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Abstract 

The increase of resource (energy and material) efficiency by eliminating unnecessary consumption represents the logical continuation from lean 
manufacturing to lean and green manufacturing. However, economic efficiency remains the primary decision criterion for the implementation 
of corresponding strategies. This paper presents a simulation based approach for monetary assessment of lean and green manufacturing systems 
considering non-monetary green limits. Inclusion of material and energy consumption as well as resulting greenhouse gas emissions enables 
planners to predict the overall economic performance of a factory. Furthermore, product variant specific footprints of material and energy 
demands as well as resulting emissions support in-depth analysis of value streams in manufacturing. 
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1. Introduction 

Lean Management and its primary objective of increase in 
productivity by elimination of waste had major influence on 
manufacturing during the last decades. Focus of improvement 
was laid on monetary and temporal indicators.  

However, rising energy and raw material prices [1] and 
increasing environmental awareness of customers [2] urge an 
increasing number of companies to reduce energy and material 
consumption. In order to remain competitive it becomes 
necessary to shift from pure economic benefit to maximum 
monetary benefit with regard to limited energy and material 
consumption [3]. 

Both politics and a great part of companies affirm this line 
of reasoning, and introduced limit values regarding resource 
consumption. E.g., the European Union limited carbon dioxide 
(CO2) emissions of cars per kilometer [4]. With regards to 
production, BMW Group tries to reduce specific resource 
consumption by 45% compared to 2006, until 2020 [5]. 
Daimler AG intends to reduce CO2 as well as nitric oxide 
emissions of a car’s lifecycle by ca. 10 – 20% compared to its 

previous model, until 2020 [6]. On a long term basis, 
companies might be confronted with legally fixed limit values 
in manufacturing. Especially product specific limits appear 
appropriate to take branch-specific characteristics into account 
and to ensure comparability. 

Therefore, an exclusively monetary evaluation of 
manufacturing systems is not sufficient, although remaining 
the primary decision criterion. Non-monetary values need to 
be included to control given limit values. Furthermore, 
product specific limits require product specific evaluation. 
Simple allocation of overall costs and consumptions to 
products in proportion to the manufactured quantity covers 
underlying coherences and sources of waste. Consequently, 
product-related costs and resource consumptions require 
consideration at their origin within the product’s value stream. 
This allows deduction of appropriate improvement strategies. 
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2. Theoretical Background 

2.1. Green as continuation of lean manufacturing 

Literature often describes strategies aiming at resource 
efficiency (green) in manufacturing as logical continuation or 
addition to lean philosophy due to an obvious correspondence 
between objectives [7], [8], [9], [10]. On the other hand, there 
are limits concerning analogies between both systems. 
Although reduction of waste is the major objective of lean 
philosophy, improvements concentrate on processes with 
substantial financial significance rather than ecological 
aspects. Therefore, increase in productivity is sometimes 
achieved at the expense of greater energy consumption [11], 
[12], [13], e.g. more frequent changeovers in one-piece-flow 
manufacturing [10]. 

It becomes obvious that an isolated implementation of lean 
or green strategies is not sufficient to make full use of existing 
improvement potentials. 

2.2. Waste in the context of lean and green 

Table 1 assigns potential sources of energy and material 
waste to the 7 traditional forms of “lean” waste. Actual 
sources of waste are taken into account rather than direct 
impacts of “lean waste” on resource consumption. The 
identified wastes of resources are categorized into five 
resource waste principles along the value stream stages of a 
product. 

2.3. Efficiency and productivity 

Besides economic performance of a manufacturing system, 
ecological aspects become increasingly relevant, as laid out in 
chapter 1. Efficiency can be applied to both views. It is 
generally defined as ratio of achieved benefit and necessary 
effort [14]. 

The overall efficiency of a manufacturing system can be 
described as ratio of achieved output and the sum of applied 
productive factors. Benefit and effort can be stated in 
monetary units for monetary assessment. The term 
productivity is often used synonymous with efficiency and 
describes the quantitative utilization of applied factors [15]. 

Efficiency assessment can be adapted to resource 
consumption. Referring to Reinhardt [16], energy efficiency is 
defined as ratio of energy used for value adding activities and 
overall energy input. 

Material efficiency is accordingly defined as ratio of 
materials contained in final products and overall efforts spent 
on material. This covers efforts for overall material input as 
well as material output not included in the final product, e.g. 
disposal costs. 

With regard to profit orientation of companies and to 
ensure comparability of different materials and energy sources 
all benefits and efforts are stated in monetary units. 

