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1. INTRODUCTION

The main categories of drilling fl uids are water-based (WBM), oil-based (OBM) and 
synthetic-based (SBM) muds. The main purposes of using fl uids in drilling operations are 
to cool and lubricate the drill bit, to stabilize the wellbore, to control subsurface pressure, 
formation pressure, well stability and corrosion, and to transport cuttings to the surface. To 
fulfi ll these functions drilling fl uids are blends of several components.

To choose drilling fl uids for a particular well, main attention should be on geological 
formations, drilling depth and physical and chemical properties of the fl uid. Technical, eco-
nomical and ecological aspects are important criteria in decision-making.

WBMs are commonly used mainly because of their advantages, such as an easy clean-
ing of drill cuttings, low cost of fl uid materials, and low infl uence upon the environment 
compared to OBM [1]. However, WBM’s have certain limitations, such as their infl uence 
upon stability of borehole walls related to rock hydration and lack of stability at higher tem-
peratures. Tests of WBM and OBM stability (WBM and OBM) determined with the use of an 
optic analyzer Turbiscan Lab. Formulaction, conducted for a period of 24 h at 40°C, showed 
WBM more instable than OBM [2]. Figure 1 shows a profi le of backscattering changes 
during analysis of WBM, clay-free mud (Fig. 1a) vs. OBM (Fig. 1b) scanned at 40°C.

Data presented in Figure 1a shows a considerable drop of backscattering at 40°C. The 
main instability eff ect for the analysed clay-free mud (WBM) is the phenomenon of sample 
clarifi cation in the upper part of a measuring vessel. WBM is more instable than OBM.
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OBM are highly important in well drilling. WBM and SBM are not providing similar 
qualities. OBM ensure more effi  cient drilling due to the various desirable rheological prop-
erties. Since the 1930s, it has been recognized that better productivity is achieved by using 
oil rather than water as the base for drilling fl uids. Oil is native to the formations and will 
not damage the pay zone by fi ltration to the same extent as foreign fl uids such as water [3].

Unfortunately, OBM have higher initial cost and require more stringent environmental 
pollution controls and reduced eff ectiveness of some logging tools. Expenses for muds are 
10–15% of total well cost [4]. However, such costs are still low compared to expenses for 
corrective measures in the case of using mud with poor properties, which could lead to drill-
ing disruption with excessive time and cost.

Choice of drilling fl uids for the Gulf of Mexico was a result of a decision-making pro-
cess, accounting for technical, economical and ecological aspects in long-term perspective. 

a)

b)

Fig. 1. Profi le of backscattering during analysis of WBM (clay-free mud) vs. OBM at 40°C [2]
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Use of WBM in the Gulf of Mexico would slow down the drilling process compared to OBM 
and SBM. Technical evaluation for drilling in deep-water eliminated WBM. Further envi-
ronmental assessment indicated that risks of leakage would be signifi cantly less using SBM 
rather than OBM [1].

Drilling with OBM generates drilling waste, which are classifi ed as hazardous because 
of hydrocarbon contamination. Composition of drilling waste is complicated due to complex 
organic-mineral fractions. It is therefore necessary to treat the contaminated mud drilling 
waste properly. Zero discharge into the environment would be preferable option [5].

In this paper we describe the properties of oil based muds, hazardous eff ects of toxic 
compounds in OBM and evaluating treatment effi  ciency towards zero discharge.

2. COMPOSITION OF NON-AQUEOUS DRILLING FLUIDS

OBM was developed and introduced in the 1960s and addressed drilling problems 
such as:

 – formation clays that react, swell or slough after exposure to WBM,
 – increasing down-hole temperatures,
 – stuck pipe, torque and drag,
 – corrosion.

OBM are composed of base oil, water, additives and chemicals. In the early stages of 
development, diesel oil enriched with aromatics was used for OBM. However, toxicity as-
sessments led to replacing diesel by mineral oil with a negligible amount of aromatics [6]. 
In the early 1980s research activities focused on lowering environmental impacts of syn-
thetic-based fl uids by replacing diesel oil with mineral oils. These fl uids were highly refi ned 
crude oil products with lower toxicity than diesel oil, however, still contained high contents 
of aromatic hydrocarbons. Such a change from diesel to mineral oils became a new stage in 
drilling [6]. Table 1 summarizes the advantages and disadvantages of non-aqueous drilling 
fl uids (NADF) [7].

Depending on the application, regulatory and environmental requirements, the base oil 
could be diesel, kerosene, low-toxic mineral oil or synthetic oils, such as esters, olefi ns or 
paraffi  ns. A toxicity survey in the UK showed that toxicity of mineral oil is fi ve times lower 
than diesel [6]. Less toxic types of mineral oil were also developed based on polynuclear ar-
omatic concentrations. Mineral oils with no aromatics are available, negating toxic eff ects on 
the environment. However, the presence of aromatics are necessary for stable emulsions [6].

