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Abstract: The world and society are now constantly evolving through scenarios of global change and 
development having direct and indirect impact on manufacturing companies. The related 
manufacturing value chains require different assessment and evaluation of strategic dimensions such 
as Quality, Innovation, Flexibility and Sustainability. In order to capture and evaluate these 
dimensions, value modeling methodologies are currently used. Since sustainability is gaining attention 
as a close future business driver, in this paper an existing and specific Manufacturing Value Modeling 
Methodology (MVMM) is firstly shortly described to focus then on the analysis and development of 
sustainability dimension. Implementing manufacturing sustainability into the MVMM requires the 
setting of a structured information set (named catalogue) that presents an overview of sustainable 
challenges and opportunities in order to identify a correct structure of metrics (and relevant key 
performance indicators) for assessment and evaluation, which translate business goals into consistent 
manufacturing strategy, and allows to improve operational performance by suggesting, and then 
adopting, a set of best practices. To this end, a qualitative literature review on industrial sustainability 
performance management has been performed with the aim of analyzing the existing body of 
literature, re-organizing these data accordingly to a hierarchy of structured KPIs, identifying poor 
analyzed areas, and finally providing a first comprehensive database of metrics to build up and 
structure the aforementioned catalogue.  
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1.Introduction

Company strategy to achieve competitive advantage is 
composed by the capacity of making decisions, the 
identification of business drivers and the ability to model 
strategic dimensions that affect the market, the 
environment and the company itself. It is in this context 
that Industrial Sustainability is recognized as a strategic 
dimension that affects the manufacturing environment 
such as flexibility, innovation, and quality. In particular, 
sustainability is a capability that allows to achieve 
competitive advantage through the increase of material 
efficiency, energy saving, closed-loop control at industrial 
system level, and through the increasing competitiveness 
by improving economic, environmental and social 
performance. Regarding industrial sustainability 
performance management, despite many literature 
contributions regarding sustainability, there is a lack of 
understanding of how sustainability may be effectively 
embedded in corporate performance management systems 
especially on the manufacturing area. Hence Authors 
decide to focus their attention on sustainability both as a 
competitive and strategic dimension in the manufacturing 
environment with respect to value modeling and the 
industrial sustainability performance management. Thus 
the purpose of this paper is to present an overview 

regarding sustainability trends, implications that affect the 
manufacturing company and supply chains, and lead a 
review in order to analyze the existing body of literature 
on performance management, with the aim of creating a 
set of structured Key Performance Indicators (KPIs). As 
proposed by Authors, a Manufacturing Value Modeling 
Methodology (MVMM) is used to model the internal, 
external conditions that affect the company, organizing 
these contents in a set of structured information 
specifically named catalogue. From a value modeling 
point-of-view, capturing the environment of the given 
scenario by identifying the external and internal influence 
factors and mapping them is necessary to confront these 
evidences with preset catalogues containing suggestions 
about those sustainability practices that might be suitable 
for handling the given set of internal and external 
influence factors. Moreover, in order to identify important 
sustainability issues and address them to a large degree 
and change perceptions, it is important to require specific 
organizational support, capabilities and measurement in 
terms of specific indicators. Hierarchical industrial 
sustainability metrics and related key performance 
indicators (KPIs) need to be defined and developed in 
order to translate business goals into manufacturing 
strategy, and possibly improving manufacturing 
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operational performance by adopting a set of best 
practices. Within this context Authors present a 
(Industrial) Sustainability Catalogue with an overview on 
implications and possibilities of Industrial Sustainability in 
Section 2, then a simple qualitative literature review is 
reported on Industrial Sustainability Performance 
Management in Section 3. In Section 4 is presented the 
reorganization of data collection on metrics and KPIs by 
adopting a hierarchical structure highlighting limitations 
and missing areas. Finally, Section 5 shows the 
consequences and issues of the Authors’ work and 
conclusions are discussed. 

2. Sustainability Catalogue 

The scope of the Authors’ work is to provide a guide for 
manufacturing companies, in order to understand what 
sustainability trends and drivers are fundamental to the 
manufacturing environment and a set of KPIs that allows 
firms to control and monitor the reaching of these goals. 
The sustainability catalog combines these two approaches 
by using the MVMM, in order to include internal and 
external influence factors as well as the hierarchical KPIs. 
The sustainability catalogue uses the structure of external 
influence factors (Manufacturing Challenges), internal 
influence factors (Manufacturing Objectives and 
Sustainable Industrial Practices) from MVMM. 

