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Abstract. Energy efficiency plays an increasingly important role in modern manufacturing systems. Understanding the 

underlying energy consumption of machines tools and ability to predict it for a new production scenario is critical for 

designing high efficiency production systems. So far research was mostly focused on a single level of analysis (e.g. at 

component, machine, production line level). Existing models are either detailed but limited to a single component, 

technological process or machine or simplified as a set of discrete states, at system level, with an associated constant 

power use. The paper introduces a novel approach, concentrated on machine tools, which combines machine and 

process level analysis of energy consumption. The approach is devoted to optimize processing parameters in a multi-

machine scenario for energy consumption reduction. Probabilistic production line characteristics (throughput, failure 

rate, part quality) are taken into consideration. The concept of intermediate energy model, a compact, simplified 

representation of the machine and its main sub-systems, is introduced. This type of static, direct-form energy model is 

intended to correlate component physical properties with the parameters which describe production mission: part 

features, machining strategy and processing setup. The proposed approach is demonstrated by an Experimental 

intermediate model of a machine tools axis. 
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1. INTRODUCTION 

 

Attention on Energy efficiency in manufacturing has been growing in last years. Scientists focused their effort 

several aspects concerning energy consumption of machine tools: measurement, monitoring, analysis, modelling, 

prediction and optimization. Five distinguishable levels of analysis in manufacturing have been identified (Duflou et al. 

2012), starting from the lowest: Device/unit process, Line/cell/multi-machine system, Facility, Multi-factory system, 

Multi-factory system. The attention of this paper is focused around first two levels which will be referred as Machine 

level and Line/System level, respectively. Majority of research in the field of energy efficiency in discrete 

manufacturing concerns instead a single level. 

At machine level there are several groups of methods: many models were created to describe in detail energy 

consumed during material removal process, such as work of (Draganescu, Gheorghe, and Doicin 2003) or (Stefano 

Borgia et al. 2014). Some models treat machine as a whole in a simplified way, e.g. defining a specific machine tool 

energy consumption (SEC) model (Kara and Li 2011). Hybrid energy model proposed by (T. V. Peng and Xu 2013) is 

an interesting alternative as it combines a parametrized components model with a state transition diagram, describing 

the behavior of the machine tool. 

A common approach for the system level is the discrete-state analysis, in which machine tool is represented by 

means of a state machine diagram with a constant energy consumption related to every state. Given the probability 

distribution of switching from one state to another one can derive the system average energy consumption. Analysis can 

focus on a production cell (Dietmair and Verl 2009) or be applied to a multi-machine transfer line (Frigerio et al. 2013). 

This group of methods describes quantities such as supply and demand of parts (interaction with other machines in the 

line), machine failures, quality control rejection or energy efficiency policies in a probabilistic manner.  

Relatively few publications attempt to combine knowledge of multiple levels into a single, coherent framework: (T. 

Peng and Xu 2014b) proposed to model energy consumption spent on each feature of the part by a multi-level approach. 

Another work was devoted to an on-line optimization of energy consumption (Verl et al. 2011) by hierarchical 

optimization loops. The potential benefits of going beyond single-level analysis can be substantial (T. Peng and Xu 

2014a), especially when analyzing different production scenarios, with work pieces require a significant machining 

effort. In this paper a multi-level energetic modeling and optimization approach is proposed, aimed at minimizing net 

present cost of production, including energy cost. The considered scenario is a two machines transfer line, in which one 

of them must be substituted for a new model, and optimally configured for operation. 
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2. OBJECTIVE 

 

Many production plant developments/deployments in Western countries are brownfield, especially when mid-

volume production is considered. It means that, when the production mission changes, the same production line is 

reconfigured and adjusted for the requirements of new product. Commonly, some machines in such line have to be 

replaced, as they can be obsolete, have insufficient processing capabilities or are at the end of their life cycle. The 

problem lays in finding a best new machine for substitution and best parameter set (incl. processing parameters and 

machine management), considering also the energy factor in the overall economical evaluation. 

The approach is exemplified on a minimal but representative problem: a flow line consisting of two machines 

working serially, with a finite buffer of defined size in between. We can assume the following information is available: 

 Description of the produced parts and corresponding technological operations 

 Time evolution (or probabilistic description) of parts supply and demand 

 Reliability of the machines (MTTF, MTTR) 

 Failure rate of quality control on the machined part 

 Variability due to the human factor (operator availability etc.) 

 Information about the warmup of the machine 

 Predictive energy model of the machine 

In this scenario we consider that only one type of parts is being produced. Production process consists of series of 

technological operations, assigned to one of the two machines, as depicted in the Fig. 1. 