NADF (OBM and SBM) contain hazardous compounds. There are three main catego-
ries of toxic compounds associated with drilling waste [7]:

 – metals: arsenic, barium, cadmium, chromium, copper, mercury, nickel, lead and zinc;
 – natural organic compounds: BTEX (Benzen, Toluen, Ethylbenzene, Xylenes), 2–3-rings 

PAH, naphthalenes, aliphatic hydrocarbons, phenols;
 – added chemicals – drilling fl uids chemicals:

• green/PLONOR (Pose Little or No Risk to the Environment),
• non-PLONOR chemicals (yellow, red and black).
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Table 1
Oil characterizations used for NADF [7]

Base oil
Concentration 

aromatic 
hydrocarbons

Advantages Disadvantages Relative 
cost

Crude oil >25%

Readily available
Inexpensive
Compatible with the 
formation

Unknown Chemical
Diffi  cult to control
Fire hazard if low boiling 
point fraction present

Inexpen-
sive

Diesel oil 15–25% Easy to control

Environmentally 
unacceptable
Dries out and irritates the 
skin

Expensive

Mineral oil 
(Naphthenes) 1–20% Environmentaly acceptable

Controllable properties Expensive Expensive

Mineral oil 
(Paraffi  n) <1%

Environmentally 
acceptable
Controllable properties
Low Toxicity

Expensive More 
expensive

Esters/ethers 0% Biodegradable
Low toxicity Very expensive Very 

expensive

Added chemicals are strictly regulated and mostly “green” and “yellow” categories. 
However, chemicals of “red” and “black” categories are also evaluated from a safety per-
spective [7].

NADF is represented by mineral or synthetic oils with water and chemical additives. 
Typical compositions of aqueous and non-aqueous drilling fl uids are presented in Figure 2.

a) b)

Fig. 2. Drilling fl uid composition by volume [8]: a) non-aqueous drilling fl uid; b) water-based fl uid
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However, OBM diff er from WBM by more than their chemical compositions. OBM 
require installing additional equipment on the rig and necessitate measures for preventing 
bodily harm of the crew, limit fl uid losses and eliminating fl uid contamination of water [9].

The preparation of OBM is more challenging compared to WBM. Diffi  culties formulat-
ing drilling fl uids are mainly from the presence of the water in the oil phase; i.e., generating 
an emulsion. Each formulated oil-based fl uid has unique features and performance char-
acteristics. Therefore, generalization and development of a unifi ed procedure to formulate 
fl uids of this type is not possible. Every formulation of the oil-based fl uid is associated with 
preparing a dedicated mixing procedure. Individual components of the drilling fl uid should 
be added in a specifi ed order as it determines the fl uid quality.

3. OBM CONSUMPTION

OBMs are only occasionally applied in Poland. However, this situation will likely 
change considering the advantages of their use. OBMs are applied when the technical proper-
ties of WBMs are insuffi  cient. Some of the properties of OBMs are vital when drilling a very 
deep well, in troublesome geological formations (clay rocks and particularly shales), and 
long and horizontal wellbore sections in the oil producing formations. OBMs are particularly 
important for oil producing formations as it minimizes formation damage. WBMs have long 
contact time with the reservoir rocks and invading the reservoir may irreversibly worsen or 
even damage its productivity by reducing the formation porosity and permeability [10].

Disadvantages of applying OBM must considered; i.e., cost of ingredients as well as 
health and safety for the crew and the environment.

Use of OBM in Norway has long traditions. The fi rst exploration well on the Norwegian 
Continental Shelf was drilled in 1966. Until 1980 diesel was used as the continuous phase 
in OBM drilling fl uid. During the last ten years on the Norwegian Continental Shelf there 
has been an increase in WBM compared to OBM (Fig. 3), considered a „waste preventive 
actions” strategy [11].

Fig. 3. Drilling fl uids on Norwegian Continental Shelf [11]
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However, a decrease of OBM could be due to the lack of drilling new wells. Oil & Gas 
UK reports exploration activity in 2014 has signifi cantly decreased [12], 14 out of 25 planned 
wells were drilled. Also, 18 appraisal wells were drilled in 2014 compared to 29 in 2013. 
Such a decrease in exploration, drilling and production activities is a response to the fall of 
crude oil prices [13].

Exploring hydrocarbon deposits using OBM, generates drill cuttings and spent drilling 
fl uids. Both are classifi ed as hazardous waste because of their hydrocarbon content.