2.1 External Factors 

The external view represents Manufacturing Challenges 
(Table 1), this component describes sustainable challenges 
that have an impact on the manufacturing environment. 
This section gives a background on the challenges 
associated with embedding sustainability into corporate 
performance management. Examples of Manufacturing 
Challenges could be for instance Manage environmental 
changes and/or Reduce energy consumption. The external 
view is followed by the analysis of the internal process and 
strategies. 

2.2 Internal Factors 

The internal influence factors are used to represent the 
sustainable goals and strategies of the manufacturing 
company. Different internal influence factors could be 
identified as: 

• Manufacturing Objectives: describe the company 
strategy in terms of sustainable opportunities and 
issues (Table 2). 

• Sustainable Industrial Practices: as a set of planning 
practices, production, purchasing and logistics 
aimed to incorporate a sustainable perspective in 
operations (Table 3). 

3. Sustainability Performance Management 
qualitative literature review 

The dataset selected for this study was “Scopus”, the 
Authors interrogated the database searching for 
(“Sustainable” OR “Sustainability”) AND (“Supply Chain 
Performance”) AND (“Manufacturing” OR 
“Management” OR “Metrics” OR “Indicators”), in the 
titles, abstracts and keywords of papers published between 

2000 and 2015. The interrogation resulted in 175 papers 
published in 88 different journals that constitute the basis 
for further analysis. The earliest paper included in the 
dataset was published in 2004 and the most recent in 
2015. Figure 1 presents the list of the first journals where 
research has been published. Journal of Cleaner 
Production, Supply Chain Management, International 
Journal of Production Economics and International 
Journal of Production Research lead the ranking with 16, 
12, 11, 11 publications, respectively. 

 
Figure 1: Distribution of publication per Journal 

Figure 2 presents the geographic diversity of scholars. In 
this case it is relevant to note the leadership of USA and 
European academic institutions that contribute 
substantially equally to the research field development. 

 

Figure 2: Distribution of publication per country 

Further, Figure 3 presents the frequency of publications 
over time highlighting a research field that is growing 
rapidly, while Figure 4 highlights the ranking of keywords 
used by authors. 

 

Figure 3: Distribution of publication per year 

The literature review on sustainable performance 
management has highlighted that sustainability metrics 
and indicators may be applied with different levels of 
complexity and are increasingly being recognized as 
practical tools for manufacturing decision making, and 
communication purposes in many contexts. 
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Figure 4: Distribution of publication per keywords 

Previous research has shown that there is a great range in 
the types of metrics reported, though many metrics for all 
three areas of the triple bottom line are available. The 
analysis of the published metrics highlights the need for 
the development of an original conceptual framework for 
measuring performance in Sustainable Supply Chains. In 
the next section the Authors provide the first 
comprehensive database of metrics that have been 
reported in the literature, and the analysis provide a 
starting base for future academic and practitioner work. 

3. Measuring Sustainability dimension

Sustainability even if a relatively new research area, already 
shows an interesting number of measures and metrics 
mainly de-structured and at very different levels. This 
variety is creating confusion among manufacturers when 
they attempt to select an operational set of indicators for 
assessing sustainability in manufacturing in practical terms 
being the related practices interacting each other through 
not so trivial relationships and trade-offs. A further 
challenge in selecting metrics for sustainable 
manufacturing, in fact, is that it is not an inherently 
intuitive process; these metrics, in fact, are not necessarily 
related to the function of the part of being manufactured. 
Additionally, a complete picture of environmental impact 
and sustainability requires numerous metrics. 

To address this challenge Authors have collected almost a 
hundred of sustainability measures that they categorized 
among indicators and metrics based on the thirteen 
Manufacturing Objectives listed in Table 3. Finally, they 
grouped these Objectives in four main sections: General 
Aspects, Materials, Energy and Emissions.  

General Aspects encompasses two manufacturing 
objectives: Safety and Climate Change. This section takes 
into account objectives that are not specific on how to 
improve the manufacturing processes but, indirectly, are 
likely to affect the industry’s sustainability performance. 

