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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Cryogenic machining is considered a sustainable alternative to machining with flood cooling. This paper describes a sustainable 
cryogenic machining solution which considers not only the conventional machining performance, but also the overall sustainability 
performance in each of the sustainability elements: economy, environment and society. A brief review of the potential benefits and 
drawbacks of cryogenic machining is presented in this paper. Using factors as a guideline, an optimized cryogenic cooling system 
and tooling has been developed. The cooling system is optimized for flow quality, thermal insulation, controllability and safety. 
The innovative cryogenic cutting tool design utilizes built-in coolant channels to achieve the optimal process performance. This 
solution incorporates outstanding cooling capability for optimal performance, while minimizing or eliminating the adverse effects. 
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1. Introduction 

Cryogenic machining, which uses liquid nitrogen as the cooling media, is considered a sustainable alternative to 
conventional flood cooling application used in the machining process. Through years of research, work of cryogenic 
machining has gradually accumulated in the aspects of the performance, mechanism and application benefits. This 
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leads to a good fundamental understanding of cryogenic machining’s mechanism. In this paper, the focus is placed on 
implementing cryogenic machining as a practical application. The benefits and counter measures for the potential 
limitations of the technology, concerns and critical design features in implementing cryogenic machining are presented. 

2. Background and Previous Work 

2.1. Sustainable cooling solutions for a machining process 

The machining process is an important part of the manufacturing process thus it is expected to have a huge impact 
by improving the sustainability performance [1]. Among the elements of machining, the conventional coolant 
application has been considered a critical limiting factor to achieve better sustainability performance. Typical 
alternative approaches to conventional flood cooling are dry machining, minimum quantity lubrication (MQL) and 
cryogenic machining. An overview of the effectiveness and application of the typical cooling and lubricating strategies 
are presented by Jawahir et al. [2], as shown in Table 1 below. 

Table 1: Effectiveness and application of various cooling and lubricating strategies [2] 

Effect of the cooling 
and lubricant strategy 

Flood 
(emulsion/oil) 

Dry 
(compressed air) 

MQL 
(oil) 

Cryogenic 
(LN2) 

Hybrid 
(LN2 + MQL) 

Cooling Good Poor Marginal Excellent Excellent 

Lubrication Excellent Poor Excellent Marginal Excellent 

Chip Removal Good Good Marginal Good Good 

Machine Cooling Good Poor Poor Marginal Marginal 

Workpiece Cooling Good Poor Poor Good Good 

Dust/Particle Control Good Poor Marginal Marginal Good 
Product Quality 

(Surface Integrity) Good Poor Marginal Excellent Excellent 

2.2. Heat transfer mechanism in cryogenic machining 

The idea of cryogenic machining relies on the superior cooling capability of liquid nitrogen. To quantify the heat 
transfer on the coolant contact surface, the following equation is typically applied: 

𝑞𝑞 = ℎ ∙ ∆𝑇𝑇 = ℎ ∙ (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐) (1) 

where, q is the heat flux on the surface, in W/m2; h is the surface heat transfer coefficient, in W/(m2ºC); ΔT is the 
temperature difference between the solid surface temperature, Tsurface, and the coolant media temperature, Tcoolant, 
respectively, in ºC. 

The low coolant temperature of liquid nitrogen, -196ºC under atmospheric pressure, yields a larger temperature 
difference and hence provides great cooling potential. Equally important is that the cooling mechanism is different 
with liquid nitrogen compared to other coolant choices. When saturated liquid nitrogen contacts the solid surface, the 
dominant heat transfer mechanism is forced convective boiling instead of just forced convection as in most other 
coolant scenarios. The different heat transfer mechanism gives a dramatically different value in surface heat transfer 
coefficient, especially when forced convection conditions are applied [3]. Both the larger temperature difference and 
the high value of surface heat transfer coefficient contribute to the high value of heat flux. 

To maintain the high heat flux during the boiling heat transfer, an important factor is the phase ratio of the flow. 
Being in saturated state most of the time during storage, transportation and delivery, liquid nitrogen flow delivered to 
the target surface could contain a certain portion of gas phase. This could reduce the liquid wetting and thus suppress 
the boiling heat transfer. A sufficient flow rate and thermal insulation throughout the delivery line helps to solve the 
problem [3]. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2018.02.120&domain=pdf
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