OP1 OP2 OP3 OP4 OP5

Machine 
1

Machine 
2

Buffer  
Figure 1 – Diagram of considered production line, a two way machine transfer line with finite buffer 

We can assume that Machine 1 is defined and performs operations OP1, OP2 and OP3, which are known and 

defined as well. Assuming that the machine has perfect reliability, it can be considered as an ideal supply source of 

parts. The goal is to choose a suitable candidate for Machine 2 and find optimal parameter set, which includes 

processing parameters and machine management strategy. In other words, optimization is limited to the machine that is 

to be replaced. 

An objective function that we would like to minimize is Net Present Cost (NPC) of Machine 2 in the plant. This 

indicator will discount the cost of buying a new machine and the energy costs in the investment period. Possible 

financial benefits coming from reduction of CO2 emission (by a reduced energy consumption) could also be included in 

NPC. Additional costs such as machine maintenance and tool wear have been neglected in this analysis, for simplicity 

reasons. 

 

3. OPTIMIZATION PROCEDURE 

 

The proposed approach consists of two optimization sub-problems. The first one, which is limited to the machine 

level, requires the derivation of the optimal Energy/Cycle time Function (ECF). This Function relates the minimal 

energy (with respect to the free process parameters) needed to perform the prescribed processing cycle, for a given 

cycle time. At each cycle time value, the set of optimal parameters, corresponding to the found minimal energy, is also 

saved. 

This information is next passed to the system level optimizer, which will attempt to find a working point on the ECF 

and a machine management strategy, that would correspond to minimal energy consumption at system level. This 

process in not deterministic, and the optimization is affected by probabilistic distributions of supply and demand, failure 

rates and other factors, mentions in the previous section. The throughput of the line must be respected as well and it 

formulates a constraint for the optimization algorithm. 

Problem is solved for every machine separately and their final score (NPC) is then compared for selection of most 

suitable machine (Fig. 2). 



23rd ABCM International Congress of Mechanical Engineering 
December 6-11, 2015, Rio de Janeiro, RJ, Brazil 

System level optimization

 optimal working point of 
the machine in a system

 optimal management 
strategy

Start

Machine level 
optmization

 optimal energy-
cycle time funcion

End
Consider 

machines with 
lowest NPC

 
Figure 2 – overall description of NPC optimization problem 

3.1 Machine level optimization 

 

In order to compute the Energy/Cycle time Function (ECF) for a given machine and set of required technological 

operations, the machine energetic behavior is described by an “intermediate energy model”. Such model is described as 

a function that returns energy and cycle time, given the parameters that describe the machine and the required 

production: 

 

),,,(],[ processstrategymachinepartt ppppFCE   (1) 

 
The model has four groups of arguments, respectively: 

 Description of part and processing plan (operation sequence) 

 Description of machine (model coefficients) 

 Operation strategy (toolpath, toolset)  

 Processing parameters 

The first two arguments are defined and fixed for a given production mission and machine, whereas the latter two 

can be modified to reach the energy minimization goal. It also has to be noted that these arguments are subject to certain 

constraints e.g. machine capabilities, quality requirements etc. They will also affect cycle time which is critical for 

maintaining line throughput, as discussed in on the following. 

 
Figure 3 – Response surface of intermediate model of a rotary machine tool axis for a 180 degree motion. Energy 

per motion as a function of motion parameters: target acceleration and velocity. The black circles represent 

experimental measurements. 

The approach, that will be applied to model a machine tool producing one part, is exemplified in the following 

considering a simple case: a machine tool axis executing a rapid motion without external forces. The energetic model 

relates the kinematic parameters (stroke, maximum velocity and acceleration) to the energy losses occurring in the 

motor and mechanical transmission. In Fig. 3 the model has been applied to compute the energy used to move the axis 
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by a given distance, under varying velocity and acceleration. It may seem that the best choice from the energy point of 

view would be to operate using parameters that corresponds to the global minima of the response surface. However, 

choosing such parameters will also determine the cycle time, which affects the energy per part and throughput at the 

system level. Therefore, an ECF is a possible way to pass the information about energy together with cycle time to the 

system level optimizer. 

In order to derive ECF, one must find of the energy per motion for every cycle time value (Ct), in a considered 

range. Therefore the cycle time parameter, which is being returned by the ECF, becomes a constraint for every 

optimization sub-problem. System level optimization will exploit the ECF to find the cycle time value that produces the 

global NPC.. A set of constraints on the decision variables must be taken into consideration as they express machine 

capabilities (e.g. operational ranges of machine components) and quality requirements (some combinations of 

parameters are not allowed, e.g. to avoid cutting process unstability). Graphical representation of the optimization 

problem is shown in Fig. 4. 