Materials covers all those metrics and indicators about the 
efficient and effective use of material and it is made up of 
five objectives: Material Efficiency, Reduce usage of raw 
material, Increase usage of renewable material, Minimize 
water usage and Waste reduction. 

Energy is the most commonly used and analysed field for 
the assessment of the environmental performance. It 
covers two main aspects: Energy Efficiency and 
Decarbonisation of global system. For both these two 
categories there is a detailed KPI hierarchy that allows an 
accurate assessment of targets that a manufacturing 
industry wants to achieve. 

Finally, Emissions includes the intensity of the weight of 
all releases to air/land/water during a reference period. Its 
objectives are: Minimize emissions to air, Minimize 
emissions to land, Minimize emissions to water and 
Increase recycling rates. In Table 4 is reported the 
Authors’ categorization of manufacturing sustainability 
KPIs and metrics. 

4. Industrial Sustainability Performance 
Management: A KPIs hierarchical approach 

As previously introduced, the Authors’ aim is to start 
sketching  a sustainability KPIs hierarchy which translates 
business goals into manufacturing strategy, and allows to 
improve operational performance by adopting a set of 
best practices. In order to align the company and 
manufacturing strategy, a multi-level structure of strategic 
and operational KPIs is developed, with the scope of 
mapping the Sustainability Catalogue Internal Factors’ 
respect to metrics and indicators which have been 
reorganized. The framework proposed, allows to define 
objectives, establish goals and measure operational 
progress, aiming to a constantly monitor and control of 
relevant activities. Below two examples of the proposed 
framework are shown. Figure 5 reports the connection 
between manufacturing objectives, Sustainable Industrial 
Practices and metrics/KPIs respect to the energy section. 
In particular, companies can control the achieving of the 
“Energy efficiency” goals through the high level indicator 
“Total Energy Consumption” which is composed by three 
more operational metrics: “Energy intensity”, “Energy 
availability” and “Energy usage”. Similarly Figure 6 shows 
the same connection respect to the materials section with 
the specific sustainability goal “Minimize water 
consumption” whose achievement is monitored by “water 
consumption”. As in the energy example, the high level 
metrics consists of “water loss”, “% water loss” and 
“water intensity” which are a lower level metrics. 

Figure 5: Mapping between MVMM and Energy section 

Figure 6: Mapping between MVMM and Material section 
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5. Discussions and implications for MMVM

It is possible to note that, except for the Energy, all the 
other sections do not present a complete set of indicators. 
One limitation is due to the lack of the availability of 
sustainability-related data. Even if a precise calculation of 
all indicators can be performed, problems may occur due 
to granularity of available data. In fact, decision making in 
a manufacturing enterprise can take place at many 
different levels, therefore the scope of application should 
be understood when using the metric formulations give 
above. In the current situation, sustainability monitoring is 
widely done on plant level, but to really use the approach, 
a finer granularity on machine level is necessary. A real 
and complete case analysis can only be done in a time 
frame in which the multi-level sustainability measurement 
and monitoring systems allow sustainability analysis for 
different levels of the plant, down to machine level. 
However, such limitation could be dealt with by increasing 
the role and use of advanced data collection IT systems in 
manufacturing environments. Another reason for the 
scarcity of indicators in some manufacturing objectives 
like Minimize emission to land, Minimize emission to 
water, Waste reduction, Material efficiency is related to the 
fact that these issues gained importance only in the last 
10-15 years and they require a deep (re)design of the 
manufacturing processes in order to be taken into account 
(see the ambitious and innovative Zero Emission 
Manufacturing effort done by Toyota Motor Europe to 
this end). By performing a qualitative literature review on 
Industrial Sustainability Performance Management, 
Authors identified and structured different sections that 
can be improved in terms of industrial sustainability 
performance management. As highlighted by the 
categorization of KPIs, the last level of the MVMM, it 
lacks a hierarchy of indicators for assessing sustainability 
in manufacturing. While it is easier to find metrics that 
provide an overview on the variables to consider for 
assessing a specific problem, it is not so easy analyze it in a 
timely manner through a set of indicators.  

