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1. Introduction 
The chapter begins with an account of the background of the research presented in 
the dissertation. Thereafter, it presents the conceptual approach taken, the 
objectives, the research questions posed, and the scope and the limitations of this 
project. 

1.1 Background 





1.2 World production of solid minerals and rocks 



Figure 1.1 World production of solid minerals, stones, and rocks [4, 16, 17, 18, 19, 20, 
21]. 

1.3 Mining industries 



 

Figure 1.2 Overview of metal mining and metallurgy [4]. 

Figure 1.3 The metal process chain, from ore to finished product [4]. 



1.4 Construction industries  

Figure 1.4 Overview of construction industries [4]. 

o

o

o



1.5 Crushing and screening (C&S) 

1.5.1 Crushing and screening plants 

o

o

o

o

o

o

o



Figure 1.5 Typical C&S plant from above, and a side view of the secondary station in the 
plant.  

o

o

o

Figure 1.6 Typical stationary C&S plant (left) and a mobile C&S plant (right). 

1.5.2 Feeding and transportation 



Figure 1.7 Vibrating feeder with dust encapsulation (left), and conveyors (right).  

1.5.3 Crushing  

Figure 1.8 The two main rock-crushing principles [4]. 



Figure 1.9 Different types of compression crushers, gyratory, jaw, and cone [4]. 

1.5.4 Mechanical screening  



Figure 1.10 The two main screening principles: right, screening through stratification, 
and left, screening through free-falling [4].  

o

o

o



Figure 1.11 Screen deck with rubber screening media with square holes. 

1.5.5 C&S circuits 

Figure 1.12 Typical open (left) and closed (right) crushing circuit with explanations. 



1.5.6 Plant configurations and product qualities 

o

o

o

o

o

Table 1.1 Examples of raw materials and their properties that strongly affect crushing 
[24]. 



Table 1.2 Nominal reduction ratios for compression type crushers [24]. 

Figure 1.13 Particle size distribution for a product (red) and a feed (blue) (left); and the 
related distribution for the reduction ratio Rr, modified based on [24]. 



Table 1.3 Guideline for reduction ratio with required number of crushing stages [4]. 

1.6 Objective 



1.7 Research questions 



1.8 Scope and limitations 



1.9 Selected definitions 

o

o

Table 1.4 Selected definitions. 

1.10 Outline of the thesis  

 

 

 



 

 

 





2. Review of Product Cost Calculations 
This chapter reviews previous work in cost modeling related to crushing and 
screening plants. The available models found in scientific literature and in other 
reference works are reported. However, little has been published in this specific 
field. The chapter results in a compilation of the most important published works. 
The compilation includes each model’s level of detail.  

2.1 Introduction to product cost calculations 



2.2 General product/production cost calculations  

 



Equation 2.1 



2.2.1 General cost models for customized applications 



Equation 2.2 

Table 2.1 Examples of the use of custom cost models for different production-related 
applications based on Ståhl’s standard cost model [28]. 



2.3 Absorption cost model 

o
o
o

o

o

o

2.4 Product cost calculations in C&S plants 



2.4.1 Major mineral processing equipment costs 

o

o

Equation 2.3

Equation 2.4 

Equation 2.5



2.4.2 Crushing operating costs in 911 Metallurgist 

Figure 2.1 Crushing costs for gold ore processing [46].  



2.4.3 Simulation and optimization of crushing plant performance 

Equation 2.6

Equation 2.7



Equation 2.8

Equation 2.9

Equation 2.10

Equation 2.11

2.4.4 Dynamic profit optimization comminution circuit 

Equation 2.12



Equation 2.13

Figure 2.2 Flowsheet of closed circuit.  



2.4.5 Cost evaluation of producing different aggregate sizes 

Figure 2.3 Cost allocation for Quarry 1 [47].  



2.4.6 Crushing cost studies  

Table 2.2 Investment costs, indirect investment including engineering, contractors, and 
contingency costs [48]. 



Figure 2.4 Examples of cost distribution in oil shale crushing [48].  

2.4.7 Improvement of efficiency in stone crushing  

o

o

o



Table 2.3 Examples of equipment investment costs (INR, Indian rupee) in C&S plant [49]. 

Table 2.4 Examples of labor costs (INR, Indian rupee) in C&S plant [49]. 

