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Dorota Modzelewska', Antonina V. Kalinichenko’
ECONOMIC EFFICIENCY OF BIOLOGICAL
REMEDIATION FOR CONTAMINATED SOIL

The paper offers an overview of the most common contemporary biological methods for reme-
diation of contaminated soils, which are characterized by low costs and practical usability on the
industrial level. The described methods allow getting economic benefits several times greater than
the effect of standard physicochemical methods with relatively low investment, while being environ-
mentally safe. The focus is on the possibility to double economic effects — by reducing purification
technology costs, as well as due to additional environmental effects and the possibility to stimulate
soil self-recovery.

Keywords: bioremediation; phytoremediation; contaminated soil.

Jlopora Mon3eneBcbka, AHToHina B. KaniniueHko
EKOHOMIYHA E®OEKTUBHICTD BIOJIOTTYHOI'O
OUYNHIEHHA 3ABPYIHEHUX 'PYHTIB

Y cmammi npedcmae.aeno 02410 naiibiavu nowupenux cb0200Hi y céimi Gioao2iunux meno-
die pemediauii 3a6pyoHeHux TPYHMIG, W0 XapaKmepusyrmscs HU3bKOI0 6apmicniio, 6UCOKOI0 eKo-
HOMIYHOIO eheKmueHicmI0 ma npaKmu4Hol0 0OCMYRHICII0 0451 GUKOPUCHIAHHS 8 NPOMUCA060~-
cmi. Ilpeocmae.aeni memoou 00360.1410Mb 3a 6iOHOCHO HU3LKUX KANIMAA08KAAOCHb OMPUMAniu
cymmeasuii eKoHOMIMHUIL ehexm, w0 y KiabKa paszié nepesuulye egpexm 6io cmanoapuux izuxo-
XiMiMHUX Memo0ié i npu ubOMy € eK0A02iMHO Ge3neuHuM. 3poOaeHO aKueHm HA MONCAUBOCHIL
OMPUMAHHS NOOGITIHO20 EKOHOMIYHO20 eheKmy — 6i0 3MEHUIeHHs GUMPAM HA MEeXHOA02il 04U~
WeHHs, @ MAKOX}C 610 OMPUMAHHS 000AMK0B8020 €K0A0IMH020 edheKmy ma MONCAUGOCHE CHUMY-
AFOBAHHS 30AMHOCI 2DYHMIG 00 CAMOGIOHO0BACHHS.

Karouosi caosa: biopemediauis; ghimopemediayis; 3a6pyoneni rpyHmu.
Taba. 4. Jlim. 40.

Jlopora Mop3eneBcbka, AHTOHNHA B. KaniunnyeHko .
DKOHOMMNYECKAS DOPEKTUBHOCTDb BUOJIOT'MYECKOU
OYUCTKU 3ATPA3HEHHBIX ITOYB

B cmamve npedcmasaen 0630p nauboaee pacnpocmpanenHbx ce200Hs 6 mupe Ouoaozuye-
CKUX Memo0068 peMeOuauuu 3azpsi3HeHHbIX NO46, XaAPAKMePU3yuUXcs HU3KOU CIouMocmoio,
8bICOKOIL IKOHOMUHECKOU IPDEKMUBHOCMBIO U RPAKMUMECKOU 00CHYNHOCHIbIO 045 UCNOAb306A~-
Hus 6 npomvtuiaennocmu. Ilpedcmasaennvie Menoobl NO3604510M NPU OMHOCUMEABHO HUKUX
Kanumaao8.100%CeHusAX nOAYHUMb 3HAMUMEAbHbLIL IKOHOMUMECKUL Jhhexn, Komopolil 6 HeCKO1b-
KO pa3s npeevluaem s3pghpexm om cmanoapmuolx GUUKO-XUMUMECKUX MEMO008 U NpU IMOM
saeasemces Ixoa02utecku 6esonacuvim. Coeaan aKyeHm Ha 603MONCHOCHU NOAYHEHUS 0BOUHO20
IKOHOMUHECK020 IhheKkma — om yMeHbUleHUS 3ampPam HA MeXHOA02UU OYUCHIKU, a MAaKNce
NOAYHEHUA 00NOAHUMEAbHO20 IKOA02UHECK020 Ihhexma, 6 mom uucie nymem CmumMyaupoSanus
CNOCOGHOCHIU NOYE K CAMOBOCCHAHO8ACHUIO.