6. Conclusions

Authors’ purpose was to examine evidence of industrial 
sustainability as a manufacturing strategic dimension and 
collect metrics and indicators in order to create a 
hierarchical KPIs with the scope of assessing the 
performance of the firm in terms of sustainability and 
suggesting related best practices. To accomplish this, 
Authors realized a structured Industrial Sustainability 
Catalogue to be complementary used within the proposed 
MVM methodology, with the aim to  translate sustainable 
trends and goals into manufacturing strategy, and 
suggesting a set of best practices and related KPIs. 
Authors identified 21 sustainability indicators, both simple 
and aggregated, able to cover nine on the thirteen 
Manufacturing objectives selected. It is noticed that 
Energy Efficiency and De-carbonization of the global 
system are the areas most explored both in the literature 
that at industrial level, therefore, it has been possible to 
derive the detailed indicators. In contrast, aspects such as 
Waste reduction, Material efficiency, Minimize emissions 
to land and Minimize emissions to water are still not 

treated in detail, at least at industrial level, showing a 
relevant research gap on the characterization of 
sustainability metrics for manufacturing processes. These 
metrics and KPIs collection and analysis show the 
research that gaps identified in the literature review and 
the poor relationships with best practices suggestion and 
adaptation inhibit manufacturing strategy transformation 
at industrial sustainability level. In particular, Authors feel 
that more attention should be given to industry-specific 
research on sustainable supply chain management. 
Finally, it is evident that this area still requires significant 
investigation at the operational and strategic levels, the 
framework provided will guide industry and supply chain 
sustainable progress and improvement.  
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Appendix A. 

External Factors: Manufacturing Challenges 

Change in the interaction with the individual (customer, worker, citizen) 

Exploitation of energy from waste and scrap 

Growth of a new middle class at global level 

Growth of emerging countries (production and consumption) 

Higher production flexibility and re-configurability 

Highly variable and difficult to forecast market conditions 

Increase in productivity 

Increase in urbanization - integration of industry in urban context 

Increase the resilience of industry to global warming and climate change (on production, procurement and markets) 

Increase the worker well-being in terms of high satisfaction, safety and inclusivity 

Manage environmental changes due to exploitation of farmland, deconstruction of infrastructure and urbanization 

Need to enhance specific competences and skills of each geographical area 

Need to manage dynamic and complex business networks 

Need to recycle components and products 

New forms of employment 

New models of collaboration reshoring-offshoring-nearshoring 

New services tailored on the people 

Pervasiveness of internet 

Products to satisfy the demand for comfort, health and wellbeing of specific target groups 

Reduce energy consumption 

Reduce pollution in air, ground and water through improved environmental sustainability 

Use of alternative energy sources in manufacturing 

Table 1 Manufacturing Challeges 

Internal Factors: 
Manufacturing Objectives 

Description 

Client satisfaction Providing greater satisfaction, well-being, and added value to customers and users. 
Decarbonisation of the global 
energy system 

The CO2 emissions from materials production and processing could be reduced if the processes were 
powered by less carbon intensive energy. 

Energy efficiency Improving the energy efficiency of a factory as well as for calculating the embodied energy of a 
product, fostering the energetically optimization of its manufacturing processes. 

Increase recycling rates Extending the supply chain to include issues such as remanufacturing, recycling and refurbishing 
added complexity to supply chain. 

Increase usage of renewable 
resources 

Consider long term criteria in proposals, i.e. adaptability for future changes, whole life costs, select 
renewable resources. 

Material Efficiency Material efficiency means providing material services with less material production and processing 
Minimize emissions to land Acidification potential, land usage. 
Minimize impact on species Enhance and protect species and the natural environment 
Minimize water usage Actions were proposed to use auxiliary cleaning techniques using mechanical cleaning methods, usage 

of steam, etc., to minimize water usage and to preserve water for future use. 
Reduce usage of raw material Minimize consumption of raw material and natural resources. 
Reduction of air emission Optimization of process to reduce air emissions. 
Safety Enhancing site and welfare conditions, respect employees and the wider community. 
Waste Reduction Products are pulled through chains in response to demand, with minimal waste and inventory. It 

primarily takes a cost-based view of value, focusing on the drivers of efficiency and waste. 
Table 2 Manufacturing Objectives 

XXI Summer School "Francesco Turco" - Industrial Systems Engineering

267



Internal Factors: Sustainable 
Industrial Practices 

Description 

Ecodesign It is treated as the designing phase of product life cycle. It is based on Life Cycle Assessment that is a 
technique that summarizes the quantification of the environmental consequences of products and 
services. 

