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3 Contaminants in the subsurface 

3.1 Description of the subsurface 

  

 

 

Figure 1: Graphical description of the subsurface2 

1 Cf. BHANDARI A. et al. (2007), p. 5 

2 Source: URL:  http://www.purdue.edu 
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3.2 Groundwater flow and solute transport 

dx

dh
KAqAQ −==

3 Cf. BHANDARI A. et al. (2007), p. 6 
4 Ct. FLACH G. (2004), p.22 
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Figure 2: Permeability and hydraulic conductivity for common subsurface material  

Advection 

5 Cf. BHANDARI A. et al. (2007), p. 8 
6 Source: Water Technology Subsurface Board (2004),  p.38 
7 Cf. Geophysics study committee (1984), p. 38 
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n

Ki
v =

 

Dispersion and diffusion 

 

 

 

 

vTDDh ×+×= α

8 Ct. MCMAHON A. et al (2001), p.26 f. 
9 Cf. ZHANG P., p.16.2 
10 Ct. MCMAHON A. et al (2001), p.29  
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v = velocity (m/s)
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3.3 Mechanisms which govern the subsurface flow of con-
taminants  

 
 

 

3.3.1 Dissolution 

pKC he ×=

11 Cf. GENSKE D. (2003), p.20 f. 
12 Cf. BHANDARI A. et al. (2007), p. 13 f.  
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3.3.2 Volatilisation 

3.3.3 Migration as NAPL (Non-aqueous phase liquids) 

 

 

13 Cf. BHANDARI A. et al. (2007), p. 16 
14 Cf. KUEPER B. et al (2003), p. 5 ff. 
15 Cf. KALUARACHI J. et al (2000), p.6 ff.  
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Movement of NAPLs in the Unsaturated Zone 

16 Cf. WHITHOME A. et al. (1996), p.8 ff. 
 
17 Cf. WATER TECHNOLOGY INTERNATIONAL CORPORATION (1997), p. 2  
 
18 Cf. WHITHOME A. et al. (1996), p. 9 f. 
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LNAPL and DNAPL movement in the saturated zone 

Figure 3: Typical subsurface contamination of a LNAPL19 

19 Source: WATER TECHNOLOGY INTERNATIONAL CORPORATION (1997), p. 4 
 
20 Cf. SCIENCE ADVISORY BOARD (2006), p. 9 
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Figure 4: Typical subsurface contamination of a DNAPL21 

21 Source: WATER TECHNOLOGY INTERNATIONAL CORPORATION (1997), p. 5 
 
22 Cf. WHITHOME A. et al. (1996), p. 12 
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4 Description of Remediation methods 
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4.1 Unsaturated zone technologies 

4.1.1 Soil vapour extraction (SVE) 

Description

Applicability 

Limitations 

 

 

 

23 Cf. EPA (2001),  p. 4-1 
 
25 Cf. WATER TECHNOLOGY INTERNATIONAL CORPORATION (1997), p. 12 
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Costs 

4.1.2 Bioventing 

Description

26 Cf. UYESUGI et al (1994), p.4-25  
27 Cf. EPA (2004), p. 4-15 
28 Cf. UYESUGI et al (1994), p.4-5 f.  
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Figure 5: Bioventing system29 

Applicability 

 

Limitations 

 

 

 

29Source: URL: http://www.wrc.org.za 
30 Cf. EPA Bioventing (1994), p.3-1 
31 Cf. NORRIS R. (1993), p.3-6 
32 Cf. NORRIS R. (1993), p.3-17 
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Costs 

33 Cf. NORRIS R. (1993), p.3-17 
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4.2 Saturated zone technologies 

4.2.1 Pump and treat 

Description

 

Figure 6: Pump and treat system  

34 Cf. COHEN R. et al. (1997), p.2 f. 
35 Cf. BHANDARI A. et al. (2007), p. 47 f. 
 
36 Source: URL:  www.epa.gov 
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Equipment that can be used for the treatment of contaminated groundwater 

Separator 

Air strippers 

 