Karouesvie caosa: ouopemeduayus,; pumopemeduayus; 3a2psa3HeHHbIe NOHEbL.

Introduction. Intensive economic development of many countries manifesting as
a progress in industry, communications, transportation, urbanization, mechanization
and use of chemicals in agriculture results in numerous negative environmental
impacts. This problem applies not only to air and water, but also to soil. Because of

! Opole University, Poland.
Opole University, Poland; Poltava State Agrarian Academy, Ukraine.
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human activities and natural disasters, soil is chemically contaminated, mostly with
aliphatic hydrocarbons, chlorinated hydrocarbons, polycyclic aromatic hydrocar-
bons, solvents, heavy metals, pesticides, fertilizers, herbicides and radionuclides.

Conventional soil remediation methods involve chemical extraction of contami-
nants from soil, contaminants dehalogenation, reduction or oxidation, soil incinera-
tion or pyrolysis, soil vapor extraction (Hamby, 1996; FRTR, 2003). These methods
only partially solve the problem, because pollutants do not disappear. Moreover, it is
associated with some costs resulting from reagents, machinery, energy, maintenance
and residue disposal. The cost of chemical treatments of contaminated soil range
from 500 USD (dehalogenation) to 1,300 USD (extraction) per cubic yard of soil.
The expenditure on thermal treatments like incineration is about 800 USD per cubic
yard and 300—1,000 USD per cubic yard for soil vapor extraction (FRTR, 2003).

A better solution is to get rid of any pollutant completely or at least transform it
into less hazardous substance. It is possible by use of biological remediation tech-
niques, which are based on the ability of living organisms like bacteria, fungi or even
plants to clean the environment in which they exist (US EPA, 2012). Advantages of
soil clean up using biological methods are: relatively low costs, low-technology, safe-
ty for environment and most importantly — high public acceptance (Vidali, 2001; US
EPA, 2012; Patyka et al., 2014). Biological remediation methods for contaminated
soil are usually divided into bioremediation and phytoremediation. Bioremediation is
the use of microorganisms to degrade or transform contaminants to carbon dioxide,
water, inorganic salts and microbial biomass. The main aim of bioremediation is to
create optimal conditions for the growth of microbes, which use pollutants as a source
of energy and nutrients (US EPA, 2012). In situ bioremediation methods involve:
bioattenuation, biostimulation and bioaugmentation. Conditions necessary for biore-
mediation are usually achieved on site, but sometimes it is not possible, so contami-
nated soil is removed to a treatment area. The examples of ex sifu methods include
landframing, composting, biopiles and bioreactors (ICSS, 2006; US EPA, 2006).
Phytoremediation uses plants to extract, degrade, contain or immobilize pollutants in
contaminated media (US EPA, 2006). This technology remediate contaminants
using several different mechanisms, depending on the application, such as phytosta-
bilisation, phytoextraction, phytodegradation and phytovolatilization (US EPA,
2010).

The aim of this article is to give a general overview of the most frequently apply-
ing biological methods of contaminated soil remediation. The paper focuses on easy
performed and effective techniques, which are environmentally friendly. The costs
associated with the use of these methods are also analyzed.

Key research findings. Biostimulation is an in situ method, which aims to stimu-
late indigenous microorganisms to degrade pollutants. It consists of applying both
scant nutrients and air, or only air, to remediated soil. The main purpose of biostimu-
lation is to increase the amount of indigenous microbes to the quantity of minimum
10° cells per gram, in which they are able to degrade contaminants (Podsiadlo and
Krzysko-Lupicka, 2013). It is usually gained by increasing the oxygen content. The
extra option of biostimulation is to supply essential elements like: nitrogen and phos-
phorus, which are usually added in the form of hydrophobic liquid fertilizers, solid
fertilizers and aqueous solutions of fertilizers (Mizera, 2010). Furthermore, some-
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times it is needed to provide optimal environmental conditions like temperature, soil
pH and soil humidity to keep high microbial growth and contaminants degradation
activity. Aerobically degradable pollutants like fuels are treated by oxygen, which is
pushed into the subsurface by air injection wells or draw through the subsurface by
vacuum extraction wells. Some pollutants can be removed using a mixture of oxygen
and volatile organic substrate. When contaminant is degradable in anaerobic condi-
tions, nitrogen and electron donor gas are injected into the soil (US EPA, 2006).
Biostimulation is in general used to remove hydrocarbons and chlorinated contami-
nants such as trichloroethene, tetrachloroethene and pesticides such as
dichlorodiphenyltrichloroethane (US EPA, 2006; ESTCP, 2011; Mori et al., 2013;
Betancur-Corredor et al., 2015). It takes a few years to clean up a site.

