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Abstract 

Sustainability has become one of the competitive strategies for today’s manufacturers who are proactively seeking solutions to evaluate and 
improve their performances from both economic and environmental perspectives. As a result, a number of researchers have proposed the 
concept of Energy Value Stream Mapping (EVSM). However, the economic and environmental aspects were previously evaluated and 
presented individually. Therefore, this paper presents the development of an integrated tool to evaluate and visualise complex flows in a 
manufacturing system from the energy, material and time perspectives. A generic Sankey diagram platform is built to connect with existing 
databases (e.g. ERP) for a continuous analysis. An Australian aluminium recycling company is presented to demonstrate the developed tool. 

© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 24th CIRP Conference on Life Cycle Engineering. 
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1. Introduction 

Sustainability has become one of the competitive strategies 
for today’s manufacturers who are proactively seeking 
solutions to evaluate and improve their performances from 
both economic and environmental perspectives. This trend is 
driven by the increasing energy and resource costs, more 
stringent regulations and policies, and the growing customer 
awareness of environmental impacts [1]. Both economic and 
environmental performances of manufacturing companies are 
strongly dependent on material and energy consumptions as 
well as time-related variables [2]. In the manufacturing sector, 
material costs are typically the highest cost portion and with a 
share of about 30-55% of total costs depending on the 
industrial sector. Energy costs contribute to a range of 0.5-
30% [3]. Besides costs (and quality), time is the third main 
objective of manufacturing systems [4]. It is integrated into 

different key performance indicators (KPI) such as 
throughput/lead time, output rate or the utilization of machines 
and labour.  Moreover, over 90% of the environmental impact 
of manufacturing activities is associated with the consumption 
of energy and materials [5].  

As a result, researchers and industrial practitioners have 
developed a number of methods and tools to assess the energy, 
material, and time flows in manufacturing, such as material 
energy flow analysis (MEFA), value stream mapping (VSM), 
and energy value stream mapping (EVSM). However, the 
economic and environmental aspects were evaluated and 
presented separately by some of the existing tools. More 
critically, all those methods were developed for infrequent 
use, the input of which was dependent on manual data 
acquisition rather than automatic data retrieval. 

Therefore, this paper focused on the development of an 
integrated tool to evaluate and visualise complex flows in a 
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manufacturing system from the energy, material and time 
perspectives. It is particularly tailored to the needs of SMEs 
and provides a generic and continuous solution that is neither 
monetary nor resource intensive. All these aspects are 
incorporated in a newly developed visualization approach 
which provides the user with standardized Sankey diagrams 
for a quick production overview and easy identification of hot 
spots, inefficiencies, and bottlenecks.  

2. Background 

This section reviews typical tools used in manufacturing to 
assess the energy, material and time flows.  

MEFA 
The concept of material and energy flow analysis (MEFA) 

is a systematic assessment of flows and stocks of energy and 
material within a system defined in space and time [6]. It 
focuses input/output relations of processes and systems and is 
based on the law of the conservation of matter (input and 
outputs of a process or system need to be in balance).  The 
groundwork for an application in economics was laid by 
Leontief [7] who developed input-output tables as a method to 
quantify interrelationships within economic sectors or single 
production systems.  MEFA specifies material and energy 
flows and stocks in standardized and defined terms and 
presents the results in a meaningful and reproducible manner. 
This method is widely applied to industry from product level 
to plant level up to sector and region levels. The variation of 
MEFA can be found in different terms such as material flow 
networks (MFN) [8], material flow analysis (MFA) [9], and 
energy flow accounting (EFA) [10], which only focused on 
either material or energy flows. The main drawback of above 
methods is the lack of temporal information.   