37 Cf. WATER TECHNOLOGY INTERNATIONAL CORPORATION (1997), p. 32 f. 
 
38 Cf. WATER TECHNOLOGY INTERNATIONAL CORPORATION (1997), p. 34 f. 
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Carbon Adsorption (Liquid Phase) 

 

Applicability 

 

Limitations 

 

39 Cf. BHANDARI A. et al. (2007), p. 102 
 
41 Cf. COHEN R. et al. (1997), p.5 
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Figure 7: Concentration versus pumping duration42 

 

 

 

Costs 

42 Source: COHEN R. et al. (1997), p.5 
43 Cf. KALUARACHI J. et al (2000), p.79 ff. 
44 Cf. EPA (2000), p. 6- 6 f. 
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Figure 8: Unit Capital Cost versus Volume of Groundwater treated for 32 P&T projects45 

45  Source: EPA (2000), p. 6.7 
46 Cf. EPA (2001), p.1 ff. 
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4.2.2 Air Sparging 

Description 

Figure 9: Air sparging system  

 

47 Cf. BARDOS P. et al. (2003), p.42 
48 Cf. MILLER R. (1996), p.1 ff 
49 Source: URL: http://www.mmr.org 



Description of Remediation methods 

 

24 

 

Applicability 

Limitations 

 

 

 

 

 

Costs 

 

50Cf. MILLER R. (1996), p.3 
51 Cf. P.NYER E. et al. (2001), p. 187 f  
52 Cf. PORTER W., BENNINGTON C. (2008), p.170  
53 Cf. EPA (2004), p. 4-17 f.  
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4.2.3 Permeable reactive barrier 

Description 

 

Figure 10: Groundwater remediation using PRB  

54 Cf. BARDOS P. et al. (2003), p.48 f. 
55 Cf. EPA (2001), p.3 
56  Source: SIMON F. et al.,  p.7  
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Applicability 

Limitations  

 

 

 

Costs 

57 Cf. MOUNTJOY K. et al. (2003, p.3
58 Cf. MOUNTJOY K. et al. (2003, p.3
59 Cf. POWELL M., POWELL D. (2002), p.2 
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4.3 Methods suitable for both zones 

4.3.1 Fracturing 

Description

Applicability 

Limitations 

 

Costs 

60 Cf. WATER TECHNOLOGY INTERNATIONAL CORPORATION (1997), p. 18 
 
61 Cf. EPA (1997), p. 6 -2 ff. 
62 Cf. EPA (1997), p. 6 -18 ff. 
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4.3.2 Monitored Natural Attenuation 

Figure 11: Monitored Natural Attenuation  

Description 

 

Applicability 

 

63 Source: HARDISTY P, OZDEMIROGLU, p.48 
64 Cf. WHITHOME A et al. (1996) , p.100  
65 Cf. WHITHOME A et al. (1996) , p.100  
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Limitations 

 

 

 

 

 

 

Costs 

66 Cf. EPA (2004), p. 5-2  
67 Cf. WYCKOFF et al. (2000), p.59  
68 Cf. UYESUGI et al (1994), p.4-29  
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4.3.3 Excavation 

Description 

Applicability 

Limitations 

 

 

 

Costs 

69 Cf. WHITHOME A et al. (1996) , p.98 
70 Cf. COLEY M. (1994), p.238 
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5 Decision making issues 

 
 
 
 
 

71Cf. BARDOS P. et al. (2002), p. 137 
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5.1 Risk management 

72 Cf. PCCRARM (1997), p.1 f. 
73 Cf. BARDOS P. et al. (2002), p. 139 f 
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5.2 Sustainable development 

74 Cf. BARDOS P. et al. (2002), p. 141 f. 
75 Cf. ENVIRONMENTAL AGENCY (2000), p. 14 
 
76 Cf. REVIEW OF DECISION SUPPORT TOOLS (2002), p.14 f 
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5.3 Stakeholder Satisfaction 

 

 

 

 

77 Cf. ENVIRONMENTAL AGENCY (2004), p.9 
 
78 Cf. ENVIRONMENTAL AGENCY (2000), p.7 ff. 
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79 Cf. ENVIRONMENTAL AGENCY (2004), p.24 
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5.4 Costs and Benefits 