The costs of biostimulation of soil contaminated with hydrocarbons, by the
injection of oxygen into the subsurface are various. They are influenced mainly by the
surface area, because it determines the number of injection wells which must be
installed. The second factor is the soil type. The costs of remediation of soil contain-
ing sand and gravel are lower than for soil containing clay. The average costs range
from 10—60 USD to 700 USD per cubic yard and 45—140 USD per ton (US EPA,
1994; Hinchee and Leeson, 1996; FRTR, 2003). Lower costs are associated with big-
ger sites remediated by biostimulation. The biggest part of expenses are operating
expenses, mostly on electricity.

Table 1. The share of different activities in the total costs of biostimulation
of soil contaminated with hydrocarbons, based on (Lehr, 2004)

Activity Percentage, %
Startup 5
Design 6

Pilot testing 12
System installation 19
1 year operation 58

This technique allows treating both aerobically and anaerobically biodegradable
contaminants. Biostimulation is easy to perform and inexpensive for big sites. One of
its limitations is the difficulty to deliver oxygen to contaminated soil, when it is low-
permeable or highly humid.

Bioaugmentation is based on addition of specially selected microorganisms to
contaminated soil in order to accelerate the removal of pollutants. This in situ method
is usually applied, when the amount or degradation activity of naturally occurring
microorganisms is not sufficient and biostimulation has failed (Mizera, 2010; Mrozik
and Piotrowska-Seget, 2010). Microbes may be of different origins: taken from the
polluted sites, isolated and genetically modified or bought from the Collection of
Microorganisms (ICSS, 2006; Mrozik and Piotrowska-Seget, 2010). Before applying
to soil, they are reproduced in a laboratory to create a suspension containing 10° cells
per gram and immobilized with carriers (Podsiadlo and Krzysko-Lupicka, 2013).
Bioaugmentation efficiency is varies, mainly due to decrease in a number of exoge-
nous microorganismes after soil inoculation due to both biotic and abiotic factors like
temperature, humidity, pH and organic matter content. Moreover, the same negative
effect is caused by competition between indigenous and exogenous microorganisms
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EKOHOMIKA MPUPOAOKOPUCTYBAHHSI TA OXOPOHU HABKOJINLLHbOIO CEPEAOBULUA26G7

(Gentry et al., 2004; Podsiadlo and Krzysko-Lupicka, 2013). Bioaugmentation is
mainly intended to clean up soils polluted with chlorinated organic compounds
(ESTCP, 2005; ICSS, 2006), but it can be also required to degrade undesired aro-
matic compounds, heavy metals and radionuclides (Kondzielski et al., 2003; Mrozik
and Piotrowska-Seget, 2010; Winquist et al., 2014; Wang et al., 2015).

Expenditures on bioaugmentation depend on the soil type and chemistry, type
and quantity of used amendments and type and extent of contamination. Typical
costs for bioaugmentation of soil contaminated with hydrocarbons range from 20
USD to 80 USD per cubic yard of soil (FRTR, 2003). Such low costs result from the
fact that this process is very simple and machines are not needed. Most of the costs
are caused by cells immobilization on carriers.

This bioremediation method is usually successful and unlike biostimulation,
takes effect immediately after microbes injection. It requires low costs and low-tech-
nology. In order to improve effects, bioaugmentation is often combined with other
method, predominatingly with biostimulation.

