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Popular summary

Kazakhstan officially declares concern about environmental protection and
promotes the "polluter pays" principle. Simultaneously, loopholes in the local law
allow the discharge of improperly treated industrial wastewater into artificial or
natural ponds, which potentially causes fate for environment and society. One
example is that permission is based on the requirement that the initial concentration
of pollutants in wastewater’s recipient is exceeded. Historically, there has been a
time gap between when the discharge started and when the monitoring of the
recipient started. Thus, the industry receives a legal permit for environmental
pollution and does not have any motivation to invest in the improvement of
treatment techniques, or into modernization of already obsolete treatment
equipment. Moreover, the situation is deteriorated by the facts that industry
consumes a huge amount of water, the population is growing, and climate change
leads to the reduction of available water resources. Hence, it is projected that the
mismanagement of freshwater resources would lead to a national water deficit by
2030. There is only way to improve the situation - rational use of available
resources, coupled with assurance of water safety via eliminating pollution. This
concept is defined as “Sustainable water use”.

This thesis investigates potential consequences of the current system of industrial
water use in Kazakhstan based on an example of groundwater pollution, caused by
the oil refinery industry. The most basic biological treatment method, activated
sludge, which is used by refineries in Kazakhstan, cannot efficiently treat the
industrial wastewater. Petroleum hydrocarbons are potentially toxic substances,
which are practically ubiquitous in groundwater, usually low degradable, and may
move over several km. Analysis of groundwater characteristics surrounding a
recipient of effluents from the refinery showed that the groundwater quality has been
affected by an unacceptable level of man-made contaminants, which are directly
linked to refineries’ activity. Rural residents of the studied area use groundwater
from the shallow aquifer for drinking and domestic purposes. The current
investigation considers the potentially affected sites where to avoid the consumption
of unsafe water. The results show that, depending on initial loading, agricultural
areas might be affected at a distance 2-6 km downstream the contaminated site.

The situation can be turned on 180 degrees if the pollution stops. Experience from
developed countries shows that implementation of advanced wastewater treatment
techniques ensures a good quality of the effluents. Moreover, the current trend is
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one step ahead — to consider potential wastewater reused, such as alleviation of the
stress on freshwater supply, recovery of resources, and elimination of environmental
pollution. Also, the current Kazakhstani system of establishing requirements for
maximum allowable concentrations of the pollutants in wastewater should be
changed and based on the respective investigations of the toxicity of effluents.
Specific potentially toxic contaminants are subjected to be controlled in the effluents
to get a fair picture of the real harm for groundwater caused by oil refineries in
Kazakhstan.

Strong political will is needed to translate concrete actions. This research presented
in the thesis is important to show that “zero waste” approach for the industry in
Kazakhstan is barely visible and the joint effect of governmental regulation,
scientific approach, and industrial implementation can contribute to less impact and
the precaution activities for Sustainable water use.
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Abstract

The concept of “Sustainable water use” (SWU) aims to assure three pillars of
sustainability related to the water sector: the social, environmental, and economical.
Industrial development, especially in developing countries, requires an adequate
response, as industrial activities are recognized as one of the major sources of water
pollution, what leads to deterioration of environmental safety and wellbeing of the
society. This thesis aims to understand to what extent the water use in the oil refinery
industry in Kazakhstan is sustainable and to assess its impacts on the environment.
A system approach was used to evaluate the current status of legislation, the
treatment methods, the discharge process, and the effect on the environment in the
sector. The weakness of the existing framework was identified by its lack of unified
and transparent legislative standards for treatment processes, wastewater quality,
and assessments of groundwater contamination with potential negative impact on
public safety. Analysis of chemical characteristics of groundwater contamination,
based on a seven-year monitoring program from one of the refineries, showed that
groundwater has been affected, containing anthropogenically and naturally occurred
contaminants, e.g. average exceedance for total petroleum hydrocarbons was 4
times, for total dissolved solids - 5 times, for chlorides - 9 times, for sodium - 6
times and total hardness was more than 6 times compared with World Health
Organization and Kazakhstani standards. The analysis made it possible to specify
the contribution of each contaminant to the overall pollution and to identify the most
polluted sites. These pollutants are likely spreading towards areas with substantial
groundwater use. The following investigation included performance of potential
spreading of the TPH plume, based on historical observations. The results showed
that zone at 2-6 km downstream the source of pollution could be affected by
contaminated water, where concentrations of TPH exceeded permissible value.
Based on performed investigations, this study highlights importance of
implementation of suitable legislative standards with requirements for efficient
water-saving techniques. Comparison with developed countries showed that
Principles of Circular Economy (CE) (reduce pollution and reuse water) have been
neglected in Kazakhstan. However, these principles have a potential to become a
response to existing pressure of industrial activities and to achieve Sustainable
Development as Driving force. Implementation of the CE for refineries in
Kazakhstan requires firstly, the usage of advanced wastewater treatment techniques,
and secondly, the introduction of the optimization scheme for water reuse, where
regeneration units are established after each technological unit. Establishing criteria
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for water fees, wastewater quality, and recipients’ characteristics should follow
respective and fair practices of the Environmental Impact Assessment, instead of
looking for legislative loopholes. These practices include a detailed assessment of a
real level of effluents’ toxicity and strict requirements to avoid the transfer of
pollutants from one environmental media to another. Also, it is strongly
recommended to update the list of contaminants for operational monitoring with
inclusion of specific indicators of toxicity, such as PAHs, BTEX and others. It will
let to understand the real harm caused by the ineffective systems of wastewater
treatment and disposal from oil refineries in Kazakhstan.

This thesis can be used as a trigger to drive and engage all stakeholders into a
transparent dialogue about potential consequences of non-sustainable wastewater
management in the industry in Kazakhstan. The potential actions might include
development of new efficient monitoring programs, stimulation the industry to
innovative and water-saving treatment methods, and a creation of a site remediation
program.
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1 Introduction

The 2030 Agenda for Sustainable Development (SD) calls all people, from
individuals to crucial stakeholders, such as governments, corporations, and
international organisations to take actions for solving the current challenges,
formulated in the Sustainable Development Goals (SDGs) (UN 2015). One of the
common definitions of Sustainable Development is “Enhancing quality of life and
thus allowing people to live in a healthy environment and improve social, economic
and environmental conditions for present and future generations” (Ortiz et al. 2009).
The concept of “Sustainable water use” (SWU) brings several SDGs, related to
water, together. The SWU aims to assure three pillars of sustainability: social,
environmental, and economical. Social aspects of the SWU include, firstly, public
safety by consumption of available and safe drinking water, and secondly, relevant
regulation. Environmental aspects of the SWU consider good ecological status of
water bodies, where the water is supplied from and discharged to, including
groundwater (GW). Economical aspects of the SWU include efficient and fair
pricing for water use, which considers costs to obtain water, treat it and discharge
or reuse it in a respective manner (USEPA 2012).

The SWU is a complicated system. It is clearly presented within related Sustainable
Development Goals (SDGs). When one of the elements does not work, it affects the
success of the other goals and crashes the whole system of SD (Figure 1). The group
of SDGs 8, 9, 12, and 13 belongs to the sustainable industry. This group is directly
connected with the industrial processes related to water use. The processes should
be innovative to achieve rational and efficient resource use (SDGs 8§, 9, 12) and
eliminate impact on the environment through sufficient treatment systems, which
lead to the deceleration of climate change (SDG 13). The SDG 6 “Clean Water and
Sanitation” requires, firstly, eliminate potential hazards of inappropriately treated
wastewater; secondly, to adopt water-saving techniques to reduce the consumption
of fresh water to address water scarcity (Jia et al. 2020); and, thirdly, protect water-
related ecosystems, including rivers, lakes and aquifers. The SDG 14 “Life below
Water” specifically focuses on the consequences of any kind of pollution for the
aquatic world. Healthy environment (water, soil and air) is directly linked with the
quality of life of people, which belongs to SDGs 3 and 11.



Figure 1 The interactions between SDGs related to the SWU (Paper IV)

Industrial activities are recognized as one of the major source of pollution
worldwide (Hossain 2011). Fast industrial development, aiming economic growth,
however, puts pressure on environment, which in turn may jeopardize wellbeing of
society (Li 2016). Currently, water consumption by industry ranges between 10%
and 57% of total water consumption in different countries (Voulvoulis 2018). This
range mainly depends on the efficiency of collaboration between key stakeholders:
under governmental regulation via implementation of water-saving technologies by
the industry with the support of research-based decisions.

According a UN “World Economic Situation and Prospects 2019 book,
Kazakhstan has been rated as a fuel-exporting country with transitional from
developing to developed economy (UN 2019). This type of country is characterized
by applying efforts to diversify the economy from just exporting resources to build
advanced technological infrastructure. This process includes accelerated
industrialization and growth of an already existing manufacturing capacity.
Although, Kazakhstan shows an increasing trend of gross national income per captia
for the processing industry, a changing world requests new challenges and
adaptation rules for society. The productive economy should not only meet
monetary benefits; safe environment and social issues must also be brought to the
forefront.

The refining enterprises also give a significant contribution to the structure of
industrial development (Kazakhstan 2009). Kazakhstan is the second biggest oil
producer after Russia among the Commonwealth of Independent States countries.
The petroleum industry is the major actor and accounted for about 10% of the
country’s GDP in 2016 (KASE 2017). Kazakhstan is one of the key suppliers of
hydrocarbon raw materials for the world economy. In 2016, Kazakhstan was rated
number 16 in the world with a production volume of 79.3 million tons of oil and gas
condensate (representing 2% of the global production). The refinery throughput in
Kazakhstan is 339 thousand barrels daily, a number that is growing by 4.6% every
year. The refinery capacity is estimated to be 350 thousand barrels daily (BP 2019).



Water is a very important reagent in petroleum and petrochemical production
processes. Distillation, extraction, preparation of solutions, cooling systems, and
washing processes are some examples of industrial water use, leading to large
consumption in the current fuel and electricity production (Walker et al. 2013). The
total water consumption for those purposes is projected to increase by 55% between
2000 and 2055 globally (Wangt and Zimmerman 2016).

The problem of the water use in the industry is twofold: huge amounts of water are
consumed, while the quality of the wastewater is poor and does not satisfy the
principles of the SWU. Up to 65% of all fresh water in Kazakhstan are lost due to
wasteful and polluting activities. Simultaneously, the industry consumes about 25%
of all available freshwater in Kazakhstan (Karatayev et al. 2017). This would lead
to a national water deficit by 2030 (Thomas 2015). The oil refinery industry in
Kazakhstan consumed 77.8 mln m® water in 2016, while only 3.5 mln m® of it has
been re-used, the rest has been discharged into the environment. According the
Environmental Performance Review for Kazakhstan (UNECE 2019), three oil
refinery factories in Kazakhstan are one of the biggest sources of water
contamination, despite attempts to control the pollution by both the government and
the industry. This thesis is the first attempt to investigate the industrial water
management system in Kazakhstan from the perspective of the SWU concept on the
example of the oil refinery sector.

1.1 Thesis objectives

Sustainable water use in the industrial context covers several factors of three
dimensions of SD and their interactions, as shown in Figure 2. Economic factors are
represented by the processes inside the industry. The industry uses technologies to
treat supplied and processed water, and to utilize it in a safe manner. These
technologies are associated with respective costs. Environmental factors consider
water quality in water sources and wastewater recipients. Interactions between
economical and environmental factors are characterized by attempts to decrease the
impact of industrial activities on water bodies and make water viable for other
consumers by the use of efficient treatment technologies. Social factors are
represented by ensuring public safety (e.g., health), and are mainly regulated by
government. The government assures the availability of safe water by respective
legislative and environmental tools. Economical and social factors are met by
establishing the idea of equal rights of different water users. Thus, appropriate
legislation ensures responsibility of the industry to apply respective efficient and
water-saving technologies.
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Figure 2 The Sustainable water use in industry framework used in the thesis

The general aim of this work was to understand, to what extent the water use in the
oil refinery industry in Kazakhstan is sustainable and to assess its impacts on the
environment. Respectively, three objectives related to interactions between
dimensions of the SWU were identified for related investigation:

Objective A was aimed to investigate water and wastewater management at oil
refinery factories in Kazakhstan in accordance with respective national and
international legislation. This objective is mainly addressed in Paper I, and covers
the efficiency of implementation of Kazakhstani regulation and practices of the
refineries of water use, treatment, and discharge, using a system approach.

Objective B was aimed to assess groundwater safety affected by the current system
of wastewater treatment in refineries. Statistical tools were used in Paper II to
assess the contribution of each contaminant, both natural and man-made. Paper 111
evaluates the effect of pollution by developing respective groundwater and
contamination transport models.

Objective C was aimed to define possible solutions for industrial water and
wastewater management system in Kazakhstan to ensure the SWU. This objective
is mainly presented by Paper IV that offers available mechanisms to achieve the
SWU. Paper III highlights a possibility for usage of analytical modeling tools for
better governmental regulation of industrial waste management with limited data
availability. Also, Paper I discuss the importance of suitable regulative standards
for improvement of industrial water use management.



2 Methodology

2.1 Study area

2.1.1 Oil refinery sector

2.1.1.1 Technological processes

Modern refineries are sophisticated complexes for separating and modifying crude
oil into different products. The general scheme of it is presented in Figure 3. The
main objective of the refineries is production of fuel, residual fuel oils, lubricants
and many other petrochemical and chemical products. The initial refinery
configuration was the topping refinery, which was designed to distil crude oil into
a limited range and yield of products. It was composed of different units such as
tankage, atmospheric and vacuum distillation units, recovery facilities for gases and
light hydrocarbons, and the necessary utility systems such as steam, power, and
water-treatment plants. The addition of hydrotreating and reforming units to this
basic configuration resulted in a more efficient hydroskimming refinery, which
produced desulfurized distillate fuels and high-octane gasoline. At the same time,
refineries processed up to half of incoming crude oil. During the last 30 years,
refinery complexes have been modernized. Initially, a gas—oil conversion plant and
a catalytic cracking unit were added. In the last five years, an olefin conversion
plant, a polymerization unit and coke calcination units were implemented in the
existing scheme of plants. The changes allow enterprises to increase processing
depth and thereby produce large outputs of gasoline with the remainder of their
products distributed among liquefied petroleum gas, jet fuel, diesel fuel, and a small
quantity of coke. Additionally, refineries also supply different substances, such as
propylene, benzene, toluene, xylenes, etc., for further processing into polymers
(Kent et al. 2017).
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Figure 3 General scheme of an oil refinery plant (P.R.Robinson 2011)

2.1.1.2 Water use and sources of pollution inside the factory

The oil refining process starts in the atmospheric and vacuum distillation units.
Those units are associated with the consumption of a number of by-products and
reagents, including water, which is used for various purposes. For instance, as a
cooler of process units and equipment, and a cooling agent of the final product.
Water is also used as a solvent for the preparation of reagent solutions as well as a
source of steam or condensate. Furthermore, other reagents are added during a
technological process, such as demulsifiers for dehydration of oil, ammonia to
neutralize organic acids and sulphur compounds for purification of light distillates.

There are three main sources of wastewater contamination at the refinery. Firstly,
recycling of sulphurous oil and purification of petroleum products with alkalis,
which gives highly concentrated sulphurous alkaline wastewater. Secondly,
complex processing of oil and gas to produce synthetic products generates
wastewater with organic acids, alcohols, phenols, etc. Thirdly, processes of
desalination and dehydration. In the final source, wastewater contains demulsifiers
and sulphonaphthones. All these substances are sources of harmful chemicals,
which lead to environmental pollution (Yu et al. 2017).

It is necessary to emphasize the harmfulness of some chemicals. Oily wastewater
consists of hundreds of organic and non-organic compounds, some of them may
severely jeopardize the environment. Effluents include aromatic hydrocarbons



which have high toxicity and have a stable structure. One of those are polycyclic
aromatic hydrocarbons (PAH), which are characterized as persistent and have
carcinogenic, teratogenic and mutagenic properties (Alegbeleye et al. 2017). Other
group of hydrocarbons in contaminated water is BTEX (benzene, toluene,
ethylbenzene and xylenes). High concentration of those compounds can be rapidly
absorbed by the human body. They can lead to damage of the brain and nervous
system, rapid heart rate, dizziness and unconsciousness (Leusch and Bartkow 2010).
Phenols are considered very hazardous for human health (Huang 2007). Potentially
toxic metals like chromium, iron, nickel, copper, molybdenum, selenium, vanadium
and zinc can also be found in wastewater from oil refineries (Wake 2005).

2.1.1.3 Treatment methods

Conventional purification schemes for oil refineries include a broad variation for
each step of treatment: pre-treatment, primary, tertiary (secondary) and post-
treatment (or polishing). Figure 4 presents a general scheme of a wastewater
treatment unit with the list of commonly used techniques for each step, which aim
to enhance the efficiency of contaminants removal. The specific method chosen for
any individual case will depend on the content of the pollution and local
characteristics.
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Figure 4 General scheme of wastewater treatment processes at oil refineries (Paper I)



2.1.2 Case study description

2.1.2.1 Treatment and Utilization strategy in Kazakhstani refineries

All factories in Kazakhstan use the same wastewater treatment system, consisting
of an on-site mechanical (as a primary step) and a biological (as a secondary step)
treatment. The biological treatment facilities of the refineries were built during the
Soviet Union period, and are in need for modernized. They include a basic system
of activated sludge treatment, which is not adapted for an efficient removal of
heavily degradable fractions of petroleum hydrocarbons. The technology of
wastewater treatment at the studied refinery is presented as an example of the same
work of treatment facilities in all Kazakhstani refinery plants in Figure 5.
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Figure 5 The block diagram of wastewater treatment processes at the studied refinery (Paper I)

The studied refinery uses a pipeline to deliver effluents to the special recipient pond.
The pond is located 14 km to the north-west from the plant and covers the area of
606.1 hectares. The pond is originally a natural bitter-salty pond that now is used
for receiving and storing biologically treated wastewater from the nearby located
petrochemical industry. According to Kazakhstani legislation (Kazakhstan 2012),
this pond is not a source for drinking, domestic and irrigation water. The annual
volume of received wastewater amounted to 1.63-2.21 million m® for the period
2009-2019, instead of designed 4.12 million m®. The water volume and water



surface for the same period are maintained within 3.6-6.7 million m* and 2.45-3.73
km?, respectively, instead of the designed 23.5 million m® and 5.23 km?
respectively.

Observation wells are located outside the barrier for groundwater quality
monitoring. The wells belong to a permanent control from governmental bodies.
The concentration of contaminants should not exceed the permissible limit for
drinking water at the boundary of a sanitary zone (1000 m from the source)
(Kazakhstan 2015). The installation procedures followed appropriate installation
techniques in case of required installation materials and methods and planning of
the location of the monitoring system (Houlihan and Lucia 1999). The depth of the
wells varies between 10.1 and 24.6 m below ground level. The groundwater table in
the wells varied between 1.1 and 4.9 m below ground level. There are two villages
around the pond: Berezovka village 2.5 kilometers to the north and Michurino
village 8 km to the north-west. The main water source in Kazakhstan, Irtysh River
is located 9 km west of the pond. Agricultural fields with potatoes and carrots are
also located nearby, where irrigation water is supplied from shallow groundwater.

2.1.2.2 Geographical and hydrogeological area characteristics

The Pavlodar region is one of the largest industrial centres in Kazakhstan.
Metallurgical, chemical, and petrochemical cluster activities deteriorate the
environmental situation of the region. The local petrochemical cluster is a major
actor in the industrial activities and the main taxpayer in the region, which
contributes for about 50% of the city budget (Neftepererabotchik 2019). The
residents of the rural area near the industrial zone use the groundwater from the
shallow aquifer for their drinking and domestic purposes (Tussupova et al. 2016).
Hydrocarbons, originated by the petrochemical industry, are practically ubiquitous
in groundwater, usually low degradable, and the plume scale might be spread out to
km scale (Balderacchi et al. 2013).

The industrial site of this study belongs to the special economic zone and is located
in the north-eastern part of Kazakhstan (Figure 6). The region is located in the
continental zone, where mean monthly temperatures range from -19.3°C in January
to +21.5°C in July, with an annual mean of 3.5°C, absolute maximum of +42°C and
absolute minimum of -47°C. Annual precipitation is around 303-352 mm, including
264 mm in liquid phase. The driest months are May, June and July. Annual
evaporation is reported around 957 mm (Heaven et al. 2007). Average relative
humidity equals 82% and 45% for the coldest and the hottest period of the year,
respectively. Around 70-85 days of the year have a relative humidity of 80% or
more.
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The hydrogeological cross-section is mainly represented by three formations. The
formation of Upper-Quaternary deposits of the first supra flood plain terrace (aQm),
which is distributed along Irtysh River, 4-5 km wide. The water-bearing sediments
consist of quartz-feldspar sands. The top layer is composed of sandy loam and loam,
the bottom layer is composed of gravel and pebbles. The thickness of the formation
is up to 20 m. The groundwater in the aquifer has a free surface (unconfined). The
aquifer complex in Upper-Miocene Lower-Middle-Pliocene deposits of the
Pavlodar suite (Nipv) is distributed over the entire region. The thickness varies
from 2-7 m in the northern and northwestern parts of the study area, and increase in
a southeasterly direction to 80 m. These sediments are characterized by uneven
distribution and the occurrence of sand among the clays. Water-bearing sediments
in these aquifers consist of quartz-feldspar and micaceous sands. The sands are
coarse-grained with gravel and pebbles in the south, and a fine-grained, sometimes
clayey texture, in the north. Groundwater is mostly confined and occurs at a depth
of 2-28 m to the surface. The formation of the Kulunda formation (N:kln) is partly
included in the Pavlodar formation. The thickness varies between 5 and 26 m. The
water-bearing layer is characterized by alluvial sand, mixed with gravel and pebbles,
with clayey and loamy lenses. The Pavlodar formation covers the Tavolzhan
formation (Nitv). This layer (N;tv) consists mostly of clay that constitutes a bottom
for the upper formation. The lithology of the area is presented in Figure 7.

10



52° 40"

N . Sarymsaq lake
. R 130 ; 5 -
Cross-sections (I-IV) on the selected region memsisises - Piezometric lines with groundwater level value
. Boreholes

River contour

- formations
- soil types (sand, clay, loam, sandy loam)

o] () (5]
) T RSN Y

- groundwater level

Figure 7 The lithology of the study area

11



2.2 Methods applied

2.2.1 Policy and literature review (Paper I and IV)

Principles of Environmental Impact Assessment (UNEP 2019) were used for
investigation the potential effects of the existing scheme of industrial water use in
the oil refinery sector in Kazakhstan to provide information about adverse impact
on environment and people health.

The present study implemented the DPSIR (Drivers-Pressures-State-Impact-
Response) framework (EU 2002) for the respective search, as is shown in Figure 8.
Nowadays, principles of the SWU have become the drivers to meet socio-
environmental awareness; and to decrease the pressure on water resources. The
hypothesis is that the pressure is caused by improper wastewater treatment. The
resulting state (as an indicator of the pressure) is used to evaluate potential impact,
which may differ, including deteriorated or destroyed ecosystems, unsafe drinking
water, or the waste of water in the regions, where the water scarcity exists. The
related response aims to improve the situation.

As a starting point, available “first-hand” information from governmental and
representative bodies about the current status of water use in the oil refinery sector
was analyzed. The sources of information included Kazakhstani legislative
documents, such as laws, orders, reports, guidelines, and standards; documents, and
reports from responsible authorities, such as Environmental Protection Agencies
and oil refinery operators, and statistical datasets. The same sources from WHO,
EU, and USA were compared with Kazakhstani analogues. The criteria for
consideration of the information as relevant were 1) existing effluents conditions,
including a description of the contaminants and their concentrations and 2)
description of ways of effluent disposal and characteristics of wastewater recipients.
Together with the analysis of official information, an extended literature review was
carried out. The above criteria were used for consideration of the relevance of the
reviewed literature as well.
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2.2.2 Data preparation (Papers I-1II)

Data needed for empirical investigations have been collected from personal
communication with representatives from the refineries and governmental offices.
The dataset from the monitoring program consisted of a total of 117 groundwater
samples from observation wells in the shallow aquifer near the recipient, collected
and analyzed between 2013 and 2019. Sampling was made two times per year, in
spring and autumn. The groundwater depth was measured regularly from March to
November each year. The procedures of the sampling and measurements are
controlled by Kazakhstani legislation and were adapted from international
standards. Before sampling, the groundwater in the well was evacuated several
times (at least three times) by pumping. The pumping equipment was also flushed
before sampling to avoid unwanted pollution. After establishing a static water level,
the sampler was immersed to a depth below the water table by 0.5 m or less. Water
samples were collected in one-liter dark glass bottles. The vessels were placed into
a transportable fridge for immediate delivery and analysis to the licensed factory
laboratory. Extra samples were collected for the analysis of metals with acidification
by HNO:;.

The investigations of the hydrogeological conditions, used for contamination
transport modeling, have been conducted during the Soviet and post-Soviet periods
(Kosolapov et al. 1993). Several recent available field surveys confirm the
information from the previous investigations, which provides quality assurance of
the data.
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2.2.3 Multivariate statistical analysis (Paper II)

Correlation analysis, principal components analysis (factor analysis), and
hierarchical cluster analysis were applied to identify the multivariate relationships
between different chemical variables and samples in groundwater belonged to the
study area. The dataset was normalized for elimination of the effect from differences
in units.

The relation between each pair of variables was measured by Pearson’s correlation
coefficient to determine the geochemical associations among different variables.
Correlation coefficients greater than 0.5 were considered significant. PCA
recognizes the most significant parameters from a big dataset of inter-correlated
parameters and created independent variables (Eqn. 1).

Zjj = @j1X1j + A2X2j + -+ ApmXmj (1)

where z is the component score, a is the component loading, x is the measured value
of variable, 7 is the component number, ; is the sample number and m is the total
number of variables.

Cluster analysis was used to assemble similar groups of observed wells due to
similarities between their variables. Hierarchical agglomerative CA provided
Ward’s linkage distance, reported as Diink/Dmax, Which represents the quotient
between the linkage distances for each case divided by maximal linkage distance.
Produced dendrogram enables analysis of similarities in an easy way. Ward’s
linkage, the Euclidean distance as similarity measurements and Q-mode were used
for cluster analysis for assessment of groundwater quality.

2.2.4 Heckman selection model (Paper II)

The Heckman selection model was adapted from the original work of Heckman in
the economical science (Heckman 1979) and from the application of this method in
other fields. The method in this thesis was used to assess unobservable variables,
that potentially impact on the total contamination rate. The idea of this assessment
was not just to look at several contaminants and their concentrations, but also to
consider and evaluate impact of other important factors such as location of the
sample, percent of exceeding of the target values of each contaminant and individual
characteristics of the contaminant. Selected variables were divided into two
categories. First: chemicals seriously affecting health (rated as sanitary-toxic due to
Kazakhstani standard (Kazakhstan 2015)); second: other hazardous materials (rated
as non-toxic). It was aimed to compare potential effect of contaminants with high
and low level of toxicity (or toxic and non-toxic contaminants in the following text).
The focus was, on the one hand, on several pollutants with elevated concentrations,
such as chlorides or sulphates, which are not rated as significant impact on health,
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but can be dangerous for other cases, for instance, for corrosion of pipes, or for
irrigation properties of soil; on the other hand, on the contaminants, rated as
dangerous for the health, or toxic (for example, hardness or petroleum
hydrocarbons).

This model includes two-step equation, which is assumed as a regression model
equation:

Yi=PB1Si+B2X; +u; 2

where Y; is considered as total contamination, S; represents the concentration of
chemicals, and X; shows several contaminants as a set of control variables. The
effect of the exceeded concentrations on the total contamination is given by the
parameter ;. Parameter i represents each individual observation.

Eqn. 2 does not consider other potentially important independent variables which
can affect final result. For example, it could be location of the well or individual
characteristics of different contaminants such as their toxicity and exposure level in
case of influence of chemicals for people’s health. There could be a different input
of high exceeding of non-toxic contaminant and low exceeding of toxic
contaminant. The latter would be much more dangerous for health. Thus, more
attention should be paid to the level of toxicity. To consider that, Eqn. 2 can be
specifically re-written as:

Y[ = B1Si + B2X; +y;
D;=1(y1S; +v2Z; +v; >0)
Y; =Y'D; 3)

where (Y, D;, Si, X, Z;) are observed random variables and 1(.) is an indicator
function. The first equation represents the total contamination of all contaminants.
The second equation is the selection equation, where D; is added as a dummy
variable indicating whether value i represents a measurement of toxic/non-toxic
pollutant. A set of variables Z; includes additional parameter such as a well value i.
Set of control variables Z; must include at least one variable which is not included
in X; (Sartori 2003).

In the studied case, the first dependent variable (D;) represents toxicity of the chosen
parameter (1 if the pollutant is toxic and O if not). The second set of dependent
variables (Y;) includes percentage of exceeding. This characteristic mathematically
represents the rate of contamination. Mean percentage of selected (toxic or non-
toxic) exceeding was calculated. For example, TPH has a standard value of 0.1
mg/L, if the measure concentration of TPH was 0.25 mg/L, then the dependent
variable equals 250%. This variable includes only exceeded values, if the value is
below the permissible limit, the cell in the matrix is empty. Set of control variables
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(X7) includes chosen contaminants, their concentrations, and locations. Thus, Eqn. 2
and Eqn. 3 were adapted as:

% of exceeding = [3ichemical + Bzconcentration + u; 4)
and we assumed that “% of exceeding” is estimated if

yitoxicity + y,number of well 4+ yszchemical + ysconcentration + v; > 0

)

where u; and v;i should have positive correlation p.