VSM 
Value stream mapping (VSM) is a paper-and-pencil tool to 

streamline a production process from its beginning to end by 
splitting it up into individual value-adding and non-value-
adding steps. The overall goal of VSM is to improve the 
process performance by removing non-value-adding activities 
and straightening the value flow [11]. It is thus closely related 
to the five principles of lean as it starts with the value, focuses 
on the value stream itself, and facilitates the transfer towards 
flow, pull, and in the end, perfection [12]. Besides the material 
and information flows with their performance characteristics, 
a timeline is commonly added to the bottom of the map, 
indicating the total lead time and the total value-added time of 
the process [12]. As a major drawback, VSM only provides a 
static picture of a limited product range. It is therefore usually 
not able to handle multiple products or general dynamics and 
uncertainties occurring in industrial practice which hinders 
continuous application. Since VSM in its original form 
focuses on time and inventory as major key performance 
indicators, extensions to include the energy aspect have been 
addressed by a number of researchers which will be discussed 
shortly.  

MEFA & BAT 
The combination of MEFA and best available technique 

(BAT) is proposed as a methodology to identify potential 
material and energy flows and to select the most sustainable 

option to improve them [13]. The BAT analysis is based on 
European Integrated Pollution Prevention and Control 
Directive (EIPPC). Although this combination closes the gap 
between process analysis and process improvement, the 
temporal dimension is excluded like other MEFA methods.  

EMSM
Energy and material stream mapping (EMSM) is developed 

to analyse material and energy flows within manufacturing 
processes [14]. The required information is gathered by a tour 
through the production facility similar to the VSM approach. 
The results are often presented in a set of Sankey diagrams 
that depicts material and energy flows separately. Although 
the Sankey visualisation is an effective way to intemperate 
results and to highlight the inefficiency, the time-related KPIs 
are still disregarded.  

EVSM & E2VSM
Energy value stream mapping or environmental value 

stream mapping (EVSM) has been proposed by a number of 
researchers [15-18]. According to the US Environmental 
Protection Agency (EPA), an incorporation of energy analysis 
into value stream mapping allows identifying energy reduction 
opportunities alongside other process improvement 
opportunities and can leverage to maximize operational gains 
and energy savings [16]. The template provided by [17] covers 
KPIs related to all three aspects: material, energy and time. In 
order to further enable what-if analysis, the simulation has 
been integrated with an Economic and environmental value 
stream map (E2VSM) [18]. EVSM/E2VSM can be seen as a 
good example to evaluate and improve sustainability in 
manufacturing. However, existing methods and tools have not 
been designed for frequent use or regular update.  

Table 1 gives an overview and relative comparison of the 
methods discussed above. It is based on criteria selected with 
regard to the applicability in manufacturing companies (a 
fulfilled circle refers to fully considered). The review 
highlights two aspects: a lack of generic template and 
continuous analysis. Although there are standardized symbols 
and tables for VSM and EVSM, the results still need to be 
specifically adjusted and presented for the studied case (e.g. 
number of process steps, type of energy). Notably, none of 
aforementioned methods and tools is able to provide a 
continuous analysis. 

Table 1. Evaluation of reviewed methodologies 
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3. Methodology  

To address above-mentioned limitations, this section 
presents the development of an integrated tool to evaluate and 
visualise complex flows in a manufacturing system from the 
energy, material and time perspectives. 

3.1. Sustainability Cockpit 

As highlighted in table 1, it is challenging to continuously 
evaluate the performance of a manufacturing system. Against 
this background, Sustainability Cockpit (SC) is developed to 
provide an integrated platform to regularly assess a 
manufacturing system from both economic and environmental 
perspectives. Fig. 1 presents the architecture of the SC as a 
cyber-physical system (CPS). In compliance with the idea of 
CPS, the tool consists of three main layers. The data layer (I) 
retrieves production data from the physical world on a regular 
basis and converts it into inputs for the cyber world (logic 
layer, II). Simulated scenarios are evaluated and visualised – 
either as as-is or what-if analyses - in the user-interface layer 
(III). Through user decision support improvement actions are 
initiated and conducted [19].  