Green Supply Chain (GSC) GSC is viewed within the planning and sourcing phase of the product life cycle. GSC can be 
understood as sustainable operations practices together with suppliers and/or customers covering 
project design, selection of raw materials, selection of suppliers, green purchasing, packaging and 
logistics. 

Cleaner Production (CP) It refers to the production phase. It represents the application of an economic, environmental and 
technological strategy integrated with the processes and products in order to make them more 
efficient. 

Reverse Logistics (RL) RL refers to the management of waste related to the consumption of manufacturing products. Reverse 
logistics can be understood as the return process of moving goods in order to capture value or give 
the appropriate destination. 

Table 3 Sustainable Industrial Practices 

Manufacturing Objectives Collected Manufacturing KPIs/Metrics 

Metrics KPIs 

General Aspects 

Safety (25) 1) Noise level.
2) Impacts of activities and operations on
protected and sensitive areas. 
3) Labour/ employment issues: standard
issues such as health and safety, education, 
training, industrial relations, wages, 
benefits, conditions of work/employment, 
accountability, image/reputation and 
harassment. 

4) Supplier relationships: contractual
agreements with suppliers, supplier 
diversity and company policies on the 
screening of suppliers. 

1) Time Weighted Average = 16.61 log_10
(D/100) + 90 where D = Noise Dose = (time 
actually spent at sound level 
*100%)/maximum permissible time at sound
level 

Climate change (24) 
1) GROI = Climate Change = (GHG_bau -
GHG_investment) /  GHG_investment 
where GHG_bau (Business As Usual) is the 
life-cycle greenhouse gas emissions of the 
current technology and GHG_investment is 
the greenhouse gas emissions from installing 
or utilizing a new technology 

Materials 

Material efficiency (24) 1) Total materials use other than water, by
type. 
2) Percentage of materials used that are
wastes (processed or unprocessed) from 
sources external to the reporting 
organisation. Refers to both post-
consumers recycled material and waste 
from industrial sources. Report in tonnes, 
kilograms, or volume. 
3) Annual mass flow of different materials
used (excluding energy carriers and water) 
in tonnels. 
4) Ratio of the used recycled input
materials expressed in units % of the total 
input materials % of the total input 
materials. 
5) Weight of materials used.
6) Percentage of materials used that are
recycled. 
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Reduce usage of raw material 
(24) 

1) Raw material consumption. 
2) Non-renewable materials intensity. 
3) Usage of resources: water usage, 
material usage (overall material 
consumption, virgin material consumption, 
recycled material consumption, reused 
materials, remanufactured materials, other 
materials. 

1) Years Remaining = Material Scarcity = 
Stock global / (Annual Use global * (1 – 
Recycling Rate)) 

Increase usage of renewable 
material (24) 

 1) Availability Factor = Rate Of 
Consumption_investment / (Sustainable 
Available Stock – Rate Of 
Consumption_GeographicRegion + Rate Of 
Consumption_BusinessAsUsual) 

Minimize water usage (26, 
38) 

1) Water eutrophication. 
2) Water consumption Total annual water 
consumption m3/year. 
3) Percentage and total volume of water 
recycled and reused / The percentage of 
water recycled from the production 
process. 
4) Total water withdrawal by source. 
5) Total water discharge and quality. 
6) Mains water use (designed) – product 
Median water use m3 / 100m2 gross floor 
area. 
7) Mains water use - construction process 
Median water use m3 / £100k project 
value. 
8) Total level of water losses in company 
systems yearly. 
Leakage rate of the total water distribution 
network. 