2.2.5 Environmental fate assessment (Paper I1I)

The method proposed in this thesis aimed to evaluate the risks, by firstly:
identification of the potentially affected territories by the spreading of the
contamination plume in space, based on historical observations; and secondly: to
assess the potential hazard from spreading of the contamination under potential
scenarios of varying loading of the contaminants. For this purpose, a two-step
procedure was used. The first step included the numerical groundwater model using
MODFLOW to define the groundwater flow direction, as it is a necessary
prerequisite to any contaminant transport modelling undertaken as part of the
analysis of the pollution pressures on that body (EU 2002). In the second step, a
semi-analytical contamination transport model was applied for general investigation
of plume development in the aquifer. As a result, the potential fate of contaminants
can be assessed under consideration of different scenarios, depending on local
conditions.

2.2.5.1 GW modeling

A conceptual model is an efficient tool for simple presentation and understanding
of transport processes (Todd and Mays 2005). One of the most popular and efficient
models is MODFLOW-2000, which has been developed by McDonald and
Harbaugh (Harbaugh et al. 2000). The principal equation is based on the three-
dimensional groundwater flow equation for porous medium using a finite-difference
method. The Groundwater Modeling System (GMS 9.0) software was used to
perform the modelling at steady-state condition (Eqn. 6).

a oh d oh a dh

5 (Kee5y) +35 (K 55) + 5 (K 5) £ W =0 ©)
Where K., K,y, and K. are hydraulic conductivities along the x, y, and z coordinates
assumed to parallel to the major axes of hydraulic conductivity (L/T); 4 is the

potentiometric head (L); and W is a volumetric flux per unit volume, representing
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sources and/or sinks of water. Steady state modeling is the optimal option to
calibrate the boundary condition as well as simulating the general GW flow. Thus,
the steady-state conditions were assumed for the model, as the best option under
data unavailability, such as lack of information about temporal changes of
groundwater level, recharge, and discharge rates.

The PEST package (Doherty et al. 1994) was used to calibrate the results of the
modeling by minimizing the difference between simulated and observed
groundwater levels, as those measurements were available and chosen as the core
of the calibration processes. The values for hydraulic conductivity, conductance,
and drainage were assigned with ranges based on reported data. The process of
calibration is considered successful when the root mean squared error (RMSE)
residual of head is less than a certain value relevant for local conditions (1 m, as
default) (Fienen et al. 2013).

When GW modeling and calibration was done, a tool of particle-tracking for
MODFLOW, MODPATH, was used to assign the required coordinates for
contamination transport modeling via displaying the groundwater patterns in a study
area (Pollock 2012).

2.2.5.2 Analytical contamination and fate transport modeling

The transport model incorporates a steady-state solution for groundwater flow as a
starting point to compute how concentrations of dissolved contaminants from a plan
source change over time as they are transported in groundwater by advection and
dispersion. This accounts for the role of varying hydraulic conductivity and other
spatially variable hydraulic parameters that accompany aquifer heterogeneity. The
transport model used for this purpose is based on partial differential equations for
dispersion that have been developed for homogeneous and isotropic media, where
Darcy’s law is valid (Bear 2013).

According to Sauty (Sauty 1980), if a tracer is continuously injected into a uniform
flow field from a point source, contamination will spread as it is shown in Figure 9.
In this case, flow is governed by Eqn. 7, where mass transport can be calculated in
two dimensions:

oc _p ok
at ~ Loxz

d%c ac
2 Vxox (7

+Dp— —
where v, is down gradient fluid velocity, D; is longitudinal dispersion coefficient
(L*/T), Dris transverse dispersion coefficient (L?/T), and C is solute concentration
at (x, y) (M/L%).

An observation point with the known concentration is assumed at location x=0, y=0
with a uniform flow velocity at a rate v, parallel to the x axis. Then, a solute is
represented by a concentration Cy at a rate Q over the aquifer thickness, ». The
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equation to calculate the concentration on a distance from the observation point can
be found from a Green function (Bear 2013) for the injection of a unit amount of a
contaminant, under consideration of steady-state conditions, as:

2

Q 2 4 2
00 3) = ) exp (222) o B &2 4 Loy ®)

4m(DDT)0° 2Dy, L
Where K is the modified Bessell function of the second kind and zero order, Q is

the rate that the contaminant is injected, b is the thickness of the aquifer over which
the contaminant is injected
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Figure 9 Conceptual framework of the analytical contamination and fate transport model (Paper lll)

The analytical solution of the contaminant transport problem (Eqn. 8) in 2D may be
calculated via Plume2DSS() add-in (Renshaw 2013) in Excel. However, this add-in
requires exact values of transport parameters, which are unavailable at the site.
Thus, an optimizer using Macro in Visual Basic for Application (VBA) in Excel
was developed (Naseri-Rad et al. 2021). This Macro runs the Plume2DSS() together
with the optimizer multiple times with the given range of transport parameter values
to minimize the absolute error (the difference between measured and calculated
concentration values at each specific point) for each measurement event. The model
was assigned by the following characteristics: the exact locations of sampling points
(x, y, and dL), obtained from the groundwater model; contaminant concentrations;
hydraulic gradients between any two wells; and ranges of value changes for
transport parameters, i.e., T, b, K, dh, p, a;, and ar. The developed code then
calculates the concentration at any point downstream by optimizing the calibration
parameters in the given range to minimize the error. Once optimal parameters are
determined, the model is validated by using these in the Plume2DSS() add-in, and
subsequent comparison between Ceiculateda (2 concentration, obtained without
running the code) and Creasured. Thus, optimal transport parameters are numerically
obtained via minimization of the absolute error.
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As a final step of the procedure, a fate transport modeling was carried out. After all
parameters of the case study were defined, new coordinates (x+x;, y+y;, and dL;)
were assigned via extension of already used pathways (an example is shown in
Figure 9 for the pathways BD and/or BC) and running a solver for Eqn. 8 to obtain
C; (x+x;, y+y;) in the place where consumers exist.

2.3 Limitations of this study

The main limitations belonged to accessibility and availability to the study area,
including investigation of the wastewater treatment unit performance, detailed
investigations of effluents and groundwater characteristics via potential
measurements performed by the author. Official requests to the head offices of
enterprises were ignored; while the informal agreements to perform field tests were
later terminated.

There is a limitation in the assessment of the presence of phenol in the case study,
as it is important to pay special attention to toxic substances. The limit of the
concentration of phenols is 0.25 mg/L according to Kazakhstani standard for the
parameter named “phenol index”. The same value is established in the standard of
the factory for the observed wells. At the same time, protocols of GW quality
measurements name this parameter as “volatile phenols”. This type of phenolic
compounds is limited by 0.001 mg/L according to Kazakhstani standards. Thus,
there is an unclear situation of which parameter should be used to evaluate the
related fate.

The study of groundwater was affected by the relevant lack of data, and multiple
assumptions had to be used instead. The fluctuations of the groundwater table were
given only for boreholes around the pond. Other fluctuations were not accessible,
what limits to build of a transient model. The boundary conditions were
manipulative. The values of hydraulic conductivity and conductance from the report
varied significantly over the study area. The formation-aquifer is complex, however,
for simplification the layer was assumed as one-layer.

There was no critical information available on the initial concentration of TPH in
the pond and such an important parameter for contamination transport, as longitudal
dispersivity. Also, there were no opportunities to perform respective investigations
and measurements, and to obtain detailed data about TPH characteristics and to
identify their degradation properties, etc. Thus, there was no opportunity to perform
very accurate contamination transport modeling.

As the detailed content of TPH in this certain case study was not known, there was
decided to follow the example from Total Petroleum Hydrocarbon Criteria Working

19



Group and to assume that TPH are not degradable (Gustafson et al. 1997).
Consequently, degradation characteristics were assumed as negligible.

Parameter uncertainty will always be a major concern. But the purpose of this study
was to provide a tool that gives a picture of contaminant transport and fate by
illustrating the patterns of change in contaminant concentration in space with the
following assessment for potential fate for environment and people. A detailed
discussion about sensitivity and uncertainty analysis, calibration, and validation of
the model was beyond the scope of this study.

Finally, all research is limited by time and resources. Some important parts of
interest were not covered in this study, e.g., detailed investigations of suitable
treatment methods, modeling of water re-use schemes for refineries, cost-benefit
analysis for potential modernization and remediation activities, etc.
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3 Results and Discussion

3.1 Status-quo in the sector in Kazakhstan (Paper I)

It is clearly seen from Figure 10 that legislation and related standards regulate all
water use processes in the oil refinery sector in Kazakhstan. Despite this, the
problem of environmental pollution exists due to refinery activities. It was found
that mismanagement loopholes exist on each step of water use in the industry.
Discharge limits for each oil refinery are established separately between the plant
and the government. It allows a factory to determine the quality parameters of
wastewater (Table 1). When the permissible concentrations of pollutants in
discharging wastewater are established, the calculation approach is based on the
following: 1) projected and actual purposes of the recipient — reception and
accumulation of wastewater from the plant. It means that if the pond is not used as
a source of water for agricultural and domestic purposes, 2) it is possible to
discharge polluted wastewater with existing concentrations of different
contaminants if those concentrations do not exceed the permissible values in the
pond. The reason with already high concentrations of pollutants in the recipient is a
result of a time lag between the start of contaminated water discharge by the
factories and start of the work of treatment units.

Environment
(Water source)

b
o
\:A‘ﬂ‘é“
\5“6
(S5
y Legislation/ b
Groundwater/Environment [/ Ncngma tive \ Refinery
(Water storage/source) \ i A (Water user)
_ documentation ~ y
Infiltration Pollution

Pond/Environment Treatment Purification
(Water storage) (Water treatment unit)

Figure 10 An existing framework for water use in oil refinery in Kazakhstan (Paper I)
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Table 1. Maximally permitted concentrations of different parameters in effluent of three Kazakhstan oil

refineries (Paper 1)

PARAMETER UNITS REFINERY X REFINERY Y REFINERY Z
Ammonia (NH4") mg/L 55.18 8.0 4.53
Total petroleum hydrocarbons mg/L 3.02 8.0 2.03
(TPH)

Biochemical consumption of mgO2/L 17.82 16.6 11.6
Oxygen (BOD)

Nitrates (NO3") mg/L 19.2 7.8 8.96
Nitrites (NO2’) mg/L 7.7 0.5 -
Sulphates (SO4%) mg/L 643.0 500.0 4711
Phenol’'s index mg/L 0.25 0.05 0.182
Chlorides (CI) mg/L 169.8 350.0 678.8
Suspended solids mg/L 20.98 25.75 6.05
Surfactants mg/L 0.52 2.80 1.27
Phosphates (PO4*) mg/L 1.05 20 6.89
Total Dissolved Solids (TDS) mg/L Existing 6000 -

concentration

W

-"- not controlled

Table 2 presents the characteristics of wastewater effluents discharged from the
studied refinery during the period between 2014 and 2017. Factory discharges
wastewater with an ammonia concentration of approximately 50 mg/L, whilst the
normal concentration of ammonia for municipal effluents is equal to no more than
2.0 mg/L. The same situation is found for TPH. The concentration of TPH in
effluents is about 1.2 mg/L, while the limit for the concentration in treated municipal
wastewater is 0.1 mg/L. The concentration of BOD is about 10.6 mgO,/L, while the
allowed concentration for municipal wastewater is 3.0 mgO,/L.

Table 2. Concentrations of different parameters in effluents from the studied refinery (Paper I)

PARAMETER UNITS RANGE MEDIAN MEAN  STD. DEVIATION
Chlorides (CI) mg/L 49.80-135.04 70.61 82.48 26.47
Nitrites (NO2) mg/L 0.08-4.37 0.43 0.10 1.27
Sulphates (SO4%) mg/L 238.3-588.7 469.5 449.0 91.0
Nitrates (NO3") mg/L 1.77-16.41 13.23 12.49 3.96
Ammonia (NH4*) mg/L 38.56-54.34 52.36 49.26 5.97
Total Petroleum Hydrocarbons (TPH) mg/L 0.68-2.15 1.23 1.30 0.40
Phenol’'s index mg/L 0.01-0.03 0.02 0.02 0.01
Suspended solids mg/L 4.40-9.10 7.69 7.29 1.35
Surfactants mg/L 0.20-0.45 0.36 0.34 0.08
Biochemical oxygen demand (BOD) mgO2/L  8.51-13.12 10.56 10.60 1.48
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3.2 Groundwater contamination (Paper II and IIT)

3.2.1 Groundwater quality parameters (Paper II)

Table 3 presents the results of measurements of groundwater quality from the wells
surrounding the recipient pond. Kazakhstani and WHO standards for drinking water

were used for assessing all parameters.

Table 3. Water quality parameters for groundwater samples from the observed wells. All units are in mgl/L,
excluding pH (pH unit) and total hardness (mmol/L) (Paper Il)

PARA-  WHO KZ w1 w2 w3 w4 W5 W6 w7 ws w9
ME- LIMITS  LIMITS
TERS
pH 6.5-8.5 6-9 Range 7.2-8.8 7.5:9.0 8.0-9.1 7.99.3 8595 8.7-9.5 6.9-9.1 8.3-9.1 6.9-8.7
Mean 83 8.2 8.6 8.8 8.8 9.0 86 8.7 8.1
sD 0.4 0.5 0.4 0.4 0.3 0.2 0.6 0.2 0.7
TPH 0.1 0.1 Range 0.16- 0.11- 0.09- 0.11- 0.08- 0.14- 0.23- 0.11- 0.26-
Mean 1.04 1.40 0.60 0.84 1.20 0.67 0.78 0.99 0.84
sD 0.44 0.41 0.29 0.39 0.40 0.41 0.51 0.45 0.52
0.25 0.38 0.14 0.24 0.33 0.17 0.19 0.28 0.18
DS 1000 1000 Range 846- 4728- 1346- 643- 899- 683- 1244- 1157- 28202-
Mean 1582 7727 2224 2919 1450 1402 1933 1927 36392
sD 1156 6307 1779 2072 1218 1046 1485 1470 31848
185 952 299 561 172 203 205 298 2922
cr 250 350 Range 98-211 2450- 150- 56-715 160- 110- 150- 180- 10000-
Mean 158 4410 520 425 4410 200 370 798 24757
sD 32 3285 256 165 549 172 256 322 14797
577 90 1161 24 62 150 3372
S0* 250 500 Range 94-210 544- 252- 127- 89-284 150- 214- 305- 4126-
Mean 164 1300 520 1100 208 849 296 443 9400
sD 33 974 379 670 46 298 260 351 7040
190 85 231 179 22 39 2086
Phe- - 0.25/0. Range 0.00- 0.00- 0.00- 0.00- 0.00- 0.00- 0.00- 0.00- 0.00-
nols** 001 Mean 0.04 0.01 0.06 0.06 0.06 0.06 0.05 0.05 0.12
sD 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02
0.01 0.00 0.01 0.02 0.02 0.02 0.01 0.01 0.04
NH,* 15 2 Range 0.0-1.0 0.0- 0.0-0.8 0.0-0.6 0.0-8.6 0.0-5.6 0.0-8.8 0.0- 0.0-
Mean 04 271 0.3 0.3 0.9 0.7 1.0 10.9 25.8
SD 03 28 0.3 0.2 2.3 1.5 24 12 5.6
74 2.9 7.9
NO, 3 3 Range 0.0-0.6 0.0-2.0 0.0-1.1 0.0-0.7 0.0-0.4 0.0-0.4 0.0-0.7 0.0-0.9 0.0-
Mean 0.1 0.2 0.2 0.1 0.1 0.1 0.2 0.1 14.5
sD 0.2 0.6 0.3 0.2 0.1 0.1 0.2 0.3 15
42
NOy 50 45 Range 0.0-7.5 0.1-4.3 0.1-3.0 0.0-5.0 0.0-5.3 0.0-4.9 0.0-4.3 0.0-4.1 0.0-
Mean 23 17 0.9 1.5 1.8 09 1.3 15 21.0
SD 2.9 1.2 0.9 16 1.9 1.4 16 1.6 7.7
8.1
PO - 35 Range 0.00- 0.00- 0.00- 0.00- 0.00- 0.00- 0.00- 0.00- 0.00-
Mean 0.75 0.26 0.20 1.00 0.68 0.41 0.21 0.76 0.08
sD 0.11 0.04 0.05 0.10 0.10 0.06 0.06 0.10 0.03
0.21 0.07 0.06 0.27 0.18 0.11 0.07 0.21 0.02
Cos* - - Range 0-48 0-15 0-87 5-59 6-36 13-84 0-137 0-73 0-45
Mean 15 6 30 32 20 31 39 26 11
sD 15 5 28 17 8 18 37 19 13
HCOy 384+ - Range 189- 14-391 329- 43-514 262- 201- 9-578 210- 66-464
Mean 494 119 709 326 512 346 374 329 201
SD 375 126 537 110 343 277 176 264 138
92 100 74 42 37
TH - 7.0 Range 3.7- 6.2- 3298 3.0- 2.1-5.0 2.0-4.8 2493 2.8- 219.0-
Mean 125 67.9 6.8 12.0 3.9 3.8 6.5 15.1 390.0
SD 76 54.0 17 76 0.9 0.9 17 6.5 272.0
2.0 15.6 2.6 3.5 55.0
ca> 100 - Range 14-116 15-625 6-73 8-138 6-44 5-43 3-137 9-72 97-
Mean 39 135 21 29 14 13 27 20 2844
sD 30 154 17 34 10 10 36 16 497
714
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Mg* 50 - Range 17-92 65-680 5-330 31-130 14-88 12-61 25-110 21-200 382-

Mean 63 499 88 78 42 39 66 66 4422
sb 20 196 78 32 18 13 25 44 2697
940
K* 12 - Range 0.1-3.0 0.0-6.4 0.0-5.0 0.0-6.0 0.0-5.0 0.0-4.0 0.0-6.0 0.0-4.0 0.01-
Mean 1.5 1.7 14 16 15 14 1.8 1.6 42.0
sD 1.0 241 16 2.3 1.7 1.2 22 14 14.3
16.2
Na* 200 200 Range 140- 605- 390- 66-775 220- 200- 290- 220- 5100-
Mean 230 1414 685 545 540 500 560 680 9200
sD 190 1136 480 181 348 296 390 412 7093
27 272 85 94 77 79 135 1377
Surfact - 0.5 Range 0.1-0.7 0.2-0.6 0.1-0.6 0.0-0.4 0.0-0.4 0.0-0.8 0.3-0.9 0.0-0.4 0.3-1.4
ants Mean 0.4 0.3 0.4 0.2 0.2 0.2 0.6 0.1 1.0
sD 0.2 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.3
co, - - Range 0-37 0-22 0-29 0-15 0 0 0-23 0-2 0-32
Mean 5 5 4 1 0 0 2 0 7
sD 1 7 9 4 0 0 6 1 12

- non-described

*WHO does not cover all chemical contaminants in the guidelines, but only those, which pose a risk in a high level (Gadgil 1998).

** EPA, EU and WHO present a range of phenol-derivatives according their toxicity rate. Kazakhstani standard assumes “phenols” as phenolic compounds, which
evaporate under high temperature (Angelino and Gennaro 1997).

*** from WHO Guidelines for drinking water quality (1984)

As shown, all wells had exceeding concentrations of total petroleum hydrocarbons
(see also Figure 11). While the permissible concentration of TPH is 0.1 mg/L, the
concentrations of TPH varied between 0.08 and 1.20 mg/L with the mean value 0.42
mg/L, which exceeded the norm 4 times. Although low concentrations of TPH in
water might be considered harmless, researchers found that long-term exposure to
TPH causes carcinogenic diseases (Pinedo et al. 2013). Table 3 also shows that
dangerous concentrations of phenols were identified in all nine wells. This pollutant
has been defined as very toxic and was included in the list of priority pollutants by
Environmental protection agency (EPA 2012). The number of disorders has been
discovered by acute exposure of phenol: muscular convulsions, hypothermia,
muscle weakness and tremor, collapse, and coma etc. (Nair et al. 2008). Measured
TDS values exceeded the KZ and WHO maximum permissible levels of 1000 mg/L
in most cases on average 5 times (Figure 11). Further, the total hardness in the
groundwater samples ranged between 2 and 390 mmol/L with a mean exceeding the
standard 6 times (Figure 11). According the Todd classification, almost all samples
might be categorized as very hard water. Hard water may cause cerebrovascular and
cardiovascular diseases (Stambuk-Giljanovic and Stambuk 2005). The chloride ion
presence were between 56 and 24757 mg/L, with most samples elevated WHO’s
250 mg/L recommended limit (exceeding 9 times on average) (Figure 11). There
are possible health-related concerns regarding Na“ content in the groundwater
because the mean elevated concentrations in the wells were 6 times over the
permissible KZ limits and WHO indirect recommendation (Figure 11).
Consumption of high amount of sodium has been correlated with cardiovascular
disease, such hypertension and stroke (Lucas et al. 2011). Finally, individual
exceedings of surfactants were identified. Such high levels of surfactants are related
to several potential problems. The presence of some surfactants in connection with
other contaminants may decrease the biodegradation rate of contaminant or stops
the process at all. Moreover, special focus should be paid to Well 9 which had
extremely high values. For example, TDS had a value 37 times above the limit,
chloride 99 times higher than limit, sulphate exceeded the limit 38 times, total
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hardness with associated cations by 56 times as well as highly elevated
concentrations of ammonia, nitrites, nitrates, potassium, sodium, and surfactants
(Table 3). The water containing such levels of those substances would normally be
rejected by consumers for any reasons.

TPH, mg/L TDS, mg/L Na*, mg/L
06 7000 M 1200
x
[ M x x 6000 1000
04 X X x x 5000 800
03 x x 4000 600
3000 x x .
02 2000 < x . 400 X X
ot 1000 X, 200
0 0 0
Wl W2 W3 W4 W5 We W7 WB w9 wiowz W3 wa ws  we w7 w8 wioow2 o w3 w4 ws o we ws
X Wells WHO X Wells wHo X Wells WHO
cl, mg/L TH, mmol/L
4000 60
3500 x 50 x
3000
2500 40
2000 30
1500 20
1000
x 10
500 x
* X % X
o X X 0
wiowz w3 w4 ws we w7 ws wiow2 ws owa ws  we w7 wa
X Wells WHO X Wells WHO

Figure 11 Mean concentrations of some chemicals in the groundwater wells compared to WHO limits (Paper II)
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3.2.2 Multivariate statistical analysis (Paper II)

The correlation matrix was employed for all 117 measurements for determining the
loads of the principal components (PCs) shown in Table 4. The first six PCs were
selected for the following reasons as variables of dimensionality reduction: the six
PCs together gave a cumulative contribution of 78.34%, which is typically regarded
as being sufficiently high; the eigenvalues of these PCs are all greater than 1.0 and,
according to the Kaiser criterion these PCs must be chosen (Kaiser 1958). The
factors can be conditionally divided into two groups. First group accounts to 52.34%
of the total variance and is represented by Factors 1 and 2. Usually, the parameters,
belonging to those factors, characterize natural conditions of the groundwater.
Factors 3-6 contribute to 26% of the total variance and can be categorized, as
anthropogenically appeared factors. The natural factor is characterized by high
weight values of TH, Ca®’, Mg*", TDS, Na', K*, CI', SO,*, pH, COs*, and CO,.
These results show that the groundwater has suffered serious mineralization process
from the natural condition of the salt pond (Allen and Suchy 2001). Also, the
correlation matrix indicates the existence of non-carbonate, or constant hardness,
(MeSO4, MeCl,, where Me — Ca, Mg), which is difficult to remove in the study area.
The anthropogenic factors are characterized by NO,", NH4", TPH, phenols, and
PO4*. Nitrite ions are semi-product of the natural denitrification/deammonification
processes in the groundwater environment (Hiscock et al. 1991), occurred by high
concentrations of ammonia in discharges). The amount of ammonia is not degraded
during the saturation processes and some traces still presence in the groundwater.
TPH and phenols are directly related to the specification of petrochemical
wastewater. As the rocks and fertilizers are absent in the study area (Rao and Prasad
1997), phosphate ions are associated with a vast number of washing processes,
which leads to big consumption of different detergents, which contain phosphate
substances. Hence, the loading of the contaminant is an indicator of anthropogenic
impact on the groundwater.
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Table 4. Factor loadings (Varimax normalized) (Paper Il)

NATURAL ANTHROPOGENIC

VARIABLE FACTOR (1) FACTOR(2) FACTOR(3) FACTOR(4) FACTOR(5) FACTOR (6)
pH -0.233 -0.900 -0.045 0.042 0.023 0.014
TPH 0.102 -0.034 -0.267 0.746 -0.024 -0.201
DS 0.924 0.205 0.171 0.158 -0.002 -0.058
cr 0.888 0.251 0.203 0.146 -0.086 -0.058
Se¥a 0.927 0.086 0.203 0.063 0.041 -0.046
NH.* 0.289 -0.045 0.198 0.783 -0.051 0.162
NOy 0.254 -0.059 0.797 -0.075 0173 -0.004
NOs 0.514 0.012 0.500 -0.031 0.363 0.121
PO -0.100 0.041 0.012 -0.039 0.027 0.886
COs* -0.140 -0.692 -0.074 -0.010 -0.023 -0.337
HCOs -0.207 -0.159 -0.120 0.026 0.460 0.208
TH 0.927 0.160 0.147 0.188 0.053 -0.033
Ca? 0.729 -0.069 -0.382 -0.182 -0.231 0.092
Mg2* 0.798 0.215 0.326 0.313 0.085 -0.050
K* 0.807 -0.032 -0.375 -0.106 0.008 0.039
Na* 0.931 0.150 0.196 0.133 -0.004 -0.045
Surfactants 0.732 0.131 0.107 0.165 0.085 -0.116
COz 0.094 0.845 -0.133 -0.025 -0.013 -0.165
Phenol 0.196 0.078 -0.015 -0.077 0.873 -0.086
Eigenvalue 7.984 1.960 1.458 1.307 1.160 1.015
% of Variance  42.023 10.315 7.676 6.881 6.105 5.340
Cumulative %  42.023 52.337 60.013 66.894 73.000 78.339

Based on the performed CA and results above, the study area was divided into three
clusters. Cluster 1 combines observed wells W9 and W2. These wells are recognized
as highly contaminated with the highest exceeding of many chemical parameters.
They have similarities in the distribution of pH, which is followed by host geology.
The wells are situated on the south-west site from the pond and probably approve
an assumption about direction of groundwater flow. Cluster 2 is formed by wells
W7, W8, W1, and W3. These wells are located on the south and west sides of the
pond and characterized by twofold characteristics: firstly, significant pollution rate,
including the same concentrations of the TDS and TDS related chemicals, and
secondly, the equal temporal distribution of pH. It means that groundwater on that
site is affected by pollutant transport from the pond in the same manner. Finally,
Cluster 3 is represented by wells W6, W4, and W5. All wells are located north of
the pond and are characterized by lower concentrations of the pollutants compared
to other wells.

Thus, the results of the multivariate statistical analysis indicate that pollution spread
out of the sanitary zone to the west direction from the recipient pond and potentially
could create hazard for rural inhabitants. Moreover, the trends of TPH pollution tend
to rise in time (Figure 12). It potentially says that the pollution problem is growing
in the area.
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3.2.3 Heckman selection model (Paper II)

Table 5 shows the selected variables used in this analysis and their descriptive
statistics. According the Kazakhstani sanitary and epidemiological requirements
(Kazakhstan 2015), TH, TPH, and Na" are considered hazardous for public health
and rated with value 1.0 for the variable D,. TDS, sulphates, and chlorides are
considered as non-toxic and were rated as value 0.0 for the variable D;. TDS, CI,
S04*, Na', TH, and TPH were encrypted in the matrix of variables as “17, “27, “3”,
“4” “5” and “6”, respectively.

Table 5. Selected variables characteristics* (Paper Il)

VARIABLE TOXIC NON-TOXIC
Number of observations 324 351

48.0% 52.0%
Number (%) of exceeded values (Std.Dev.) 255 (78.7) 248 (70.7)
Dependent variables
Toxic contaminant 1.0 0.0
% of exceeding 664 (1042) 862 (1526)

*descriptive statistics of chosen chemicals is available from Table 3

Table 6 presents the results of the Heckman selection model. Rho has a positive
value, which means that it is possible to estimate relationships between chosen
variables and final contamination. All variables, excluding number of well (which
represents location of the wells), are considered significant. The concentration of
pollutants has the greatest influence on the total contamination. A positive value
shows a high likelihood of potential hazards for people's health. Obviously, high
concentrations of pollutants might lead to deterioration of health, especially during
long-term exposure. In the studied case, 503 of 675 values exceed acceptable limits
by 7-8 times in average. The variable of toxicity rate is the second significant factor.
This variable reflects to lower percentage of exceedings for toxic contaminants than
for non-toxic, instead of higher number of exceeded values for toxic contaminants
than non-toxic. The hypothesis is that even if the concentration of the toxic
contaminant exceeds the standard by just a few units, the toxic properties could be
much more dangerous for human health, compared to the consumption of highly
polluted water by non-toxic contaminants. The independent chemicals represent the
third significant variable. Individual characteristics of chosen chemicals are
explained in sub-section “Groundwater quality parameters”. The location of the well
is rated as a non significant parameter. Nevertheless, the investigation of
hydrogeological characteristics deserves attention to determine the spread of
contamination.
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Table 6. Estimated results of the Heckman selection model (two-step) for selected chemicals (Paper Il)

VARIABLE COEFFICIENT STD. ERR. Z-STATISTIC
Chemical -0.156 0.074 -2.11
Concentration 1.576 0.260 6.07

Toxicity rate 0.789 0.245 3.22

Number of well 0.020 0.025 0.83

Rho 1.0

Thus, the results of the Heckman selection model indicate that particular focus
should be paid to the distribution of toxic contaminants.