The volume of waste generated during drilling with OBM depends mostly on the 
length of wellbore sections, and the presence of side wells and horizontal sections. Average 
OBM drilling generates signifi cantly less waste than WBM. Drilling with WBM produces 
7,000–13,000 bbl of waste per well. Depending on well depth and diameter 1,400–2,800 bbl 
are drill cuttings. OBM is usually recycled leaving 2000–8000 bbl/well of drill cuttings for 
treatment [14].

4. BEST AVAILABLE TECHNOLOGIES FOR DRILLING WASTE

OBM and drilling waste are potential risks to land and marine ecosystems. Therefore, 
the Oslo-Paris convention for the protection of the marine environment of the North-East 
Atlantic OSPAR recommends assessing best available technologies (BAT) and best envi-
ronmental practices (BEP) in relation to the management of oily waste, and ensuring the 
implementation of latest developments [15].

Waste minimization can be realized trough total fl uid management and environmental 
impact reduction. Waste management, fl uids and solids control are key processes for improv-
ing economics and minimizing the environmental impact of drilling [9].

An eff ective way of controlling the solid phase is the basis of an economic and ecolog-
ical use of OBM. This statement results from two factors: the costs of such fl uids and their 
utilization. A high cost of a base oil means that a proper cleaning of spent drilling fl uids is 
more profi table than decreasing the respective amount of solids by diluting the fl uid they con-
tain. Thus, the best solution is removing the solid phase from the fl uid before the solids begin 
to accumulate. A properly designed and utilized cleaning system ensures oil-based fl uids to 
be reused many times.

Shale-shakers, hydrocyclones and centrifuges are important solids-control equipment 
[9], which separates solids from liquid. After solids-control stage, there are two common 
methods for secondary treatment of drill cuttings to reduce drilling fl uid retained on cuttings 
(ROC): cuttings dryers and thermal desorption. The scheme of working cuttings dryers and 
view of drill cuttings before and after cuttings dryer are presented in Figure 4.

The strong disadvantage of cutting dryers is that they can not achieve the OSPAR 
requirement of 1% ROC [18]. Cuttings dryers were reported to reduce ROC from 11.8% 
to 2.1%. The advantage of cuttings dryers is recycling of fl uids recovered from the dryer [18]. 
Another advantage is dramatic reduction in solid volume due to liquid and organic evapo-
ration, which means more effi  cient logistic costs for transporting treated solids to disposal 
location [17]. Therefore, cuttings dryers are the best solution to reduce water in drill cuttings 
before thermal mechanical cuttings cleaner, which also improves TCC process effi  ciency.
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Thermomechanical cuttings cleaner (TCC) is one of the BAT for drill cuttings treatment, 
which yields oil removal from cuttings below 1%. During TCC treatment of drilling waste, the 
liquid phase oil and water, evaporate and are recovered in separated chambers, while solids 
can be disposed to sea or land [20]. Thermal desorption achieves well below 1% ROC [19]. 
However, it implies logistical challenges and so far was implemented mainly onshore [18].

The analysis for oil and PAH from untreated and TCC-treated OBM cuttings is summa-
rized in Table 2.

Table 2
Composition of untreated and TCC-treated oil base drill cuttings [20]

Component
Concentration (mg/kg of dry matter)

Untreated OBM TCC-treated OBM
Oil in sand 160,000 960
Dry matter 66 84.6
PAH 16:
Naphthalene 5 0.043
Acenaphthylene 1.7 <0.05
Acenaphthelene 3.3 <0.01
Fluorene 2 0.038
Phenanthrene 2.1 0.13
Anthracene 0.37 0.014
Fluoranthene 0.26 0.021
Pyrene 1.2 0.061
Benzo(α)anthracene 0.26 0.028
Chrysene 0.3 0.046
Benzo(b)fl uoranthene 0.15 0.041
Benzo(k)fl uoranthene 0.017 <0.01
Benzo(α)pyrene 0.12 0.031
Dibenz(α,h)anthracene 0.031 0.015
Benzo(ghi)perylene 0.16 0.098
Indeno(1,2,3-cd)pyrene 0.037 0.022
Sum PAH 16 17 0.59

Fig. 4. Cuttings dryers [16] and drill cuttings before and after cuttings dryer [17]



688

Results from TCC analysis show that required limit for oil on solids <1% in NCS is 
achieved. TCC treatment shows 99.4% of oil removal and 96.5% of PAH removal. The water 
and crushed cuttings after TCC process are cleaned to levels below Norwegian requirements 
for sea discharge, 30 mg/l oil in water and 1% oil by weight on cuttings, respectively. Also 
TCC – treated OBM satisfy the requirements for residual oil on solids [21].