1) Water losses in cubic meter/km/day 
2) Water loss % 
3) Water Intensity = Total water intake/ 
Normalization factor 
4) Water Availability Factor = Water Use 
(local - investment) / (Renewable Water 
Supply_local – Water Use_local) 

Waste reduction (32) 1) Residuals Intensity. 
2) Total amount of waste by type and 
destination. 
3) Weight of transported, imported, or 
exported waste deemed hazardous. 
4) Waste (Recycling, recovery and landfill). 
5) Radioactive waste Companies measuring 
radioactive waste should follow guidelines 
from the environmental regulators. Solid 
radioactive waste should be reported at the 
company level on an annual basis in kg or 
metric tons of HLW, ILW and LLW. 
6) Waste disposal to landfill expressed as 
percentage of production by weight. 
7) Total annual generation of waste, 
broken down by type in tons. 
8) Total annual generation of hazardous 
waste in kg or tons. 
9) Waste - construction process Median 
waste removed from site m3 / £100k 
project value. 

 

Energy 
Energy efficiency (25) 1) Total Energy consumption. 

2) Total direct energy use. The total energy 
consumption of the organization is 
possible to express also in tons of oil 
equivalent MWh, Gj. 
Total renewable energy use.  The % of the 
total annual consumption of energy 
(electricity and heat) produced by the 
organization from renewable energy 
sources. 

1) Energy Intensity = (energy consumed in 
production process + energy consumed in 
overhead)/Normalization factor 
2) Lean Energy = Valuable Energy 
Consumption/Overall Energy Consumption 
3) Energy Quality = Valuable Energy 
Consumption / Net Production Energy 
4) Energy Availability = Gross Production 
Energy / Net Usage Energy 
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5) Energy Usage = Net Usage Energy / 
Energy in operating time 
6) Energy Opening = Energy Consumption 
in Opening Time / Energy Consumption in 
Theoretical Production Time 
7) Energy Scarcity = 
EnergyUse_investment/ 
(EnergyCapacity_local - EnergyUse_local +  
EnergyUse_BusinessAsUsual) 
Energy Independence = 
(EnergyUse_BusinessAsUsual - 
EnergyUse_(local-investment)) / 
EnergyUse_(local-investment) 

Decarbonisation of global 
system (24) 

1) Carbon footprint. 1) CO2 Effectiveness = Transport CO2 
Effectiveness / Warehouse CO2 
Effectiveness, where Transport CO2 
Effectiveness = (Tonne.km * Transport CO2 
Efficiency)/Total Volume Sold, and 
Warehouse CO2 Effectiveness = (Stok 
Levels* Warehouse CO2 Efficiency)/Total 
Volume Sold 

Emissions 
Minimize emission to air (23) 1) Air acidification. 

2) Air releases intensity. 
3) Dust and particles. 
4) Volatile organic compounds. 
5) Metal emissions to air. 
6) Transport: Road, Rail, Air, Road Freight 
and Other Freight. For example, 
conversion of miles travelled in medium-
sized petrol car to tons of CO2 emitted. 
7) Total annual emissions of greenhouse 
gases including at least emissions of CO2, 
CH4, N2O, HFCs, PFCs, SF6 tons of CO2 
equivalent. 
Total annual air emission, including at least 
SO2, NOx e PM Kg, tons. 

1) Green House Gases Intensity = (GHGS 
released in energy consumption for production 
+ GHGS released in energy consumption for 
overhead + GHGS released by transport used 
for business travel + Additional GHGs 
released from production 
process)/(Normalization factor) 
Intensity of pollutant releases to air = 
Weight of releases to air/Normalization factor 

Minimize emission to land 
(31) 

1) Oil and coolant consumption. 
2) Restricted substances intensity. 
3) Metal emissions to land acid and organic 
pollutant emissions to land. Metal 
emissions to land arising from industrial 
activities should be reported as absolute 
quantities in metric tons or kilograms 
emitted to land. 
Acid and organic pollutant emissions to 
land: the total amount emitted in tons per 
annum of each type of chemical should be 
reported. 

 

Minimize emission to water   

Increase recycling rates (25) 1) Fraction of recycled materials. 
2) Light-weight design. 
3) Reducing yield losses. 
4) Diverting manufacturing scrap. 
5) Re-using components. 
Longer-life products. 

1) Years Remaining  = Material Scarcity = 
Stock_global / (Annual Use_global * (1 – 
Recycling Rate)) 
Recycling percentage = percentage of waste 
recycled per total waste 

Table 4 Sustainable Manufacturing KPIs and metric 
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