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Abstract 9 

Submerged tar-contaminated sediments are generally very loose, which makes remediation 10 

challenging. We tested if a modified version of freeze-dredging could be used to remove and 11 

dewater such sediments in a canal down-stream a coking plant. PVC hoses carrying a heat 12 

medium were placed horizontally in the submerged sediments. Five days of freezing allowed 13 

straightforward removal of most of the sediments. Flat freeze cells were placed side by side in 14 

the canal to remove the rest. The freeze-thaw process increased the dry substance (DS) 15 

content from approximately 50 to 80%. Outdoors storage under rainy conditions did not re-16 

wet the dried sediments. The material was successfully used as feed-stock in the coking plant, 17 

with the double cost-benefit of avoided transportation to deposit and reduced use of coal. The 18 

study demonstrates that freeze-dredging can facilitate removal, storage and beneficial re-use 19 

of submerged tar-contaminated sediments. 20 
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Introduction 24 

Sediments downstream coking plants are often contaminated with tar as this is a major by-25 

product of the coking process (Harkins et al. 1988). Until recently, tar produced by coking 26 

plants was commonly emitted with the wastewater causing severe contamination of receiving 27 

waters and soil. So called ‘pump-and-treat’ is a conventional way to remediate tar-28 

contaminated soils and sediments, which in simplified terms means that the sediments are 29 

removed by hydraulic pumping and then treated (Kostarelos et al. 2013; Ghosh et al. 1997). A 30 

more recent alternative to hydraulic dredging of tar-contaminated sediments is on-site 31 

solidification and stabilization (S/S) (Walker et al. 2013). There is evidence that this 32 

technique reduces the release of contaminants but the long-term effects of this technique are, 33 

however, unclear as the material is left on site and continues to leak, albeit at lower levels. 34 

When dredged, the handling of tar-contaminated dredged masses is complicated by the fact 35 

that they have a high water content, which makes storage challenging. The two most common 36 

approaches are thermal dewatering and mixing with wood chips or other dry products to 37 

achieve a higher dry substance (DS) content before incineration or deposition on landfill (US 38 

EPA 1994). Both approaches (thermal dewatering and mixing with a dry product) are 39 

resource demanding and costly.  40 

More recently, ‘freeze-dredging’ has been explored as a way to remove and dewater 41 

contaminated sediments (Holm et al. 2013).  Pilot studies suggest that this technique has 42 

several environmental advantages as it reduces turbidity during dredging, facilitates handling 43 

after removal and enables net-energy positive incineration of the end-product, the two latter 44 

thanks to efficient dehydration. Freeze-dredging is based on the same principles as artificial 45 

ground freezing (AGF), which is a well-established technique first practiced in Wales in 1862 46 

(Harris 1995).  AGF has been extensively used to stabilize tunnels and excavations and as of 47 

late, its application areas have expanded to remediation of contaminated soil (Dash 1991) and 48 
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submerged sediments (Holm et al. 2013). In AGF and related technologies, freezing is 49 

induced by driving a set of freeze-pipes into the ground, and circulating a refrigerant liquid in 50 

the pipes, which is kept at a temperature of -15 to -25 °C by the use of a mobile freeze-plant. 51 

When applying AGF for remediation of contaminated submerged sediments, the freeze pipes 52 

are arranged in a fashion that enables freezing, lifting and unloading of the frozen material. 53 

Previously tested systems have consisted of flat horizontal freeze units for denser sediments 54 

and vertical pipes for looser sediments. Neither of these methods is likely to work for 55 

extremely loose material such as tar-contaminated sediments from coking plants.   56 

The aim of the present study was to investigate if tar-contaminated sediments from a coking 57 

plant can be removed by laying out PVC hoses horizontally in the sediment and use them as 58 

carriers of heat conducting medium. We discuss how freeze-thawing impacted handling of the 59 

material and pros and cons of incinerating the dried tar on site. 60 

Material and Methods 61 

Site description 62 

The study was carried out in the subarctic region of Scandinavia in Luleå, Sweden 63 

(65°35′4″N 22°9′14″E), where Swedish Steel AB (SSAB) since 1975 is operating a coking 64 

plant. Tar, which is a bi-product of the process, was originally emitted with the wastewater 65 