2.4. Simulation of manufacturing systems 

Due to complex interdependencies between lean and green 
manufacturing as well as general dynamics and variations in 
manufacturing systems, simulation has been acknowledged to 
be a powerful assessment approach. However, integration of 
resource consumption in manufacturing simulation is not 
commonly established, yet. [17] 

On the other hand, there are various research approaches 
covering the integration of energy consumption to 
manufacturing simulation and subsequent assessment, e.g. 
[20], [21], [22]. Based on a study conducted by Thiede in 

Table 1: Sources of energy [19],[20] and material waste 

lean waste resource waste principle value stream stage sources of energy waste sources of material waste 

- a) inappropriate energy and material 
procurement 

procurement inappropriate energy source, 
contract design 

inappropriate material, contract 
design 

overprocessing b) inefficient manufacturing 
equipment and process related waste 

processing, 
transformation 

transformation, level of machine 
efficiency 

insufficient process stability, 
insufficient material utilization 

transport c) transport and storage of energy and 
material 

distribution long transport distance transport damage, outside 
influences 

overproduction b) inefficient manufacturing 
equipment and process related waste 

processing, 
transformation 

overdimensioning - 

inventory c) transport and storage of energy and 
material 

distribution, 
processing 

insufficient synchronization of 
energy demand and supply 

limited dates of expiry, outside 
influences 

unnecessary 
motion 

d) inefficient production scheduling 
and mode of operation 

processing inefficient mode of operation, 
nonexistent controlling concepts 

machine disturbances, startup & 
calibration losses 

defects e) missing recuperation and recycling disposal, reclamation, 
recycling 

missing recuperation 
(dissipation) 

missing internal recycling / 
reprocessing / reuse 

waiting d) inefficient production scheduling 
and mode of operation 

processing idle mode - 
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2012 [23] Sproedt et. al [17] identified among others 
 rare “product specific allocation of resources”, 
 consideration of “material and direct emissions”, and 
 focus on either “environmental or cost evaluation” 

as shortcomings of the current state of the art in 
environmental assessment of manufacturing systems via 
simulation. This approach is addressing the before mentioned 
deficits based on preliminary work of the authors [22]. 

3. Methodology 

This paper presents an approach for product specific lean 
and green assessment of manufacturing systems in discrete 
production environments. 

3.1. Scope and objective 

Key premise for companies should be the pursuit of profit. 
However, as pointed out in chapter 1, it becomes increasingly 
important to operate at an economically optimized state in 
accordance with defined green limits. It is not sufficient to 
focus lean and green assessment on overall consumptions or 
isolated machines. To gain full insights into dynamic 
manufacturing processes, it is necessary to follow a product’s 
value stream through manufacturing and assign costs and 
resource consumptions at their point and time of origin. 

In order to fulfill this demand, this approach is focusing on 
the following components: 

1. Systematic selection and limitation of object of 
investigation. 

2. Integration of energy and material consumption in 
manufacturing simulation. 

3. Product specific lean and green assessment of 
manufacturing systems. 

3.2. Object of investigation 

This approach is focusing on the shop floor of a 
manufacturing company from factory gate to gate. The 
manufacturing process is described as 
input/throughput/output-model (I/T/O). For green assessment 
material and energy inputs as well as resulting CO2 emissions 
are taken into account, lean assessment focuses on costs and 
throughput time and therefore the input of manufacturing 
equipment and output of products and waste is taken into 
account. Literature provides a variety of structuring 
approaches for manufacturing systems, e.g. [24], [25]. A 
common ground is the hierarchical linkage of elements. This 
approach requires factory, section and machine level to gather 
relevant data in necessary detail on the one hand and to allow 
analyses with sufficient significance on the other. On machine 
level, the peripheral order of elements (e.g. machines or 
workstations) reflects their functional proximity or distance to 
the main value adding processes [26]. 

3.3. Analysis 

Following the hierarchical order of manufacturing systems 
from factory to machine level, relevant categories (e.g. costs, 

energy sources) for subsequent assessment need to be defined. 
The condensed data on factory level presents a good starting 
point to narrow down assessment categories. This can be done 
on the basis of main consumers, deviation of key performance 
indicators compared to previous time periods or bottlenecks.  

Subsequently, capacities can be planned and systematically 
allocated for in-detail analyses. Elements of the 
manufacturing system not affected by the selected assessment 
categories can be excluded from further consideration. In this 
way, unnecessary data collection and implementation effort 
can be avoided. To make sure to not exclude relevant 
information at this early stage and thereby alter assessment 
results, it is necessary to guide the user with a structured 
framework through analysis. 

To support structured data acquisition and subsequent 
modeling of coherences, trees of characteristic values are 
developed, structured according to the I/T/O-model. “Input” 
contains individual characteristic value trees for energy and 
material demand; “Output” contains waste of materials and 
CO2 emissions, while “Throughput” acts as connecting 
module with trees of characteristic values for time and states 
of manufacturing equipment as well as peripheral systems. 
Hierarchical dependencies within a tree of characteristics 
along the levels of a manufacturing system are represented by 
vertical calculation rules of characteristic values. E.g. process 
times are linked from aggregated times on factory level (e.g. 
overall manufacturing time, mean throughput time) down to 
processing time components of individual manufacturing 
equipment according to REFA (compare [27]). 