Phytoextraction is an in situ method, which aims to remove pollutants from soil
by accumulating them in plant tissues such as stems and leaves. The role of the plant
in this process is to retrieve contaminants, transport to aboveground shoots and accu-
mulate in these organs. Unlike phytostabilization, this process produces a large
amount of contaminated biomass, which requires harvesting and disposal or recycling
(US EPA, 2006; US EPA, 2010). Phytoextraction can be repeated many times until
obtaining the desired effects providing permanent contaminants removal. There are
two methods of phytoextraction, depending on used plants species. Sometimes plants
are genetically modified, in order to have the ability to accumulate contaminants in
stems, be capable of rapid increase in biomass and extensive root system, which is
hard to redeem simultaneously (US EPA, 2006; Siwek, 2008). It does not require
extra interventions. The second option is to use intensive growing plants, which pro-
duce a large root system and artificially increase the bioavailability of pollutants by
adding chemicals that cause the release of complex or solubilizing precipitated forms
from soil (Siwek, 2008; Grobelak et al., 2010). This technique allows accumulating
low levels of contaminants from a widespread area. Phytoextraction is typically used
to treat inorganic contaminants such as metals, metalloids and radionuclides, but
some plants are capable of extracting chemicals like chlordane and storing them in
their roots, leaves and fruits (Mattina et al., 2000; Kondzielski et al., 2003; Wong,
2003).

The costs of phytoextraction are formed by the size of contaminated area. It is
estimated to be about 20—80 USD per ton or 80 USD per cubic yard of contaminated
soil (Miller, 1996). Other estimates place the total cost between 60,000 USD to
100,000 USD per acre. This includes maintenance, monitoring, verification testing
and planting (Miller, 1996; Raskin and Ensley, 2000). There are low total costs,
because little or no mechanical equipment is required to operate the phytoremediation
process. The majority of costs are associated with processing including plants seeding,
watering and nutrient or fertilizer addition and plants harvesting (US EPA, 2001).

This method is inexpensive, but requires a lot of labor because of compulsion of
optimal plant selection and culturing. Phytoextraction is an appropriate method to
clean up large areas with low concentration of pollutants. Its advantages include high
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efficiency of contaminants storage and possibility for multiple repetitions. The biggest
problem is associated with appropriate treatment of produced biomass full of pollu-
tants.

Table 2. The share of different tasks in the total costs of phytoremediation
of soil contaminated with heavy metals, based on (US EPA, 2001)

Activity Percentage, %
Project closeout 3
Waste disposal 5
Site preparation 9.5
EH&S 23
Processing 59.5

Landfarming is an ex situ method of contaminants biodegradation, in which soil
is excavated and arranged in thin layers and regularly cultivated to promote aerobic
degradation by microorganisms. The aim is to stimulate indigenous microorganisms
to start degrading contaminants by soil moisturizing and tilling, the nutrients supply-
ing as well as pH moderating (ICSS, 2006; US EPA, 2006). The pneumatic perme-
ability of the cleaned up soil is usually improved by adding structural substances like
mineral granulate, compost or bark mulch (ICSS, 2006). Typical land treatment takes
place in a special construction — open shallow reactor in which soil is arranged in a
layer with the thickness of about 0.3 m (Vidali, 2001; US EPA, 1994). Impervious sur-
face equipped with drainage system and leachate treatment system are located under
the soil. The construction has also a shredder and a blender, that enables nutrients
mixing into the soil and crushing soil aggregates (US EPA, 1994; ICSS, 2006; US
EPA, 2006). The treatment takes from about half a year to two years depending on
prevailing conditions. Landfarming is an appropriate method of remediating soil con-
taminated with petroleum (US EPA, 1994; Paudyn et al., 2008). On the other hand,
polycyclic aromatic hydrocarbons, pesticides or chlorinated organic compounds as
remediated soil contaminants are still topics for further research (US EPA, 2006).

The costs of landfarming depends on the type and concentration of contami-
nants, treated volume, area available for treatment, time scales and remediation cri-
teria to be achieved. Landfarming expenses concern both prior-to-treatment costs
and appropriate treatment costs. Laboratory studies cost from 25,000 USD to 50,000
USD and pilot tests or field demonstrations cost less than 100,000 USD, regardless
the treated volume (FRTR, 2003). The average total cost for landfarming of sites con-
taminated with petroleum is 30—60 USD per ton of soil (about 75 USD per cubic
yard) (US EPA, 1994). For pesticide-contaminated soil it ranges from 17 to 35 USD
per ton (Roberts, 1995). The majority of costs are related to materials handling,
which make up about two-thirds of the overall cost. Another big expense is engineer-
ing. The rest of costs are labor, land rental, immunoassay testing, farm field soil sam-
ples and on-site samples (Roberts, 1995).