 

 

 

 

80 Cf. NORMANN J., ANDERSON- SKÖLD Y. (2006), p.4 
81 Cf. ENVIRONMENTAL AGENCY (2005), p.9 
82 Cf. OECD (2006), p.109 
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5.5 Technical Suitability and Feasibility 

• 

• 

• 

• 

83 Cf. BARDOS P. et al. (2002), p. 157 
 



 Decision making issues 

 

38 

84 Cf. BARDOS P. et al. (1999), p. 7 f. 
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5.6 Decision support 
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5.7 Framework for the assessment of a remediation technol-
ogy 

85 Cf. HARDISTY P., OZDEMIROGLU E. (2000), p.10 ff. 
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5.7.1 Step 1: Screening Phase 
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5.7.2 Step 2: Qualitative Analysis 

 
 
 

 
 

 

86 Cf. HARDISTY P., OZDEMIROGLU E. (2000), p.28 f. 
87 Cf. MINISTRY OF TRANSPORTATION (2006), p.30  
88 Cf. POSTLE M. et al. (1999), p.27 f. 
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Table 12: Qualitative Analysis  

Human health and safety 

Environment 

Land Use 

89 Cf. POSTLE M. et al. (1999), p.34 
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Stakeholder concern 

Total Option Costs [€] 

5.7.3 Step 3: Cost Efficiency Analysis/Multi Criteria Analysis 

90 Cf. POSTLE M. et al. (1999), p.35 f. 
91 Cf. DEPARTMENT FOR COMMUNITIES AND LOCAL GOVERNMENT (2009), p.20 
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 Table 2: Example of scoring process 

 

 

 

92 Cf. POSTLE M. et al. (1999), p.46 ff. 
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Table 3: Example of scoring and weighting process 

Total Score +50 

5.7.4 Step 4: Cost Benefit Analysis (CBA) 

93 Cf. POSTLE M. et al. (1999), p.72 ff. 
94 Cf. DEPARTMENT FOR COMMUNITIES AND LOCAL GOVERNMENT (2009), p.15 f. 
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Table 13: Cost effectiveness 

5.7.5 Step 5: Sensitivity analysis 

95 Cf. POSTLE M. et al. (1999), p.81 
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96 Cf. POSTLE M. et al. (1999), p.104 ff. 
97 Cf. HARDISTY P., OZDEMIROGLU E. (2004), p.245 f. 
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6  Legislation 

6.1 Heracles Study 

98 Cf. CARLON C. (2007), p.2 f. 
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Protected receptors 

 Table 14: Protected Receptors  

99 Cf. CARLON C. (2007), p.26 f. 
 
100 Cf. CARLON C. (2007), p.29 
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6.1.1 Human health risk assessment 

101 Cf. CARLON C. (2007), p.28 f 
102 Cf. CONTAMINTED SITES REMEDIATION PROGRAM (2000), p.44 
103 Cf. CARLON C. (2007), p.34 
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Table 15: Land use applications of soil screening values104  

6.1.2 Ecological risk assessment 

104 Source: CARLON C. (2007), p. 35 
105 Cf. EPA (1997), p.3 
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Table 16: Ecological receptors considered in the derivation of SSV in the participating EU countries106  

6.1.3 Relation between soil and groundwater screening values 

106 Cf. CARLON C. (2007), p.49 
107 Cf. CARLON C. (2007), p.48 f 
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108 Cf. CARLON C. (2007), p.74 f. 
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6.2 Austrian Legislation 

 Water Act

 Federal Act on Clean-up of Contaminated Sites

 Waste Management Law

 Disposal Ordinance

109 Cf. CARLON C. (2007), p. 129 
110 Cf. ANHANG ZUR DEPONIEVERORDUNG, BGBL. II  
111  Cf. SKALA C. et al. (2008), p.166 f. 