Table 2.5 Examples of electricity costs (INR, Indian rupee) in C&S plant [49]. 

2.4.8 Capital and operating costs of mineral processing plants  



o

o

Equation 2.14



o

o

o

o

o

o

o

o

2.5 Conclusions of the literature review 



Table 2.6 Overview of the reviewed product cost calculation proposals. 



Table 2.7 Description of the level of detail of input cost items in reported cost models for 
C&S plants. 





3. Research Methodology 
This chapter explains the research approach taken and introduces the research 
methodology employed in obtaining the results reported in the thesis. 

3.1 Theory and methodology 

3.1.1 Theories, models, and philosophies 



Figure 3.1 Research paradigm in the field of production including the concept of digital 
twins [29]. 



Figure 3.2 General overview of the complete work and the building of experience and the 
final study period.  

 



 

Figure 3.3 (a) Detail overview of the study approach and the thesis.

Figure 3.3 (b) Detail overview of the study approach and the thesis. 

o

o

o

o

o

o

o
o
o
o
o
o
o

o

o
o
o

o
o
o
o

o
o
o
o
o



Figure 3.3 (c) Detail overview of the study approach and the thesis. 

o

o

o

o

o

o

o

o

o

o

o



Figure 3.4 Inductive and deductive research, after Schmitz [54].  



3.1.2 Methodology 



3.1.3 Testing of model vs. actual example 





Figure 3.5 Schematic flow of the work and the thesis structure. 



3.2 Mapping the process flowsheet 

3.2.1 Sampling, calculation, and estimation of production rate 

Equation 3.1

o

o

o

o

o



Table 3.1 Normal utilization in a C&S plant [24]. 

Equation 3.2



Equation 3.3

Table 3.2 Normal approximate technical lifetimes for machines/equipment in C&S plants, 
based on experience [16, 24]. 



Improvement Kata Handbook

3.3 Sampling, calculation, and balancing losses   

Equation 3.4



3.4 Creating and developing the PCCM 

o

o

o

o

3.5 Validation of the developed PCCM 



 



4. Basic PCCM Model for C&S 

This chapter provides explanations and equations related to C&S and presents the 
original model for production costs calculations for C&S as well as the associated 
research. The first application of the developed model is also presented in the form 
of a case study. 

4.1 Process comparison for cost calculations 



Figure 4.1 Open and closed circuits in C&S.  

4.2 Open and closed crushing circuit analysis 

4.2.1 Open C&S circuits 



Figure 4.2 Open C&S circuit. 

4.2.2 Closed C&S circuits 

( )

php phC phC phS

phC phS php phS

P

R

MT pf MT if MT MT

if MT MT then MT MT

and
MT pf L
L pf L

= ⋅ ≤

> ≤

= ⋅
= − ⋅

Equation 4.1 

 

 

Equation 4.2 

Equation 4.3 



Figure 4.3 Closed C&S circuit. 

Equation 4.4

Figure 4.4 The black box model or a control volume approach: one united main process. 





Table 4.1 Overview of manufacturing in C&S, casting, and machining [4, 10, 61]. 

4.2.3 Cost model for a product in C&S 

Equation 4.5

Equation 4.6



Equation 4.7

8

Equation 4.8

9

Equation 4.9

Equation 4.10



4.2.4 Cost per metric ton of product j, kj  



Descriptions of process and equipment costs 

11

11

Equation 4.11

Equation 4.12

 Equation 4.13

r0 · K0j.  

 Equation 4.14

. 



Equation 4.15

Equation 4.16

 Y·ky

Equation 4.17

11

Equation 
4.18



Equation 4.19

Equation 4.20

9

Cycle time, t0 

 

 

Equation 4.21

 Batch size N0 and the setup time Tsu 



Equation 4.22

Material waste rate, qB 

Rejection rate, qQ 

Rate losses, qP 



Equation 4.23

Balancing losses, D 

Equation 4.24 
 
 

Equation 4.25 
 

Equation 4.26

4.2.5 The ideal cost, k1Idel 

Equation 4.27



4.2.6 Multiple stations and bottleneck identification 

4.2.7 Cost calculation for one product in a single crush step 

o

o

o

o

o



Figure 4.5 Production flow with recirculation for product P1. 



Table 4.2 Selected basic data for the reported calculation example. 