Clearly defined horizontal dependencies between 
characteristic values of different trees are described by 
mathematical calculation rules using conversion keys. E.g. the 
characteristic values electricity consumption consm, elec of a 
machine m and its operating time tm, state in a certain operating 
state state are connected via its corresponding electrical 
power Pm, s: 

3.4. Simulation model 

Due to complex dynamic and stochastic interdependencies 
within a manufacturing system, we draw back on discrete 
event simulation (Plant Simulation v11) to generate input for 
the subsequent lean and green assessment. So far, Plant 
Simulation is the only commercial manufacturing simulation 
tool, which integrates electrical energy consumption of 
production equipment [17]. Yet, consumption of other energy 
sources, integration of peripheral equipment as well as waste 
and recyclable material is not a common feature. 

The simulation model consists of combinations of the 
following 4 generic modules: The production planning and 
control (PPC) module generates the production program and 
releases orders for manufacturing. The process module 
describes manufacturing equipment of the main processes 
(e.g. manufacturing, assembly), which operate in different 
operational states. Peripheral systems are represented by the 
supply module. Its task is the transformation of energy (e.g., 
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electricity to compressed air) to other modules. The Indirect 
module is used for simplified integration of building services. 

The established principle of state based energy 
consumption (compare e.g. [20], [21]) is extended to other 
energy sources besides electricity (compressed air, gas, oil). 
The simulation modules can enter different operational states 
(processing: off, standby, idle, setup, processing, failure, 
blocked, indirect: off, standby, indirect operation, supply: off, 
standby, idle, transformation of energy, failure). For each 
operational state, product type specific input and output rates 
are defined per energy source. Input of the processing and 
indirect modules contains energy used directly for operation. 
Output covers resulting indirect (electricity) or direct (gas, oil) 
CO2 emissions of consumed unit per energy source according 
to [28].  

Each supply module is linked to one or more processing 
and/or indirect modules and provides energy sources to them, 
which require previous transformation (e.g. transformation of 
electricity to compressed air). Therefore, the summed up 
energy input rates of the connected process and indirect 
modules correspond to the output rate of transformed energy 
per supply module. Input of the supply module is the energy 
source to be transformed in a fixed rate. Emissions are 
calculated according to process and indirect modules. Each 
supply module has a maximum output capacity. If connected 
process modules request more energy output than what can be 
provided by the supply module, processing is cancelled, the 
module is set to idle mode. 

Other than time dependent energy consumption of 
manufacturing equipment, material is consumed in discrete 
units. As visualized in figure 2, material input is separated 
into raw material and recycling material. Material output is 
separated into finished products, waste material, and 
recycling material. Discrete product type specific input and 
output values are defined per process module. Finished 
products and waste leave the assessed manufacturing system. 
Outgoing recycling material of one process on the other hand, 
is input material for another process. Each generated recycling 
unit is assigned a list with combinations of products and 
process modules in can be reused in. If both raw and recycling 
materials are available for processing in a process module, 
rules for selection need to be defined, e.g. prefer recycling 
material to raw material if available. 

3.5. Product specific assessment 

Product specific assessment requires product specific 
collection of data. Therefore, a product specific data list is 
filled during its way through manufacturing. Times (e.g. 
duration of processing), inputs (e.g. amount of raw material) 
and outputs (e.g. amount of waste material) of a product are 
recorded for each value stream element (e.g. manufacturing 
equipment). In case of outgoing recycling material 
(outputrecycling,B in figure 2), the existing data list remains with 
the main product (product A in figure 2) and a new blank data 
list is generated for the outgoing recycling material unit 
(outputrecycling,B in figure 2). As soon as a recycling material 
unit (inputrecycling,B in figure 2) becomes part of a new product 
(product B in figure 2), all efforts recorded in its data list are 

summed up and are assigned to the list of the new product as 
input of the current value stream element (P3 in figure 2). This 
ensures assignment of all necessary efforts for manufacturing 
to the corresponding product. All efforts recorded in original 
units (e.g., consumption of electric energy in kWh) can be 
transferred to cost units by multiplication with a cost rate 
(e.g., costs per kWh of electric energy) and its corresponding 
consumption value. 