 Legislation 

 

56 

6.2.1 ÖNORM S 2085 from 1999: contaminated sites – course of actions 
for treatment of waste deposits and industrial sites 

Table 17: Flowchart of decontamination measures112 

112 Cf. ÖENORM S 2085 (1998), p.3 
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Short Description of the procedural steps: 

6.2.2 ÖNORM S 2088 – 2 from 2000, contaminated sites – risk assessment 
for polluted soil concerning impacts on surface environment   

 

 

 

113 Cf. ÖENORM S 2085 (1998), p.4 ff. 
114 Cf. ÖENORM S 2088 – 2 (2000), p.5 
115 Cf. REVIEW OF DECISION SUPPORT TOOLS (2002), p. 119 
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Table 18: Guideline values for residential areas118 

116 Cf. CARLON C. (2007), p. 128 
117 Cf. ÖENORM S 2088 – 2: (2000), p. 11 
118 Source: CARLON C. (2007), p. 246 
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Table 19: Guideline values for agricultural and non-agrarian ecosystem119 

Practical weaknesses of ÖN S 2088-2 

119 Source: CARLON C. (2007), p. 246 
 
120 Cf. CARLON C. (2007), p. 128 f. 
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6.2.3 ÖNORM S 2088 – 1 from 2004, contaminated sites – risk assessment 
concerning the pollution of groundwater which is to be safeguarded 

 

 

 

 
 
 
 

 

 

 
 

121   Cf. CARLON C. (2007), p. 130 
 
122 Cf. ÖENORM S 2088 – 1  (2004), p. 6 
123 Cf. ÖENORM S 2088 – 1  (2004), p. 11 
124 Cf. ÖENORM S 2088 – 1  (2004), p. 13 
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Table 20: Trigger and intervention values for groundwater126 

125 Cf. REVIEW OF DECISION SUPPORT TOOLS (2002), p.119 
 
126 Source: CARLON C. (2007), p. 248 
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Practical weaknesses 

6.2.4 Summary of Austrian Legislation concerning contaminated sites 

127 Cf. REVIEW OF DECISION SUPPORT TOOLS (2002), p. 118 ff. 
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7 Economic comparison of remediation methods 

7.1 Summary of the issues that are investigated in this chap-
ter 

• 

• 

• 

• 

7.1.1  What is the starting base and what data was provided by OMV? 

• 

• 

• 
• 



 Economic comparison of remediation methods 

 

64 

• 

7.1.2 What was done with the data that was provided? 

 

• 

• 

• 
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7.1.3 What tools where used in order to get to the intended results? 

�
=

+

=

n

t
t

t
OC

i

OC
NPV

0 )1(
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7.1.4 Why were these investigations carried out?     

• 

• 

• 

• 

• 

128 SCHULZ L., WEBER S. (2003), p. 19 
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7.2 Explanation of the operating mode of the program that 
was used for the simulation of excavation costs 
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Input parameters 

Green cells 

Yellow cells 

Distance to disposal facility:
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Difficulty factor: 

Expected degree of contamination: 

 

Grey cells 

 

Input cost parameters (used with @ risk) 

Table 21: Cost data for excavation and disposal 
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Monte Carlo Simulation 

129 HULETT D. (2004), p.1 ff. 
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• 

• 

• 

130 BUSCH T. (2005), p.164 
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Red cells 

Costs for excavation consist of: 

Overall digger costs:

Costs for exchange material:

Evacuation and return transport of partly sideways bedded material:

Evacuation on a storing place and loading on a lorry of wet contaminated ma-
terial:
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Lorry costs for contaminated material:

Costs for disposal and associated ALSAG charges: 

Disposal of material which is contaminated to the threshold for Baurestmassen: 

Disposal of material which is contaminated to the threshold for Reststoffdepo-
nie: 

 

 

Disposal of material which is contaminated to the threshold for Massenabfall-
deponie: 
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ALSAG charges for Baurestmassen:  

ALSAG charges for Reststoffdeponie:  

 

 

ALSAG charges for Massenabfalldeponie:  

 

 

 

Costs for planning, site supervision and construction site burden costs 
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Blue cells 

• 
• 
• 

 

Conversion factors 

• 

• 

• 
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7.3 Allocation of insitu costs 

Allocation of installation costs for insitu projects 

 
 

 

 

 

 

 

 
 
 