Fig. 1. The architecture of sustainability cockpit tool [19]

SC is developed especially for the need of small to medium 
enterprises (SMEs). The main users include plant managers, 
production engineer, etc. Thus the main platform is realised 
with common software such as Microsoft Access® and 
Excel®. The platform enables two main functionalities: one is 
to evaluate the as-is performance of a system by using either 
metering data from existing IT system or simulation results 
depending on data availability; the other one is to evaluate 
what-if scenario by reconfiguring the system via simulation. 
All results are presented in various forms such as bar chart, 
pie chart, portfolio, etc. However, these types of presentation 
only reflect one or two KPIs from energy, material and time 
aspects. In addition, Sankey diagram is an effective approach 
to representing complex flows in a system [20]. The arrow 

represents the direction of the flow and the width of the arrow 
is proportional to the quantity of the flow [14]. It requires a 
new approach to integrating different types of flows with 
different unit into one Sankey diagram. Thus, the following 
section focuses on the development of a generic EVSM 
Sankey module within the SC platform.  

3.2. EVSM Sankey Development 

Fig. 2 presents the structure of the EVSM Sankey module 
according to the architecture of SC. In brief, the formatted 
data layer sources necessary information from various sources 
and stores them in workspace spreadsheets as shown in Fig.2. 
(I); then, the EVSM Sankey generator (II) reads the 
information and exports the integrated Sankey diagram; lastly, 
the Excel® based user interface (III) displays the diagram at a 
user end. 

Fig. 2. The structure of EVSM Sankey Module
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Formatted data layer (I) 
The system boundary of a general VSM is much broader 

than a typical system boundary for MEFA as it comprises 
supplier and customer information in addition to the 
production process. In this case, the EVSM Sankey module 
initially considers the internal value stream or the production 
lines.  

The time-related information is the most critical and 
challenging one to obtain from the existing IT system. Within 
studied industrial partners, the SCADA system (Supervisory 
Control And Data Acquisition) records the key machine states 
(such as on, process, off) with a time stamp. This information 
allows calculating the value-adding time (eq. 1) and non-
value-adding time (eq. 2) for each unit process, as well as the 
waiting time in between two processes (eq. 3).  

   (1) 

  (2) 

  (3) 

Where TVAij refers to the total value-adding time of 
processing the jth product at the ith process during the studied 
period; tprocss refers to the recorded time stamp when the 
machine is at processing/working state; TNVAij refers to the 
total non-value-adding time of processing the jth product at the 
ith process during the studied period; ton refers to the recorded 
time stamp when the machine is on; for the case of multi-
product production, the allocation of TNVAij is proportion to 
the quantity of the jth product comparing to the total amount of 
produced parts; TWij refers to the total waiting time of the jth

product before the ith process; and, tfinish refers to the time 
stamp recorded when the machine finishes the process of a 
product.  

Although there is an increasing emphasis on the importance 
of energy metering and monitoring, it is still not common to 
have meters installed for each machine tool. Thus, a necessary 
simplification is made to calculate the energy flows, especially 
for the electricity energy consumption (eq. 4 and 5). A similar 
approach can be used for quantifying other forms of energy 
(e.g. gas) where an average energy rate is used.  

   (4) 

   (5) 

Where TVAEij refers to the total energy consumption of value-
adding activities for the jth product at the ith process; Pprocess, i, j

refers to the power rate for processing the jth product at the ith

process; TNVAEij refers to the total energy consumption due to 
non-value-adding activities; and, P0 refers to the averaged idle 
power rate.  

The material flow related information is often well 
documented in the MRP (Material Requirements Planning) or 
ERP (Enterprise Resource Planning) system. Key information 
(e.g. bill of material, water consumption, scrap rate, recycle 
rate) is retrieved to quantify the material flows. A mass 
balance function is embodied to complete and validate the 
results.  

For the case of what-if analysis or where no sufficient IT 
system is available, the simulation model is used to estimate 

the required information as explicitly explained in [18]. The 
exported Java® file allows the user to execute the simulation 
through a web-browser. Due to the capability of simulation, 
all the required information for constructing the integrated 
Sankey diagram can be easily generated and exported to this 
data layer.  