Equation 
4.6

 
Figure 4.6 Example of the ideal cost kIdel as a function of the utilization URP.



 
Figure 4.7 The build-up of cost by successive accumulation of current cost terms in the 

production of product P1 for pf2 = 0.4. 

Figure 4.8 The cost k per ton as a function of the flow (feed) L0 for different proportions of 
recirculation pf2 (0, 0.2 and 0.4) in production of product P1 for a downtime rate qS = 0.2. 



4.3 Dynamic cost simulation 

4.3.1 The basics of dynamic simulation of current costs 

β β



Assessment of the reasonableness and quality of the generated vector qP. 

( )
P

qP
qP

q

P Pj qP UFVjF q e q S

α

β αβ
−

= − = ⋅ − −→ Equation 4.28

Figure 4.9 Generation of a vector with data representing an assumed rate loss qP with a 
given distribution function, modified after Ståhl [74]. 

4.3.2 Example of dynamic simulation of C&S  



Equation 4.29

Equation 4.30

Equation 4.31

Figure 4.10 The distribution S (left) and the frequency function s (right) of the production 
cost k1 when varying the investment level K0, the interest cost p, and the plant's life n for 
three different occupancy rates URP. 



Figure 4.11 The distribution S (left) and the frequency function s (right) on the 
manufacturing cost k1 when varying the rate loss qP and the downtime percentage qS for 
three different occupancy rates URP.  

Figure 4.12 The distribution S (left) and the frequency function s (right)on the 
manufacturing cost k1 by varying the costs for wear parts Kwp, spare parts Ksp, and electricity 
cost kkwh for three different levels of the occupancy rate URP. 

Equation 4.32



Figure 4.13 The distribution S (left) and the frequency function s (right) of variations in all 
studied variables and parameters according to cases a), b) and c). 

4.3.3 Results and discussion 

Figure 4.14 Flowsheet of the gold ore C&S plant. 



Table 4.3 Overall data for calculated costs. 

Figure 4.15 All cost term based on Weibull distribution functions together with the total 
cost k1 [62]. 

 
Figure 4.16 Frequency functions for all cost terms based on Weibull distributions together 

with the total cost k1 [62]. 



Figure 4.17 Calculated and actual product costs [58]. 

4.4 Conclusions of the initial PCCM model 



5. Model Refining for Several Products                                  
This chapter deals with further development of the model to a more comprehensive 
version that can handle several different products from one plant. In order to do 
this, it is necessary to be able to separate operating costs and allocate them to each 
product. The problem to be addressed is when several products pass through the 
same equipment and contribute to cost items such as wear parts, spare parts, and 
energy consumption. This second phase of the work was carried out after further 
information gathering and experience based on the previous chapter. An important 
part of this approach is the use of allocation keys when the C&S plant produces 
more than one end product. 

5.1 Introduction to complex analysis 

Figure 5.1 The Discrete model – all individual subprocesses in a C&S system.  



5.2 Improved cost model developments 

5.2.1 One end product 



Figure 5.2 A typical process flow with one end product extracted at the last C&S stage.  

Figure 5.3 A C&S plant with one end product, where the end product is extracted when 
created. 

5.2.2 Two, three, or more end products 



Figure 5.4 A typical C&S plant with two end products. 



Figure 5.5 A typical C&S plant with multiple end products (P1–P5) where some of them 
are extracted in earlier C&S stages.  

Table 5.1 Overview of type of allocation models. 





5.2.3 Utilization of the C&S plant  

5.2.4 Allocation keys 



General allocation keys 

Equation 5.1

Special allocation keys 

Equation 5.2



Figure 5.6 Crushing circuits, process chain with extraction of final products at different 
stations or in different process lines. 

Extracting products along the process chain 

In principle, how products are extracted out along a process chain and thus 
burden the equipment in different ways and use resources in different levels. 



Extraction of products in different process lines 

5.3 An actual C&S plant with two end products 



Figure 5.8 The iron ore C&S plant with each section, A, B, C, and D [64]. 

5.3.1 Flow analysis and mass balances 

Figure 5.9 An open C&S circuit.  

Figure 5.10 The primary station with mass balances (A).  



Figure 5.11 The secondary station with mass balances (B). 



Figure 5.12 The tertiary station with mass balances C.  