This technique is rather inexpensive and effective for easily biodegradable con-
taminants. It has low demands on the technology and process control, but requires a
lot of space and the period of treatment is relatively long. Due to the lack of cover,
degradation may pause during winter, after heavy rains or during drought and it can-
not be applied for volatile contaminants.

AKTYAJIbHI NTPOBJIEMW EKOHOMIKW Ne8(170), 2015



EKOHOMIKA MPUPOAOKOPUCTYBAHHSI TA OXOPOHU HABKOJIULLHbOIO CEPEAOBULUA26G9

Table 3. The share of different tasks in the total costs of landfarming
of the soil contaminated with pesticides, based on (Roberts, 1995)

Tasks Percentage, % Total percentage, %

Field loading 7
Excavation 8

Hauling 12 67
Soil backfill 19
Soil spreading 21

Engineering 21 21
Land rental 2
Labor 2

- 12
Immunoassay testing 3
Samples 5

Composting involves mixing of contaminated soil with nonhazardous organic
amendments to develop microflora, which degrades contaminants in thermophilic
conditions. The main issue is to add about 40% of organic compounds like manure,
agricultural wastes or wood chips to the excavated soil, which are a source of nutri-
ents and degrading microorganisms (Vidali, 2001; ICSS, 2006). This ex situ method
starts from soil conditioning, which includes: soil excavating, extraneous coarse parts
sorting out, coarse soil grains separating, crushing and returning, organic amend-
ments and bulking agents adding, soil mixture homogenizing and pile creating (ICSS,
2006; US EPA, 2006). To optimize degradation process temperature, moisture and
oxygen contents are manipulated. Usually piles are housed or covered by water-repel-
lent, air-permeable foils, that help maintaining optimal conditions (FRTR, 2003;
ICSS, 2006). Like in landfarming, there are also leachate collecting and treatment
systems. In general, there are three different compost arrangements: typical acrated
static piles with blowers or vacuum pumps, mechanically agitated in-vessel compost-
ing and windrow composting, in which compost is placed in long, low, narrow piles
(FRTR, 2003; US EPA, 2006). Depending on the type of contaminants, the treat-
ment can take several months. Originally composting is designed for the clean-up of
soil contaminated by mineral oil hydrocarbons (Namkoong et al., 2002; Wang et al.,
2011). It can be also applied for the purification of soil contaminated by solvents,
chlorophenols, pesticides, herbicides, polycyclic aromatic hydrocarbons and explo-
sive-typical compounds (Laine et al., 1997; Jarvis et al., 1998; Antizar-Ladislao et al.,
2006; US EPA, 2006; Kupper et al., 2008).

The costs of composting vary due to the amount of soil to be treated, the soil
fraction in the compost, availability of amendments, the type of contaminant, and the
type of process design employed. The process configuration type is the primary cost
driver for composting. In-vessel composting is generally the most expensive, acrated
static piles are in an intermediate cost range and windrow composting is the least
expensive among all of them (FRTR, 2003). The average cost of soil contaminated
with petroleum composting is 30—90 USD per ton of soil (about 100 USD per cubic
yard) (US EPA, 1994; Freeman and Harris, 1995). Amendment costs in this method
usually range from 5 to 10 USD (Freeman and Harris, 1995). Composting of sites
contaminated by explosives is much more expensive. The costs are about 350 USD
per ton and 500 USD per cubic yard (US EPA, 1997; FRTR, 2003). The largest part
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of costs covers the composting process itself, but transportation and disposal cost also
have a significant share.

Table 4. The share of different tasks in the total costs of composting
of soil contaminated with petroleum, adapted from (FRTR, 2003)

Tasks Percentage. %
Design 2.5
Excavation 3.5
Transportation and disposal 41
Composting 53

This method provides good control over microbiological degradation and rapid
soil pollutant removal. It requires large amounts of energy to excavate and condition
the soil and remove the remediated compost. Composting can be rather expensive,
mainly depending on the type of contaminant.

Conclusions. All presented biological methods of contaminated soil remediation
have their advantages and disadvantages. The largest differences occur between on
site and off site techniques. /n situ methods are relatively noninvasive, selective and
use natural attenuation process, but have extended treatment time. Ex sifu techniques
are more invasive, require special equipment and a lot of space, but give better results
in a shorter time. The costs for all the methods are in a similar range. Finally, selec-
tion of the appropriate biological method of soil remediation depends on a type of
contaminant, expected duration of a process and its impact on the environment.
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