(ca 40 m3 s-1) into a sedimentation canal (ca 230 m x 9 m), which led to Hertsöfjärden, whcih 66 

is an adjacent bay of the Baltic Sea (Figure 1). Over time, the amount of tar in the wastewater 67 

successively decreased as more efficient treatment techniques were installed. Investigations 68 

carried out by SSAB suggest that the major part of the tar in the canal was emitted in the early 69 

1990s or earlier (pers. comm. Operations Manager on site). In 2001, the wastewater was 70 

directed to a new canal with concrete sealed walls and an oil separator dam. 71 

There is no water flowing through the old canal, which nowadays is surrounded by dikes. The 72 
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bedrock is moraine and the canal sits in sand, which was transported to the location in the 73 

early 70s. The level of the standing water in the canal is indirectly determined by the water 74 

level of Hertsöfjärden. The bottom of the canal was covered with a ca 0.3 m thick layer 75 

consisting of dark and loose sediments with a distinct smell of tar. 76 

Sediment Characteristics 77 

In 2000, the Swedish consultancy firm (MRM) carried out a survey for SSAB collecting 78 

samples at four locations using a tube-shaped sediment sampler to a depth of 35-40 cm 79 

(MRM 2000). An additional six samples were collected near the shore to a depth of 30-40 cm. 80 

In 2004, another Swedish consultancy firm (WSP) carried out a second survey (WSP 2007). 81 

This survey included seven soil samples collected with an auger to a depth of 5 m, as well as 82 

groundwater samples collected in pipes installed in the holes formed by the auguring. In both 83 

surveys, the samples were analysed by GC-MS for polyaromatic hydrocarbons (16 EPA-84 

PAH) and hydrocarbons. The water content of the sediments was in the latter survey 85 

determined by drying samples at 70oC and the organic content was determined by loss-on-86 

ignition at 600oC. According to the studies carried out by MRM and WSP, the water content 87 

of the sediments was 50%. Only two samples were analysed for organic content and showed a 88 

loss-on-ignition of 48% and 82% of DM. The water-saturated density in the samples was 89 

determined to be 1.7 t m-3 (1.2 t m-3 DM); and the amount of sediment was estimated to 1400-90 

2700 metric tonnes (800-1600 m3) of water-saturated sediments (900 -1900 metric tonnes dry 91 

substance). The average hydrocarbon content of the sediments was 20 000 mg kg-1 DS (MRM 92 

2000). The average PAH content was 6000 mg kg-1 DS of which 1200 mg kg-1 DS were 93 

carcinogenic PAHs. WSP detected di-phenyl-methane in all samples with a highest value of 94 

1200 mg kg-1 DS. They report traces of volatile aromatics, but did not detect chlorinated 95 

benzenes or PCBs. The total amount of hydrocarbons in the sediments was estimated to 96 

approximately 28 tons of which approximately 8 tons were estimated to be PAHs.  97 
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Freezing, Removal and Re-use of Sediments 98 

To freeze-dry the sediments, four one hundred meter long PVC hoses (∅=1”) were placed 99 

side by side approximately 20 cm below the surface of the sediments, using a custom built 100 

underwater cable-plow mounted on an excavator (Figure 2). The hoses were connected to a 101 

freezing unit and a refrigerant liquid (-10 to -18oC) was circulated through the hoses, inducing 102 

formation of a frozen sediment sheet. The size of each sheet was 100 m x 1.6 m. When 103 

frozen, the sheets with the hoses were removed with an excavator. The material was not frozen 104 

solid but consolidated to an extent that made it possible to excavate a 20-25 cm thick layer of 105 

sediment without difficulty. The frozen sediment was moved from the canal to a bed 106 

consisting of geo-membrane and coal (ca 30x80 m, 15 cm thick) and allowed to thaw up to 107 

eight days, with thawing time depending on weather conditions. 108 

A layer of dark and oily sediments remained at the bottom of the canal. The thickness of the 109 

remaining sediment-layer varied from 10 to 25 cm. The dark colour and characteristic smell 110 

of the contaminated sediments made it easy to distinguish the border between the 111 

contaminated sediments and the underlying sand or moraine. The shallow depth of the 112 

remaining sediment made it difficult to reinstall the hose. Instead, the remaining contaminated 113 

sediments were removed by placing flat freeze-plates (2 x 5m; Figure 3) side by side in the 114 

ditch, using an excavator. Freezing was allowed to continue until the sediments were frozen to 115 

the bottom of the ditch (Table 1). The plates with frozen sediment cakes were moved from the 116 

canal to the geo-membrane bed where the frozen material was removed from the freeze-plates 117 

and allowed to thaw. The drainage water from both runs was returned to the sedimentation 118 

canal. The thawed material was successively moved to the coking facility’s coal storage site. 119 

