical Quality (TQ). 

By combining a set of technology metrics, three general indicators were defined for 
each impact category: Stock Coverage Rate indicator (SCR), Productivity Indicator (PI), 
and Output Conformity Rate (OCR). When applying this technology sustainability 
assessment framework, analysts should appropriately select those specific metrics that 
best represent the impact of technology on their product/process or organization. 

After weighting, the indicators for each impact category can be aggregated into 
general indices of technological impact: In-/Outputs Availability Index (IOAI), 
Operational Performance Index (OPI), and Technical Quality Index (TQI). Finally, a 
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mathematical way to construct the Technological Sustainability Index (TSI) was provided. 
This index quantitatively describes the degree of technological sustainability associated 
with the product/process or, more generally, the level of technological sustainability 
achieved by the organization. 

Finally, in order to capture the trend of technological sustainability over time, the 
methodological framework also proposes to normalize the indices measured at a given 
time with respect to an internal baseline, obtaining a further index called Technology 
Improvement Index (TII). This has the advantage of including the dimension of time in 
the assessment of technological sustainability, showing how technology contributes to 
improving the performances of a product/process or the outcomes of an organization. The 
economic and social value created through technological improvement can be quantified 
by integrating this assessment with the socio-economic and environmental ones. 

The results obtained from this conceptual framing provide several implications for 
both scholars as well as practitioners and businesses. 

5.1. Implications to Academia 
This paper contributes to fill the gap in the literature regarding the concept of 

technological sustainability, which is often instead understood as the sustainability of 
technological solutions. Thus, technology becomes an integral part of sustainability along 
with environment, economy, and society, providing a multidimensional view of it. To 
justify this new attribution of meaning, three categories of technological impact have been 
identified (In-/Outputs Availability; Operational Performance; Technical Quality), all of 
which are necessary to determine whether a production system is able to maintain its 
functional capabilities over time. For each impact category, an index is determined by 
combining specific technology indicators and metrics. This study therefore provides a 
methodological framework for quantifying, with a general technology sustainability 
index, the contribution made by technology to the value creation of an organization (O-
TSI) through a product or process (P-TSI). 

5.2. Implications to Practitioners 
From the perspective of industrial and business practitioners, the framework for 

assessing sustainability technology provides a promising operational tool for monitoring 
how technologies really contribute to the effectiveness of production systems. Normally, 
industrial engineering and operations research specialists focus on analyzing the 
performance efficiency of a single piece of equipment. In contrast, the technology 
assessment framework proposed in this study, with its holistic view, shifts the focus of 
managers from the nano-level of machinery to the micro level of the whole system, up to 
the meso level of the supply chain, expanding the possibilities for broadening knowledge 
about the real contribution of processes, products, and organization to value creation. 

5.3. Limitations and Future Research Directions 
Due to its theoretical-conceptual focus, this paper has some limitations that 

nevertheless offer insights for subsequent in-depth research activities. First, the proposed 
technological sustainability assessment framework will need to be validated through its 
application in an operational context. In fact, it is necessary to ascertain that the indicators 
and indices, as well as the technological impact categories, are relevant and suitable for 
different production environments. Second, if the empirical validation is successful, it will 
be necessary to reinforce the theoretical construction that, while having a certain degree 
of detail, needs to be linked to current management theories in order to make the 
introduction of an additional pillar of sustainability more solid. Finally, it is necessary to 
explore the relationships between technological sustainability, introduced in this study, 
and environmental, social, and economic sustainability, in order to build an integrated 
framework of sustainable development. 
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6. Conclusions 
The capability to equilibrate social, economic, and environmental sustainability is the 

essence of the concept of sustainable development, which has also become a key issue for 
manufacturing companies. This process ensures a balance between the economic growth 
of a given industry, care for the environment and the well-being of the society in which it 
is integrated. Cross-cutting each of these concepts is technology as a fundamental element 
both in industrial processes and in every aspect of people’s lives. In every era of human 
history, technological innovations have arisen that can optimize processes and advance 
societies, so it is necessary to think of technology as an enabler for sustainability. 

In this paper, the authors aimed to investigate the transversal character of technology 
with respect to the environmental, economic, and social dimensions of sustainability in 
order to highlight its relevance for preserving the equilibrium between the three pillars of 
sustainable development. The theoretical construction was grounded in the definitions of 
sustainability and sustainable production and on the methodological approach of Life 
Cycle Thinking (LCT). Under conceptual abstraction, and applying an abductive 
inference, it was assumed the existence of technological sustainability understood as the 
capability of a production system to maintain its operational performance. 

Thanks to these theoretical backgrounds, it was possible to answer positively the RQ1 
stated in the introduction, that is, technology can be seen as a key dimension of 
sustainability along with environment, economy, and society. Then, following the holistic 
view of Life Cycle Thinking and the methodological scheme of ISO 14040, a framework 
was proposed to carry out the assessment of the technological sustainability of an 
organization (O-TSA) and of a product or process (P-TSA). This provided a positive 
response to RQ2. 

This research represents an initial conceptual and exploratory contribution aimed at 
providing an operational framework to help manufacturing companies to consider the 
technological dimension within the broader framework of the sustainability of a 
product/process and an organization. 
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