EVSM Sankey generator (II) 
A professional software tool, e!Sankey® is used to 

generating EVSM Sankey diagrams. This tool is widely used 
for diverse applications, and it has been considered as an 
affordable option among participated SMEs. The LivLinks® 
feature allows e!Sankey to use a pre-defined COM(computer 
object model) interface to work with data from Microsoft 
Excel®. Thus, the formatted data layer can be directly 
communicated with the Sankey generator.  

The full template is developed in e!Sankey as a generic 
model (see Fig. 2 (II)). The model allows a visualization of up 
to 15 processes (as illustrated in blue rectangular boxes) 
according to the need of all participated industrial partners. 
The work-in-progress (WIP) inventory is illustrated as red 
rectangular boxes in front of each process step. The process 
step can be easily replicated, thus the maximum number of 
processes can be extended at a need-basis.  

As shown in eq. 1-5, the obtained data is a cumulative 
result of a user-defined period. Since the EVSM follows a 
single product point of view, the EVSM Sankey model firstly 
divides those values by the total amount of products.  

The material flows are considered as the core value 
creation chain which sits in the centre of the template. A 
number of key resources flows are pre-defined such as raw 
materials, semi-/finish-product, recycled material, and wastes. 
Since water is a scarce resource in Australia, a separate water 
usage flow is created to highlight the water intensity of certain 
processes.  

At the top of the template, the energy flows are visualised 
as separate arrows pointing to the process box (the blue box). 
A number of predefined energy types are included in the 
template, such as electricity, gas, fuel, and compressed air. All 
forms of energy flows need to be converted into a unified unit, 
MJ in this case. The energy consumption due to non-value-
adding activities and logistics between processes are presented 
as separate arrows pointing to the WIP box (the red box). 
Besides the width of the arrows, the quantity of each energy 
flow is also presented in terms of actual values above the 
arrows. At the bottom of the template, the time flows are 
visualised as same as traditional VSMs. A pre-defined colour 
scheme is used to differentiate above flows in the template.   

User interface (III) 
The user interface (UI) is incorporated into the 

Sustainability Cockpit platform. This platform is developed 
under Excel® environment by using VBA (visual basic for 
applications) programming. The user needs firstly define the 
calculation period; then, the SC automatically sourcing the 
data from the data layer or activate the simulation depending 
on the data availability; once necessary data sourcing and 
calculation is accomplished, a feedback message is sent to 
user; finally, the EVSM Sankey diagram can be viewed from 
the designed user tab. The UI also provides basic reporting 
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functions such as generating PDF, print, etc. Since all the 
calculation and modelling is acting behind the scene, the SC 
requires minimal training for the users. 

4. Case study 

One of the participated companies, an aluminium recycling 
facility, is selected as a demonstration of the developed EVSM 
Sankey tool. The facility is located in western Sydney, which 
is the largest of its kind in Australia. It recycles around 55,000 
tonnes of scrap aluminium including about half a billion cans 
a year. This leads to a total production volume of 
approximately 80,000 tonnes of rolled aluminium each year.  

There are 11 main process steps in this facility. Firstly, the 
coated and impure scrap is processed in the rotary furnace. 
Secondly, the treated scrap is mixed with clean scrap, virgin 
aluminium and alloying metals in a melting process. Thirdly, 
the molten aluminium is transferred to a holder (or furnace) 
for the purification before casting process. The ingots coming 
out from the casting process are machining to removing the 
rough cast surface in a large custom build machine, scalper. 
Then, the ingots are heated and softened in the soaking pits 
followed by two stages of rolling processes (i.e. hot mill and 
warm mill) to form the aluminium sheet with a thickness of 2-
3 mm. Afterwards, the coils are further heated in the annealing 
furnace for heat treatment. Finally, each coil passes three to 
four times at the “cold mill” process to reduce the sheet 
thickness down to 0.2-0.5mm. According to the user 
requirements, the finished coils are trimmed and further 
cleaned at the slitter process.  