3.2.4 Groundwater modeling (Paper III)

The groundwater flow was modeled to identify the pathways of TPH plume
movement and to assign the required coordinates for contamination transport
modeling. Figure 13 shows the simulated water level contours for steady-state
conditions. Results of the calibration reflect the lithology of the area. The higher
HK belongs to the territory along the Irtysh river and Upper-Quaternary deposits
(aQm), as they are formed by soils with a high level of water permeability (quartz,
sand, gravel, and pebbles, instead of more clayey soils in the eastern direction). The
following decrease of HK from northwest to southeast is explained by the local
topography, as the groundwater is located deeper, and the clay content variation in
the aquifer. The conductance of the drain (river) (50 m*d) and boundaries (125
m?/d) were approximately equal to available data after calibration. The RMSE of
modeled groundwater level against measured was 0.64 m and the R? coefficient was
0.68. Hence, the model was considered as sufficiently accurate. The MODPATH
software was used in this step to evaluate potential flow of the contaminant
specifically from the source of the pollution. It showed that the plume moved in a
western direction with some displacement towards the southwest. Particle tracking,
using MODPATH, showed the potential transport towards agricultural fields, where
groundwater is used for irrigation (4.5 km from the pond) and nearby rural areas
(Michurino and Pavlodarskoe villages, 8 km from the pond).
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Figure 13 The groundwater flow model (Paper lil)

3.2.5 Contamination transport modelling (Paper I1I)

After calibration of the groundwater model, two pathways, located downstream
from the source of pollution, were chosen for the contamination transport modeling.
Pathway 1 and 2 (Pl and P2) originated from the monitoring wells W1 and W3,
respectively, where coordinates x, y, and measured concentrations of TPH were
established as initial conditions (x=0, y=0, and Cy). The W2 and W4 are located at
the boundary of the sanitation zone (1000 m from the pond), where the concentration
of TPH should not exceed a safe limit (100 pg/L) for drinking and domestic
purposes according to Kazakhstani legislation (Kazakhstan 2015). Coordinates for
W2 and W4 and measured concentrations of TPH were used for calibration of the
parameters 7, b, p, K, oz, ar, and dh for Pathway 1 and 2, respectively. Figure 14
shows the results of the calibration. The R? coefficient was equal to 0.9 and indicated
good performance of the model. Calculated means for values of O, b, p and dh were
similar in both models: semi-analytical transport and groundwater.
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Figure 15 presents the potential results of the fate transport of contamination, based
on measured concentrations in the monitoring wells, and unified transport
geological parameters for individual cases and historical scenarios. The distance
(dL;) step was assumed as the square root of x+100 and y+20 m from the starting
observation points. The dh; was estimated as 0.01 m for each dL; step, based on the
GW model. Obviously, the plume width correlates with the starting concentrations.
The potential maximum distribution during the spring season in 2019 and 2018 was
6 and 3 km for Pathway 1 and 2, respectively. The starting concentrations (Cp)
showed maximum historical values in those years. The same situation was found for
the autumn periods when the potential maximum spreading of the contamination
was 4.5 and 2.6 km for Pathway 1 and 2, respectively. The calculated distance is
higher during the spring seasons compared to the autumn. Lower values of the
calculated plume fit the lower concentrations with a resulting shorter distance from
the origin of pollution. However, even for these cases, the distance was relatively
large, almost 1.2 km from the source of the contamination.
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Figure 15 Modeled contamination depending on distance (in m) from a) W1 and b) W3 (Paper lll)
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dL, m

The final step of the application is the analysis of parameters’ sensitivity. The ranges
for K, T, b, and p were changed several times in an equal manner: they were
decreased by 25% and 50% and increased by 25% and 50%. For the investigation
of the relationships between dh and dL;, the range for dh was considered between
0.01 and 0.1 m. The Cy was assumed as 500 pg/L for all scenarios. To assess the
potential spread of plume, depending on the initial load of the TPH, the range for Cy
was considered between 50 and 1000 pg/L. After establishing new values, dL; was
calculated to the extent, when the concentration of TPH is considered safe. The
results are presented in Figure 16. While all parameters show relevant changes in
the resulting dL; within the range of change, longitudinal and transverse dynamic
dispersivity together with plume width were considered as the most sensitive
parameters in this study. This is explained by the fact that these parameters might
be changing over time depending on contamination characteristics, while
parameters describing geological characteristics are constant. The increase of dh
causes significant increase in the distance of plume spreading, as it is related to
enhanced linear velocity, and consequently, enhanced injection rate of the
contaminant. The parameters may vary significantly depending on the scale and
characteristics of contaminants. If the Cy is equal to 1000 pg/L, the affected zone
can spread 5 km for P1 and 2.5 km for P2. The highest rate of the spreading belongs
to the area near the source of pollution, e.g., the growth of the initial concentrations
from 100 to 150 pg/L causes extension of the plume spread corresponding to 0.25
km (from 1.30 to 1.55 km) for P2, while the following dL; is changed for 120-50 m
for each 50 pg/L.
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Figure 16 Sensitivity analysis for a) Pathway 1 and b) Pathway 2 (Paper Ill)

Thus, the results of environmental fate assessment show that the contamination
likely has spread out 2-6 km from the recipient pond of wastewater from the studied
refinery. Future data acquisition for the most sensitive parameters is required to
better control the situation of the GW contamination in the region.
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3.3 Lessons and implementation (Paper IV)

The problem of water contamination by petroleum refineries is not unique for
Kazakhstan but exists worldwide. Currently, there is still not full confidence in the
“safety” of partly treated wastewater for two reasons. Firstly, the fate of
hydrocarbons has not yet been fully explored. For example, the recent study of
PAHs degradation shows that the products of degradation also are hazardous
(CONCAWE 2020). It means that even low concentrations of persistent substances
discharged into the environment can create a hazard. Secondly, several refineries
still show high concentrations of contaminants, permanently or accidentally, which
requires additional investigations. For instance, while there is a positive trend of
decreasing of hydrocarbons in refineries’ effluents in Europe, the mean annual
concentration of TPH among the refineries equals 1.4 mg/L for all European
refineries with maximal concentration 16 mg/L.

This study identified that effective policy is an efficient response to achieve the
sustainable water use in the oil refinery sector in Kazakhstan (Figure 17). The best
option to assure safe water is efficient water and wastewater management of water
users, instead of post-factum attempts to clean already polluted sources. The
management includes appropriate technology standards coupled with sufficient
operational monitoring, which aims to prevent contamination. Thus, the response
includes implementation of 1) the concept of circular economy (CE) (via 1a) water
reuse and 1b) Best Available Techniques (BAT)); 2) Improved methodology for
Environmental Impact Assessment (EIA), aiming to toughen the requirements for
wastewater quality and characteristics of their recipients; and 3) Improved system
of environmental monitoring.

Driving force
SWU

Pressure
Water pollution

State
Water quality

Impact

Unsafe water
and/or

\_Waste of water

Response
Effective policy

Figure 17 The DPSIR framework for this study
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3.3.1 Circular Economy

The core of the CE is the transition to circular form, or 4Rs (“reduction, reuse,
recycling, and recovery”) approach, when the wastes, generated during the
manufacturing process, are recycled, and all resources are re-used again as much as
possible (Smol et al. 2020). The importance of wastewater reuse has been highly
emphasized in the context of CE with the promotion by relevant legislation (EU
2020).

In comparison with developed countries, refineries in Kazakhstan do not aim to re-
use water. Achieving sufficient re-use water quality is impossible without
appropriate treatment techniques, which is the core of the BAT approach. The
principle of BAT is to find the most efficient and cheapest way to meet the
requirements for safe or re-used water. While the industrial processes and content
of generated WW are the same for refineries in USA/EU and Kazakhstan, the
significant difference between developed countries and Kazakhstan is the usage of
the “in-plant control” principle and BAT. It means that there are the requirements
not only for finally treated effluents but for the quality of generated WW after each
technological unit either. It leads to additional preliminary treatment, which reduces
the burden on the final (or “end-of-pipe”) treatment system and enhances the
efficiency of it. As the generated wastewater consists mainly of salty unprocessed
heavy oil-water emulsions, and even after primary mechanical treatment, there is a
challenge to remove hydrocarbons from wastewater (Bruno et al. 2020). The basic
biological treatment method (activated sludge), which is used by refineries in
Kazakhstan, cannot efficiently treat for two reasons: firstly, the petroleum
hydrocarbons are heavily degradable, and, secondly, salinity and toxicity of
wastewater inhibit the efficiency of biomass. Refineries in the other countries solve
this issue by using advanced techniques on each step of treatment: pre-, secondary,
and post- (or polishing) treatment.

3.3.2 Environmental Impact Assessment

There are different approaches in Kazakhstan and EU/USA to make the process of
implementation of the EIA efficient and transparent. Related decisions are taken by
respective policy standards in both cases. However, both the USA and the EU, base
their decisions and develop their strategies on the scientific approach (Zijp et al.
2016). The design of policy implementation in the EU has been based on the
relevant scientific investigation through the possibility of integrating the respective
technological development (Voulvoulis et al. 2017). Winans et al. (Winans et al.
2017) have emphasised, firstly, that policy actions should be well designed, clearly
explained and regularly evaluated; and secondly, experts must be involved in the
process of the decision-making to achieve the successful implementation of the EIA.

Furthermore, that is a common situation worldwide when the results of
investigations of the impact of oily effluents become available and transparent.
Usually, the content of hydrocarbons in the effluents from refineries have been
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mainly subjected to detailed evaluating their toxic and cancerogenic properties. As
a result, it is considered, the effluents are safe if toxicity tests show reasonable
results. The current conditions of discharges in the USA and the EU have shown a
positive trend in general, as requirements for their content are established based on
reliable techniques of the EIA.

In Kazakhstan, the current system of the Environmental Impact Assessment, which
establishes the criteria for maximum permissible concentrations of contaminants in
wastewater, has obvious gaps. The formal eligibility to pollute already contaminated
sites and to establish the MPD equal to a background concentration of the pollutant
in the recipient causes environmental and social fate. Also, there is an unusual
practice, when the wastewater releases into the ponds with the following affection
on groundwater, like in the Kazakhstani case. In contrast, the EU directly forbids
the transfer of pollutants from one environmental media to another. Also, it
contradicts with the actions needed for safe environment, such as liquidation and
remediation of historical contamination, reduction in pollutant emissions, and an
increase in volume or recycled and reused water (Naseri-Rad et al. 2020).

3.3.3 Operational monitoring

One more reason, why the contamination still exists is a lack of sufficient
operational monitoring. During use and following emission to the environment,
petroleum hydrocarbons can be metabolized and degraded to transformation
products. Thus, the environment is exposed to an even greater number of chemicals,
while only fewer of them are regulated (Van den Brink et al. 2018).While the
developed countries identified certain indicators, with the detailed list of pollutants
in oily wastewater, such as PAHs (including total PAHs, and individual
compounds), benzene, toluene, ethylbenzene, xylenes (BTEX), etc., for better
estimation of the toxic effect of their existence in wastewater; Kazakhstani oil
refineries monitor only the sum of TPH, without detailed investigation of the
resulted effect on the environment. Still, mentioned petroleum compounds are not
degradable, which might cause risks even at low concentrations. Continuous update
of the list of substances for operational control during the wastewater treatment and
environmental monitoring in developed countries ensures environmental safety and
follows the sustainable development principles positively affecting the monitoring
system. For example US EPA carries out permanent control of the quality of
wastewater and recipients to detect any accidental or other exceedance of
permissible values for contaminants. In the EU, any operator of pollution monitors
their emissions under the directives on industrial emission and integrated pollution
prevention and control.

37



Multiple barriers, such as perception of the industry of pricing and technological
changes, slow down the process of implementation the suggested responses in the
oil refineries in Kazakhstan. Currently, the price of water is very low for the
industry, as well are the penalties for the violation of the current version of the law.
Thus, there is no engine to initiate the transition towards the circular economy for
industries yet. Also, a jump into the modern variety of new technologies for
treatment can give the options to choose efficient and cheap treatment approaches.

Changing the policy, which has not been updated for years, is a real necessity for
today. Identified gaps in the legislation, which lets to discharge inappropriately
treated wastewater, should be revised via implementation of suggested principles.
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4 Conclusions

The results, presented in this thesis, address the established objectives, as follows:

Objective A: to investigate water and wastewater management at the oil refinery
factories in Kazakhstan in accordance with respective national and international
legislation.

This study identified the imperfections of the existing framework for water use in
the sector in Kazakhstan. It was found that there is no incentive by current law in
Kazakhstan to shift towards the SWU, as there is in developed countries where
enforcement of legislation was the first step towards the SWU. Formally,
environmental regulation in Kazakhstan promotes the polluter pays principle and
follows the World Health Organization (WHQO) recommendations for ensuring
drinking water quality, including groundwater. Simultaneously, the weakness of
legislation was identified by lacking unified and transparent standards for treatment
processes, and wastewater quality. Low water fees, low penalties for pollution, and
legislative loopholes, such as a possibility to establish permissible values for
concentrations of the pollutants in wastewater equal to background concentration of
the pollutant in an already polluted recipient, allows the situation to remain
unchanged. Thus, Kazakhstani standards are not sufficiently adapted for
international guidelines, which causes the release of potentially toxic substances
together with wastewater into environmental media, where those substances migrate
into another, e.g. groundwater. The situation creates a hazard of presence of toxic
chemicals, and subsequent transport of contamination with a potential negative
impact on public health. The water-saving potential in Kazakhstan is ranked as one
of the major opportunities in the water sector, especially for the industry, where the
aim is two-fold: reduce pollution and reuse water for technological processes. Thus,
this is the only effective way to prevent potential damage to the health of people
who use contaminated water.

Objective B: to assess groundwater safety affected by improper treatment of
refineries’ wastewater.

This study identified that groundwater surrounding the wastewater recipient pond
has been affected and containing high level of some chemicals, such as total
petroleum hydrocarbons, total hardness, total dissolved solids, and sodium. These
pollutants are likely spreading towards areas with substantial groundwater use.
Multivariate statistical analysis showed that there is twofold origin of pollution:
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anthropogenic and natural. Even though anthropogenic load might be controlled by
respective decrease of contamination via effective wastewater treatment, this study
showed that man-made chemicals with a high level of toxicity, such as TPH, exist
in concentrations exceeding permissible limits on the boundary of the sanitary zone.
Heckman selection analysis identified that toxic substances reflects to lower
percentage of exceedings for toxic contaminants than for non-toxic, instead of
higher number of exceeded values for toxic contaminants than non-toxic. It means
that even if the concentration of the toxic contaminant exceeds the standard by just
a few units, the toxic properties could be much more dangerous for human health,
compared with the consumption of high concentrations of non-toxic contaminants
in contaminated water. Thus, special attention should be paid on toxic substances
during the related investigations. The development of groundwater flow and
contamination transport models is a viable part of the assessment of the pollution
pressures on that body. This study focused on potential impact of groundwater
contamination by total petroleum hydrocarbons (TPH) in the region. The models
were developed to investigate behavior of the plume of TPH inside the aquifer and
to give respective recommendations for environmental managers and local habitats.
The results, based on historical observations, showed that the risks for residents in
the potentially affected rural area of Kazakhstan can be avoided, as the plume has
not reached the villages considered to be within the risk zone. However, agricultural
areas at 2-6 km downstream the source of pollution could be affected by
contaminated water. Moreover, a future growth of the industrial capacity in the
region, with expected increase of industrial pollution, does not promise
improvement of the groundwater status. As it is shown, the increase of initial
concentration of TPH, caused by high loading of TPH from the industry,
significantly extends the affected area. Thus, the adverse effect of the possible
contamination in connection with the poor monitoring system of such contamination
might consider the careful usage of groundwater from the shallow aquifer for
irrigation purposes in this area.

Objective C: to define possible solutions for industrial water and wastewater
management system in Kazakhstan to ensure the SWU.

In order to achieve the SWU, the system of industrial water and wastewater
management relies on legislative and normative standards. In Kazakhstan, the
system is weakened not only by gaps in legislation, but also by the absence of
appropriate environmental tools (such as operational monitoring, and environmental
assessment). The defined criteria to ensure equitable access of different water users
and viable mechanisms to achieve water safety are 1) implementation of concept of
Circular Economy (CE), via implementation of Best Available Techniques (BAT)
and water reuse, 2) improvement of current system of Environmental Impact
Assessment, and 3) improvement of the existing scheme of operational monitoring
for wastewater quality. The suggested potential solutions should follow the
requirement to control the amount of contamination inside the technological
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processes before final discharge. The performed investigations showed that
decision-makers in Kazakhstan, unlike developed countries, do not follow
scientifically approved techniques and mechanisms to prevent pollution, which
guarantees a good-status of receiving water bodies. The current trend is a transition
towards “closed-loop” systems — choosing sufficient treatment methods specifically
for each factory, considering environmental conditions, facility size, age of facility,
equipment, etc. Refineries in Kazakhstan do not aim to re-use water despite the risk
of water scarcity in the region. It is recommended to use an “in-plant control”
technique, i.e. installation of extra regeneration units for processing water before the
final (or “end-of-pipe”) treatment system to supply regenerated water for secondary
use within industrial processes. The result is twofold: decreasing freshwater
consumption and enhancing efficiency of the final treatment. It was also found that
the current wastewater treatment scheme at oil refineries does not use efficient
advanced techniques on each step, including pre-, secondary, and post- (or
polishing) treatment. Thus, it is highly emphasized to improve the wastewater
treatment systems via implementation of the BAT.

The current scheme of Environmental Impact Assessment in Kazakhstan is
weakened by the respective legislative loophole. The adjusted new unconditional
requirements for effluents safety assessment, such as a detailed investigation of
effluents characteristics using, e.g., Parameter-Specific Approach, Whole Effluent
Toxicity (WET) Approach, or Bioassessment Approach toxicity tests have showed
high efficiency worldwide. The ban for potential transfer of toxic substances from
one environmental media to another (for example, from surface water to
groundwater) in many countries has contributed to the environmental improvmenets
and promote the both the govenments and the indusrties to follow the SWU.

Kazakhstani oil refineries monitor only the sum of TPH, without detailed
investigation of the resulted effect on the environment, while the developed
countries identified certain indicators, with the detailed list of pollutants, including
toxic, such as PAHs (in total and individual compounds), benzene, toluene,
ethylbenzene, xylenes (BTEX), PFAS, etc., for better estimation of the toxic effect
of their existence in wastewater. Still, the mentioned petroleum compounds are not
degradable, which might cause risks even at low concentrations. Continuous update
of list of substances for operational control during the wastewater treatment and
environmental monitoring in many countries ensures the environmental safety and
follows the sustainable development principles positively affecting the monitoring
system. Thus, unconditional requirements for effluent safety, continuous update of
the list of the potential pollutants and implementing BAT are the current
requirements for the industrial management to follow the SWU.
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5 Final remarks and future outlook

This work was to understand, to what extent the water use in the oil refinery industry
in Kazakhstan is sustainable and to assess its impacts on the environment. It was
found that the current “status quo” includes formal approval for polluting activities
by the industry, which causes risks for environment and public safety. This situation

violates the principles of equitability and bearability of the SWU.

Delivery of SDGs requires a healthy and productive environment. In order to
achieve the SWU and to decrease the environmental pollution the following

recommendations should be considered:

o This study identified a severe status of the contaminated recipient pond for
wastewater from the studied refinery, and a related extended groundwater
pollution, which likely will exist for decades and spread out on a km scale.
The main action from the government should be to accept that the problem

exists, instead of accepting the problem itself.

o Legislative loopholes in the methodology for establishing the requirements
for effluents from the refineries is one of the major contributor for the
resulting pollution. The government should take a leading role in the
development of sufficient requirements for industrial wastewater treatment
and disposal systems. The core action is the development of unified,
transparent, and fair regulative standards for the procedure of the

Environmental Impact Assessment.

o The lack of integration of a scientific-based approach weakens water
management practices both at the governmental and industry levels.
Detailed investigation of wastewater characteristics, and the application of
new tools for environmental monitoring, such as developing groundwater
and contamination transport models, will assist the Environmental agencies

to assess and control industrial impact and related risks.

o The implementation of the principles of Circular Economy, particularly
“water reuse” and “best available techniques”, can contribute to preventive

activities and reduce the risks for environment and society.

In order to achieve efficiency of the described activities above, communication of

the risks to key stakeholders in the government-industry-science is needed.
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5.1 Future outlook

Kazakhstan deals with the implementation of suitable legislation. The government
of Kazakhstan applies efforts to improve the situation through policy strengthening.
A new ecological code has been adapted in the beginning of 2021. The law claims
the implementation of BAT, increased penalties and investment of industry into
environment protection. The implementation of the law aims the transition to
sustainable development and “green economy”, with a focus not only on resource
efficiency and waste prevention but on human well-being and ecosystem resilience
as well. However, there is still concern about its efficiency. A law does not act by
itself, but via relevant guidance documents. Special attention in the future should be
paid to control mechanisms of implementation of new rules for industrial effluents.

The main focus for future work in the studied area should be paid on characteristics
of contamination, such as identification of individual substances, toxicity analysis,
and ability to persist in the environment. It is suggested to perform additional
investigations of TPH’s plume spreading, based on the results of this study, and
especially on the results of sensitivity analysis. The persistent and hazardous
hydrocarbon fractions and types, such as PAHs and BTEX, should be identified in
both wastewater and groundwater for better understanding of the existing impact on
environment and public safety. Fieldwork aiming to better understand the
characteristics of groundwater flow and transport contamination is considered for
future investigations. Also, the recipient pond requires investigations as it has been
in operation for more than 30 years. The sediments might potentially contain high
concentrations of many dangerous contaminants. The ways of their transfer from
one environmental media to another also have to be studied for consideration in the
following remediation programs.

Additional epidemiological studies should be conducted in municipalities nearby
and downstream the pond to assess potential connections between the high
concentrations of some pollutants, such as TPH, phenols, Na*, CI', SO4*, TDS and
TH and cardiovascular and oncological diseases in the region.

The method of contamination transport modeling, developed and used in this study,
is proposed as an environmental tool for assessment of industrial impact on
groundwater and related risks not only in the studied area, but for other similar
potential cases with limited data, which is also one of the major weaknesses of the
system.
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Abstract: The present article is an assessment of wastewater treatment processes in the oil refinery
sector in Kazakhstan by comparing relevant experience of developed and developing countries.
The legislation in this sphere, the treatment methods, the discharge process and the effect on the
environment were evaluated following international and national regulations. In our study, the
wastewater systems in three factories in Kazakhstan were assessed. Results show that, even though
the environmental regulation in Kazakhstan promotes the polluter pays principle and follows the
World Health Organization (WHO) recommendations, the oil refinery plants in Kazakhstan still
contain exceeding concentrations of pollutants in their effluents. One issue is that the local legislation
allows disposal of wastewater to natural or artificial ponds as long as the concentrations of pollutants
in effluents are less than the already existing concentrations in the pond. Consequently, the factories
can use ponds with an initially high concentration of contaminants. The high initial concentration of
pollutants in the pond water is due to wastewater discharged before the implementation of current
environmental regulations. This issue in the current legislation leads to the situation where there is
no incentive for efficient wastewater treatment. The national law also lacks regulations regarding
which methodology should be used to assess the pollutants in the wastewater. Thus, the control by
national environmental office for each enterprise is negotiated separately between the factory and the
governmental body. This gives the factory a strong position to define the parameters assessing the
effluents. This has led to none of the factories measuring, e.g., heavy metals in discharged wastewater.
Total petroleum hydrocarbons (TPH) concentration in wastewater is often exceeded at each factory
and there is no analysis done for different hydrocarbon fraction. To overcome the issues described in
the present study, we strongly recommended a unified and transparent methodology for the country’s
oil refinery industry to assess important pollutants in discharged wastewater.

Keywords: industrial wastewater; groundwater; water pollution; oil refinery; legislation; Kazakhstan

1. Introduction

Modern Kazakhstan is a country with a constantly developing economy and industry is
Kazakhstan’s economical base, with stable growth during the last 20 years. The refining enterprises also
significantly contribute to the structure of industrial development [1]. Kazakhstan is the second biggest
oil producer after Russia among the Commonwealth of Independent States countries. The petroleum
industry is the major actor and accounted for about 10% of the country’s GDP in 2016 [2]. Kazakhstan
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is one of the key suppliers of hydrocarbon raw materials for the world economy. In 2016, Kazakhstan
was rated 16th in the world with a production volume of 79.3 million tons of oil and gas condensate
(representing 2% of the global production). The refinery throughput in Kazakhstan is 339 thousand
barrels daily, a number that is growing by 4.6% every year. The refinery capacity is estimated to be
350 thousand barrels daily [3].

Water is a very important reagent in petroleum and petrochemical production processes.
Distillation, extraction, preparation of solutions, cooling systems and washing processes are some
examples of industrial water use [4], leading to a large consumption in the current fuel and electricity
production. The total water consumption for those purposes is projected to increase by 55% between
2000 and 2055 globally [5].

The total water consumption in the Republic of Kazakhstan in 2016 was estimated to be 24.7 km?,
including 5.23 km? (representing about 20%) for industrial needs. The largest share of the industrial
water use is found in heat power engineering, non-ferrous metallurgy, and the oil industry [6].

Historically, the oil refinery industry has been associated with groundwater pollution. Effluents
from factories contain numerous hazardous toxic pollutants, which have mutagenic properties, leading
to carcinogenic disease through groundwater [7]. Contaminants may easily reach groundwater as a
result of discharge to surface water bodies and subsequent infiltration down to the groundwater [8].

The current scheme of water cycle in Kazakhstan’s industrial sector is presented in Figure 1.
It is clearly seen that legislation regulates all water use processes. Despite this, the problem of
environmental pollution exists due to refinery activities. This study aimed at investigating a situation
in the sphere of water use by the oil refinery industry in Kazakhstan.

Environment
(Water source)

Legislation/
Normative
documentation

Groundwater/Environment
(Water storage/source)

Refinery
(Water user)

Infiltration Pollution

Pond/Environment
(Water storage) |

Figure 1. The existing framework for water use in oil refineries in Kazakhstan.

Treatment Purification

k (Water treatment unit)

Thus, the study had the following objectives:

(a) Overview and compare national and international regulations in the case of water use, treatment
and discharge.

(b) Investigate advanced wastewater treatment techniques as well as methods of rational water use.

(c) Assess the efficiency of wastewater treatment processes at the oil refinery factories in Kazakhstan
and evaluate their influence on the environment in accordance with national and international
safe water guidelines.

(d) Investigate experiences of other refineries reported in the literature concerning their
implementation of tougher legislation and advanced water use methods.

(e) Suggest recommendations about possible ways to enhance each step of legislative control
functions to prevent pollution and thus protect the environment and public health.
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2. Materials and Methods
2.1. International and National Regulations on Water Quality

2.1.1. World Health Organization

World Health Organization (WHO) is the main international office of public health and water
quality. They are responsible for preventing waterborne diseases around the world. Their goal is
twofold: On the one hand, they recommend suitable health care regulations to governments, which
is based on a scientific approach. On the other hand, they suggest general principles of effective
risk management to householders and water suppliers. WHO produces a number of water quality
guidelines, including on drinking-water quality, safe use of wastewater and safe recreational water
environments [9]. The authors focused on two main documents that present solutions to identify and
prevent risks before water is contaminated.

The main document is the “Guidelines for Drinking-Water Quality” (GDWQ). The primary
purpose of the GDWQ is the protection of public health. The guidelines should ensure the safety of
drinking-water supplies through recommendations for controlling hazardous constituents in water,
such as waste from agriculture, transport, industry, etc. National or regional standards should be
developed from the scientific basis provided in the GDWQ. The guidelines describe reasonable
minimum requirements of safe practice to protect the health of water consumers. Usually, legislative
and regulatory frameworks adapt the guidelines to address local requirements and circumstances.

According to the guidelines, Chapter 8.5.2 entitled “Chemicals from industrial sources and human
dwellings” [10], chemical substances from industry can reach drinking water directly from discharge
systems. Another way of contamination is infiltration of materials and products through the soil.
In some cases, unsuitable handling and removal of industrial wastewater may lead to groundwater
pollution. The high-priority approach to prevent this pollution is to use the encouraged good
treatment practices.

Moreover, there is another document from WHO on “Safe use of wastewater, excreta and
greywater”. The aim of this document is, firstly, to provide public health care and, secondly, to
regulate the rational use of wastewater and excreta in agriculture and aquaculture. The guideline states
that “in many developing countries, wastewater treatment is not a feasible option, and non-treatment
approaches need to be considered to prevent transmission of pathogens or exposure to hazardous
chemicals. This is more demanding on regulators, as the measures entailed vary in time and space” [11].

2.1.2. European Union

The following three directives are main documents about providing safe water to consumers and
water environment protection in the European Union (EU): The Drinking Water Directive (98/83/EC),
The Directive Concerning Urban Wastewater Treatment (91/271/EEC) and Industrial Emissions
Directive (2010/75/EU). EU states that protection of the environment is based on the precautionary
principle. It includes, firstly, priority treatment preventive actions and, secondly, the compulsory rule
that the polluter should pay. According to the Directive Concerning Urban Wastewater Treatment [12],
the process for treatment can be very expensive. Therefore, enterprises must provide development of
innovative water treatment technologies to achieve safe water.

The objective of the EU Urban Wastewater Directive is to protect the environment from negative
effects from urban and industrial wastewater discharges. The Directive, in Section C, Annex 1, states
that industrial wastewater must be subject to such pre-treatment. This requirement ensures the
environment from adverse effect of discharges from the treatment plants and prevents receiving
polluted water. In accordance with other Community Directives, wastes must be safely recycled in
an environmentally acceptable manner [13]. The industrial wastewater that flows to sewage systems
should be subject to general regulations of treatment similar to that of urban wastewater, whereas
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discharges from certain industrial sectors of biodegradable industrial wastewater should be subject to
suitable regulations before entering the recipients.