Figure 5.13 The final production station with mass balances D.  

Table 5.2 Flow production and investment: the iron ore C&S plant (Figure 5.8). 



Table 5.3 The yearly production of the end products for the iron ore C&S plant. 

5.3.2 Capital costs 

Equation 5.3

 
Equation 5.4 



Equation 5.5

 
Table 5.4 Example of an allocation matrix for calculating AK values for Pn products in a 

plant with Nm machines. 

Table 5.5 Equivalent annual capital costs for product P1 and P2, with interest rate 5 %. 



Figure 5.14 Annuity factors for different technical lifetimes and different interest rates.  

5.3.3 Dynamic costs during operation and downtime 

Equation 5.6 
 
 

Equation 5.7 
 
 

Equation 5.8 



Equation 5.9 

Table 5.6 Examples of annual costs of WP, SP, TO, and power for two products, P1 and 
P2. 

Equation 5.10 

5.3.4 Salary costs 

Table 5.7 Distribution of salary costs. 



Equation 5.11 

 

Equation 5.12 

5.3.5 Cost example of product P1 and P2 

Figure 5.15 The costs per section of the C&S iron ore plant.  



5.3.6 Cost conformity, CF 

Table 5.8 The conformity for P1, P2 and total in relation to available customer 
information. 

5.4 The improved PCCM model 

Production costs
Production costs during uptime  

Production costs during downtime  
Salary costs  
Auxiliary costs

5.4.1 Production costs during uptime 

Equation 5.13 



Equation 5.14 
 

 
Equation 5.15 

 
 

Equation 5.16 
 
 

Equation 5.17 

Equation 5.18 

5.4.2 Production costs during downtime 

Equation 5.19 

5.4.3 Payroll and auxiliary costs 

Equation 5.20 

j

 Equation 5.21 



  

Equation 5.22 

5.5 Conclusion 

•

•

o
o
o
o
o

•



6. Model Verification 

In this chapter the PCCM calculation model is tested against five existing C&S 
plants to assess the conformity between the actual values provided and calculated 
values. Of these five cases, two are mining C&S plants and three are construction 
C&S plants. Thereafter, the PCCM is used on one simulated C&S circuit with two 
alternatives to find the alternative with the lowest special production costs. The 
production costs in earlier sections have been converted from local currency to US 
$, in order to compare the values given by customers and calculated or simulated 
values. This will make it possible to compare different applications from different 
places in the world. 

Prerequisites and assumptions 

C&S iron ore plant, product 0–16 mm  



o

o

o

o

Figure 6.1 The flowsheet for the 0–16 mm iron ore C&S plant (CSP 3). 



6.2.1 Actual identified production costs 

Table 6.1 Product costs according to customer. 

6.2.2 Calculated production costs in Appendix F3.  

Table 6.2 Calculated product costs based on PCCM (Appendix F3). 



C&S plant in copper mine, 1/4  product  

Figure 6.2 The flowsheet for the 0–¼  copper ore C&S plant (CSP4). 



6.3.1 Given production costs for plant CSP 4 

Table 6.3 Actual product costs related to the copper ore C&S plant according to customer 
and Sandvik [25]. 

6.3.2 Calculated production costs  

Table 6.4 Calculated product costs based on PCCM (Appendix F4). 



Mobile C&S plant with three products 

o

o

o



Figure 6.3 The flowsheet of the mobile C&S plant (CSP 5). 

6.4.1 Given production costs for plant CSP 5. 

Table 6.5 Actual product costs according to customer and Sandvik [25]. 



6.4.2 Calculated production costs 

Table 6.6 Calculated product costs based on PCCM. 



C&S plant 500 MTPH with six products 

o

o

o

o

o

o



Figure 6.4 The flowsheet of the fixed C&S plant (CSP 6). 



6.5.1 Given production costs for plant CSP 5 

Table 6.7 Actual product costs according to customer and Sandvik [25]. 

6.5.2 Calculated production costs 

Table 6.8 Calculated product costs based on PCCM (Appendix F6). 



C&S plant 200 MTPH with four products  

Figure 6.5 The flowsheet of the C&S plant (CSP 7). 



6.6.1 Given production costs for plant CSP 7 

Table 6.9 Actual product costs according to customer and Sandvik [25]. 