The dried material was mixed with coal and used as fuel in the coking plant. 120 

 121 



Submitted as a research note to Water Environment Research 

Results and discussion  122 

Removal 123 

As the refrigeration fluid was allowed to circulate in the horizontally placed hoses, the freeze 124 

front progressed evenly around the hoses, suggesting that the sediment acted as an insulating 125 

layer, thus facilitating the freezing process. After 3-4 days, the freeze-front had progressed 126 

15-25 cm from the hoses and came to a halt after about five days. Approximately 2200 tons of 127 

sediment was removed in this phase (Table 1).  128 

The freeze-front progression around the hoses was slower than expected from theoretical 129 

calculations made with the modified Berggren equation (Andersland & Ladanyi 1994) 130 

(Rostmark 2004). Thermally induced ground water flow is a possible explanation for the 131 

slower than expected freezing speed, as this would cause convective heat transfer in the 132 

material or ice lens formation. It is also possible that the high content of hydrocarbons in 133 

combination with dissolved organic compounds and ions caused freeze-front depressions in 134 

the material.  135 

When the freeze-plates were placed on top of the remaining sediments, it took 16 to 36 hours 136 

for the freezing front to move from the plates to the bottom of the canal, with the freezing 137 

time clearly increasing with the thickness of the sediments. Approximately 300 metric tonnes 138 

were removed during this second phase (Table 1). 139 

The total amount of sediments that were removed was thus 2500 metric tonnes wet material, 140 

which was within the span previously estimated by the consultancy firms (1400-2700 metric 141 

tonnes) and resulted in 1600-1700 metric tonnes dried material. 142 

 143 
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Dewatering 144 

The thawed material reached a hard and rock-like structure with a dry matter content of 145 

approximately 80% (n=27, s.d. 9.0). Freeze-thawing of heterogeneous materials is a 146 

complicated process being a combination of a number of physical processes: freezing of pore 147 

water in a thermal gradient, cryogenic suction causing water migration and ice formation and 148 

thus expanding pores and inducing frost heave (Harris 1995). A number of authors have 149 

stated that a necessary prerequisite to obtain an effective improvement in sludge dewatering 150 

potential is a low freezing rate; the low freezing velocity starts up a freezing mechanism 151 

called “gross-migration” first reported by (Logsdon & Edgerley 1971). In contrast, when the 152 

freezing rate is high, particles in the solution are trapped in the developing ice layer resulting 153 

in little or no improvement of the dewatering potential. Already in 1962, Corte showed that 154 

fine particles migrate under a wide range of freezing rates and coarse particles migrate only at 155 

low freezing rates (Corte 1962). This means that large particles are more likely to be trapped 156 

in the advancing ice front compared to the smaller particles. The efficiency of the process 157 

depends on factors such as the mineralogical composition, size and shape of the particles, 158 

permeability, freezing conditions i.e. initial soil temperature, thermal properties, freezing 159 

temperatures, energy removal rate and the amount of dissolved organic matter, solids and 160 

cations, (e.g. Andersland & Ladanyi 1994; Knutsson 1997; Martel 2000; Örmeci & Vesilind 161 

2001).  162 

It is more challenging to dry organic rich sediments such as tar-contaminated sediments than 163 

sediments with a low organic content as a larger part of the water is bound and superficial 164 

water (Palermo 2010). The fact that the material reached a DS content of 80% shows that the 165 

freezing speed was sufficiently slow to allow the water crystals to grow without incorporating 166 

other material, thus causing the bound water to separate from the tar and other particles. 167 
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Handling after removal 168 

A number of heavy rains occurred during the dewatering phase but the material did not return 169 

to its former slurry-like consistency. This infers that the physic-chemical properties of the 170 

material had changed during the freezing process, as described by Vesilind and Martel (1990). 171 

Using their terminology, “free” water is not associated with aggregates and is easily removed 172 

with conventional mechanical dewatering systems. “Interstitial” water is trapped inside an 173 

aggregate or held by capillary forces and a mechanical dewatering device can break the 174 

aggregate and free the interstitial water. “Surface” water is connected to particles by 175 

superficial forces and mechanical systems can also remove this type of water. The fourth type 176 

of water, which is called “bond” water (chemically bound to the particles), can only be 177 

released from particles with thermal or chemical treatment. Removal of bond water causes 178 

structural changes at the molecular level, which hinders rewetting of the material.  179 