2.1.3. Kazakhstan

Legislation in the sphere of water resources use is regulated by four documents: (1) the “Law
on the Protection of the Environment of the Republic of Kazakhstan”; (2) the “Water Code of the
Republic of Kazakhstan”; (3) Order No. 209 of the Minister of National Economy of the Republic of
Kazakhstan dated 16 March 2015, “Sanitary and Epidemiological Requirements for Water Sources,
water intake points for household and drinking purposes, domestic and drinking water supply and
places of cultural and domestic water use and water safety” with the generalized list of maximum
permissible concentrations and approximately safe levels of exposure for harmful substances for water;
and (4) Order No. 110 of the Minister of Environmental Protection of the Republic of Kazakhstan
dated 16 April 2012 “On Approval of the Methodology for Determining norms of emissions into the
environment” [14,15].

The method for calculating the maximum permissible discharges (MPD) of substances discharged
from the wastewater of enterprises into storage tanks was developed for the industry. This technique
contains a system of mathematical equations that allow calculating maximum concentration of
pollutants for different types of wastewater. This water is discharged into special natural or artificial
water storage facilities. The calculation algorithm considers the natural, climatic and hydrogeological
conditions of the recipient. It also pays attention to background characteristics. According to the
methodology, effluents may contain pollutants if the concentrations do not exceed the already existing
concentration in the recipient [15].

2.2. Description of the Area and the Industry

Kazakhstan's refining sector is represented by three large oil refining enterprises. The plants were
built during the Soviet Union period in different parts of the country. These factories are presented in
Table 1 and Figure 2.

KAZAKHSTAN

Central Asia
0 100 200 300 400

Kilometers
World Sites Atlas (sitesatlas.com)|

Figure 2. The locations of refinery plants in Kazakhstan.
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Table 1. Oil refining volumes in Kazakhstan’s refineries in 2016 [16].

Name Oil Refining Volumes, Oil Refining Capacity, Processing Depth
Million Tons per Year Million Tons per Year (Conversion Ratio), %
“Atyrau Refinery” (AR) 4.491 5.0 65.2
“PetroKazakhstan Oil
Products” (PKOP) 4.272 >3 754
“Pavlodar PC Plant”
(PPCP) 4.036 5.1 76.6

Modern Kazakhstani refineries are sophisticated complexes for separating and modifying crude
oil into different products. The general scheme is presented in Figure 3. The main objective is
production of fuel, residual fuel oils, lubricants and many other petrochemical and chemical products.
The initial refinery configuration was the topping refinery, which was designed to distil crude oil into
a limited range and yield of products. It was composed of different units such as tankage, atmospheric
and vacuum distillation units, recovery facilities for gases and light hydrocarbons, and the necessary
utility systems such as steam, power, and water-treatment plants. The addition of hydrotreating
and reforming units to this basic configuration resulted in a more efficient hydroskimming refinery,
which produced desulfurized distillate fuels and high-octane gasoline. At the same time, refineries
processed up to half of incoming crude oil. During the last 30 years all three refineries were modernized.
Initially, a gas—oil conversion plant and a catalytic cracking unit were added. In the last five years, an
olefin conversion plant, a polymerization unit and coke calcination units were implemented in the
existing scheme of plants. The changes allow enterprises to increase processing depth and thereby
produce large outputs of gasoline with the remainder of their products distributed among liquefied
petroleum gas, jet fuel, diesel fuel and a small quantity of coke. Additionally, refineries also supply
different substances, such as propylene, benzene, toluene, xylenes, etc., for further processing into

Gasoline
Naphtha
hydrotreater

Hydrogen

Isomerization ycren
T _@ | Gasoline,
Atmospheric Naphtha '@ Catalytic | aromatics

distillation

polymers [17-19].

LPG

reformer
Distillate P—
hydrotreater Hydrocracker 3| E
—

Crude oil X
(desalted) Jet, diggel e ﬁ » Jet, diesel
- » Bottoms to FCC, lube
% plant, or recycle
FCC
Olefins to alkylation or
" Vacuum olefins plant
gasol — Gasoline
Atmospheric — . )
residue FCC feed — Cycle oil to blending,

hydrotreating or
hydrocracking

pretreater
Vacuum

Coker gas oil to FCC or
distillation

hydrocracker

Plant-wide:
Amine treating
Sulphur recovery
Power and steam
Petroleum coke Water treatment
Waste treatment
Coker SMR (H, production)

Asphalt

Figure 3. General scheme of an oil refinery plant [20]. LPG, Liquefied Petroleum Gas; FCC, Fluid
Catalytic Cracking Unit.
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2.3. Use of Water for Technological Purposes

The water supply system of an oil refinery is a whole complex of several different sub-systems.
The scheme depends on the technological units” purpose and the quality of the incoming water as well
as the composition of the generated wastewater. The amount of water consumed by the process units
depends on the specific technology of the oil processing or crude oil fractions [21,22].

The supplied water must be suitable for production needs and satisfy the requirements by
qualitative characteristics. Usually, water is received from available open sources or from the drinking
water pipelines. These types of water can be easily adapted to appropriate quality. The incoming
water quality indicators often exceed the permissible values, e.g., turbidity, suspended solids, iron,
manganese, etc. Thus, pre-cleaning is needed to produce an adequate water quality. In Kazakhstan,
factories obtain water for technical processes from the large rivers: Irtysh River (PPCP), Ural River
(AR) and Badam River (a tributary of Arys River, PKOP).

The oil refining process starts in the atmospheric and vacuum distillation units. Those units are
associated with the consumption of several by-products and reagents, including water, which is used
for various purposes, for instance as a cooler of process units and equipment, and a cooling agent
of the final product. Water is also used as a solvent for the preparation of reagent solutions as well
as a source of steam or condensate. Furthermore, other reagents are added during a technological
process, such as demulsifiers for dehydration of oil, ammonia to neutralize organic acids and sulfur
compounds for treatment of light distillates.

There are three main sources of wastewater contamination at the refinery: (1) recycling of
sulfurous oil and treatment of petroleum products with alkalines, which gives highly concentrated
sulfurous alkaline wastewater; (2) complex processing of oil and gas to produce synthetic products
generates wastewater with organic acids, alcohols, phenols, etc.; and (3) processes of desalination and
dehydration. In the final source, wastewater contains demulsifiers and sulfonaphthones. All these
substances are sources of harmful production, which leads to environmental pollution [23-26].

It is necessary to emphasize the harmfulness of some chemicals. Oily wastewater consists of
hundreds of organic and inorganic compounds, some of which severely jeopardize the environment.
Effluents include aromatic hydrocarbons, which have high toxicity and a stable structure. These include
polycyclic aromatic hydrocarbons (PAH), which affect both the environment and human health.
Carcinogenic, teratogenic and mutagenic properties were investigated and presented by different
authors [27]. Degradation of PAH is a very difficult process, which leads to their high persistence in
the environment. Another group of hydrocarbons in contaminated water is BTEX (benzene, toluene,
ethylbenzene and xylenes). High concentration of those compounds can be rapidly absorbed by the
human body. They can lead to damage of the brain and nervous system, rapid heart rate, dizziness
and unconsciousness. The long time effect of consumption of even low concentrations may cause
cancer [28]. Phenols are considered very hazardous for human health [29]. Heavy metals such as
chromium, iron, nickel, copper, molybdenum, selenium, vanadium and zinc can also be found in
wastewater from oil refineries [30].

2.4. Wastewater Treatment Technology Review

In an oil refinery, wastewater treatment cleans processed water, stormwater, and sewage.
Contaminated water flows from every technological unit. Water can be polluted in the facilities
that produce wash water, condensate, liquids from stripping unit, and caustic and neutralization
acids. The wastewater contains suspended solids, dissolved salts, oil and grease, nitrogen compounds,
organic sulfides, and other substances [26].

Conventional treatment schemes include broad variations for each step of treatment:
pre-treatment, primary, tertiary (secondary) and post-treatment. The following reviews and
investigations show innovative ways to enhance each part of the whole process. Figure 4 presents the
conventional scheme of wastewater treatment unit at refinery enterprises.
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Figure 4. General scheme of wastewater treatment processes at oil refineries.
2.4.1. Primary Treatment

Settling ponds are used as a first step in the treatment process. Here, a majority of suspended
solids are separated from the wastewater under the action of gravity and settle on the bottom. Oil
and grease are floated on the surface and removed with the sludge. Heat is supplied to accelerate the
removal of insoluble heavy oily emulsions. After that, precipitation of different chemicals is used for
removing dissolved solids. Wastewater with high concentration of acids is treated by ammonia, lime,
or sodium carbonate. Alkaline wastewater is treated with acids (usually sulfuric or hydrochloric), or
carbon dioxide gas. Sometimes additional treatment of suspended solids is needed. Precipitation of
flocculation agents (aluminum or iron salts) is used to agglomerate small particles and make them
heavier or lighter, depending on the treatment method: sedimentation, filtration or air flotation.
Soluble organic matters are removed with activated sludge digests. It is possible to decompose sulfides
and ammonia by vaporization. Soluble hydrocarbons and their derivatives, especially phenols, are
removed by solvents.

To enhance the efficiency of this step, Santo et al. [31] suggested using dissolved air flotation
(DAF). This method was first used in the oil refinery industry in Egypt [32,33]. Spraying air into water
or bubbling air through the water removes remaining traces of volatile chemicals such as petroleum
hydrocarbons and ammonia. Significant removal of total organic carbon (TOC), chemical oxygen
demand (COD) and turbidity was achieved. Advantages of this application are easy operation and
low space requirement.

In addition, electrocoagulation—flocculation has been combined with the traditional method for
primary treatment. Several different industries have successfully applied this method [34-37]. As a
result of electrolysis, charged particles are neutralized in raw wastewater and subsequently form flocs.
It is possible to remove phenol, anions such as nitrate and nitrite, cations such as ammonia, and metals
as well as COD, TOC, color and turbidity [35,38-42]. This method has been implemented for a pilot
project at Shazand Oil Refinery in Arak, Iran [43]. This method is recommended as a high-speed,
non-expensive and environmentally friendly.
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2.4.2. Secondary (Tertiary) Treatment

Some reviews describe tertiary treatment methods [26,44,45]. Traditional activated sludge system
with aerobic and anaerobic zones are usually enhanced by different applications. One common
application is MBBR (Moving Bed Biofilm Reactor). An aeration tank is filled with wastewater
after pretreatment and consists of special plastic carriers with growing bacteria on their surface.
The biodegradation process is resistant to toxic and shock loads. Drawbacks of this method are hard
to operate a process and high cost. In addition, high energy requirement and production of polluted
sludge may affect to the environment. However, this method shows high efficiency for removal COD,
TOC and nitrogen compounds. Several scientists reported about using this method at petroleum
refineries in Sweden, USA and India [46-48].

2.4.3. Post-Treatment

Additional treatment removes specific pollutants, including salinity, organic matters, BTEX
and other partially soluble hydrocarbons, such as PAH. Recently, sustainable schemes of wastewater
treatment also implement a post-treatment step, including membrane technologies, advanced oxidation
processes and wetlands [18,26,49-53].

Munirasu et al. [54], Alzahrani et al. [55] and Gong et al. [56] presented detailed reviews of
the use of membrane technology. Depending on pore size, different membrane technologies are
defined: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO).
Different methods are chosen for specific demands of raw water quality and output water requirements.
The authors of [57-60] showed the effectiveness of these process for oily wastewater, even at large
industrial scale. On the other hand, high amounts of contaminants clog the membrane, which leads to
high cleaning cost for constantly changing them. A refinery could use this method if potential benefits
from implementation are higher than expenditure.

Advanced oxidation processes (AOP) are suggested to solve the problem of removing
hard-degradable organic matters. Hydroxyl radical (¢OH) is produced to provide a high oxidation
potential, which destroys organic molecules in wastewater [61]. To initialize this reaction, ultrasound,
ozonation, photocatalysis and peroxide oxidation are used [62-65]. One of the most popular AOP
methods is Fenton’s reaction, based on using Fe?* in an acidic aqueous environment to produce
hydroxyl radical [66-68]. Recently, this treatment method has been enhanced by different authors to
overcome existing disadvantages: the pH dependency and temperature variability [69-72].

Finally, probably the most famous post-treatment method is wetland use. Currently, oil refinery
countries use wetlands for wastewater post-treatment. Previously, wetlands were constructed only for
domestic water treatment. Therefore, for the last 20 years, wetlands have been applied to industrial
wastewater treatment [73]. There are many examples and many reviews of successful application
of wetlands for oil refinery wastewater treatment [74-83]. However, certain climatic conditions are
required to sustain the wetland systems, e.g., Wang, et al. [84] showed that wetlands do not function
well during the cold season.

2.4.4. Wastewater Reuse

Application of advanced treatment methods assumes that treated wastewater has to be reused.
Different variations of water saving techniques are proposed for refinery enterprises in Brazil [85,86],
Iran [87,88], Netherlands [89], Mexico [90], USA [91], Romania [92], China [93] and Australia [85].
There are two main approaches, which should be combined: modeling of sufficient water network
allocation and suitable treatment methods for each case.

Historically, El-Halwagi and Manousiouthakis [94] were the first to analyze systems of mass
exchange network in the industry. Later, Wang and Smith [95] described a detailed system of
optimization water use in some specific cases using graphical method. This technique includes
measurement of wastewater flow generation, water consumption index and contaminants mass
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transfer within the industrial processes. It allowed only minimizing wastewater flow generation.
Later, Mann and Liu [96] proposed that, in some cases, it is possible to establish regeneration units
before wastewater treatment step and supply regenerated water again to the process. Bagajewicz
et al. proposed modeling investigations for the implementation of water reuse system towards
zero discharge policy [97,98]. Alva-Argaez presented conceptual work about cost and optimization
efficiency for oil refineries [23]. Finally, an appropriate treatment method has to be suggested for each
case. After treatment, recycled water can be reused again as a process water for every unit inside
the factory.

2.5. Wastewater Treatment Technology in Kazakhstani Refineries

All factories in Kazakhstan use the same wastewater treatment systems, consisting of on-site
mechanical (as a primary step) and biological (as a secondary step) treatment. It should be noted that
the biological treatment systems of PPCP and PKOP were built during the Soviet Union period and
now are in urgent need of modernization. Moreover, there is a significant time gap between when the
plants started to operate and the implementation of the biological treatment: PPCP started production
1978, while the biological treatment facilities were built in 1981; and AR started its production in 1945,
while the biological wastewater treatment plant was not built until 2006.

The existing scheme in Kazakhstani factories includes two unrelated systems, divided by the
content of the contaminants. The first system is represented by conditionally “neutral” effluents
contaminated with oil products and mechanical impurities from the primary processing unit, deep
processing oil complex, hydrogen production plant, sulfur production plant, bitumen production
plant, washing and steaming station, commodity-raw parks, and stormwater from the territory of
the plant. This water is considered conditionally clean, and after treatment is reused in the cooling
towers. The second system includes wastewater from effluents of desalination and dehydration
units, sulfurous alkaline wastes from the blocks of alkalization, drainage from the pits, discharges
after flushing from the loading piers, wastewater after flushing and steaming station, and process
condensate. After treatment, this water is fed to the evaporation storage tank. Both waters pass
through the same steps of treatment but in parallel processes [99].

The technology of wastewater treatment at PPCP is presented as an example of the treatment
facilities in Kazakhstani plants in Figure 5.

Mechanical wastewater treatment is designed to separate undissolved mineral and organic
impurities by the method of settling wastewater. Initially, wastewater flows through the sand trap
for filtration. Oil floats to the surface of water and is separated by the oil separating trap. At the
same time, the concentrations of pollutants in wastewater is reduced to a value where it is possible to
perform physical and chemical treatment in the radial settling basins and flotators. Physicochemical
treatment is intended to remove fine and colloidal particles of petroleum products and mechanical
impurities from the wastewater. The coagulant (aluminiumsulfate) is added to the wastewater.
It produces and strengthens aggregates of particles of the colloidal system. These adhering aggregates
of contaminants are removed in the flotators when air bubbles and wastewater are separated into
phases. The wastewater, treated by physicochemical method, is supplied to the biological treatment
facilities for further treatment.

The biological treatment facilities include three parts: (1) aerotanks, where wastewater is
continuously mixed with an activated sludge and aerated until oxygen saturates the air; (2) radial
sedimentation tanks are intended to separate the sludge mixture into clarified water and activated
sludge; and (3) the bioproducts are intended for post-treatment of wastewater of the second system.
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Figure 5. The block diagram of wastewater treatment processes at PPCP.

The operation principle of the biological wastewater treatment plants is based on the oxidation
of organic pollutants due to activity of microorganisms in active silt under intensive aeration.
Active sludge adsorbs and oxygenates a significant part of the contaminants. Organic substances
in wastewater (organic acids, alcohols, proteins, carbohydrates, etc.) feed microorganisms in an
active sludge. The microorganisms obtain the nitrogen, phosphorus and potassium necessary for life
from various compounds: nitrogen from ammonia, nitrates, and amino acids; and phosphorus and
potassium from mineral salts. One part of pollutants is oxidized by microorganisms. After that, it is
used in biosynthesis processes (formation of the active sludge biomass). The other part is converted
into other oxidation products: water, carbon dioxide, nitrate-sulfate ions, etc. [100].

2.6. Final Discharge of Treated Wastewater

There is a different approach to the final disposal of treated wastewater at all three
Kazakhstani plants.

AR sends effluent after the biological treatment through a channel to the existing natural
evaporation pond, located 3 km from the plant. The channel starts at the plant, runs along the
southeastern border of the city and ends in an unprotected evaporation pond. The area of the pond is
10 km?. Tt is located 1.5 km southeast of the city boundary and 10 km from the Caspian Sea.

In PKOP, the wastewater after treatment and mixing with drinking water is discharged into
the Akdalinsky evaporation pond, located 96 km from the plant through the buffer channels. Buffer
channels are open reservoirs formed by excavation of the soil, which is covered with reinforced
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concrete with waterproofing. This pond is connected with the Arys River, the main water source for
agriculture fields in the south part of Kazakhstan.

PPCP uses a pipeline to deliver effluents to Sarymsak pond. This storage area, originally a natural
salt lake, is used for receiving, storing, mineralizing and unloading biologically treated wastewater
from PPCP. There are no water intakes, recreation and bathing areas, or agriculture near its location.
The pond is located 14 km to the northwest of the plant and covers an area of 606.1 ha. There are two
villages around the pond: Berezovka village in 2.5 km to the north and Michurino village in 8 km to
the northwest. The main water source in Kazakhstan—Irtysh River—is located 9 km to the west from
the pond.

3. Results and Discussion

The data employed include gathered documentation and lab results from three oil refinery
companies. Enterprises were denoted as “X”, “Y” and “Z”, to protect their confidence and use
available data only for scientific purposes. Data from Refinery “X” were used as an example to show a
system of wastewater management at Kazakhstani enterprises.

Discharge limits for each oil refinery were established separately between the plant and the
government. This allows the factory to determine the quality parameters of wastewater (Table 2).
When the permissible concentrations of pollutants in discharging wastewater were established,
calculation approach was based on the following two facts: (1) projected and actual purposes of
the recipient—reception and accumulation of wastewater from the plant—which means that pond is
not used as a source of water for agricultural and domestic purposes; and (2) it is possible to discharge
polluted wastewater with existing concentrations of different contaminants, if those concentrations
do not exceed the permissible values in the pond. The reason for the already high concentrations
of pollutants in the recipient is a result of a time difference between the start of contaminated water
discharge by the factories and start of the work of treatment units.

Table 2. Maximally permitted concentrations of different parameters in effluent of three Kazakhstan
oil refineries [100-102].

Parameter Units Refinery X Refinery Y Refinery Z
Ammonia (NH4*) mg/L 55.18 8.0 453
Total petroleum hydrocarbons (TPH) mg/L 3.02 8.0 2.03
Biochemical consumption of Oxygen mgO,/L 17.82 16.6 1.6
(BOD)
Nitrates (NO3 ™) mg/L 19.2 7.8 8.96
Nitrites (NO, ™) mg/L 7.7 0.5 -
Sulfates (SO4%7) mg/L 643.05 500.0 4711
Phenol’s index mg/L 0.25 0.05 0.182
Chlorides (C17) mg/L 169.8 350.0 678.8
Suspended solids mg/L 20.98 25.75 6.05
Surfactants mg/L 0.52 2.80 1.27
Phosphates (PO437) mg/L 1.05 2.0 6.89
Total Dissolved Solids (TDS) mg/L Ex1st1ng 6000 -
concentration

“-": not controlled.

Table 3 presents the characteristics of wastewater effluents discharged from Refinery X during
the period between 2014 and 2017. Measurements were provided twice a day, every day and
analyzed in the lab of the factory. Factory discharges the wastewater with the ammonia concentration
approximately 50 mg/L, while the normal concentration of ammonia for municipal effluents is equal
to no more than 2.0 mg/L. The same situation is found for TPH. The concentration of TPH in effluents
is about 1.2 mg/L, when the limit for the concentration in treated municipal wastewater is 0.1 mg/L.



Sustainability 2019, 11, 1618 12 0of 20

The concentration of BOD is about 10.6 mgO, /L, when allowed concentration for safe water is no
more 3.0 mgO, /L.

Table 3. Concentrations of different parameters in effluent of Refinery X.

Parameter Units Range Median Mean Std. Deviation

Chlorides (C17) mg/L 49.80-135.04 70.61 82.48 26.47
Nitrites (NO, ™) mg/L 0.08-4.37 043 0.10 1.27

Sulfates (SO4%7) mg/L 238.32-588.73 469.50 449.04 90.98
Nitrates (NO3 ™) mg/L 1.77-16.41 13.23 12.49 3.96
Ammonia (NH*) mg/L 38.56-54.34 52.36 49.26 5.97
Total Petroleum Hydrocarbons (TPH) mg/L 0.68-2.15 1.23 1.30 0.40
Phenol’s index mg/L 0.01-0.03 0.02 0.02 0.01
Suspended solids mg/L 4.40-9.10 7.69 7.29 1.35
Surfactants mg/L 0.20-0.45 0.36 0.34 0.08
Biochemical oxygen demand (BOD) mg0O,/L 8.51-13.12 10.56 10.60 1.48

As a result, enterprises cause significant damage to the environment. This is reflected in an
infiltration of pollutants into the groundwater. According Kazakhstani Sanitary and epidemiological
requirements for water sources, groundwater could be used for non-centralized drinking water supply;
this is especially relevant because about half the rural population uses decentralized water sources and
about 40% of population live in rural areas in Kazakhstan [103,104]. Thus, the government established
this standard for groundwater quality in observation wells to eliminate risk of groundwater pollution
and prevent public health hazards. Concentrations of hazardous material are established the same way
as for drinking water [105]. Some chemical parameters are exceeded in the observed wells” samples
around the wastewater receiver pond of Refinery X (Table 4). This situation leads to potential threat of
human health. In total, 35 samples from 9 wells were collected and analyzed between 2015 and 2016,
during both the rainy and the dry season.

Table 4. Descriptive statistics of groundwater quality * from observed wells around the water facility
storage area of Refinery X.

. KZ, WHO Std.
Parameter Units Standards [10,105] Range Mean Deviation
Chlorides (C17) mg/L 350.0 15.00-16,000.00  2201.33 4344.54
Sulfates (S0427) mg/L 500.0 152.71-9400.00 1366.97 2720.60
Total Petroleum Hydrocarbons (TPH) mg/L 0.1 0.11-0.75 0.33 0.18
Total Hardness (TH) mmol/L 7.0 3.65-377.50 41.86 92.19
Sodium (Na*) mg/L 200.0 10.00-7900.00 1159.43 2099.72
Potassium mg/L 12.0 0.00-34.00 3.30 7.49
Total dissolved solids (TDS) mg/L 1000 1041.00-36,392.00  5458.37 9903.54
Nitrites (NO, ™) mg/L 3.0 0.00-14.50 0.62 245
Nitrates (NO3 ™) mg/L 45.0 0.30-21.00 3.96 5.30
Ammonia (NH,*) mg/L 2.0 0.00-10.91 1.83 3.11
Carbonates (CO327) mg/L - 0.00-72.60 19.05 14.89
Hydrocarbonates (HCO3™) mg/L - 44.50-709.43 362.28 154.32
Calcium (Ca?*) mg/L - 8.60-2700.00 126.19 455.10
Magnesium (Mg?*) mg/L - 28.00-3600.00 436.19 891.50
Surfactants mg/L 0.5 0.00-1.44 0.36 0.36
pH pH units 6-9 7.88-9.00 8.55 0.33
Free carbon dioxide (CO;) mg/L - 0.00-19.16 1.34 3.75
Phenol’s index mg/L 0.25 0.00-0.12 0.01 0.02
Phosphates (PO,3~) mg/L 35 0.01-0.19 0.03 0.03

“_n,

: not controlled; *: standards for drinking water when groundwater can be used for drinking purposes.

High concentrations of TPH, TDS, TH, chlorides, sulfates, sodium and potassium were detected
in the observed wells around the water storage facilities. There were high concentrations of TPH
and TDS in all wells, which exceeded KZ- and WHO-recommended limits for these substances.
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Some studies show that consumption of water with TPH may lead to carcinogenic disease by the
reason of inherent toxicity [30,106,107]. The TH in the groundwater samples varied between 3.65 and
377.50 mmol/L. Based on the Todd classification, all groundwater samples could be classified as very
hard [108]. The CI~ concentrations were between 15.0 and 16,000 mg/L, with most groundwater
samples exceeding WHO’s 350 mg/L permissible limit. In addition, SO42~ concentrations exceeded
the limit by 19 times. There is a possible health-related concerns regarding K* and Na* content
in the groundwater because concentrations in wells was over permissible WHO and KZ limits.
Finally, randomly exceeding concentrations of surfactants, NO,~, NO;~, and NH4" were identified.
Consumers normally would reject this type of contaminated water for drinking purpose in accordance
of WHO recommendations [10].

More attention has to be paid to the fact that none of the factories provide control of heavy metal
and toxic hydrocarbons in their effluents and monitoring wells.

4. Summary

Industrial effluents are potentially very harmful. They can reach groundwater and create serious
damage to public health through consumption of polluted water. To be a part of global society, huge
water users must follow sustainable management of water and sanitation [109]. Industry faces the
challenge of rational use water by efficient wastewater treatment management.

This review shows that there are two ways to modify situation: (1) introducing efficient and
innovative water use and treatment techniques; and (2) improving legislation.

Since the 1980s, some surveys and investigations have tried to find the relationship between
legislation and industrial emissions to the air and water. A clear correlation between these parameters
has been found. In Japan, in 1980, the impact of legislation for improvement effluent water quality
was described [110]. Industry supplied their wastewater to municipal sewerage system. Government
obligated the industry to install pretreatment facilities for prevention of low-quality water. Spot
inspections, administrative fees and toughening of legislation led to discharge water with restricted
requirements. Hamer [111] discussed the wrong opinion to respect and allow pollution of receiving
water. He examined interactions among Swiss, Dutch and British legislations and industry and
environment. Swiss legislation aimed to stop water pollution by 1982. For this purpose, they
established strict quality parameters for discharged water by federal law. Netherlands also provided
governmental authority on the sphere of water pollution and followed “polluter pays” principle.
The aim of Surface Water Pollution Act was accepted to eliminate contamination. Discharge fees were
provided and grew progressively every year. It led industry to use the best treatment technology to
remove all pollutants from wastewater. In Great Britain, over years of long discussions, government
adopted Control of Pollution Act. The enactment of this law was gradual. Economic troubles,
administrative obstacles and unfair enterprises impeded the process of changes. Nevertheless, Britain
reached necessary discharge quality parameters. Compared with historical experience, current EU has
produced tougher legislation. This was proven by Wake [30]. She stated a reduction of total discharge
in Europe for the last 40 years as well as declining rate of discharged chemicals, while the number of
refineries that improved their treatment systems grew rapidly (from 23% to 91%) for 30 years. The
United States Environmental Protection Agency (EPA) firstly in 1985 proposed special guideline for
petroleum refining industry [112]. This standard stated one common rules for all enterprises and
proposed new technologies, including pretreatment and advanced treatment, to achieve necessary
limitations of pollutants. This document is revised constantly.

There also are some published examples of violence over effluent quality by refining enterprises.
Osin et al. [113] showed that oil industry in Nigeria did not follow governmental standard of effluent
quality. Whereas the law proposed and adopted Environmental Guidelines and Standards for the
Petroleum Industry in Nigeria, it was not implemented. Exceedances of almost all key indicators
were discovered. Bandyopadhyay reviewed the efficiency of law in India [114]. Constant violations of
national standards were reported. The author also noted that the law did not cover all toxic pollutants
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that can be in water. He suggested revising the current standard and toughening it. Aljuboury et al.
showed that petroleum wastewater exceeded the standard limit in Oman [115].

WHO’s documents state that developing countries, including Kazakhstan, do not have
appropriate legislation for wastewater treatment [10]. This has been confirmed by several
investigations [116,117]. It is very important to note that GDWQ values for chemicals from industrial
activities does not differ from the significance in drinking water. In addition, WHO declares that it is
necessary to reduce water pollution [10]. Nevertheless, enterprises in Kazakhstan increase the amount
of contaminants in wastewater. However, the WHO is only an advisory organization. It suggests
governments adhere to its recommendations and cannot control them. At the same time, the Council of
the European Communities produces and controls the suitable legislation on water use. For example,
the EU Directive Concerning Urban Wastewater Treatment does not provide separate standards for the
content of pollutants in treated wastewater for enterprises in EU. Rules and standards are established
for everyone. In contrast, the modern Kazakhstani legislation gives the right for industry to set their
parameters for MPD much higher than those recommended by WHO.