6.6.2 Calculated production costs 

Table 6.10 Calculated product costs based on PCCM (Appendix F7). 



Applications related to selection of C&S plant  

o

o

o

Figure 6.6 The two flowsheets for alternative A and B (CSP 8). 

6.7.1 Production costs for alternatives A and B, special cost 



Table 6.10 Calculated special product costs for alternative A and B. 

Conclusions from the case studies conducted 





7. Discussion and Conclusions 
This chapter discusses the results achieved by using the PCCM. Conclusions are 
drawn, and then the two research questions are answered. 

Development  

 

Equation 7.1

o

o

o

o

o

o

o



o

o

o

o

o

o

o

o

o

o

Equation 7.2 

 
Equation 7.3 

 
 

Equation 7.4 
 

 
Equation 7.5 

 
 

 
 

  Equation 7.6



Equation 7.6 

Equation 7.7 

Equation 7.8 

Equation 7.9 

Equation 7.10 

Figure 7.1 Distribution of the production costs in CSP 3 (Appendix F3). 



Table 7.1 Comparison between the reviewed and PCCM product cost calculations  



Table 7.2 Comparison between the reviewed and PCCM product cost calculations, part 2. 

.



 

3
Table 7.3 The conformity CF in plants CSP 1–CSP 7. 

Implementation  

o

o

o

 



o

o

o

o

o

o

o

o

o

o



How to use the PCCM 

7.3.1 In existing C&S plants 

7.3.2 In simulated C&S plants 

7.3.3 Factors that influence accuracy in the PCCM 

o



o

o

o

o

General conclusions and answer to the research 
questions 

7.4.1 General conclusion for RQ1 

o

o



o

o

Table 7.4 The features incorporated in the PCCM. 



Table 7.5 Description of the level of detail of input cost items in reported cost models for 
C&S plants (from section 7.1).  



7.4.2 General conclusions related to RQ2A – Open circuit 

Figure 7.2 Open C&S circuit.  



kdlP0 

kauP0 

7.4.3 General conclusion for RQ2B - Closed crushing circuit 



Figure 7.3 Closed C&S circuit.  





Figure 7.4 Open and closed types of circuits in the flowsheet.  



Figure 7.5 Typical semi-closed/open circuit.  





8. Future Research 
This chapter identifies possible developments of the PCCM for other size reduction 
processes such as grinding as well as other sizing processes such as classification. 

PCCM development for other size reduction 
machines  

8.1.1 Impact crusher/hammer mills 

o

o

o

o



8.1.2 Grinding mills 

o

o

o

o

o

o

o

o

PCCM development for other size-sorting machines  

8.2.1 Classifiers and cyclones  



Summary 
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Appendix A-I 



 



Appendix A – Flowchart icons. 







Appendix B -- Simulation models and programs. 





Appendix C – Spreadsheet  









Appendix D – Plant Performance Guarantee 





Ex.  Sep 16 

 Sep 8 

Fraction length 2

 



 





•

•

•

•

•



•

Alternative to above moisture content 

•





 
Alternative table 
 

 
 
Alternative table 
 



 

Alternative 
 



 
 
Alternative 
 

Alternative 
 







Alternative 



Alternative

Alternative













Appendix E – Contribution to published paper 



Appendix F – Case study of full-scale plants. 



Appendix F1 – Gold ore 



Appendix F2 – Iron ore (Magnetite) 



Appendix F3 – Iron ore (Magnetite and hematite). 





Appendix F4 – Copper ore. 





Appendix F5 – Mobile C&S plant 





Appendix F6 – Fix quarry C&S plant. 







Appendix F7 – Fix C&S plant (quarry) 





Appendix F8 – Invest analysis of replacement. 



Appendix G -- Environment, Health, and Safety. 

G.1 Environment. 



Figure G.1 Underground installation of primary crusher and grizzly feeder [75].  

G.2 Health



G.3 Safety 

Figure G.2 Safety helmet, safety shoes/boots, and visible safety west/jacket. 

o
o

o
o
o

o
o
o



G.4 Remarks

Table G. 1 Color on signs in a C&S plant [79]. 

o

o





Appendix H – Production analysis, input sheet 
 



Appendix I -- Analyses of simulation results 
           

 
 

               
 
 

             
            

 

Remember that the Actual Production Costs are the ones specified by the 
customers themselves. 
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