Decision variables:
 Processing parameters

 Processing strategy

Machine level optimization
Derivation of Optimal Energy/cycle time function

Fixed parameters:
 Part description
 Machine parameters

Constraints:
 Quality requirements

 Machine capabilities

 
Figure 4 – Optimization problem at the machine level 

Decision variables for machine level optimization include: 

 Processing parameters indicate all variables that describe the material removal process (e.g. material removal 

rate, chip thickness, feed), motion of the machine (e.g. rapid motion parameters) and other parameters that 

describe behavior of machine subsystems and have relevant influence on either energy consumption or cycle 

time.   

 Processing strategies include set-up of the machine (toolset) and tool path selection.  

 

 

Figure 5 – Derived optimal Energy/Cycle time Function with corresponding motion parameters for a given stroke of 

the identified machine tool axis 

Fig. 5 presents an ECF obtained as a result of applying optimization to the intermediate model (introduced in Fig. 3) 

of a rotary machine tool axis. The left plot indicates the minimum energy spent to execute the prescribed stroke, while 

the right plot reports the  corresponding parameters. Parameter upper bounds are marked  by the horizontal red line and 

translate into a lower limit of the cycle time, that corresponds to the maximum system (machine) throughput of. 

3.2 System level optimization 

 

Machine tool operation can be described as a continuous-time discrete state Markov process, with a certain finite 

amount of states (represented as the circles in Fig. 6). Arrows indicate a directed transition from one state to another, 

with a defined probability distribution of transition in time. States also have a probability related to remaining in the 

same state (the arrows pointing to the same state were skipped in the graph of simplicity). Staying in each state costs 

energy: for all states apart from processing, we have a fixed power consumption, so that the energy consumed by the 

state is proportional to of staying in that state. Processing is a special state in which the energy is given by the ECF, and 
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is a function of cycle time. The goal of the optimization is to find minimum of energy respecting required throughput of 

the line (constraint). It can also be considered, that the maximum energy consumption may be constrained, to respect 

environmental restriction. 

Processing Failure

Warm-up

Read for 
processing

Part 
unloading

Part 
loading

Stand-by

 
Figure 6 – Example of state diagram describing production process 

A possible approach is to solve the problem for every cycle time Tc of the ECF,  optimizing remaining decision 

variables – part loading strategy and machine management (Fig. 7). Finding the optimal decision variables will result in 

obtaining an optimal set of parameters corresponding to the selected point (cycle time) on the ECF. 

 

Decision variables:
 Machine Management
 Part loading strategy

 Machine cycle time

System level optimization
Objective function: Net Present Cost

Fixed parameters:
 Supply and demand for parts
 Reliability of the machine
 Quality control rejection rate
 Human factor variability

 Machine warm-up information

Constraints:
 Line throughput
 Maximum energy 

consumption

 
Figure 7 – Optimization problem at the system/process level 

Decision variables for system? level optimization include: 

 The term Machine management is considering energy saving policies which usually include shutting down the 

machine during idle or switching to low consumption stand-by modes. Usually it means shutting down the 

components that can be restored almost immediately and usually would not require performing any warm-up 

procedure. 

 Part loading strategy indicates different modes in which parts will arrive into the machine. Either parts will 

arrive as soon as the machine finished machining the previous part, or they can be stored in a buffer before the 

machine and, to be processed in batches. 

 Machine cycle time, which is represented as a working point of the machine in the ECF.  

 

4. DISCUSSION 

 

However, there is a series of issues that should be addressed, to develop the proposed methodology. 

Presented optimization problem, both for the machine and system level, is subject to numerous constraints. If the 

considered technological process is more complex (increased amount of subsystem and operations) number of 

parameters together with constraints will explode. Therefore, an issue that need to be addresses is how to efficiently 

manage constraints or break down the main optimization problem into simpler, independent sub-problems. On more 

complex problems, in order to obtain a manageable ECF, a certain inaccuracy on energy estimation has to be accepted. 

How to manage the derived uncertainty within the framework has still to be investigated 
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In presented example of the machine axis, the ECF was a continuous function, however when discrete design 

parameters are used, this will not be the case. Therefore, attention must be paid to a proper optimization approach, able 

to optimize on system level using discontinuous ECF. 

 

5. CONCLUSIONS AND FUTURE WORK 

 

The presented framework proposes a two levels optimization of energy use: machine and system level. Such an 

approach gives good opportunities to evaluate a candidate machine tool considering its properties, the requested 

machining operations, but also the system architecture and the adopted management strategies. 

Future work will mostly include further development of optimization procedures for more complex processes and 

machines with multiple subsystems. These is need to develop a uniform methodology for modelling energy policies 

(part loading and machine management) that are suitable for optimization. Final goal is to demonstrate derived 

approach on a representative industrial case. 
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