Allocation of operating costs for insitu projects 
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7.4 Project descriptions for small contaminated volume (0 m³ 
- 10.000 m³) 

7.4.1 Pump and treat Project D – Con. Vol. 3.200 m³ 

 

Project D Installation Costs 

Project D Operating Costs 
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Predicted excavation and disposal costs for project D 

Economic comparison of pump and treat and excavation for project D 
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7.4.2 Soil vapour extraction Project J – Con. Vol. 2.100 m³ 

Project J Installation Costs 

Project J Operating Costs 
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Predicted excavation and disposal costs for project J 
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Economic comparison of soil vapour extraction and excavation for Project J 
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7.4.3 Monitoring Project I – Con. Vol. 6.000 m³ 

Project I Installation Costs

Project I Operating Costs 
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Predicted excavation costs for project I 
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Economic comparison of Monitoring and excavation for project I 
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7.5 Project descriptions for average contaminated volume 
(10.000 m³ - 50.000 m³) 

7.5.1 Pump and treat Project E – Con. Vol. 27.000 m³ 

Project E  Installation Costs 

Project E  Operating Costs 
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Predicted excavation costs for project E  
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Economic comparison of pump and treat and excavation for project E  
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7.5.2 Pump and treat Project F – Con. Vol. 30.000 m³ 

Project F Installation Costs 

Project F Operating Costs 
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Predicted excavation costs for project F  
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Economic comparison of pump and treat and excavation for Project F 
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7.5.3 Pump and treat Project G – Con. Vol. 40.000 m³ 

Project G Installation Costs 

Project G Operating Costs 
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Predicted excavation costs for project G 

 

 

 

 



 Economic comparison of remediation methods 

 

96 

Economic comparison of pump and treat and excavation for Project G 
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7.5.4 Monitoring Project H – Con. Vol. 25.000 m³ 

Project H Installation Costs 

Project H Operating Costs 
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Predicted excavation costs for project H 
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Economic comparison of pump and treat and excavation for Project H 
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7.6 Project description for large contaminated volume (50.000 
m³ - 500.000 m³) 

7.6.1 Pump and treat Project A+B – Con. Vol. 167.850 m³ 
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Project A Installation Costs 

Project B Installation Costs 

Project A+B Operating Costs 
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Predicted excavation costs for project A+B 
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Economic comparison of pump and treat and excavation for Project A+B 
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7.6.2 Pump and treat Project C – Con. Vol. 440.000 m³  

Project C Installation Costs 

Project C Operating Costs 
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Predicted excavation costs for project C 
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Economic comparison of pump and treat and excavation for Project C 
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7.7 Findings of cost comparison between excavation and in-
situ projects 

Table 22: Cost per contaminated volume for investigated projects 
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Table 23: Absolute costs for investigated projects 
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Cost Comparison of excavation and insitu costs for investigated 
projects
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Cost comparison of excavation and insitu for projects with small 
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7.8 When is excavation viable from an economic point of 
view? 
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7.9 Main cost causers of insitu projects 
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Pump and treat projects 

Average distribution of installation costs for investigated 
pump and treat projects
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and associated excavation
Projectmanagement

Installation of the monitoring
system
Start up of the
decontamination facility
Other installation costs
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Average distribution of the operating costs for investigated 
pump and treat projects

28%

23%
13%

12%

7%

4%

13%
Current controls

Laboratory analysis

Collaboration with the
authorities

Working time for maintenance
and repair

Material costs for maintenance
and epair

Lump sum maintenance for
measurement and control
technology
Other operating costs
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Conclusions for pump and treat projects 
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Monitoring Projects 

Average cost distribution of installation costs for 
monitoring projects

63%10%

10%

10%

7% Installation of the monitoring
system

Projectmanagement

Digging of decontamination
trenches,drilling of
groundwater wells
Divers other costs

Crop damage

Average cost distribution of operating costs for monitoring 
projects

40%

20%

15%

10%

10%

5%

Operations concerning the
collaboration with the
authorities
Divers other costs

Laboratory analysis

Current Controls

Fieldwork

Working time for maintenance
and repai
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Conclusion for monitoring projects 
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8 Summary and outlook 
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