This facility has a relatively advanced IT system such the 
use of simulation model is excluded for the demonstration 
purpose. The Oracle® ERP system holds critical information 
about suppliers, customer orders, production planning, and 
material flows. The Citect® SCADA system records the key 
machine information in terms of machine status and associated 

time stamp. However, there is no sub-metering system at the 
process level. Portable metering activities were also 
considered unfeasible due to the size of the machinery in 
heavy metal industries. Thus, the power rate of each process 
was estimated according to the rated power and experts’ 
experiences. This estimation was cross-validated through the 
monthly energy bills over a year period.  

Figure 3 displays an example of the derived EVSM Sankey 
diagram for this facility. The calculation period was set to a 
selected year when an MEFA has been carried out by an 
external consultant. The difference between the derived 
EVSM Sankey diagram and MEFA is within 5%.   

As mentioned before, Sankey diagram is great for 
identifying hotspots. From the energy perspective, the gas 
consumption shows a clear dominance over other forms of 
energy. Unsurprisingly, all processes for heat production 
appear in this hotspot list. One advantage of the integrated 
Sankey visualisation is to offer the opportunity for a 
comprehensive consideration of energy material and time 
aspects. For instance, if only the energy flows are considered, 
the melting would receive a higher priority comparing to the 
rotary furnace; when both the energy and material flows are 
taken into account, it can easily conclude that the higher gas 
consumption is mainly due to a much higher amount of 
processed material. This leads to a further comparison 
between those two processes which showed that the energy 
intensity of both processes was almost the same.  

The time flows highlighted the inefficiency of soaking pits. 
The hypothesis is that the high gas consumption of soaking 
pits is also related to the long waiting time. Further 
investigation revealed that a considerable number of break-
downs were occurred at the following process “hot mill” over 
the studied period. This led to a prolonged process time at 
soaking pits, thus further contribute to the hotspots identified 
in the integrated Sankey diagram.  

Fig. 3. Example of the EVSM Sankey diagram for an aluminium recycling facility
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5. Conclusion and Outlook 

Overall, this paper presented an integrated tool for 
generating EVSM Sankey in order to improve the 
performance of a manufacturing system from both economic 
and environmental perspectives. The case study proved the 
applicability and validity of the proposed tool. This method 
has been rolled out for other participating SMEs including 
both batch and job-shop production systems. The derived 
EVSM Sankey template is a generic form and requires 
minimal efforts to transfer from case to case. The generic 
formatted data layer can be used for both as-is analysis and 
what-if analysis which can communicate with both existing 
database (e.g. ERP, SCADA) and simulation models. The 
integrated visualisation of energy material and time flows 
allows a comprehensive analysis of the system. As a part of 
the Sustainability Cockpit tool, the use of common software 
permits a wide acceptance among SMEs. Table 2 compares 
the proposed EVSM Sankey tool with previous research under 
the same criterion in Section 2. 

Table 2. Evaluation of the proposed EVSM Sankey tool 

R
eq

ui
re

m
en

ts
 

E
ne

rg
y 

Fl
ow

s 

M
at

er
ia

l 

Fl
ow

s

T
em

po
ra

l 

In
fo

rm
at

io
n 

Sa
nk

ey
 

V
is

ua
lis

at
io

n

G
en

er
ic

T
em

pl
at

e 

C
on

tin
uo

us
 

A
na

ly
si

s

Previous 

Study 

Average 
      

EVSM 

Sankey 

Tool 
      

There are a number of areas to further improve the current 
EVSM Sankey tool as recommended future work. Firstly, the 
detailed material decomposition has not been realised in the 
generic template. The internal recycling flows are also 
challenging to be integrated in a generic manner. Secondly, 
the energy consumption of the associated technical building 
services (TBS) has been excluded in the current version. The 
link between processes and TBS would be beneficial to have a 
holistic view of a manufacturing system. Lastly, the dynamic 
nature of a manufacturing system has not been reflected due 
to the lack of supporting IT system. The rapid development of 
Internet of Things (IoT) and Industrial 4.0 will provide both 
opportunities and challenges to overcome above limitations 
with a big data approach.   
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