5. TOXICITY OF OIL BASED DRILLING MUD

Diff erent additives and pollutants from drilling operation with OBM, generate drill-
ing waste because of their hazardous hydrocarbon content. The composition is complicated 
because they represent complex organic-mineral systems. 75% are hydrocarbons in OBM 
(Fig. 2) which makes the natural organic compounds such as BTEX, 2-3-rings PAH, naphtha-
lenes, aliphatic hydrocarbons and phenols, an issue of high environmental concern [8]. Most 
hydrocarbon compounds are highly hazardous and cannot be discharged without treatment. 
Concentrations which may be harmful for the environment, were tested on organisms. Such 
concentrations for PAHs and BTEX are presented in Table 3, with a minimum exposure pe-
riod of 96 hours and a maximum exposure period of 42 days.

Table 3
Toxicity levels of aromatic hydrocarbons in the aquatic environment [22]

Compounds Endpoint Trophic level Concentration (μg/L)

B
TE

X

Benzene NOEC* (20 days) Crustacea (Male) 170

Ethylbenzene LC50** (96 hours) Crustacea (Male) 490

Toluene NOEC (21 days) Crustacea (Female) 1,000

Xylene LC50 (96 hours) Fish (Female) 1,200

PA
H

Naphthalene NOEC (40 days) Crustacea (Male) 21

Phenanthrene NOEC (60 days) Fish (Female) 1.5

Anthracene NOEC (21 days) Crustacea (Female) 0.63

Crysene NOEC (21 days) Crustacea (Female) 1.4

Benzo[a]pyrene NOEC (42 days) Fish (Female) 6.3

 * NOEC – No Observed Eff ect Concentration
 ** LC50 – Lethal Concentration for 50% of tested organisms

As shown in Table 3, “no observed eff ect concentration” (NOEC) for PAH is low com-
pared to NOEC for BTEX. Low NOEC means high toxicity of PAH, where lower concen-
trations and exposure time are needed for obtaining chronic or acute eff ects for organisms.

Harmfulness of OBM and WBM drill cuttings was preciously considered and inves-
tigated. However, this knowledge is still uncertain, because most investigations concern 
marine ecosystems and marine species, whereas drilling fl uids generate problems also in 
terrestrial ecosystems [23].
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The most hazardous OBM components for aquatic organisms are low-boiling aromatics. 
Additionally, the higher-boiling aromatic fractions are of high environmental interest due to 
their persistence in sediments, leading to enzyme induction, cellular dysfunctions, genetic 
alterations, and chronic eff ects on organisms [24].

To supplement this knowledge, bioassays were carried out on plant growth inhibition 
test with Lepidium sativum. Bioassays testing were carried out on the sample after the ther-
mal desorption process (P-TCC) and on a sample of oil-based mud [25]. The samples were 
prepared by adding 0.1, 1.0, 10.0, 25.0 to 50 g of brown soil and 50.0 g of drilling fl uid. View 
of the L. sativum growth on brown soil mixed with oil drilling fl uid, sample P-O is shown in 
Figure 5 and with sample P-TCC in Figure 6.

Soil,  control 50+10 50+25

Fig. 5. Lepidium sativum growth on brown soil mixed with oil drilling fl uid, sample P-O [25]

Fig. 6. Lepidium sativum growth on brown soil mixed with sample P-TCC [25]

Addition of 13.6% drilling mud is not toxic or does not inhibit growth of L. sativum, 
whereas the concentration 33.3% fully inhibits growth (Fig. 5). The LC50 is 21.2% of the dry 
mass of drilling mud.

The samples after thermal desorption (P-TCC) were also tested with L. sativum. Germina-
tion is restrained but possible at 35% concentrations (Fig. 6). An admixture of up to 20% of dry 
mass has no apparent eff ect on the germination and growth of L. sativum. The calculated LC50 
for the P-TCC sample desorbed is 0.29 ± 0.1 as dilution (percent) of dry masses soil: sample.

Oil-based drilling mud was more toxic for growth of L. sativum (LC50) than samples 
after thermal desorption; 21.2% and 29% respectively [25].
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6. CONCLUSIONS

Sustainable waste management has become one of the biggest milestones for companies 
in the oil and gas industries. These goals can be reached by using environmental friendly 
chemicals and/or reusing and recycling the produced waste.

Strengthening of regulations for oil and gas industries leads to signifi cant technological 
improvement in the form of BAT. TCC has proven to be an effi  cient technology for the treat-
ment of drill cuttings. TCC shows potential for off shore implementation, simplifying waste 
treatment procedures without negative environmental impacts, eliminating drilling waste 
re-injection. Mineral oil with low content of hazardous components in OBM, as well as high 
effi  ciency BATs are strong indicators of progress towards zero discharge.
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