It is significant that the standards for technical water quality are stronger than for drinking water.
For instance, the amount of total petroleum hydrocarbons (TPH) must be absent for process water.
In contrast, the maximum concentration of the parameter in drinking water is 0.1 mg/L. The amount
of total dissolved solids (TDS) is equal to 500 mg/L, whereas the standard for drinking water is
1000 mg/L. The total hardness (TH) value is 11.6 mg/L, whereas the standard for drinking water is
14 mg/L [118]. The refineries care about the quality of incoming water, but they do not care about the
quality of discharges, as shown clearly with the example of Refinery X in Tables 2 and 3. This is the
violence of water balance and there is no agreement on sustainable resources use [119]. The enterprises
must supply water to the environment at the same quality as they have obtained it.

The ineffectiveness of the existing administrative regulation was confirmed by the widespread
violation of sanitary standards. The estimation by environmental authorities for each plant is negotiated
separately between the factory and the government. Thus, the industry has received a legal permit for
environmental pollution.

5. Conclusions

Water contamination by the industry is the result of a non-sustainable approach. According Katko
and Hukka [120], a structured approach based on sustained institutional framework leads to high
quality water service production through efficient water service infrastructure. We conclude that:

(@) Enforcement of legislation allowed developed countries to eliminate risks for environment and
public health. It was the first step towards sustainable water use. Pressure of stringent law and
high fees stimulated industry to implement innovative and high-efficient techniques of water use.

(b) The literature review shows that developing countries are on the way to minimizing potential
damage to the society and nature. The practice of sustainable water use and care about saving
water sources inspired conventional industrial society to improve the current situation.

() There is insufficient driving force represented by suitable law in Kazakhstan to enhance an
efficiency of wastewater treatment at oil refinery enterprises in Kazakhstan. Low penalties and
disadvantages of current legislation allows the situation to remain unchanged.

(d) The authors of this paper consider that toughening of the legislation as well as the ensuing use of
new technologies in wastewater treatment systems is the only effective way to prevent potential
damage to the public health of people who use groundwater as drinking water.
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Abstract Petrochemical enterprises in Kazakhstan
discharge polluted wastewater into special recipients.
Contaminants infiltrate through the soil into the
groundwater, which potentially affects public health
and environment safety. This paper presents the
evaluation of a 7-year monitoring program from one
of the factories and includes nineteen variables from
nine wells during 2013-2019. Several multivariate
statistical techniques were used to analyse the data:
Pearson’s correlation matrix, principal component
analysis and cluster analysis. The analysis made it
possible to specify the contribution of each contam-
inant to the overall pollution and to identify the most
polluted sites. The results also show that concentra-
tions of pollutants in groundwater exceeded both the
World Health Organization and Kazakhstani standards
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for drinking water. For example, average exceedance
for total petroleum hydrocarbons was 4 times, for total
dissolved solids—S5 times, for chlorides—9 times, for
sodium—o6 times, and total hardness was more than 6
times. It is concluded that host geology and effluents
from the petrochemical industrial cluster influence the
groundwater quality. Heckman two-step regression
analysis was applied to assess the bias of completed
analysis for each pollutant, especially to determine a
contribution of toxic pollutants into total contamina-
tion. The study confirms a high loading of anthro-
pogenic contamination to groundwater from the
petrochemical industry coupled with natural geo-
chemical processes.

Keyword Kazakhstan - Petrochemical industry -
Water quality - Principal component analysis - Cluster
analysis - Heckman selection model

Abbreviations

Alk Alkalinity

BTEX Benzene, toluene, ethylbenzene and xylenes

CA Cluster analysis

EPA United States Environmental Protection
Agency

EU European Union

GW Groundwater

km Kilometers
K7 Kazakhstan
m Meters
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PAH Polycyclic aromatic hydrocarbons
PC Principal component

PCA Principal component analysis
TDS Total dissolved solids

TH Total hardness

TPH Total petroleum hydrocarbons
UN United Nations

WHO  World Health Organization

Introduction

Safe drinking water is one of the sustainable devel-
opment goals announced by the UN; however, in many
countries, the goal remains far off. In 2015, the
distribution of global groundwater use was estimated
to 50% for drinking purpose and 43% for irrigation
(UNESCO 2015). Historically, groundwater quality
has been deteriorated by human activities, such as
agricultural, industrial, and urbanization processes
(WHO 2006). In Kazakhstan, groundwater withdrawal
amounted to 1.078 km® in 2016 (UN 2019). One
crucial problem in the country is toxic wastewater
from petrochemical factories (Radelyuk et al. 2019), a
very important factor in Kazakhstani economy. The oil
refinery industry is represented by three large facto-
ries, and their capacity is estimated to be 360 thousand
barrels daily with an annual growth of 2.9% (BP
2018). Additionally, refineries are associated with
petrochemical industry. Industrial clusters are estab-
lished around core refineries. It leads to growth of
production and increasing level of contamination. The
problem is that the current methods of wastewater
treatment in the petrochemical sector, as well as the
conditions of the treatment units built during the
Soviet era, do not assure a safe level of contaminants
concentrations for the ecological systems. Thus, the
existing discharge system has a significant negative
impact on the environment and could potentially
become a health issue for the population.

The groundwater is the main source for decentral-
ized and centralized drinking water supply in rural
areas in Kazakhstan, where more than half of the
population live (Zhupankhan et al. 2018; Bekturganov
et al. 2016). The perceived water quality has been
assessed in several research and showed relative
satisfaction (Tussupova et al. 2015, 2016). However,

@ Springer

in situ water quality and potential risk for groundwater
safety have not been covered within existing scientific
literature. Simultaneously, petrochemical plants in
Kazakhstan continue to discharge wastewater with
high concentrations of different pollutants and these
contaminants may reach the groundwater very easily.
Despite of existing system of ecological monitoring,
oil refinery cluster in Kazakhstan is ranked as one of
the biggest sources of water contamination by United
Nations Economic Commission for Europe (UNECE
2019). Recent studies showed that approximately
1.5% of total deaths in Kazakhstan caused by water-
borne diseases related to water pollution, including
industrial sources (Karatayev et al. 2017).

While contaminated sites occupy relatively small
area, they belong to larger aquifers and potentially
cause serious hazard (Maskooni et al. 2020). The
contaminated sites are considered as a serious problem
worldwide (Kovalick and Montgomery 2017). More-
over, the situation becomes worse if governments
deny any environmental pollution or the contaminated
sites are not investigated (Naseri Rad and Berndtsson
2019). Research-based approach can deal with the
situations and helps do right decisions about remedi-
ation programs and protect population and environ-
ment from related risks (Naseri Rad et al. 2020). Thus,
it is urgent to identify the main sources of groundwater
pollution from petrochemical industry in Kazakhstan
in order to eliminate the risks.

Multivariate statistical techniques have been
widely used for assessment of surface and ground
water quality (Shrestha and Kazama 2006; Naseh et al.
2018; Cloutier et al. 2008; Ghahremanzadeh et al.
2018; Noori et al. 2010; Patil et al. 2020). The natural
transformations happen due to saltwater intrusion,
lithological/geochemical processes, rainfall and snow-
melt, eutrophication processes. The anthropogenic
invasion due to urban development, industrial and
agricultural activities, influence by rural settlements
significantly contributes to groundwater pollution, and
consequently, affects the water quality. Thus, multi-
variate statistical techniques are efficient tools iden-
tifying and separating the main probable sources of
pollution in the context of land-use changes. Three
techniques are particularly common: Pearson’s corre-
lation, Principal Component Analysis and Cluster
Analysis. Correlation matrix is used to determine
potential interactions between different chemicals by
pairwise variables comparison. PCA is used to identify
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statistically the most significant parameters, which are
considered as major contributors to total contamina-
tion. Finally, CA combines similar groups of obser-
vations together. The techniques have been
successfully applied, e.g., Egbueri (2019) divided his
study area in Nigeria into insignificantly and highly
polluted sites by using CA. Awomeso et al. (2020)
investigated and identified possible sources of ground-
water contamination such as leachate from septic
tanks, nutrients from agricultural fields and chlorine
pollution. The multiple natural and anthropogenic
sources of surface and groundwater pollution have
been presented by Omo-Irabor et al. (2008) in Nigeria.
Impact on shallow groundwater in irrigated areas has
been investigated by Trabelsi and Zouari (2019) in
Tunisia. Shrestha and Kazama (2007) combined sites
as less polluted, medium polluted and highly polluted,
based on the similarities of water quality indicators in
Japan. The same was for Kazi et al. (2009) who
investigated the problem of water contamination by
agriculture and industry in Pakistan. Liu et al. (2003)
showed influence of processes of saltwater intrusion
and arsenic pollution in Taiwan. Groundwater pollu-
tion sources apportionment in a land with high density
of agriculture, industry and urbanization has been
investigated in southwestern China (Li et al. 2019).
Hence, the multivariate statistical techniques let
researchers successfully investigate certain case
studies.

The aim of this paper is to analyse and interpret a
dataset obtained during a 7-year (2013-2019) moni-
toring program of the wastewater discharge systems in
one of the Kazakhstani industrial clusters. This dataset
includes concentrations of substances in groundwater
from nine observed wells surrounding the wastewater
recipient. Kazakhstani law (Kazakhstan 2015)
requires that strict standards for groundwater quality
surrounding recipients are followed. If the require-
ments are neglected, the responsible company should
take actions to eliminate the risks for the environment
and people. Matrix correlation, PCA, and CA multi-
variate techniques were applied to (1) determine main
pollutants with elevated concentrations in groundwa-
ter, (2) assess the contribution of each contaminant to
temporal variations in groundwater quality and iden-
tify their potential origin, and (3) group the contam-
ination sites affecting water quality and their potential
sources by relevant similarities. The results contribute
to the description of the spatial-temporal changes in

groundwater quality of the study area. Heckman
selection model was used to avoid bias of the results
and look at specific properties of each pollutant more
carefully. Moreover, the study highlights the main
sources of contamination at the different locations of
the study area and is thus of interest for local key
stakeholders, groundwater modelling researchers, and
risk analysis managers.

Materials and methods
Study area

The industrial site of this study belongs to the special
economic zone and is located in the north-eastern part
of Kazakhstan. The region is located in a sharply
continental zone, where mean monthly temperatures
range from — 19.3 °C in January to + 21.5 °C in
July, with an annual mean of 3.5 °C, absolute
maximum of + 42 °C and absolute minimum of
—47°C.  Annual precipitation is  around
303-352 mm, including 264 mm in liquid phase.
The driest months are May, June, and July. Potential
annual evaporation is around 957 mm (Heaven et al.
2007). Average relative humidity equals 82% and 45%
for the coldest and the hottest period of the year,
respectively. 70-85 days of the year is represented
with the humidity 80% and more.

The recipient pond (Fig. 1) is based on a natural
bitter-salty pond for receiving and storing biologically
treated wastewater from the nearby located petro-
chemical industry. According to Kazakhstani legisla-
tion (Kazakhstan 2012), this pond is not a source for
drinking, domestic and irrigation water. The annual
volume of received wastewater amounted to
1.63-2.21 million m* for the period 2009-2019,
instead of designed 4.12 million m®. The water vol-
ume and water surface for the same period are
maintained within 3.6-6.7 million m* and
2.45-3.73 km?, respectively, instead of the designed
23.5 million m? and 5.23 km?, respectively. Observa-
tion wells are located out of barrier for groundwater
quality monitoring and belong to permanent control
from governmental bodies. The installation proce-
dures followed appropriate installation technique in
case of required installation materials and methods
and planning of the location of the monitoring system
(Houlihan and Lucia 1999). The depth of the wells
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Fig. 1 Study Area. Green triangles show location of wells sampled

varies between 10.1 and 24.6 m below ground level.
The groundwater depth in the wells varied between 1.1
and 4.9 m.

The hydrogeological conditions of the study area
have been poorly investigated during soviet and post-
soviet periods. The geological cross-section is repre-
sented by four geologic-genetic layers: contemporary
sediments (land cover), upper-quarternary and con-
temporary aeolian—deluvial deposits (clayey sand) and
upper-quarternary alluvial deposits (loam and/or fine
to medium-grained sands). The geological profiles of
the examined wells are presented in Fig. 2. Ground-
water is represented by two aquifers: shallow uncon-
fined and confined aquifers. The upper aquifer is
composed of clay—sand and mixed size sands. The
bottom of the aquifer lays on the depth 8.0-24.0 m
below surface level. The aquifer is mainly recharged
from water infiltration from the surface. The discharge
is partly due to evapotranspiration and partly due to

@ Springer

percolation to the underlying aquifer. Amplitude of
seasonal fluctuation of groundwater table is about
0.7 m (Fig. 3). The figure shows that the GW level has
peak values after the winter during the snowmelt
season and after that reaches its minimal values during
the summer. Interpolation using inverse distance
method was used to establish GW flow direction and
the bottom of the first aquifer. Figure 4 shows a
contour map of the groundwater level and the eleva-
tion of the bottom of the unconfined aquifer. The
second aquifer composed of medium-grained and
small-grained sands. It is recharged from the head
water and from the upper aquifer. The aquifer
discharges to the nearest river, which is located
4 km west from the pond.

A total of 117 groundwater samples from the
shallow aquifer were collected and analyzed between
2013 and 2019, from all observation wells. Sampling
was made two times per year, in spring and autumn.
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Fig. 3 Seasonal fluctuations of groundwater level in the nine wells

The groundwater depth was measured regularly from standards (Houlihan and Lucia 1999). Before sam-
March to November each year. The procedures of the pling, the groundwater in the well was evacuated
sampling and measurements are controlled by Kaza- several times (usually, three times) by pumping. The
khstani legislation from the sufficient international pumping equipment was also flushed prior to sampling
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Fig. 4 a Contour map of groundwater levels on the study area, b Spatial distribution of the bottom of the first aquifer
to avoid unwanted pollution. After establishing a static were collected in 1-1 dark glass bottles. The vessels
water level, the sampler was immersed to a depth were moved into a transportable fridge for immediate
below the water table by 0.5 m or less. Water samples delivery and analysis to the licensed factory
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laboratory. Extra samples were collected for the
analysis of metals with acidification by HNO;.

Multivariate statistical techniques

Correlation analysis, principal components analysis
(factor analysis), and hierarchical cluster analysis
were applied to identify the multivariate relationships
between different variables and samples in the study
area. The dataset was normalized for elimination of
the effect from differences in units (Eq. 1).

i — M
Zj= %7 (1)
where Z; are normalized values from x;;, i is repre-
sented variables, j is the sample number, m; is the mean
value and SD is the standard deviation of the sample.

The relation between each pair of variables was
measured by Pearson’s correlation coefficient to
determine the geochemical associations among dif-
ferent variables. Correlation coefficients greater than
0.5 were considered significant. PCA recognizes the
most significant parameters from a big dataset of inter-
correlated parameters and created independent vari-
ables (Eq. 2).

Zij = @itXyj + apXaj + -+ + imXpj, (2

where z is the component score, a is the component
loading, x is the measured value of variable, i is the
component number, j is the sample number and m is
the total number of variables. Factor analysis (FA) is a
similar technique as PCA. However, PC is presented
as a linear combination of parameters. FA follows
PCA and takes into account unobservable, hypothet-
ical, and latent variables. They are included in
equation with the special residual term (Eq. 3).

zj = apfyy + apfry + - + dkug + €, 3)

where z is the measured variable, a is the factor
loading, f is the factor score, e is the residual term
according to errors or other source of variation, i is the
sample number and m is the total number of factors.
Cluster analysis was used to assemble similar
groups of observed wells due to similarities between
their variables. Hierarchical agglomerative CA pro-
vided Ward’s linkage distance, reported as Dy;ni/Dinaxs
which represents the quotient between the linkage
distances for each case divided by maximal linkage

distance. Produced dendrogram lets to analyse simi-
larities easily. Ward’s linkage, the Euclidean distance
as similarity measurements, and Q-mode are usually
used for cluster analysis for assessment of groundwa-
ter quality (Egbueri 2019; Cloutier et al. 2008; Kazi
et al. 2009; Awomeso et al. 2020; Trabelsi and Zouari
2019; Amanah et al. 2019; Bouteraa et al. 2019).

Heckman selection analysis

Heckman selection analysis, to the authors’ knowl-
edge, has never been applied to assess the environ-
mental characteristics. This type of analysis was
adapted from the original work of Heckman in the
economical science (Heckman 1979) and from the
application this type of this method in other fields, for
example in the assessment of energy production (Sun
et al. 2014), urban transportation research (Kaplan
et al. 2016) and estimating crash rate (Xu et al. 2017).
The method in this study is used to assess unobserv-
able variables, that potentially impact on the total
contamination rate. Gadgil investigated the list of
chemicals in the WHO guidelines (Gadgil 1998) and
concluded that certain chemicals have no strong
requirements for their concentrations in drinking
water, as the exposure of exceeded concentrations
for human health is not significant. The idea of this
assessment is not just looking at several contaminants
and their concentrations, but also to consider and
evaluate other important factors such as location of the
sampled value, percent of exceeding of the certain
contaminant and individual characteristics of the
contaminant. Selected variables were divided into
two categories. First: chemicals seriously affecting
health (rated as sanitary toxic due to Kazakhstani
standard (Kazakhstan 2015)); second: other hazardous
materials (rated as non-toxic). It is aimed to compare
potential effect of toxic and non-toxic contaminants.
We focused, on the one hand, on several pollutants
with elevated concentrations, such as chlorides or
sulfates, which are not rated as significant impact on
health, but can be dangerous for other cases, for
instance, for corrosion of pipes, or for irrigation
properties of soil; on the other hand, on the contam-
inants, rated as dangerous for the health, or toxic (for
example, hardness or petroleum hydrocarbons).

This model includes two-step equation, which is
assumed as an advanced regression model equation:
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Yi:ﬁlsi‘l‘ﬂzxﬁf‘uh (4)

where Y; is considered as total contamination, S;
represents the concentration of chemicals, and X;
shows several contaminants as a set of control
variables. The effect of the exceeded concentrations
on the total contamination is given by the parameter
;. Parameter i represents each individual observation.

Equation (4) does not consider other potentially
important independent variables which can affect for
final result. For example, it could be locations of the
wells or individual characteristics of different con-
taminants such as their toxicity and exposure level in
case of influence of chemicals for people’s health.
There could be a different input of high exceeding of
non-toxic contaminant and low exceeding of toxic
contaminant. Second one would be much more
dangerous for health. Thus, more attention should be
paid to the level of toxicity. Specific description of this
equation can be written as:

Y7 = BiSi+ BoXi + ui
D; = 1(y,Si + 9,Zi + v; > 0), and )
Y, = YD,

where (Y;, D;, S, X;, Z;) are observed random variables
and 1(.) is an indicator function. The first equation
represents the total contamination of all contaminants.
The second equation is the selection equation, where
D; is added as a dummy variable indicating whether
value i represents a measurement of toxic/non-toxic
pollutant. A set of variables Z; includes additional
parameter such as a well value i. Set of control
variables Z; must include at least one variable which is
not included in X; (Sartori 2003).

All mathematical and statistical computations were
performed using Microsoft Office Excel 2016, IBM
SPSS Statistics 26 software and STATA 15.0
(StataCorp LP).

Results and discussion

Groundwater quality parameters

Table 1 presents the results of measurements of
groundwater quality from the wells surrounding the

recipient pond. Kazakhstani and WHO standards for
drinking water were used for assessing all parameters.

@ Springer

The concentrations of several parameters in wastew-
ater, which are discharged into the recipient pond, are
also presented in the table. Those characteristics came
from the previous publication of the authors (Rade-
lyuk et al. 2019).

As shown, all wells had exceeding concentrations
of total petroleum hydrocarbons (see also Fig. 5).
When the permissible concentration of TPH is 0.1 mg/
L, the concentrations of TPH varied between 0.08 and
1.20 mg/L  with mean value 0.42 mg/L, which
exceeded the norm 4 times. Although low concentra-
tions of TPH in water might be considered harmless,
researchers found that long-term exposure to TPH
causes carcinogenic diseases (Pinedo et al. 2013;
Wake 2005). Table 1 also shows that dangerous
concentrations of phenols were identified in all nine
wells. This pollutant had been evaluated as very toxic
and was included in the list of priority pollutants by
Environmental protection agency (EPA 2012). The
number of disorders has been discovered by acute
exposure of phenol: muscular convulsions, hypother-
mia, muscle weakness and tremor, collapse, coma, etc.
(Nair et al. 2008). There is a limitation in the
assessment of the presence of phenol in our case
study. However, the limit of the concentration of
simple phenol (phenol index) is 0.25 mg/L according
Kazakhstani standard. The same value is established in
the standard of the factory for the observed wells
(Radelyuk et al. 2019). At the same time, protocols of
GW quality measurements name this parameter
“volatile phenols”. This type of phenolic compound
is considered to be limited 0.001 mg/L. Thus, there is
unclear situation of what limit should be used.
Measured TDS values exceeded the KZ and WHO
maximum permissible levels of 1000 mg/L in most
cases on average five times (Fig. 5). Further, the total
hardness in the groundwater samples ranged between
2 and 390 mmol/L with mean exceeding the standard
six times (Fig. 5). According the Todd classification,
almost all samples might be categorized as very hard
water. Hard water may cause cerebrovascular and
cardiovascular diseases (Stambuk-Giljanovic and
Stambuk 2005). The chloride ion presence were
between 56 and 24,757 mg/L, with most samples
elevated WHO’s 250 mg/L recommended limit (ex-
ceeding 9 times on average) (Fig.5). There are
possible health-related concerns regarding Na™ con-
tent in the groundwater because the mean elevated
concentrations in the wells were six times over the
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Fig. 5 Concentrations of some chemicals in the groundwater wells compared to WHO limits

permissible KZ limits and WHO indirect recommen-
dation (Fig. 5). Consumption of high amount of
sodium has been correlated with cardiovascular dis-
ease, such hypertension and stroke (Lucas et al. 2011).
Finally, individual exceedings of surfactants were
identified. Such high level of surfactants is related to
several potential problems. The presence of some
surfactants in connection with other contaminants may
decrease the biodegradation rate of contaminant or
stops the process at all. In other cases, the presence of
the surfactants enhances the biodegradation rate. The
desirable result is not clear without knowing the role of
the surfactant participating the biodegradation process
in a given remediation plan (West and Harwell 1992).
Moreover, special focus should be paid to Well 9
which had extremely high values. For example, TDS
had a value 37 times above the limit, chloride 99 times
higher than limit, sulphate exceeded the limit 38 times,
total hardness with associated cations by 56 times as
well as highly elevated concentrations of ammonia,
nitrites, nitrates, potassium, sodium and surfactants
(Table 1). This is the reason why Fig. 5 does not
include Well 9 presenting the concentrations of some
chemicals comparatively with WHO
recommendations.

The water containing such levels of those sub-
stances would normally be rejected by consumers.
Additional epidemiological research should be pro-
vided in municipalities nearby the area of pond to
assess potential connections between the high con-
centrations of some parameters, such as TPH, phenols,

Na‘t,Cl, SO427, TDS and TH and cardiovascular and
oncological diseases in the region.

Figure 6 shows temporal distribution of some
chemicals. The pH values (Fig. 6a) normally were
highest during the spring, while the value for W9
differs significantly and instead shows the lowest
values during the same period. It could be explained
by influence of recharge of snowmelt and geological
characteristics of the area. The same situation can be
applied for TPH. All wells show the highest concen-
trations of TPH during the spring (Fig. 6b). Moreover,
the graphs mainly tend to raise their fluctuations and
display an increasing trend. It potentially says that the
pollution problem is growing in the area. Figure 6¢
represents the fluctuation of TDS in the groundwater.
There are relatively flexible lines without significantly
extremal changes.

Spatial distribution of the chemicals is presented in
Fig. 7. pH values (Fig. 7a) are more than 7 for all
wells, defining groundwater alkaline. According to
Hem (1970) dissociation of carbonate and carbonate
salts is a dominant process in nature, which leads to pH
above 7. The maximal value of pH is found in well 6,
and minimal value belongs to the wells 2 and 9. Piper
diagram is widely used to show the dominant hydro-
geochemical faces (Piper 1944). The Piper plot
(Fig. 8) verifies the direct relationships between the
hydrochemical regime of groundwater in the area and
the pH value. Total petroleum hydrocarbons have a
maximal value in the well 9 and minimal in the well 3
(Fig. 7b). There are plotted only TDS, instead of TH,
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Fig. 6 Temporal variation of a pH, b TPH and ¢ TDS
Ca®*, Mg®", Na*, CI” and SO,*, on the figure, and spatial distribution of pH and pollutants (Fig. 7)
because they are parts of the TDS and distributed in the that groundwater flow has a slope toward western

same manner (Fig. 7c). Thus, we can consider from direction from the pond.
the hydrogeological characteristics of this site (Fig. 4)
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Fig. 6 continued

Principal component analysis

The correlation matrix (Table 3) was employed for all
117 measurements for determining the loads of the
principal components (PCs) shown in Table 2. The
first six PCs were selected for the following reasons as
variables of dimensionality reduction: the six PCs
together gave a cumulative contribution of 78.34%,
which is typically regarded as being sufficiently high;
the eigenvalues of these PCs are all greater than 1.0
and, according to the Kaiser criterion these PCs must
be chosen (Table 2) (Kaiser 1958). The factors can be
conditionally divided into two groups. First group
accounts to 52.34% of the total variance and is
represented by Factors 1 and 2. Usually, the param-
eters, belonging to those factors, characterize natural

conditions of the groundwater. Factors 3—-6 contribute
to 26% of the total variance and can be categorized, as
anthropogenically appeared factors. The detailed
interpretation of each Factor is explained below.

PC1

PC 1 explains 42.02% of the total variance (Table 2). It
is characterized by high positive weight values TH,
Ca>™, Mg2+, TDS, Na*, K*, CI™, SO427 and surfac-
tants. As Table 3 indicates, there is a strong positive
correlation between TDS and Ca’*, Mg”, Na*, K*,
SO427, CI™. These ions are the major contributors to
the total dissolved solids. Additionally, these ions
correlate with each other. These results show that the
groundwater has suffered serious mineralization
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Fig. 8 Piper diagram for
identification of water type
of the study area

100 80 60 40

Ca

process from the natural condition of the salt pond
(Allen and Suchy 2001). Moreover, since TDS
correlates with surfactants and surfactants correlate
with the above-mentioned ions, it is clear that there is a
similarity across parameters.

There also is a clear correlation between TH and
subsequent ions: Ca>*, Mg®*, C1~, SO,>~ (Table 3).
In addition, it can be seen that all these ions correlate
with each other. This correlation points to the
existence of non-carbonate, or constant hardness,
(MeSO4, MeCl,, where Me—Ca, Mg), which is
difficult to remove. It is clear from Table 3 that there
is no correlation between carbonate ions and the
hardness metals ions, which suggests a weak tempo-
rary hardness. This factor can be explained by the
natural conditions of the site. In contrast, surfactants
are synthetic compounds. Surfactants are produced for
cleaning and washing operations (West and Harwell
1992). Their existence in groundwater is not natural.

20 0 0 20 40 60 80 100

PC2

PC 2 explains 10.32% of the total variance (Table 2)
with negative weight values of pH and CO5*~, and
positive value of CO,. It is important to note a
correlation between CO,, CO5;>~ and pH (Table 3),
which points to alkalinity reactions in the groundwater
(Eq. 6). The relationship exists between these param-
eters and CO,, which potentially could be described a
process of CO, creation or the presence of the CO, as
an atmospheric gas in the unsaturated zone (Hem
1970). Moreover, the high concentration of chlorides
in wastewater coupled with the natural salt water leads
to changing pH in groundwater by decreasing pH.
These processes are naturally based.

Alk = 2[CO3"| + [HCO; | + [OH |—[H"]. (6)

PC3

Factor 3 is characterized by a positive value of nitrite
ion (Table 2) and contributes 7.68% to the total
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Table 2 Factor loadings (Varimax normalized)

Natural Anthropogenic
Variable Factor (1) Factor (2) Factor (3) Factor (4) Factor (5) Factor (6)
pH —0.233 - 0.900 — 0.045 0.042 0.023 0.014
TPH 0.102 —0.034 — 0.267 0.746 —0.024 — 0.201
TDS 0.924 0.205 0.171 0.158 — 0.002 — 0.058
Cl™ 0.888 0.251 0.203 0.146 — 0.086 — 0.058
SO~ 0.927 0.086 0.203 0.063 0.041 — 0.046
NH,* 0.289 — 0.045 0.198 0.783 — 0.051 0.162
NO,™ 0.254 — 0.059 0.797 - 0.075 —0.173 — 0.004
NO;~ 0.514 0.012 0.500 — 0.031 0.363 0.121
PO~ — 0.100 0.041 0.012 — 0.039 0.027 0.886
CO5*~ — 0.140 - 0.692 0.074 — 0.010 — 0.023 — 0.337
HCO;3™ —0.297 — 0.159 0.120 0.026 0.460 0.208
TH 0.927 0.160 0.147 0.188 0.053 —0.033
Ca>* 0.729 — 0.069 0.382 —0.182 — 0.231 0.092
Mg>t 0.798 0.215 0.326 0.313 0.085 — 0.050
Kt 0.807 —0.032 0.375 — 0.106 0.008 0.039
Na® 0.931 0.150 0.196 0.133 — 0.004 — 0.045
Surfactants 0.732 0.131 0.107 0.165 0.085 —0.116
CO, 0.094 0.845 0.133 — 0.025 — 0.013 — 0.165
Phenol 0.196 0.078 0.015 — 0.077 0.873 — 0.086
Eigenvalue 7.984 1.960 1.458 1.307 1.160 1.015
% of variance 42.023 10.315 7.676 6.881 6.105 5.340
Cumulative % 42.023 52.337 60.013 66.894 73.000 78.339

variance. NO, ™ does not correlate with any chemicals.
The presence of the parameter could be explained as a
semi-product of the natural denitrification/deammoni-
fication processes in the groundwater environment
according to Hisckock et al. (1991).