Pros and cons of incinerating the dried material 180 

The dried sediments were mixed with coal and used as feed-stock in the coking plant. In a 181 

coking plant, the coal is heated in narrow, airtight ovens until it is in an almost flowing, 182 

plastic form and some of the material is gasified (above 1000°C) and the coal is converted to 183 

75 percent coke and 25 percent gas. The gas is cleaned in several steps and the cleaned gas 184 

is generally the major product. In addition, various raw materials are recovered for the 185 

chemical process industry, such as fertilizers for agriculture, naphthalene, sulfur, ammonia 186 

and benzene, and various products used by manufacturers of perfumes and pharmaceuticals.  187 

and the high DS content rendered net-energy positive incineration. According to the 188 

operational staff, the introduction of the recovered material did not interfere with the 189 

processes in the sensitive system (Börje Sikblad SSAB, pers. comm.). The dried sediments 190 

were thus beneficially used as feed-stock, replacing coal. The exact amount of coal that the 191 

sediment replaced was not determined but a rough ‘guesstimate’ gives that the dried 192 
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sediments replaced approximately 1000 metric tonnes of coal, based on the fact that the 193 

energy value of tar is approximately twice that of coal (ca 15-27 GJ ton-1, vs ca 36 GJ ton-1) 194 

and assuming that the energy value of the sediment was about half of that of tar.  195 

In summary, the process as a whole gave cost-savings in several ways: dewatering reduced 196 

the bulk material that needed to be handled and thus reducing on-site transportation costs. 197 

Incineration on-site led to that off-site treatment was avoided, which costs about $500US per 198 

metric tonne (not including transportation). Also, the tar-contaminated sediments replaced 199 

coal as feed-stock in the coking process, thus reducing the feed-stock cost. The present study 200 

cannot be used to carry out a full cost-benefit analysis, as this requires more careful recording 201 

of the costs involved.    202 

Conclusions 203 

The present full-scale study demonstrates that horizontally installed hoses can be used to 204 

excavate loose sediments with a low DS content. The study also shows that the technique can 205 

be used to efficiently dewater the sediments to a high DS content and that it is possible to 206 

beneficially reuse the dredged material when it has a high organic content. The study shows 207 

that hoses placed horizontally in the sediments followed by the use of flat cells can facilitate 208 

removal of contaminated sediments. The consolidating effect induced by the horizontal PVC-209 

hoses indicates that repeated freeze-thaw cycles in situ would have induced consolidation to 210 

the bottom of the canal, suggesting that it would be possible to excavate all of the 211 

contaminated material without the additional use of flat cells. 212 
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Table 1. Overview of the different steps in the freeze-dredging procedure used to remove 

tar-contaminated sediments downstream a coking plant in northern Sweden. 

Step Time Removed Sediment Dewatered Sediment 

  Mass Dry matter  Mass Dry matter 

 (hrs) (metric 

tonnes) 

(%) (metric 

tonnes) 

(%) 

Removal of top layer  Ca 2200 50 Ca 1375 80 

 Placement of hoses 64     

 Freezing 48-120     

 Removal  23     

Removal of bottom layer  Ca 300 50 Ca 190 80 

 Placement of freeze-plates 24     

 Freezing 24-72     

 Removal and transport to 

thawing storage 

48     

Thawing 24-38     

Transport to feed-stock storage 4     
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Figure 1. Map over study site: old sedimentation canal etc at coking plant outside Luleå, 

Sweden (65°35′4″N 22°9′14″E). Tar from the canal was removed by freeze-dredging, 

thawed on-site and fed into the coking plant as fuel. 

  



Submitted as a research note to Water Environment Research 

   

Figure 2. Schematic overview of freeze-dredging design for removal of tar-contaminated 

sediments from coking plant, Lulea, Sweden using horizontally installed PVC hoses with a 

refrigerant liquid as carrier (left image). Mid image and image to the right illustrate 

progression of the freeze-front in the sediment.   
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Figure 3. Schematic overview of freeze-dredging design for removal of remaining tar-

contaminated sediments from a coking plant, Lulea, Sweden using freeze-plates to remove 

sediments remaining at the bottom of a canal.  

 

  