All efforts recorded in a product’s data list are labeled 
immediate efforts because they refer to an individual product 
precisely. Mediate efforts include proportional, batch-related 
efforts, which result clearly from a product’s batch. They can 
be converted to a single product by use of a conversion key 
(e.g., proportional conversion of a batch’s changeover costs to 
its individual products depending on batch-size). Indirect 
efforts include efforts, which are related to manufacturing of a 
product but cannot be allocated unequivocally to a single 
product or batch. The allocation is performed by application 
of a conversion key as well. (E.g., a machine’s energy costs 
during idle state are allocated according to proportional 
processing times of all product types processed on this 
machine). Overhead efforts include efforts, which are not 
related directly to manufacturing of a product. However, they 
are necessary for operation of the manufacturing system. 
Therefore a proportional allocation to manufactured products 
by conversion key is required. (E.g. costs for air-conditioning, 
administration, etc. can be allocated depending on a product 
type’s quantitative proportion of the annual production 
volume). 

All directly value adding activity is included in immediate 
efforts. According to formula 2 energy efficiency Effen of a 

Figure 1: exemplary material in- and outputs 

Figure 1: exemplary material in- and outputs 

Figure 2: schematic structure of a cost-time profile 
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product p equals its immediate energy consumption consim, es ,p 
of an energy source es divided by the sum of its immediate 
energy consumption consim, es, p and its specific share of 
mediate, indirect and overhead energy consumption (consme, es, 

p, consin, es, p, consov, es, p). To include different energy sources in 
the calculation, consumption units are transformed into 
monetary units by multiplication with energy source specific 
cost rates cres. 

Based on formula 3, material efficiency of a product is 
calculated by dividing the value of material within the final 
product by the sum of value of ingoing materials along the 
product’s value stream and monetary efforts for outgoing 
waste materials (e.g. disposal costs). Material efficiency of 
product A visualized in figure 2 results in: 

With crraw,A and crwaste,A being the cost rates per mass unit 
of raw material respectively disposal costs for waste material. 

Regarding lean, cost-time-profiles (CTPs) visualize 
simulation results in a simple and highly intuitive way [29]. 
CTPs plot a product’s added value during its throughput time. 
Immediate and mediate costs are linked to processing of a 
product. Indirect costs are linked to manufacturing equipment 
and therefore are added at the end of each processing step. 
Overhead costs are not linked to manufacturing and are added 
at the end of the product’s value stream (compare figure 3). 
Interest rates on fixed capital are considered via the enclosed 
area of the plot. 

Regarding green, the concept of CTPs can be adopted. 
Especially the comparison of CO2-emissions and 
manufacturing costs in a CO2-cost profile promises interesting 
results due to its comparability among different 
manufacturing systems. 

3.6. Lean and green improvement strategies 

Based on the simulation results, adequate lean and green 
improvement strategies can be selected and their effects 
subsequently assessed via simulation. CTPs give hints to 
adequate improvement strategies: Long buffering or 
processing times require time shortening strategies, e.g. single 
minute exchange of die or reduction of batch size. Steeply 
rising costs during processing can be reduced by technical 
strategies applied to manufacturing equipment, e.g. to reduce 
electricity consumption during processing. High indirect costs 
hint to long idle or standby times of manufacturing equipment 
and can be reduced by shut down strategies. High overhead 
costs require strategies not connected to production itself. 

There is a variety of strategy collections and catalogues 
available for lean improvements, e.g. [30], [31]. Many 
companies adopted and standardized these strategies 
individually by implementing comprehensive production 

systems. In comparison, there is a shortage of standardized 
and structured collections of green strategies. Based on [32], 
[33] green strategies can be structured by their functionality 
into the following categories: link, separate, parallelize, 
substitute, restructure, reuse, install, eliminate, encapsulate, 
dimension, mode of operation, and sensitize. 

4. Use Case 

The product specific assessment was tested for a high 
running product in a medium sized metal processing 
company. 

Immediate costs were directly assigned to the product, e.g. 
costs for raw material. Mediate costs, e.g. costs for energy 
consumption during setup, were allocated to the product via 
the conversion key „average lot size“. For the allocation of 
indirect costs, conversion keys were used as well, e.g. costs 
for energy consumption of a machine during idle state were 
allocated based on the ratio of “summed up processing time of 
the assessed product type on the machine and the machine’s 
overall processing time”. Remaining overhead costs were 
distributed to the product based on “overall costs for the 
assessed product without overhead divided by overall 
production costs without overhead”. 

Figure 5 shows the resulting cost-time and CO2-cost 
profiles. 75% of generated CO2-emissions are caused by 2 
processes, which are responsible for 21% of value adding. 

5. Conclusion 

This paper presents an approach for integrated lean and 
green assessment of production systems. Energy and material 

Figure 3: cost-time and CO2-cost profile of assessed product type 
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consumption were integrated into a discrete event simulation 
tool. The subsequent product specific assessment allows 
detailed analysis of times, costs, as well as energy and 
material efficiency per product type.  

This paper is based on current research at wbk Institute of 
Production science. Future work aims at more detailed 
elaboration of the approach as well as integration of a genetic 
optimization algorithm to identify the ideal combination of 
both lean and green strategies in manufacturing systems. 
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