PC4

TPH and ammonia ion represent PC 4 and account for
6.89% of the total contamination (Table 2). Both
chemicals have no correlation according Table 3,
which shows their independence on the other vari-
ables. This level of petroleum hydrocarbons in drink-
ing water can lead to damage of the nervous system
and carcinogen and narcotic effects associated caused
by some hydrocarbons (Logeshwaran et al. 2018). In
addition, even a few micrograms of TPH per litre
deteriorate the odour and taste of the contaminated
water. The high loading of NH," is associated with

@ Springer

extremally high concentrations of ammonia in dis-
charges (Radelyuk et al. 2019). Hence, the amount of
ammonia is not degraded during the saturation
processes and some traces still presence in the
groundwater. This factor is certainly attributed to
groundwater pollution from the petrochemical
industry.

PC5

PC 5 is characterized by positive value of phenols
(Table 2), which accounts for 6.11% of the whole
contamination. This parameter is characterized as a
very toxic pollutant. Concentrations of the phenolic
compounds probably exceed the permissible level
(Table 1); the exposure is evaluated as a potential risk
for public health. The loading of this parameter is
directly related to the specification of petrochemical
wastewater.
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PCo

One more significant factor belongs to the influence of
phosphate-ions and is rated by 5.34% of the total
variance (Table 2). It should be pointed out that the
enterprise does not provide monitoring of phosphate
concentration in the discharges. Nevertheless, the
refining process is associated with a vast number of
washing processes, which leads to big consumption of
different detergents, which contain phosphate sub-
stances. As the rocks and fertilizers are absent in the
study area (Rao and Prasad 1997), we can conclude
that the loading of the contaminant is an indicator of
anthropogenic impact on the groundwater.

0 5 10 15 20 25
W2

W9
W1
W7
W3 =
w8
W6

wa
w5
Fig. 9 Dendrogram showing clustering of sampling sites

according to groundwater characteristics (Ward Linkage.
Euclidean Distance)

Table 4 Selected variables characteristics*

Variable Toxic Non-toxic
Number of observations 324 351

48.0% 52.0%
Number (%) of exceeded values 255 (78.7) 248 (70.7)
Dependent variables
Toxic contaminant 1.0 0.0
% of exceeding 664 (1042) 862 (1526)

*Statistics of chosen chemicals is available from Table 1

@ Springer

Cluster analysis

Based on the performed CA and results above, the
study area was divided into three clusters. Figure 9
shows a dendrogram of all nine sampling sites into
three statistically meaningful clusters yielded by
cluster analysis. Cluster 1 combines observed wells
W9 and W2. These wells are labelled as highly
contaminated with the highest exceeding of many
chemical parameters. Figure 4a shows their similari-
ties in the distribution of pH, which is followed by host
geology. The wells are situated on the southwest site
from the pond and probably approve an assumption
about direction of groundwater flow. Cluster 2 is
formed by wells W7, W8, W1 and W3. These wells are
located on the south and west sides of the pond and
characterized by twofold characteristics: firstly, sig-
nificant pollution rate, including the same concentra-
tions of the TDS and TDS related chemicals and
secondly, the equal temporal distribution of pH. It
means that groundwater on that site is affected by
pollutant transport from the pond in the same manner.
Finally, Cluster 3 is represented by wells W6, W4 and
W5. All wells are located north of the pond and are
characterized by lower concentrations of the pollu-
tants compared to other wells. We may consider that
groundwater flow originates from east to west, and
potential hazard exists for rural inhabitants towards to
west and south-west direction from the pond.

The Heckman selection model

This study uses the Heckman selection model to
estimate relationships between total contamination
and other characteristics, especially, significance of
toxicity rate. If we adapt Eqs. (4) and (5) for our case

Table 5 Estimated results of the Heckman selection model
(two-step) for selected chemicals

Variable Coefficient Std. Err Z-statistic
Chemical — 0.156 0.074 —2.11
Concentration 1.576 0.260 6.07
Toxicity rate 0.789 0.245 322
Number of well 0.020 0.025 0.83

Rho 1.0
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according Stata manual (STATA 2013), we can
represent the equations respectively as:

% of exceeding = f§,chemical + f,concentration
+ Ui,

(™)
and we assumed that “% of exceeding” is estimated if

ytoxicity + y,number of well + y;chemicaly,
+ concentration + v; > 0, (8)

where ui and vi have positive correlation p.

Table 4 shows the selected variables used in this
analysis and their descriptive statistics. The first
dependent variable (D;) represents toxicity of the
chosen chemical. The value equals 1 if the pollutant is
toxic and O if not. The second set of dependent
variables (Y;) includes percentage of exceeding. This
characteristic mathematically represents rate of con-
tamination. Mean percentage of selected (toxic or non-
toxic) exceeding was calculated. For example, if the
concentration of TPH measurement was 0.25 mg/L,
but standard value is no more than 0.1 mg/L, then
dependent variable equals 250%. This variable
includes only exceeded values. Otherwise, if the value
is normal, a cell in a matrix is empty. Numbers in
parentheses are standard deviations of the average
values. Set of control variables (X;) includes chosen
contaminants, their concentrations and locations.
According requirements (Kazakhstan 2015), TH,
TPH, and Na™ are considered as hazardous for public
health and rated with value 1.0 for the variable D;.
TDS, sulphates and chlorides are considered as non-
toxic and were rated as value 0.0 for the variable D;.
We encrypted TDS, C1~, SO,>~, Na*, TH and TPH in
the table of variables as “1”, “2”, “3”, “4”, “5” and
“6”, respectively. The contaminants are not a subject
for assessment in this analysis.

Table 5 presents the estimation for this type of
analysis. Rho has a positive value, which means that it
is possible to estimate relationships between chosen
variables and final contamination. All variables,
excluding number of well (which represents location
of the wells), are considered as significant. The
concentration of pollutants has the greatest influence
on total contamination. Positive value explains like-
lihood of potential hazard for people health. Obvi-
ously, the high concentrations of the pollutants lead to
deterioration of health, especially during long-term

exposure. In our case, 503 of 675 values exceed
acceptable limits by 7-8 times averagely. The variable
of toxicity rate is the second significant factor. This
variable reflects to lower percentage of exceedings for
toxic contaminants than for non-toxic, instead of
higher number of exceeded values for toxic contam-
inants than non-toxic. Our hypothesize assumes that
even if the concentration of the toxic contaminant
exceeds the standard by just a few units, the toxic
properties could be much more dangerous for human
health, compared with the consumption of highly
polluted water by non-toxic contaminants. The inde-
pendent chemicals represent the third significant
variable. Individual characteristics of chosen chemi-
cals are explained in sub-section “Groundwater qual-
ity parameters”. The location of the well is rated as not
significant parameter. Nevertheless, the investigation
of hydrogeological characteristics deserves attention
in the future work and determines the spread of
contamination.

Conclusions

This study investigated the current situation of
groundwater safety for public health surrounding a
contaminated site in Kazakhstan. The results show that
PCAs have high loading of anthropogenic contami-
nation to groundwater from the oil refinery industry
coupled with natural geochemical processes. In addi-
tion, exceeding concentrations of hazardous sub-
stances, including TPH, phenols, TH, and TDS were
identified. By means of cluster analysis we were able
to combine the examined wells in three groups
according to the concentrations of chemicals and their
locations. Highly polluted groundwater was dis-
tributed especially in west and south-west direction
from the pond. The results enable the prediction of the
groundwater flow in the study area as well as the
estimation of sites heavily affected by contamination.
The usage of Heckman selection model, to the
authors’ knowledge, is the first attempt in the litera-
ture, applied to evaluation of environmental factors.
According to obtained data from Heckman analysis,
focus should be paid to the distribution of toxic
contaminants.

For this purpose, further research considers: (1)
Groundwater modelling for definite identification of
groundwater flow and potentially affected rural areas;
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(2) Contamination transport modelling, as the industry
continue polluting the environment, the assessment of
present and future hazards is highly needed; (3)
Development of a remediation plan, which has to be
built on the qualitative studies (1) and (2).

This study might be used as a trigger to drive and
engage all stakeholders into the transparent dialogue
about potential consequences of non-sustainable
wastewater management at oil refinery industry. The
potential actions might include implementation of
successful legislative standards, development of new
efficient monitoring programs, stimulation the indus-
try to innovative and water-saving treatment methods
and a creation of a site contamination/remediation
programs.

This research has several limitations. Firstly, the
limited dataset covers only period from 2013 to 2019.
Secondly, despite of the concentrations of TPH are
identified, the lack of data on specific hydrocarbon
type such as PAH and BTEX limited the analysis on
the toxicity. Thirdly, the lack of access to hydrogeo-
logical data limited the accuracy of the ground water
flow estimation. Authors of this paper recommend
initiating a dialogue between industry, government,
and academia for research-based decision-making in
this area.
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Abstract: A common problem when studying groundwater contamination in low-income countries is
that data required for a detailed risk assessment are limited. This study presents a method for assessment
of the potential impact of groundwater contamination by total petroleum hydrocarbons (TPH) in a data-
scarce region. Groundwater modeling, using the MODFLOW, was used to simulate regional scale flow
pattern. Then, a semi-analytical contamination transport model was calibrated by minimization of the
absolute errors between measured and modeled concentrations. The method was applied to a case study
in Kazakhstan to assess the potential spreading of a TPH plume, based on historical observations. The
limited data included general information about the local geology, observations of GW level in the area,
and concentrations during five years of TPH in monitoring wells surrounding the source of the pollution.
The results show that the plume could spread up to 2-6 km from the source, depending on estimate of
the initial concentrations, until the concentration reaches permissible levels. Sensitivity analysis
identified parameters of longitudinal and transverse dynamic dispersivity together with the plume of
TPH spreading, as the priority subjects for future investigations. The proposed approach can be used as
a tool for governmental and municipal decision makers to better plan the usage of affected groundwater
sites in data-scarce regions. It can also help to decrease the negative impact of contaminated GW on
human health and to better manage the industrial pollution.

Keywords: Groundwater contamination, Petrochemical industry, MODFLOW, Contamination
transport, Sensitivity analysis, Kazakhstan

1. Introduction

Industrial activities are recognized as major source of pollution worldwide (Hossain 2011). Kazakhstan
is a country that currently invests heavily in industrial capacity to develop the economy (UN 2019).
Industrial development and economic growth, however, put pressure on environment and may
jeopardize environmental safety and wellbeing of society (Li 2016). Several studies have shown that
air (Assanov et al. 2021), water (Hrkal et al. 2006; Karatayev et al. 2017), and soil (Mikolasch et al.
2019; Woszcezyk et al. 2018) are under pressure from industrial pollution in Kazakhstan. The current
severe ecological status in many industrial regions serves as a challenge for the country to enforce
environmental assessment, policy, and remediation practices (Russell et al. 2018). Up to 65% of all
freshwater resources in Kazakhstan may be permanently lost due to wasteful use and polluting
activities. Simultaneously, the industry consumes about 25% of all available freshwater in Kazakhstan
(Karatayev et al. 2017). It is projected that the mismanagement of freshwater resources could lead to a
national water deficit by 2030 (Thomas 2015).

Processes of water usage in the oil refinery industry in Kazakhstan with consequent environmental
pollution have already been described by Radelyuk et al. (2019). While Kazakhstan has declared it will
carry out the implementation of Best Available Techniques (BAT) and approaches towards developing



a green economy, the mechanisms for implementation of such measures still have loopholes. According
to Kazakhstani law, if water in a wastewater discharge point is already polluted and water quality can
not be assured as safe for any type of usage, further wastewater discharge may continue without strict
limitation (Ministry of Environment 2012). The requirement for this is that the receiving water body
should not be used as a source for drinking, domestic use, or irrigation purposes. Also, the impact on
groundwater should be eliminated, as even a relatively small pollution discharge may affect the whole
aquifer (Naseri-Rad et al. 2020; Water Code 2003). According to Locatelli et al. (2019), when
groundwater has been exposed to pollution for decades, the concentration in the aquifer may have
achieved quasi-steady-state conditions. In Kazakhstan, many receiving water bodies, such as lakes and
ponds, have already been polluted during the Soviet period and the pollution process has been
continuing ever since. Thus, industries in Kazakhstan use their legal right to discharge improperly
treated wastewater into the environment.

Monitoring of groundwater quality in Kazakhstan is usually carried out by installation of observation
wells surrounding the source of contamination. The concentration of contaminants should not exceed
the defined limit at a regulated boundary of a sanitary zone, which is defined as being 1000 m
downgradient from a contamination source (Ministry of Economy 2015). However, recent research in
the experimental area of this study has shown that pollutant concentrations often exceed permissible
levels outside the sanitary zone. Consequently, pollutants at some sites are likely to be spreading
towards areas with substantial groundwater use (Radelyuk et al. 2021).

According to EU (EU 2002), the following investigations should be considered to analyze existing
pressures and impacts of the pollution on environment and health of settlements: (1) groundwater
modeling for identification of groundwater flow and potentially affected areas, and (2) contamination
transport modeling, as the old industrial spills continue polluting the aquifer. These studies are a basis
for further management of the affected area. Groundwater research, a key component of the procedure,
is associated with long-term investigations, uncertainty, challenges for cooperation and data sharing
between a wide range of stakeholders, and the use of advanced technological measures to determine the
likely fate of contaminants in the subsurface (Li 2016). Karatayev et al. (2017) noted, that poor
collaboration between key stakeholders (government, industry, and academia) in Kazakhstan is a major
weakness for supplying decision makers with quantitative facts. Consequently, the required research
faces several limitations.

Under the conditions of lacking relevant data, a holistic view is needed to evaluate the situation and to
give input to decision making and actions towards improvement of the ecological status of the affected
region. This research is an attempt to deal with the complexity assessing and managing groundwater
pollution in a low-income country like Kazakhstan, and to obtain an insight concerning pollution spread
in an efficient manner in situations where limited data are available.

The method proposed in this study uses a two-step procedure. The first step includes carrying out
numerical groundwater modeling using MODFLOW to define the groundwater flow direction. In the
second step, a contamination transport model is applied for general description of plume development
in the aquifer. As a result, the potential fate of contaminants can be assessed under consideration of
different scenarios, depending on local conditions. The suggested method is applied to a case study
where groundwater contamination occurs from a petrochemical industrial cluster in Kazakhstan. The
aim is, firstly: to identify the area of the aquifer that would be affected by contamination based on
historical observations; and secondly, to assess the potential hazard from the spreading of the
contamination in groundwater under different scenarios.

This paper consists of the following sections. The Methodology section includes three parts. Part 1
presents the general procedure of the developed method. Part 2 gives general insights about
requirements for each step of the procedure. Part 3 shows, how the method was applied to a real-world
case study with limited data. The Results and Discussion present results of the applied method. The



Conclusions section discusses limitations, advantages, and disadvantages of the method, and how the
method can be used for real-world problems.

2. Methodology
2.1. Procedure

The procedure developed in the present study is introduced in Figure 1. Firstly, all available data should
be collected and screened. Potential data sources are official reports from the government and industry,
personal communication, and previous research in nearby areas (Step 1). Secondly, groundwater
modeling is performed, using a basic set of information regarding local lithology, boundary conditions,
and observed piezometric heads (Step 2). A regional-scale model is developed if the area of
investigations is large. After calibration of the regional scale model, local scale modelling is carried out
to define the direction of groundwater flow, as a starting point for contamination transport modeling.
Modeling result is considered reliable if the estimated hydrogeological characteristics match the values
from technical reports and available literature. Finally, contamination transport modeling is carried out
to consider real and potential scenarios of contamination within the aquifer (Step 3). A steady state
contamination transport model is based on the solution of partial differential equations for advection-
dispersion processes. The modeling is considered successful, if the calibrated input parameters to the
contamination transport modeling fit the values from the groundwater modelling and available data,
including measured against modeled concentrations (McMahon et al. 2001). Then, the obtained
parameters are used for estimation of spreading of the contamination plume in space, based on historical
records and potential scenarios.

Step 1 Step 3
Gathering data - GW modelling - Contamination

transport

Surface, bedrock elevations;
Geology data: soil types, hydraulic
well logs, porosity, longitudal dispersivity;
Observation points: groundwater levels;
Hydrology data: discharge/recharge and
evaporation rates;

Chemical data: concentrations, contaminant
recharge rate,

C ization via boundary Transport characteristics assignment;
and i Contamination transport model running.

Discretization;

Inverse distance weighted interpolation;
MODFLOW running;

PEST calibration.

Figure 1. Schematic of the methodology used in this study.
2.2. General description of the developed method
2.2.1. Step 1. Data preparation

Data needed for groundwater modeling are obtained from hydrogeological field studies. Modeling of
groundwater flow is reliable when geological characteristics such as the properties of the aquifer matrix,
the aquifer thickness and bedrock elevations and hydrological properties such as groundwater levels,
boundary characteristics, the hydraulic conductivity (HK) of the aquifer matrix, conductance, and other
data if they are available (Hashemi et al. 2013; Hashemi et al. 2015). However, data from especially
older studies need to be quality controlled. The collected data are used to characterize the aquifer, define
boundary conditions, achieve an efficient discretization scheme, and subsequently, to build the
groundwater flow model.

Contamination transport modeling requires information about advection-dispersion processes in the
porous media, which depends on both properties of geological layers and the contaminant. They
include: concentrations of contaminants at the monitoring points to validate the process of contaminant
spread and related characteristics; starting concentrations of the pollutants, depending on the source of
pollution, and recharge concentrations of the pollutants depending on the load from the source. The



required local geological characteristics for transport modelling include longitudinal dispersivity and
porosity. Field studies are important and if lacking, uncertainty increases (Naseri-Rad and Berndtsson
2019).

2.2.2. Step 2. GW modeling

After all available data are gathered, a conceptual site model (CSM), which is an efficient tool for
presentation and understanding of groundwater flow and transport processes (Todd and Mays 2005), is
created. The CSM is a consideration of all hydrogeological processes that control the transport,
migration, and any potential and real impacts of contamination in groundwater. The conceptualization
includes firstly, assignment of boundary conditions, such as identification and consideration of
inflows/outflows/barriers to the system, geometry, receptor(s), interactions between surface water and
groundwater, etc.; and secondly, assignment of values for aquifer characteristics (McMahon et al.
2001).

The choice of a modelling approach depends on two factors: the data availability and reflection to the
modeling objectives (McMahon et al. 2001). In case of model construction for investigation of
groundwater pollution, one of the most popular and efficient tools for GW modeling is MODFLOW-
2000, which was developed by McDonald and Harbaugh (Harbaugh et al. 2000). The CSM is
represented in a quantitative framework, which is based on the principal equation of the three-
dimensional groundwater flow equation for porous medium using a finite-difference method. The
Groundwater Modeling System (GMS 9.0) software can be used to perform the modelling under a
steady-state condition (Eqn (1)).
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where K., K,,, and K. are hydraulic conductivity along the x, y, and z axis assumed to be parallel to the
major axes of hydraulic conductivity (m/d); 4 is the potentiometric head (m); and W is volumetric flux
per unit volume, representing sources and/or sinks of water. Steady state modeling is the optimal option
for consideration of boundary conditions as well as simulating the general groundwater flow (Hashemi
et al., 2012). Thus, steady-state conditions are assumed as the best option under data scarcity, such as
lack of information about temporal changes of groundwater level, storage parameters, recharge, and
discharge rates.

The next step is the calibration process, which aims to estimate and utilise all available model
parameters. Manual (trial and error), automated (e.g., PEST package (Doherty et al. 1994)), and
combined (manual and automated) calibration methods can be used to calibrate the model by
minimizing the difference between simulated and observed groundwater levels, as those measurements
are usually available and are commonly used in the calibration processes (Barnett et al., 2012). The
problem with only head data being available is that this parameter on its own cannot mathematically
constrain an inverse solution of the groundwater flow equation (Haitjema 2006). This problem can be
solved by using other parameters for calibration, such as hydraulic conductivity, conductance,
transmissivity and drain values with ranges based on reported available data. The process of calibration
is considered successful when the root mean square error (RMSE) residual of head is less than a certain
value relevant for local conditions (typically 1 m, as default) (Fienen et al. 2013).

If the aquifer is large with limited data and with an uneven distribution of monitoring wells, it is
recommended that a number of groundwater flow models are developed at a regional to a local scale.
In this case, all the available information together with the simulated regional groundwater flow
direction are transferred to the local model as an initial condition. This will help establish reliable
conditions for the model boundaries as well as assigning realistic hydraulic parameter values.



However, the local scale modeling calibration may encounter some problems, as the grid size changes
from regional to local scale. This may contribute to increased uncertainty of defining correct pathways
of contamination transport. To overcome this, while keeping the same layer data such as bottom,
surface, and groundwater elevations, the boundary conditions for the local model are assigned to the
specified heads (Mehl and Hill 2010). The model grid is re-discretized if needed within the decreased
grids. When the groundwater model is calibrated, a particle-tracking tool for MODFLOW, named
MODPATH, can be used to assign the required coordinates for contamination transport modeling via
displaying the groundwater flow direction in the study area (Pollock 2012). In this way possible
pathways for pollution transport can be determined.

2.2.3.  Step 3. Contamination transport modeling

The transport model incorporates steady-state solution for groundwater flow as a starting point to
compute how concentrations of dissolved contaminants from a plan source change over time as they
are transported in groundwater by advection and dispersion. This accounts for the role of varying
hydraulic conductivity and other spatially variable hydraulic parameters that accompany aquifer
heterogeneity. The transport model used for this purpose is based on partial differential equations for
dispersion that have been developed for homogeneous and isotropic media, where Darcy’s law is valid
(Ogata and Banks 1961; Ogata 1970; Bear 2013).

Generally, contaminant source concentration and mass discharge in time are not well known at most
contaminated sites (Locatelli et al. 2019). According to Sauty (1980), if a tracer is continuously injected
into a uniform flow field from a point source, contamination will spread as shown in Figure 2. In this
case, flow is governed by Eqn. (2), where mass transport is calculated in two dimensions:
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where v, is down gradient fluid velocity, D; is longitudinal dispersion coefficient (m?*d), Dr is
transverse dispersion coefficient (m%d), and C is solute concentration at x, and y (mg/m?).

An observation point with known concentration is assumed at location x = 0, and y = 0 with a uniform
flow velocity at a rate v, parallel to the x axis. Then, a solute is represented with a concentration C; at
a rate Q over the aquifer thickness, b. The equation to calculate the concentration on a distance from
the observation point can be found from a Green function (Bear 2013; Fried 1975) for the injection of
a unit amount of a contaminant, under a steady-state condition, is expressed as:
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where K is the modified Bessel function of the second kind and zero-order, C, (%) is the rate that the
contaminant is injected, and b is the thickness of the aquifer over which the contaminant is injected.
Some parameters (i.e., vy, Dy, Dy, and Q) need to be addressed, prior to solving Eqn. (3). According

to Darcy’s law, average linear velocity, v,, is the rate at which the flux of water across the unit cross-
sectional area of pore space occurs (Fetter et al. 2018):
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where v, is average linear velocity (m/d), K is hydraulic conductivity (m/d), and p = effective porosity,

% = hydraulic gradient (m/m).

Multiplying v, by the cross-sectional area of the plume makes up the injection rate of the contaminant
(Q) to the aquifer:



Q=vT-b (%)

where T is plume width and b is the thickness of the aquifer over which the contaminant is injected.
The longitudinal and transverse hydrodynamic dispersion, D; and Dy, respectively, can be calculated
as:

DL = ALV + D* (6)
DT = AUy + D* (7)

where «;is longitudinal dynamic dispersivity and a is transverse dynamic dispersivity. A value of
longitudinal dispersivity may exceed 50 m for long flow fields (Gelhar 1986). The ratio between «;
and ar can be equal from 6 to 20.

The D* is an effective diffusion coefficient, which can be calculated as follows:
D* = wDy 8)

where w is a coefficient related to the tortuosity (Bear 2013) and Dy is the diffusion coefficient (m?%/d).
However, as Dy is small and w is always less than 1, the effective diffusion coefficient, D* is neglected.

Groundwater flow direction

X Y- coordinates K - hydraulic conductivity

C,— initial concentration p — effective porosity

C - solute concentration at X, Y dh/dL —hydraulic gradient

T — plume width a; — longitudinal dynamic dispersivity

Figure 2. Conceptual framework of the contamination transport model.

The solution of the contaminant transport problem (Eqn. (3)) in 2D may be calculated by the
Plume2DSS() add-in (Renshaw 2013) in Excel. However, this add-in requires exact values of transport
parameters, which are unavailable at the site. Thus, the authors developed an optimizer using Macro in
Visual Basic for Application (VBA) in Excel. This Macro solves the Plume2DSS() using an optimizer
with multiple iterations within the given range of transport parameters to minimize the absolute error
(difference between measured and calculated concentrations at each specific point) for each
measurement event.

The model is assigned by the following characteristics: the exact locations of sampling points (x, y, and
dL), obtained from the groundwater model; contaminant concentrations; hydraulic gradients between
any two wells; and ranges of value changes for transport parameters, i.e., T, b, K, dh, p, a;, and ar.
The developed code then calculates the concentration at any point downstream by optimizing the
calibration parameters in the given range to minimize the error. Once optimal parameters are
determined, the model is validated by using these in the Plume2DSS() add-in, and subsequent
comparison between Cearculated (@ concentration, obtained without running the code) and Creasured- Thus,
optimal transport parameters are numerically obtained via minimization of the absolute error.



As a final step, a fate and transport modelling assessment is carried out. Once all required solute
transport parameters are defined, new coordinates (x+x;, y+y;, and dL;) are assigned via extension of the
already defined pathways (an example is shown in Figure 2 for the pathways BD and/or BC) and C;
(x+x;, y+y) is solved using Eqn. (3).

The proposed method was applied to the case study to illustrate its applicability in a real-world
(although admittedly a complex) environmental problem. The complexity in this case study comes from
the heterogeneous geology at the site and the persistent and uncertain nature of the contamination.

2.3. Study area description

The Pavlodar region is one of the largest industrial centres in Kazakhstan. Metallurgical, chemical, and
petrochemical industrial activities have been causing the environmental condition of the region. The
local petrochemical industry is a major actor in the economic activities and the main taxpayer in the
region, which accounts for about 50% of the city budget (Neftepererabotchik 2019). As residents of the
rural area near the industrial zone are using the groundwater from the shallow aquifer for their drinking
and domestic purposes (Tussupova et al. 2016), an investigation was needed to assess potentially
affected sites and to prevent members of the local community from drinking unsafe water. The source
of potential contamination in this case study is a recipient pond “Sarymsaq” (Appendix A), where
wastewater is discharged by the cluster of local petrochemical industry sites (Radelyuk et al. 2021).

The wastewater from the oil refineries is mainly characterized by petroleum hydrocarbons (Alva-
Argaez et al. 2007). Even after primary mechanical treatment, it is difficult to remove hydrocarbons
from the wastewater (Bruno et al. 2020). The most basic biological treatment method, activated sludge,
which is used by refineries in Kazakhstan, cannot efficiently treat the wastewater for two reasons:
firstly, because the petroleum hydrocarbons have a low level of biodegradability; and, secondly,
because the salinity and toxicity of wastewater inhibits the efficiency of the treating biomass.

While developed countries have identified certain indicators, such as polycyclic aromatic hydrocarbons
(PAHSs), or benzene, toluene, ethylbenzene, xylenes (BTEX), for the better estimation of toxic effects
from wastewater (CONCAWE 2018; USEPA 2019), Kazakhstani oil refineries monitor only the sum
of total petroleum hydrocarbons (TPH), without an assessment of the constituent potentially toxic
chemical compounds. The term TPH describes the range of hundreds to thousands of individual
compounds. Previous research has shown that hydrocarbons, originating from the petrochemical
industry, are practically ubiquitous in groundwater, are usually only biodegraded to a limited extent,
and the resulting contaminant plumes may be several kilometers long (Balderacchi et al. 2013).
Measured concentrations in groundwater samples show that the amount of TPH constantly exceeds the
permissible limit in all monitoring wells surrounding Sarymsaq, which confirms the presence of
groundwater pollution in the area (Radelyuk et al. 2021). The amount of TPH usually has maximum
peaks during the spring season, which can be explained by intensive snowmelt and large infiltration of
water through the soil profile.

2.3.1. Step 1. Data preparation

The following sources of information were used for this study: investigations of the hydrogeological
conditions conducted during the Soviet and post-Soviet period (Kosolapov et al. 1993); and several
recent field surveys, which mainly confirm the information from the previous investigations. The data,
needed for contamination transport modeling, which were collected from representatives of industry,
include concentrations of TPH in observation wells. There was no information available on initial
concentration of TPH in the pond (as the pond has served as a discharge point for wastewater for over
30 years), recharge concentration of TPH (as it always depends on the load of pollutants from factories,
which varies depending on the conditions of wastewater treatment systems and the capacity of the
factory itself), and the characteristics of the pond, such as sedimentation properties, geometry of the
pond, etc. Also, there were no opportunities to perform investigations and measurements to obtain



detailed data about TPH characteristics and longitudinal dispersivity, and to identify the fraction content
and degradation properties of TPH. As the constraint in data availability, particularly, detailed content
of TPH in this certain case study, it was decided to follow the example from the Total Petroleum
Hydrocarbon Criteria Working Group and assume that TPH is not degradable (Gustafson et al. 1997).
Consequently, degradation characteristics of hydrocarbons were neglected in this study.

The study area is located on the western side of the West-Siberian plate. The surface is a mildly sloping
plain with elevations ranging from 132 m above mean sea level in the southeast to 105 m in the
northwest. The main recharge is from the Salair-Altai mountains, which are situated in Russia, where
infiltration of precipitation, melting of glaciers, and runoff in mountain rivers generate an artesian flow
toward the region. Locally, the precipitation also feeds the groundwater. The piezometric levels are
established at a depth of 2-51 m below the ground surface. The values of transmissivity of the aquifer
vary between 22 and 133 m?%d, increasing in the eastern direction (Kosolapov et al. 1993). The
groundwater is discharging into the Irtysh River to the west.

The hydrogeological cross-section is mainly represented by three formations (Appendix A). The
formation of Upper-Quaternary deposits of the first supra flood plain terrace (aQu), which is distributed
along Irtysh River, 4-5 km wide. The water-bearing sediments consist of quartz-feldspar sands. The top
layer is composed of sandy loam and loam, the bottom layer is composed of gravel and pebbles. The
thickness of the formation is up to 20 m. The groundwater in the aquifer has a free surface. The aquifer
complex in Upper-Miocene Lower-Middle-Pliocene deposits of the Pavlodar suite (Ni.pv) is
distributed over the entire region. The thickness varies from 2-7 m in the northern and northwestern
parts of the study area, and increase in a southeasterly direction to 80 m. These sediments are
characterized by uneven distribution and the occurrence of sand among the clays. Water-bearing
sediments in these aquifers consist of quartz-feldspar and micaceous sands. The sands are coarse-
grained with gravel and pebbles in the south, and a fine-grained, sometimes clayey texture, in the north.
Groundwater is mostly confined and occurs at a depth of 2-28 m to the surface. The formation of the
Kulunda formation (N2kln) is partly included in the Pavlodar formation. The thickness varies between
5 and 26 m. The water-bearing layer is characterized by alluvial sand, mixed with gravel and pebbles,
with clayey and loamy lenses. The Pavlodar formation covers the Tavolzhan formation (N;tv). This
layer (Nitv) consists mostly of clay that constitutes a bottom for the upper formation. Thus, the
sediments above Ntv formation is the subject of this study. As the formation is complex and there is
only one piezometric measurement available at each well location, we only considered one layer for the
modelling procedure.

2.3.2.  Step 2. Groundwater modeling

The study area of this research was discretized into a 3D finite-difference model grid as a one-layer
unconfined aquifer. The grid size was assumed 500 m under consideration of the large size of the
territory as well as the location and the size of the potential contaminant sinks and sources. The ground
surface elevation was obtained from the DEM-file from the Advanced Land Observing Satellite
(ALOS) project (Advanced Land Observing Satellite (ALOS) Project). Initial head and bottom
elevations of the aquifer were generated by inverse distance weighted interpolation of measured values.
The groundwater levels in the observation wells around the pond were entered into the model by
knowing the exact location of 18 observation wells. However, the resolution of the chosen DEM was
30x30 m, which may affect the accuracy of the calculated levels. The eastern boundary was assigned
as a general head boundary, as it crosses a chain of lakes. The conductance and transmissivity values
were taken from the technical reports (Panichkin et al. 2008; Kosolapov et al.1993). Irtysh River was
assigned as a drain on the western boundary of the model with assigned conductance. This was
calculated using:

C= %lw ©)



where £ is hydraulic conductivity of riverbed material, / is length of reach, 7 is thickness of riverbed,
and w is width of the river. The initial hydraulic conductivity values were assigned according to the
existing data, and subsequently, they were calibrated during the modeling process. The southern
boundary is close to the Balkyldak pond, which was the recipient of wastewater from a local chemical
plant. Currently, the pond is surrounded by a concrete wall, deepened into the ground, as the pond
received 10 to 15 t of mercury through wastewater from a local chemical plant up to 1990 (Ullrich et
al. 2007). Hence, this boundary was defined as a no-flow boundary.

The potential recharge for shallow aquifers is normally estimated as the difference between total
precipitation and evapotranspiration (Sathe and Mahanta 2019). However, the result might have a
negative value, as the reported values for annual precipitation are about 303—-352 mm, and for annual
evaporation is around 957 mm (Heaven et al. 2007).

A steady-state condition is assumed for the model, as there is relatively negligible exploitation of
groundwater resources, and there are no significant trends in observed heads during a long-term period,
despite seasonal fluctuations (Radelyuk et al. 2021). The average head value was used to assign the
initial head for the steady state modeling.

After calibration of the model for a regional scale assessment, the model grid was re-discretized, and
the size of the grids was changed from 500 m to 100 m for local scale modeling. This modeling, firstly,
gives an opportunity for a detailed estimation of particle tracking, and secondly, for insertion of an extra
layer for the receiving pond, as a general-head boundary that defines lake-aquifer interactions
(Mylopoulos et al. 2007). The local model was aimed to be used for following contamination transport
identification. Thus, it is important to focus on a certain area, where the contaminant spread is to be
estimated. Hence, a new grid was constructed, and the new model was re-run and re-calibrated.

2.3.3.  Step 3. Contamination transport modeling

Pathway 1 and 2 (P1 and P2) originated from the monitoring wells W1 and W3, respectively, where
coordinates x, and y, and measured concentrations of TPH were established as initial conditions (xo=0,
y0=0, and Cy) for the contamination modeling. The W2 and W4 (for Pathways 1 and 2, respectively) are
located at the boundary of the sanitary zone, where the concentration of TPH should not exceed a
regulatory limit of 100 pg/L for drinking and domestic purposes according to Kazakhstani legislation
(Ministry of Economy 2015). Coordinates for W2 and W4 (x, y, and dL) and measured concentrations
of TPH (C) were assigned as having accurate values, while parameters 7, b, p, K, a., or, and dh were
given a range for the studied aquifer for running the solver coupled with the VBA code to obtain Ciodeled
with a minimized error. The obtained values of transport parameters are defined as being calibrated.
After that, the average values of the calibrated parameters, which are associated to the geological
characteristics (b, p, K, dh) and T, as the parameter of quasi-steady conditions of the contamination,
were assigned for all measurement events; and the solver was re-run to re-calibrate the model by
comparison between Cmodeled aNd Creasured. These averages, defined as umified, were used for the
following contaminant fate and transport modeling assessment.

The conceptual fate transport model for P1 and P2, on the examples of lines BD and BC, respectively,
is presented in Figure 2. The directions towards the nearest agricultural fields were chosen, as the
nearest consumers of groundwater. The results for P1 are expected having a wave structure as the
distance for them was calculated along the example of the direction BD in Figure 2. This means that y-
coordinates were moved in the negative direction, which caused higher concentrations with the
following cross-section and y=0, and subsequently heading away from the source of the pollution. The
direction BC in Figure 2 indicates P2 with a straightforward direction from the source of pollution. The
distance was modeled until the concentration of TPH reached a concentration that complied with the
regulatory limit. The distance (dL;), and related dh; steps were assumed based on the groundwater
model.



The final step was to look at the sensitivity of the parameters. The idea of this analysis is to identify the
most critical parameters for that influence the calibration of the contaminant fate and transport model.
The parameters K, T, b, p, dh, a;, and ar were assessed, as input parameters for solving Eqn. (3). The
assessment was performed by individually varying only one parameter at the time within its range of
possible values.

Parameter uncertainty is always a major concern. But the purpose of this study was to provide a tool
that gives a general picture of contamination transport by illustrating the patterns of change in
contaminant concentration in space with the following assessment for potential fate for the environment
and local inhabitants. Calibration, validation, and sensitivity analysis of the model were done to the
extent when available data allowed for this, while a detailed discussion about this procedure including
uncertainty analysis is beyond the scope of this study (McMahon et al. 2001).

3. Results and Discussion
3.1 Groundwater modelling

The hydraulic conductivity, conductance of boundaries, and drainage characteristics of the river were
calibrated using PEST and PEST Pilot points after the initial forward run of MODFLOW (Fig. 3a). The
simulated hydraulic heads were compared to observed heads (Appendix B). The RMSE was equal to
0.7 m and the R? coefficient equal to 0.96, which indicate good performance of the model.
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Figure 3. Regional (a) and local (b) scale groundwater model.



The results of the calibration reflect the lithology of the study area (Appendix C). The higher hydraulic
conductivity values (5.5 m/d) occur in sediments adjacent to the Irtysh River and in Upper-Quaternary
deposits (aQm), as they consist mainly of well sorted quartz-feldspar rich sands and gravels. The
decrease of hydraulic conductivity (5.5-0.8 m/d) from the northwest to the southeast is explained by the
local topography, as the groundwater is deeper, and extent of covered (confined) conditions of the
aquifer is larger. The conductance of the drain (river) (50 m?%d) and transmissivity of the boundaries
(125 m?/d) were approximately equal to the accessible data (from technical reports) after calibration,
which confirms an acceptable estimation of groundwater flow.

After calibration and adjustment of the regional model, local scale modeling using MODFLOW and
MODPATH was performed. Figure 3b shows the simulated water level contours for the steady-state
conditions. This suggests that the direction of groundwater flow and contaminant transport would be in
a westerly direction with some displacement towards the southwest. Wells 1 and 2 (W1 and W2) and
Wells 3 and 4 (W3 and W4) could be used for contamination transport modeling, as they are in the
downstream direction from the source. Particle tracking showed the potential transport of contaminants
towards agricultural fields, where groundwater is used for irrigation (4.5 km from the pond) and nearby
rural areas (Michurino and Pavlodarskoe villages, 8 km from the pond). However, MODPATH
considers only porosity and not longitudinal dispersivity. The RMSE of the local model was equal to
0.6 m and the R? coefficient equal to 0.68, which show a good fit of the model (Appendix D).

3.2.  Contamination transport modeling

After calibration of the groundwater model, two pathways, located downstream from the source of
pollution, were chosen for the contamination transport modeling. Figure 4 and Appendix E show the
results of the calibration of the transport parameters. The R? coefficient was equal to 0.9 that indicates
the good performance of the model. The calculated means of the differences between groundwater
levels (dh) by MODFLOW were equal to 0.1 m and match the contamination transport model results.
However, dh is one of the most uncertain parameters in this case study, as the number of measurements
of groundwater level is low.

The assumptions are considered credible if Q (from Eqn. (5)) is similar in both models. In the present
case, the average flow rate was calculated to be 50 m*/d and the same value resulted from the
contamination transport model. The large plume width (7) is explained by the width of the Sarymsaq
pond, which is equal to 1.5 km. Hence, according to dispersion, 7 might be larger than 1500 m. The
longitudinal dispersivity depends on the scale of spread of contamination and was close to values found
in literature. However, both parameters had high range of potential values, caused by a large scale of
calculations. Further studies on a smaller scale may give more accurate results. The calibrated values
of aquifer thickness were equal to 10 m, which is confirmed by local lithology (Appendix A). The range
for hydraulic conductivity and porosity was extracted from literature and was given as 0.8-8 m/d and
0.22-0.3, respectively. The unified values were equal to 5.6 m/d and 0.28, for hydraulic conductivity
and porosity, respectively.
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Figure 4. Results of transport contamination model using unified values of the parameters.

Figure 5 presents the potential results of the contamination transport, based on measured concentrations
in the monitoring wells, and unified transport geological parameters for individual cases and historical
scenarios. The distance (dL;) step was assumed as the square root of x+100 and y+20 m from the
observation points. The dh; was estimated as 0.01 m for each dL; step, based on the groundwater model.
Obviously, the plume width correlates with the starting concentrations. The potential maximum
distribution during the spring season in 2019 and 2018 was equal to 6 and 3 km for Pathways 1 and 2,
respectively. The starting concentrations (Cp) showed maximum historical values in those years. The
same situation was found for the autumn periods when the potential maximum spreading of the
contamination was 4.5 and 2.6 km for Pathways 1 and 2, respectively. The calculated distance is higher
during the spring seasons than in autumn. Lower values of the calculated plume fit the lower
concentrations with a resulting shorter distance from the origin of pollution. However, even for these
cases, the distance was relatively large, almost 1.2 km from the source of the contamination.
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The final step of the application is the analysis of the sensitivity of aquifer parameters. The ranges for
K, T, b, and p were changed several times in an equal manner: they were decreased by 25 % and 50 %
and increased by 25 % and 50 %. For the investigation of the relationships between dh and dL;, the
range for dh was considered between 0.01 and 0.1 m. The Cy was assumed to be 500 ng/L for all
scenarios. To assess the potential spread of plume, depending on the initial load of the TPH, the range
for Cy was considered between 50 and 1000 pg/L. After establishing new values, dL; was calculated to
the extent, when the concentration of TPH is within permissible levels. The results are presented in
Figure 6. While all parameters show relevant changes in the resulting d; within the range of change,
longitudinal and transverse dynamic dispersivity together with plume width were considered as the most
sensitive parameters in this study. This is explained by the fact that these parameters might be changed
over time depending on contamination characteristics, while parameters describing geological
characteristics are constant. The increase of dh causes significant increase in the distance of plume
spreading, as it is related to the enhanced linear velocity, and consequently, enhanced injection rate of
the contaminant. The parameters may vary significantly depending on the scale and characteristics of
contaminants. If the Cy is equal to 1000 pg/L, the contamination can spread up to 5 km for Pathway 1
and 2.5 km for Pathway 2. The highest rate of the spreading belongs to the area near the source of
pollution, e.g., the growth of the starting concentrations from 100 to 150 pg/L causes extension of the
plume spread corresponding to 0.25 km (from 1.30 to 1.55 km) for Pathway 2, while the following dL;
was changed for 120-50 m for each 50 pg/L. Thus, future data acquisition for the most sensitive
parameters is required to better control the situation of the groundwater contamination in the region.
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4. Conclusions

The management and remediation of groundwater contamination in developing countries is often
hampered by lack of data. In this case, it is possible to assess the potential contamination from a holistic
viewpoint with some general results, which can be beneficial for guiding future investigations. The
method presented in this study has several advantages and is proposed as an example for cases where
detailed site-specific data are not available. Basic information about the local hydrogeology and
concentrations of pollutants at observation points can be used to estimate the further spreading of
pollution. When calculated errors from contamination transport modeling and subsequently calibrated
parameters, related to local conditions characteristics (i.e., 7, b, K, and dh), match or confirm the results
of the calibrated MODFLOW model and available literature data, the model can be considered to be
reliable. At the same time, incorrect identification of important parameters, such as initial coordinates,
increases the risks of incorrect modeling. Also, the lack of knowledge about contaminant characteristics
affects the study. The processes of volatilization and degradation, which are not considered in this study,
decrease the amount of petroleum compounds in space and time. However, some petroleum compounds
may not be degradable, which cause risks even at low concentrations.



This study showed that the risks for inhabitants in the potentially affected rural area of Kazakhstan can
be avoided, as the plume has not reached the villages considered to be within the risk zone. However,
agricultural areas at a distance of 2-6 km downstream the source of pollution could be affected by
contaminated groundwater. Thus, the recommendation is to avoid usage of groundwater from the
shallow aquifer for irrigation purposes in this area. The authors suggest performing additional
investigations to determine the extent to which the TPH plume has spread from the contamination
source, based on the general results, and especially the results of the sensitivity analysis. This study has
also shown the need for local industries to pre-treat wastewater properly before discharging to ponds to
decrease the potential fate and spreading of the pollution to the subsurface.

Finally, this study highlights the necessity of integrating key stakeholders in the government-science-
industry collaboration. The joint effect of governmental activities, scientific approach, and industrial
activity can contribute to the reduction of negative societal impact of pollution release.
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Appendix A. Location and lithology (Kosolapov et al. 1993) of the study area in Kazakhstan.
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Appendix B. Scatter plot of modelled versus observed head. Regional scale.

Ne  Well Observed Simulated Residual
ID Head, m Head,m Head, m

1 1944 1125 111.6 0.91
2 1947 1107 109.6 1.11
3 1924 1062 107.6 -1.35
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Appendix C. Calibrated HK values.
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Appendix D. Difference between calculated and observed head. Local scale.

Simulated, m

Ne  Well Observed Simulated Residual
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1. Introduction

Sustainable Development (SD) has become an ideology, which builds
a modern world. The 2030 Agenda for Sustainable Development calls
all people, from individuals to crucial stakeholders, businesspersons
and international organisations, to take actions for solving the current
challenges formulated in Sustainable Development Goals (SDGs) (UN
2015). One of the common definitions of Sustainable Development is
“Enhancing quality of life and thus allowing people to live in a healthy
environment and improve social, economic and environmental condi-
tions for present and future generations™ (Ortiz et al., 2009). From a
certain point of view, “Sustainable” means “Responsible”. Any current
suggestion, decision, or action on any level should be based on the con-
cept, which supports not only immediate benefits but to ensure equal
rights of all types of benefits, including well-being and a healthy envi-
ronment, for future generations.

* Corresponding author. Department of Water Resources Engineering, Lund University,
Box 118, SE-22100, Lund, Sweden.
E-mail address: ivan.radelyuk@tvrl.lth.se (I. Radelyuk)

https://doi.org/10.1016/j.jclepro.2021.126987
0959-6526/© 2021.

Relationships between SD and industry have been complicated. It
can be clearly presented within related Sustainable Development Goals
(SDGs). When one of the elements does not work, it affects the success
of the other goals. An example is presented in Fig. 1. Any type of indus-
try is related to several SDGs (Appendix A). SDGs 8, 9, 12 and 13 are
directly connected with the industrial processes. The processes should
be innovative to achieve rational and efficient resource use (SDGs 8, 9,
12) and eliminate impact on the environment through sufficient treat-
ment systems, which lead to the deceleration of climate change (SDG
13). The SDG 6 “Clean Water and Sanitation” requires: (i) to elimi-
nate potential hazards of disposal of effluents; (ii) to adopt water-sav-
ing techniques to reduce the consumption of fresh water to address wa-
ter scarcity (Jia et al., 2020); and, (iii) protect water-related ecosys-
tems, including rivers, lakes and aquifers. The SDG 14 “Life below Wa-
ter” specifically focuses on the consequences of any kind of pollution
for the aquatic world. Environment (water, soil and air) impacts the
health of people, which belongs to SDGs 3 and 11. If the industry ne-
glects principles of responsibility during the production process, it might
lead to the crash of the “sustainability” system: deteriorated ecosys-
tems and unhealthy people, locally or globally. The Agenda consid-
ers the involvement of all countries and their cooperation (SDG 17).
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Fig. 1. SDGs related to the industry (Source: the authors).

UN has encouraged parliaments and lawmakers to implement SDGs as
national ideas via suitable law-making, scientific and innovative techno-
logical approach, and suitable control (UNDP 2016).

The concept of “Sustainable water use” (SWU) brings several SDGs
related to the water together. The SWU aims to assure three pillars of
sustainability: social, environmental, and economical. Sustainable water
use in the industrial context covers several factors of three dimensions
of SD and their interactions, as shown in Fig. 2. Economic factors are
represented by the processes inside the industry. The industry uses tech-
nologies to treat supplied and processed water and to utilise it in a safe
manner. These technologies are associated with respective cost (Baleta
et al., 2019). Environmental factors consider water quality in water
sources and wastewater recipients. Interactions between economic and
environmental factors are characterised by attempts to decrease the im-
pact of industrial activities on water bodies and make water viable for
following consumers by the usage of efficient technologies. Social fac-
tors are represented by ensuring public safety (e.g., health) and mainly
regulated by the government. The governmental and civic authorities
should ensure the availability of safe water by appropriate legislative
and environmental tools (Hjorth and Madani 2014). Economic and
social factors should be met by establishing the idea of equal rights for
different water users. Appropriate legislation ensures the responsibility
of the industry to apply related efficient and water-saving technologies.

Implementation of the SWU is important for two reasons. First, wa-
ter consumption by industry ranges between 10% and 57% of total wa-
ter consumption in different countries (Voulvoulis 2018). Second, in-
dustrial activities are recognised as one of the major sources of water
pollution worldwide and can be quantified by environmental footprints
(Cuéek et al.,, 2012). The developing countries face challenges to-
wards the implementation of the SWU. This type of countries is charac-
terised by applying efforts to diversify the economy from just exporting
resources to build advanced technological infrastructure. This process

Public safety
Social
factors

Economic Prevention of water bodies’ Environmental
ion by usage of i
factors and water-saving technologies factors
(Viability)

Industrial processes Water quality and quantity

Fig. 2. The framework of Sustainable water use in industry (Source: the authors).

includes accelerated industrialisation and growth of already existed
manufacturing capacity, which increase the pressure on water resources
in both an increase in water consumption and the needs for a decrease
in water pollution (Naseri-Rad et al., 2020).

This research aims to compare strategies and efficiency of the im-
plementation of the SWU system in industry between developed (rep-
resented by the EU and the USA) and developing (Kazakhstan used as
an example) countries. Specific type of industry — the oil refinery sec-
tor was chosen as a case study. According to the BP Statistical Review,
the USA and EU hold the maximal capacity of oil refining units world-
wide (BP, 2019). The western world has a reputation as drivers and
promoters of sustainable development. SDG 8.4 clearly states that the
developed countries are aimed to lead and transfer their experience in
“global resource efficiency in consumption and production and endeav-
our to decouple economic growth from environmental degradation”. Ac-
cording to a UN “World Economic Situation and Prospects 2019” book,
Kazakhstan has been rated as a fuel-exporting country with transitional
from developing to the developed economy (UN 2019). According to
the Environmental Performance Review for Kazakhstan (UNECE 2019),
the oil refinery cluster in Kazakhstan is one of the biggest sources of wa-
ter contamination. Thus, the authors are interested in looking at how re-
finery companies deal with Sustainable Water Use. This paper discusses
the engagement of all key stakeholders, such as government, industry,
and academy, into a dialogue towards SD.

While the previous publication aimed to investigate the experience
of the legislation of different countries and applied wastewater treat-
ment techniques (Radelyuk et al., 2019); this paper mostly focuses on
the interrelations and synergies between the oil refinery industry and
water pollution with the focus on the problems of potential fate on af-
fected water bodies in the context of SD.

2. Methodology

The DPSIR (Drivers-Pressures-State-Impact-Response) framework has
been proposed by a Guidance document from the EU to analyse the ex-
isting pressures and their impacts on water resources (EU 2002). Ac-
cordingly, this study implements the DPSIR concept, as is shown in Fig.
3. Principles of the SWU have become the drivers to meet socio-environ-
mental awareness and to decrease the pressure on water resources. The
hypothesis is that pressure is caused by improper wastewater treatment.
The resulting state or indicator of the pressure (which is usually measur-
able, according to the DPSIR approach) can show high concentrations of
the contaminants in the wastewater, and consequently, in the recipient.
The impact may differ, including deteriorated or destroyed ecosystems,
unsafe drinking water, or the waste of water in the regions where water
scarcity exists. The measures are taken to improve the state, and the re-
sponse has to address the identified pressures.

The structure of the performed assessment is presented in Fig. 4.
The authors aimed to analyse available “first-hand” information about
the state and the impact of governmental bodies. This information in-
cluded legislative documents, such as laws, orders, reports, and stan-
dards; documents and reports from responsible authorities, such as En-
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Fig. 3. The DPSIR framework for this study (Source: the authors).
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Fig. 4. Searching methodology: a conceptual framework (Source: the authors).

vironmental Protection Agencies and oil refinery operators, and statis-
tical datasets. The limitations for consideration of the state and impact
information as relevant were 1) existing effluents conditions, including
a description of the contaminants and their concentrations, and 2) de-
scription of characteristics of wastewater recipients. Also, the authors
aimed to identify the pros and cons of the applied response for the es-
tablishing of current criteria. An extended literature review was car-
ried out, despite the analysis of official information. The authors also
attempted to overview the relevant experience of the SWU implemen-
tation (as drivers) in relevant scientific publications. The above crite-
ria were used for consideration of the relevance of the reviewed litera-
ture. Highly cited papers in peer-reviewed journals were examined with
the following “snowball sampling” review using the Scopus database. A
combination of keywords (refinery AND (effluents OR wastewater OR
waste AND water)) resulted in 1148 publications. 36 publications were
chosen as sound examples of the respective research-supported solutions
for decision-makers toward the SWU in the oil refinery sector. Consider-
ation did not include the publications about treatment methods, as the
previous publication from the authors already investigated the issue.

This paper consists of the Results, Discussion, and Conclusions sec-
tions. The Results section consists of three sub-sections, where the find-
ings for the USA, the EU, and Kazakhstan are presented. The structure
of the sub-section is as following:

(i) Description of historical background in legislative standards and oil
refinery industry.

(ii) Description of current industry conditions with particular attention
on wastewater treatment units.

(iii) Description of wastewater characteristics.

(iv) Description of wastewater recipients and potential consequences
for the environment.

3. Resulting observations

The authors identified strategies from three selected regions, which
have a goal to achieve a sustainable and safe environment via estab-
lishing the criteria for maximum allowable concentrations of contami-
nants in wastewater. The USA applies the National Pollutant Discharge
Elimination System (NPDES), the EU uses the system of Whole Effluent

Assessment (WEA), and Kazakhstan uses the Environmental Impact As-
sessment (EIA). The authors firstly investigated those approaches in each
region — which actions are considered under the decision-making sys-
tems; and secondly, discussed their strengths and weaknesses (Fig. 5).

3.1. The USA observation

The history of regulatory relationships between the USA Environ-
mental Protection Agency (EPA) and oil refinery effluents systems
started in 1974 with the promulgation of effluent limitations guidelines
and standards (ELGs). This document was applied to establish pretreat-
ment standards for existing and new sources of pollution with the per-
missible concentrations of few pollutants, such as ammonia, oil and
grease, biochemical oxygen demand (BOD), phenolic compounds, sul-
fides and chromium in the effluents (USEPA 1974). The guidelines
had been constantly revised, with the final document accepted in 1985.
This resulted in more strict criteria for treatment standards and applica-
tion of innovative Best Available Technologies Economically Achievable
(BAT) (USEPA 1985). The permanent monitoring of available enhance-
ments in technological and scientific progress enabled to enhance the
efficiency of the law through the following amendments.

Implementation of BAT became one of the leading factors, which
makes this guideline efficient to protect the environment towards the
elimination of the discharge of all pollutants (in the USA) (U.S.Code).
The principle of BAT is to find the most efficient and cheapest way to
meet the requirements for local ecosphere safety by reduction or elim-
ination of pollution. The idea of implementation of BAT is to invest in
the prevention of contamination instead of pollution and consequent re-
mediation actions.

One more of the special characteristics of the guidelines is using
“in-plant” and “end-of-pipe” technologies. “In-plant” system controls the
amount of pollutants in processing water after each technological unit
through preliminary treatment methods, such as separation of stormwa-
ter and processed water; sour water strippers; or through re-using water,
e.g. for using lightly contaminated water in water cooling towers. This
approach reduces the burden on the final (or “end-of-pipe™) treatment
system and enhances the efficiency of it. “End-of-pipe” technology as-
sumes deep wastewater treatment and aims to eliminate or significantly
reduce the concentration of pollutants in final effluents. Advanced treat-
ment techniques for the oil refinery industry were described in detail
in the previous publication from the authors (Radelyuk et al., 2019).
They can include, e.g.:

Criteria for establishing MPD

(maximum permissible discharge)

USA EU Kazakhstan

Fig. 5. Conceptual framework of performed observations (Source: the authors).
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(i) Combination of different pretreatment units (electrocoagula-
tion-flocculation, dissolved air flotation (DAF), oil traps, etc.)

(ii) Enhanced common secondary treatment methods (e.g. activated
sludge coupled with oxidation ponds, trickling filters, moving bed
biofilm reactors (MBBR), etc.).

(iii) Polishing approached (wetlands, advanced oxidation processes,
membrane technologies).

Under the regulation of principles of BAT and “end-of-pipe” and
“in-plant” technologies, the EPA establishes production-based mass lim-
itations for the pollutants included in the ELG. The main source of pol-
lution is the desalination unit of the refinery, coupled with the atmos-
pheric distillation unit. Crude oil contains a high level of sulfur, salts and
metals. The desalination unit removes a major amount of salts by emul-
sifiers and generates 3—-10 vol% on a crude charge into wastewater flow
(Alva-Argaez et al., 2007). A significant amount of sulfides, ammo-
nia, phenols, oil, chlorides and mercaptans comes after the distillation
process. These chemicals are included in the list of priority pollutants
for the refinery industry with the main focus on crude oil, or it is called
“petroleum hydrocarbons”. While thousands of hydrocarbons exist, only
very a few of them are investigated in detail (WHO 2008). Hydrocar-
bons are assumed as toxic substances, while the hazard level ranges be-
tween different groups of them. There is no unified way for associated
terminology of the hydrocarbons related to industrial wastewater dis-
charges yet. Depending on the focus contaminants, phase conditions,
type of analysis, etc., the petroleum hydrocarbons in different regions
are called TPH (total petroleum hydrocarbons), Oil in Water (OiW), or
Oil and Grease.

The EPA regularly conducts a study of wastewater discharges from
petroleum refineries to assess the situation in the sector. The evaluation
includes 1) study visits, 2)questionnaire of the petroleum refineries to
request information about their water use processes, crude processed,
production rates, unit operations, wastewater characteristics, pollution
prevention, and wastewater management, treatment, and discharge, and
3) data extraction from the national systems of Discharge Monitoring
Report (DMR) and Toxics Release Inventory (TRI).

Recent reviews of 2011 and 2014 concluded that the regulations
should be changed due to new information, such as reported discharges
of toxic compounds, such as dioxin and dioxin-like compounds, poly-
cyclic aromatic compounds (PACs) and increase of refineries reporting
metals discharges, instead of only chromium included in the current
guideline (USEPA 2019).

The system of establishing the requirements for each case of pollu-
tion, titled National Pollutant Discharge Elimination System (NPDES),
includes several investigations (USEPA 2010). Firstly, limitations are
based on the capabilities of the technologies available to control those
discharges. Industrial processes and raw materials, facility size, geo-
graphical location, and age of facility and equipment are considered.
Secondly, water quality-based effluent limitations are calculated. The
conditions of the water body, which receives the discharges, are assessed
for background contamination. Parameter-Specific Approach, Whole Ef-
fluent Toxicity (WET) Approach, and Bioassessment Approach are used
in this step. Parameter-specific involves a site-specific assessment of the
proposed discharge and its potential effect on the receiving water. The
WET test is used to establish the frameworks of permits. This test mea-
sures the exposure of the contamination to the conditions of living of the
selected organisms, which serve as “indicators” of their ability to live
with the level of the contamination. The criteria approach is used to as-
sess the overall biological integrity of an aquatic community. The idea
is to finally establish the level to the extent when nature can utilise the
hazard in its own functions.

The authors used the latest study report (USEPA 2019) as a base-
ment for the following investigation. This report has presented infor-
mation about 143 refineries in the USA. The authors focused on the

category of refineries, which discharge their effluents directly into the
environment to evaluate the consequent potential effect.

Table 1 shows that only 20 of 143 refineries send their pre-treated
effluents into the municipal wastewater collection systems. Twelve re-
fineries are defined as unknown and excluded from consideration. Two
refineries (Evanston Refinery and Sinclair Refinery) are defined with
the “Zero Discharge” status. It means they achieved the possibility of
near-zero liquid discharge through the full water reuse (Koppol et al.,
2004), which seems to be an ideal case for the elimination of risks.

90 refineries with direct discharges, coupled with nine refineries
with both types of discharges, are subjects of investigation for this study
(Table 2). Wastewater treatment of more than half of refineries is char-
acterised by “Biological treatment”. It means that they commonly use
primary and secondary oil/water separation units, coupled with one of
the types of biological treatment techniques. The type of biological treat-
ment varies widely, from the basic activated sludge to advanced, such
as MBBR, membrane bioreactor (MBR), ADVENT integral biological sys-
tem, etc. Refineries, categorised as “Current BAT technologies” (23 of
99), use an extra unit after a step of biological treatment to achieve the
final requirements of the NPDES. Generally (16 of 23), it is a filtration
implementation whenever the other refineries use settling ponds, extra
aeration, and chemical oxidation. Five refineries use the most advanced
wastewater treatment techniques and implemented more than one extra
unit for polishing. Ion exchange, selenium reduction plant, and Filtra-
tion and Polishing identify those technologies as “Beyond BAT technolo-
gies”.

The EPA identified 26 primary pollutants for monitoring in the re-
finery effluents. The reasons for the inclusion of the chosen substances
were their presence in the untreated refining process wastewater and
their rate of toxicity. Appendix B presents annual mean concentrations
and estimated loadings of contaminants included in the list of pollutants.
The EPA has tried to estimate the amount of the pollutants of interest
in the discharges as average concentrations and their annual loading.
The criteria for inclusion was the refineries, which directly discharge
the treated wastewater into the surface water. That estimation has a
limitation of data availability. For example, only three refineries pro-
vided data about BTEX (benzene, toluene, ethylbenzene, xylene) in their
wastewater, or there is no reported data for polycyclic aromatic hydro-
carbons (PAHs).

While the reported amounts of pollutants seem to be a significant
contribution to water pollution, the averaged and simplified estimation
does not show a detailed picture. The authors investigated the charac-

Table 1
US refineries by discharge status (USEPA 2019).

Discharge Status Number of Refineries

Direct 9

Indirect 30

Direct & Indirect 9

Zero Discharge 2

Unknown 12

Total 143
Table 2

Categorisation by treatment methodology (USEPA 2019).

Categorisation by treatment approaches Number of refineries

Biological treatment 56
Current BAT technologies 23
Beyond BAT technologies 5
Treatment other than Biological Treatment 7
No data/No information available 8
Total 99
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teristics of the refineries wastewater at Top-20 refineries by their oper-
ating capacity, which practice direct discharges. Appendix C represents
the searching methodology used by the authors. The authors used avail-
able DMR and TRI data from the online Water Pollutant Loading Tool.
The data of monitoring for the year 2019 were used to assess the avail-
able data for the whole year in detail.

Appendix D contains the results of the investigation. All refineries
are categorised under the control of effluent limits. 5 of 20 refineries use
“Current BAT Technologies” for wastewater treatment, 12 of 20 use “Bi-
ological Treatment” techniques, and 3 of them use “other than Biolog-
ical Treatment techniques”. All refineries discharge their effluents into
the surface water, which are categorised with having flow, such as chan-
nels, bayou, rivers. 19 of 20 recipients contain the Endangered Species
Act (ESA)-listed aquatic species — organisms, which live in the water and
are characterised under the protection as vanishing. Half of those water
bodies are used for different purposes, such as recreational use (9 of 20)
and aquatic life use (11 of 20). 12 of 20 of those water bodies are listed
for impairments by the EPA according to the Clean Water Act (USEPA
2015). It means that water quality has been already deteriorated by
natural or anthropogenic factors. If the water body is already polluted,
non-strict requirements can be applied for the belonged sources of the
pollution. The substances, which cause the reason for impairment, in-
clude mostly organic matters, e.g. polychlorinated biphenyls (PCBs),
pesticides, dioxins; the “total toxics”, including mercury; pathogens; nu-
trients; and oil and grease. These substances occur in water through an-
thropogenic invasion.

The next step was to look at the concentrations of substances, us-
ing the Pollutant Loading and Effluent Charts tools of DMR. These tools
present data, which have been collected from regular monitoring. Ap-
pendix E shows the extracted data from the Pollutant Loading Report
of USEPA about monitoring status for the Top-20 Refineries in 2019.
There is a twofold opportunity to look at the existing data. Firstly, the
report is formed for the whole year. According to the NPDES, the re-
fineries get a license to discharge a certain amount of pollutants based
on their designed flow. No one refinery have shown exceeding the per-
missible loading into the aquatic system per year. Secondly, the mon-
itoring system works constantly, and if the violation is identified, the
system indicates it. In this case, it is interesting to note that Garyville
Refinery, BP Whiting Refinery, Corpus Christi East Refinery and Wood
River Refinery perform the monitoring for not only the pollutants of in-
terest but they have extended the list of contaminants significantly. The
updated list includes, for example, derivatives of phenolic compounds,
toxic metals, per- and polyfluoroalkyl substances, etc. Those substances
match with the substances, which caused impairments for local water
bodies. Simultaneously, those refineries provide advanced wastewater
treatment systems, including the usage of BAT Technologies. The ex-
ceedance of permissible limits, at least once per year, have been iden-
tified in 5 of 20 refineries. The amount of total suspended solids (2 re-
fineries), oil and grease (2 refineries), sulphide (2 refineries), total or-
ganic carbon (2 refineries), BOD and ammonia has been exceeded (Ap-
pendix F). For example, The Philadelphia Refinery discharged 0.12 t
sulphides more than has been planned in October 2019. The Deer Park
Refinery loaded 0.95 and 4.69 t of oil and grease and total organic car-
bon, more than has been planned in October and November 2019. The
Valero - Corpus Christi East Refinery sent 1.9 t more ammonia into the
drainage ditch in November 2019.

3.2. The EU observation

The EU also aimed to solve the potential problems with the gaps in
legislation. The shifting to the control of hazardous pollutants started
in the 1970s, with the first implementation of the BAT in the 1990s
(CONCAWE, 2012). The recent understanding of the fact that water
resources have limited capacity, despite a general improvement of wa-
ter quality, has driven the European Commission to revise constantly
the crucial law documents, such as Directives (e.g. the Urban Waste

Water Treatment Directive, the Drinking Water Directive, the Water
Framework Directive (WFD)), seriously (Werner and Collins 2012).
The milestone in the European environmental legislation: The Water
Framework Directive, aimed to achieve “good status for surface and
groundwater”, which means to avoid the deterioration of the quality and
quantity of water bodies and related ecosystems (EU 2000). While the
implementation of the Directive has safeguarded the water resources,
there are still opportunities to improve the system by dealing with ex-
istent gaps and disadvantages of the current version of the legislation
(Tsani et al., 2020). Those opportunities include, for example, im-
provement of the monitoring systems, more complex assessment of the
status of water bodies, support of solution-oriented management, etc.
(Brack et al., 2017).

The EU also promotes a preventive approach for industrial emis-
sions to reduce and eliminate any pollution. Directive on industrial emis-
sion (EU 2010) requires the following key steps for implementation to
achieve the goal: (i) the integrated approach states avoiding the trans-
fer of pollutants from one environmental medium to another; (ii) the
responsibility should be assigned to any operator who generates emis-
sions; (iii) holding permission for the emissions means that the set of
best available technologies (BAT) appropriate techniques must be ap-
plied to protect the environment. This approach ensures that the quality
of the emissions is not allowed to elevate critical concentrations, dan-
gerous for the people and the environment.

The petrochemical industry in Europe is the main water-using indus-
try within the manufacturing sector (Willet et al., 2019). Environmen-
tal issues caused by the oil refinery sector in Europe are managed by
Concawe (an abbreviation of “CONservation of Clean Air and Water in
Europe™) — the organisation, which combines most oil companies oper-
ating in Europe. Their mission is to act in line with the concerns over
environmental issues through the conductance of research programs to
support cost-effective and safe decisions for the sector. Instead of the
focus on the allowable concentrations of separated chemicals, the EU
practices Whole Effluent Assessment (WEA) to test the response of local
ecosystems to the mix of the discharged contaminants coupled with the
operational monitoring of the status of the water bodies (CONCAWE
2012). The WEA approach is a tool, which aims to support the WFD in
achieving the global aim of “good ecological status” for all European wa-
ters; and also to support in identification of BAT for the refinery indus-
try under the Integrated Pollution Prevention & Control Directive (IPPC)
for controlling pollution. The strategy of the assessment is based on the
historical background, where the characteristics of receiving waters and
effluents are already known for decades. Particular attention is paid to
WET tests with the focus on the persistence, bioaccumulation or toxi-
city (PBT) properties of effluents or effluent constituents. The tests are
carried out on living species, such as microorganisms, invertebrates and
fish, to assess acute and chronic toxicity (CONCAWE 2004a). However,
only 28 of 64 refineries reported their use of WEA with the most com-
mon method of short-term toxicity assessment, instead of the assessment
of persistence and bioaccumulation (CONCAWE 2012). The Concawe
perform both types of assessment of the influence of refinery effluents:
they regularly carry out the surveys of effluent quality and water use at
the refineries and, simultaneously, they analyse the application of the
WEA by the refineries and produce their recommendations based on the
results of the investigations.

The most recent report from the Concawe has been dated June 2020
(CONCAWE 2020a). 98 refineries have been called to share their sta-
tistics about water use issues, including the information of water con-
sumption, discharge and related water quality data. 72 refineries pro-
vided the whole report, and results have been compared with the pre-
vious reports. The main appropriate outcomes from the report for this
study are an assessment of the effluent discharge volume and the re-
finery effluent quality, coupled with the related trends. Most refiner-
ies clean their wastewater by themselves, and only a few of them
(8.8%) send the wastewater to centralised urban treatment systems.
More than half of the wastewater volume (51%) has been exposed to a
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three-stage wastewater treatment plant. 17% of wastewater has been
treated by limited treatment techniques, such as physical and/or chemi-
cal only. That type of wastewater mostly belongs to lightly contaminated
(e.g. rainwater water runoff).

The content of pollutants in the effluents from refineries in Europe
shows a stable decrease since the 1970s (CONCAWE 2004b). The stud-
ies showed that there was significant damage to aquatic ecosystems by
toxic substances, such as ammonia, sulfides, phenols and PAHs (Wake
2005). After the implementation of strict requirements and the stop of
disposal of polluted effluents, there was hope for recovery.

Throughout the control of wastewater quality, the main focus is on
hydrocarbons and related derivatives. Appendix G shows a summary of
the reported values of the monitored contaminants. A detailed explana-
tion of how much TPH/OiW, BTEX, phenols and PAHs have been dis-
charged annually in different variations is presented. The amount of to-
tal TPH in effluents decreased from 44,000 t/y to 257 t/y during the
period between 1969 and 2016. The reported mean annual concentra-
tion of TPH varied between 0.5 mg/L and 16 mg/L among the refiner-
ies, with an average concentration of 1.4 mg/L for all refineries. The
same trend sounded for the phenol index with the descend from 179 t/
y (0.41 g/t throughput in relative discharge) in the year 1993 to 29.6 t/
y (0.058 g/t throughput in relative discharge) in 2016. However, there
is a light increase comparatively with 2013. Also, the average annual
concentration of phenols ranged between 0 and 0.62 mg/L among dif-
ferent enterprises, with an average concentration of 0.08 mg/L (Fig.
6). The analysis of the presence of PAHs and BTEX in wastewater has
been started relatively recently, and the data only for 2010-2016 have
been presented in the report. The effect of loading of these chemicals
is unclear because the cumulative sum has shown safe concentrations,
while the concentrations of the separated hydrocarbons, such as an-
thracene and fluoranthene, exceeded the recommended values (CON-
CAWE 2018). The concentrations are relatively the same for the re-
ports 2013 and 2016. The content of total nitrogen and phosphorus, as
the potential sources of hazard for living microorganisms, has shown
reasonable values. Fig. 6 shows the variations of concentrations of
mentioned chemicals in the discharges at EU refineries. Most of the
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reported sites (around 70%) show the values below mean concentra-
tions, while around 5-10% significantly higher than average.

3.3. Kazakhstan observation

The water sector in Kazakhstan faces severe problems. Climate
change would affect the quality of water resources, coupled with the de-
cline of their quantity (Salnikov et al., 2015). According to Karatayev
et al. (2017), poor water infrastructure and water pollution are the
main current weakness and challenges, while water-saving potential in
Kazakhstan is ranked as one of the major opportunities in the water sec-
tor. Even when it seems that the representatives of the government are
satisfied by the water legislation, the nongovernmental organisations,
together with academia, define the problems in the water management
sector. For example, the limited access to existing data for researchers,
despite the ratified Aarhus Convention.

Multiple barriers, such as the perception of the industry of pricing
and technological changes, exist in the oil refinery sector in Kazakhstan.
Currently, the price of water is very low for the industry, as well as
the penalties for the violation of the current version of the law. Kaza-
khstan deals with the implementation of suitable legislation. The gov-
ernment of Kazakhstan applies efforts to improve the situation through
policy strengthening. A new ecological code has been announced for
adoption. The law claims the implementation of BAT, increased penal-
ties and investment of industry for environment protection (PrimeMi-
nister 2019). The implementation of the law aims the transition to sus-
tainable development and a “green economy”, with a focus not only on
resource efficiency and waste prevention but on human well-being and
ecosystem resilience as well (EEA 2015).

JSC NC “KazMunayGas” (KMG) is the national company in Kaza-
khstan, which operates all three refineries on the territory of Kaza-
khstan. The recent sustainability report claims to achieve and lead the
initiatives of sustainable development, including the goals related to wa-
ter-saving and efficiency (JSCNC“KazMunayGas”, 2020). The com-
pany confirms its commitment to efforts to deal with the efficient use
of water and taking responsibility to reduce and minimise environmen-
tal impact. The report has listed the following issues as a top prior-

Phassis Concertratizn 2198

Fig. 6. The amount of key pollutants in the discharges from the refineries in the EU (CONCAWE 2020a).
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ity: liquidation of historical contamination, reduction in pollutant emis-
sions and an increase in volume or recycled and reused water.

The procedure of giving permission for emissions into the environ-
ment in Kazakhstan is regulated by the procedure of Environmental Im-
pact Assessment (EIA). This assessment considers the type of industry,
the conditions of the effluents and recipients. The maximum permissible
discharges (MPDs) are calculated based on the above characteristics un-
der the methodology from an Order of Ministry of Environmental Pro-
tection of the Republic of Kazakhstan (2012). The MPDs are calculated
for any recipient separately by the following formula:

Cypp = Co+ (Cry = Co) Xk @

Where Cypp is a calculated and established concentrations of the pollu-
tants in wastewater; C is a background concentration of the pollutant in
the recipient; Cyyy is a threshold limit value, which is established by law
about sanitary and epidemiological requirements for water sources; and
k is a coefficient, which characterises total assimilating, evaporating, fil-
tering capacity of the recipient. Therefore, if the wastewater recipient is
a closed type water body, which is not used for any purposes, such as a
source of drinking, irrigation, recreation, or domestic water; the MPDs
are equal to the actual discharge of pollutants after treatment facilities,
or

Cupp = Co @

The historical background of water use in the oil refinery industry
and related issues was described by Radelyuk et al. (2019). The loop-
holes in legislation let the refineries use already polluted storage sites
as the recipients of effluents. The reason why the storage sites have
been polluted is that refinery, and other industries sent their improp-
erly treated or untreated wastewater into the recipients during the so-
viet and post-soviet era. The concentrations of the pollutants in dis-
charges have been established based on the background concentrations
of the chemicals in the recipients (Table 3). Not strict requirements
have been applied for the quality of the effluent. Even those insufficient
requirements have been violated by the industry, which has been dis-
covered when unexpected commissions take place (KapitalKZ 2019).
While the formal criteria are followed by the enterprises, the hazard
for the environment and health of people still exists. A recent study
(Radelyuk et al., 2020) shows that there is a direct impact on ground-
water surrounding one of the recipients (Appendix H), where the av-
erage exceedance for total petroleum hydrocarbons was four times on
the distance 1 km from the source of contamination. The direct dis-
charge without any treatment for the first three years of the refinery
work caused the source of contamination in the soviet period. The study

Table 3
Maximally permitted concentrations of different parameters in the effluents of three Kaza-
khstan oil refineries (Radelyuk et al., 2019).

Refinery ~ Refinery  Refinery
Parameter Units X Y z
Ammonia (NH4 *) mg/L 55.18 8.0 4.53
Total petroleum hydrocarbons mg/L 3.02 8.0 2.03
(TPH)
Biochemical consumption of mgO0,/L 17.82 16.6 11.6
Oxygen (BOD)
Nitrates (NO3 ) mg/L 19.2 7.8 8.96
Nitrites (NOy 7) mg/L 7.7 0.5 -
Sulphates (SO, 27) mg/L 643.05 500.0 4711
Phenol's index mg/L 0.25 0.05 0.182
Chlorides (Cl ) mg/L 169.8 350.0 678.8
Suspended solids mg/L 20.98 25.75 6.05
Surfactants mg/L 0.52 2.80 1.27
Phosphates (PO4 >7) mg/L 1.05 2.0 6.89
Total Dissolved Solids (TDS) mg/L - 6000 -

“-*- not controlled.

shows that natural processes, coupled with anthropogenic deteriorate
groundwater quality. The recipient pond is considered as the receiver
for a higher amount of wastewater in future due to industrialisation of
the region, whereas the quality of them cannot be assured safe. The re-
cent investigations by the authors showed that a distance of contamina-
tion plume of petroleum hydrocarbons could spread out on a distance
of 2-6 km depending on the initial concentrations until the concentra-
tion reaches the safe limit. It could affect the water quality using for
irrigation (Radelyuk et al., 2021). Due to the drawbacks of the Kaza-
khstani management system, such as lack of data, lack of transparency,
poor engagement of stakeholders into the collaborative work with acad-
emia, etc., there is still difficult to evaluate real conditions of the poten-
tial hazards. KMG plans to maintain the renovated equipment with ad-
vanced treatment techniques coupled with the program of recultivation
of the recipient of Atyrau Refinery. However, the whole process would
take place until 2023. The situation with the PKOP refinery, which is a
part of the KMG group, seems better, as they use the long buffer channel
with waterproofing bottom to send their effluents, firstly, to the evapo-
ration pond, and after that to the local water body.

4. Discussion

This section analyses the results by, firstly, comparison between poli-
cies in different countries; secondly, comparison of differences in treat-
ment and discharge techniques; and, thirdly, comparison of ways and
progress towards the SWU in the sector, weaknesses and strengths on the
local level, and possible ways to overcome obstacles towards the SWU.
Table 4 summarises the results of the performed observations coupled
with sound examples from a literature review.

This study identified that effective policy is an efficient response to
achieve sustainable water use in the oil refinery sector in Kazakhstan.
The best option to assure safe water is efficient water and wastewater
management of water users, instead of post-factum attempts to clean
already polluted sources (Fawell 2015). The effective management of
industrial water use includes appropriate technology standards coupled
with sufficient operational monitoring, which aims to prevent contam-
ination. Thus, the response includes implementation of 1) the concept
of circular economy (CE) (via 1a) water reuse and 1b) Best Available
Techniques (BAT)); 2) Improved methodology for Environmental Impact
Assessment (EIA), aiming to toughen the requirements for wastewater
quality and characteristics of their recipients; and 3) Improved system
of environmental monitoring.

4.1. Circular economy

Circular economy (CE) is a concept, which has relatively begun to be
promoted in the western world and widely but slowly spreading through
the other nations (Schroeder et al., 2019). The core of the concept is
the transition from “linear model” of “linear economy” (“take-make-con-
sume and dispose of”’) when the resources are transformed into the final
product, which is consumed and subsequently wasted; to circular form,
or even 10 Rs - “reduction and reuse, recycling and composting, and en-
ergy recovery” approach (Fan et al., 2020) when the waste, generated
during the manufacturing process, are subject to 10Rs, and all resources
are re-used again as much as possible (Smol et al., 2020).

The industry is the place where the concepts of the SWU and CE
meet and interconnect with each other (Fan et al., 2019). The
“win-win-win” (economic-social-environmental) potential of the circu-
lar economy contributes to all three dimensions of SD (Korhonen et
al., 2018). The application of both is important on any level, from
small-sized companies to international consortiums (Lewandowski
2016) through shared research, demonstration projects, and policy co-
operation (Baas and Baas 2005). Schroeder et al. (2019) have
identified relationships between CE and SDGs and have highlighted
that one of the strongest relationships and synergies are between CE
practices and water-related goals, among others. Concerns about en-
vironmental pol-
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Table 4
Main outcomes from the performed observations with sound from an d review.
Improvement of
the principle and
usage as a tool for
Determining transition to the
Principle USA EU Kazakhstan publications Application of the principle SWU
Circular o“In plant” ePriority of eFormal promotion and Water Application of Water Source Diagram (WSD) Constant water
Economy and “End-of- the willingness to improve rationalization: method (de Souza et al., 2009); auditing to
pipe” strategies the situation Description improve water
approaches and (PrimeMinister 2019; (Wang and conservation
promotion JSCNC“KazMunayGas”, ~ Smith 1994); (Barrington et
on the 2020) al., 2013);
federal level
BAT *BAT (EU Review of Proposed synthesis of water allocation and mass Aiming zero liquid
(USEPA 2014, conceptual and exchange network (Karthick et al., 2010); discharge and
2015) 2020) mathematical respective
models improvements of
(Bagajewicz existing
2000); opyimization
techniques
(Maheshwari et
al., 2019);
Focus on Proposal for use in Iranian refineries, considering Reuse of
multi different conditions of reused municipal
content of (Mohammadnejad et al. 2011, 2012); wastewater at
wastewater refineries
reused (Johnson 2019)
(Savelski and
Bagajewicz
2003)
Environmental Prospects for water rationalization practices in
footprint: (Cugek Brazilian refineries (Pombo et al., 2013)
et al., 2012)
Environmental eNPDES eWhole eLegislative loophol of Characterization of oil refinery effluents, Discussion of the
Impact with effluents (Kazakhstan 2012) pioneering specifically PAHs, PCBs, metals, and TOC in efficiency of
toxicity testing sediments and biota in the receiving river in the US conventional
of the (CONCAWE of the effluents (Hall and Burton 2005); toxicity tests in
recipients 2012) (Chapman et the context of the
al., 1994); new European
water-related
directives
(Comber et al.,
2015);
eWhole Investigation of Assessment of nuclear abnormalities in fishes Investigation of
effluents impact of affected by oil refinery effluents (Cavas and behaviors of
assessment efflunts on Ergene-Gozukara 2005); naphthenic acids
(USEPA aquatic species (Wang et al.,
2020) (Bleckmann et 2015) and their
al., 1995) derivatives (Wang
et al., 2019);
Examining the main and interaction effects among Discussion of
components in the effluents (Parvez et al., efficiency of
2008); Comparison the combination of persistency, toxicity testing on
bioaccumulation, and toxicity tests to an approach certain parameters
using only toxicity tests (Leonards et al., 2011); (Daflon et al.,
2017)
Genotoxicity tests of effect of refinery effluents in
India in vitro (Gupta et al., 2015) and in vivo in
plant, animal and bacterial systems (Gupta and
Ahmad 2012)
Operational ©USEPA eDirectives eLimited indicators for Identification of ‘Warning to monitor quality of the effluents and the Recommendations
monitoring permanent on industrial monitoring contaminants reciving bodies after investigation of affected rivers to revise
monitoring emission and their levels (Vallieres et al., 2007; Hoshina et al., 2008), parameters for
and control and in the effluents groundwater (Ripper and Fruchtenicht 1989; monitoring after
integrated and the Hayat et al., 2002), sediments and living species accidental
pollution recipients in marine environment (Pettersen et al., 1997; discharge
Pprevention (Burks 1982; Ruiz-Fernandez et al., 2016; Hara and Marin- (Bandyopadhyay
and control Snider and Morales 2017) 2011);

Manning 1982;
Wake 2005)
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Improvement of
the principle and
usage as a tool for

Determining transition to the
Principle USA EU Kazakhstan publications Application of the principle SWU
eExtended «CONCAWE eLacking permanent Development of
list of control and control (Radelyuk et remediation
contaminants guidance al., 2019) practices for
(USEPA (CONCAWE monitored
2019) 2018) pollutants

(Janbandhu and
Fulekar 2011)

lution and resource conservation are met in the concept of CE the same
as for sustainable water use. According to (Bocken et al., 2014), tech-
nological aspects are the key element in achieving SD and CE. The im-
portance of wastewater reuse has been highly emphasised in the context
of CE. Achieving sufficient water quality is impossible without appropri-
ate treatment approaches, which is the core of the BAT approach (Voul-
voulis 2018).

First schemes of water use rationalization were proposed in publica-
tions from the early 2000s (e.g., Bagajewicz 2000). This concept re-
ceived considerable attention and began to be improved and incorpo-
rated into the water management systems in oil refineries worldwide
(e.g., Pombo et al., 2013). Currently, a combination of water and envi-
ronmental awareness addresses the aims of the SWU. For example, wa-
ter auditing can be used to identify both the current weaknesses of site
water management and the potential for technical and behavioural im-
provements, including through aligning corporate strategy with water
management goals (e.g., Maheshwari et al., 2019).

In comparison with developed countries, refineries in Kazakhstan do
not aim to re-use water. Achieving sufficient re-use water quality is im-
possible without appropriate treatment techniques, which is the core of
the BAT approach. The principle of BAT is to find the most efficient and
cheapest way to meet the requirements for safe or re-used water. While
the industrial processes and content of generated WW are the same for
refineries in the USA/EU and Kazakhstan, the significant difference be-
tween developed countries and Kazakhstan is the usage of the “in-plant
control” principle and BAT. The basic biological treatment method (ac-
tivated sludge), which is used by refineries in Kazakhstan, cannot ef-
ficiently treat for two reasons: firstly, the petroleum hydrocarbons are
heavily degradable, and secondly, salinity and toxicity of wastewater
inhibit the efficiency of biomass. It means that there are requirements
not only for finally treated effluents but for the quality of generated
WW after each technological unit either. It leads to additional prelimi-
nary treatment, which reduces the burden on the final (or “end-of-pipe™)
treatment system and enhances the efficiency of it. As the generated
wastewater consists mainly of salty unprocessed heavy oil-water emul-
sions, and even after primary mechanical treatment, there is a challenge
to remove hydrocarbons from wastewater (Bruno et al., 2020). The
basic biological treatment method (activated sludge), which is used by
refineries in Kazakhstan, cannot efficiently treat for two reasons: firstly,
the petroleum hydrocarbons are heavily degradable, and secondly, salin-
ity and toxicity of wastewater inhibit the efficiency of biomass. Refiner-
ies in other countries solve this issue by using advanced techniques on
each step of treatment: pre-, secondary, and post- (or polishing) treat-
ment.

The implementation of BAT became one of the leading factors to-
wards the transition to a circular economy (Pinasseau et al., 2018).
However, even developed countries have not met the requirements for
their technical capacity to meet the criteria of CE practices yet (IWA
2016). It should also be all the time be kept in mind that a circular
economy is a tool, but the ultimate target is to minimise environmen-
tal footprints (Cuéek et al., 2012). This becomes even more evident
when the world is going through the COVID-19 pandemic (Kleme$ et

al., 2020a) and with the rising challenges providing an opportunity for
a substantial innovation step (Kleme§ et al., 2020b).

4.2. Envir [ impact

While there is a unified formal aim for all — to sustain the safe water
system and eliminate the impact of wastes, there is no universal way to
achieve and evaluate this goal. There are two general approaches — 1)
to achieve safe concentrations for the ecosystem preliminary. And here
is a potential bias depending on the decision-makers — how to calculate
“safe concentrations” for a certain site. 2) to set the common rules for
every player on the market.

There are different approaches in Kazakhstan and the EU/USA to
make the process of implementation of the EIA efficient and transpar-
ent. Related decisions are taken by respective policy standards in both
cases. However, both the USA and EU base their decisions and develop
their strategies on the scientific approach (Zijp et al., 2016). The de-
sign of policy implementation for EIA in the EU has been based on the
relevant scientific investigation through the possibility of integrating the
respective technological development, well designed, clearly explained
and regularly evaluated (Voulvoulis et al., 2017).

Toxicity testing (e.g., Chapman et al., 1994; Bleckmann et al.,
1995) is historically acknowledged as the most efficient way to evaluate
the safety of the effluents. There is a common practice when the results
of investigations become publicly available and transparent. As exam-
ples can serve the detailed assessment of the effluents from refineries
on aquatic ecosystems with a specific focus on PAHs, PCBs, metals, etc.
(e.g., Gupta and Ahmad 2012). The process of effluents assessment
continuously updated based on already existed knowledge, for example,
assessment of new potentially bioaccumulative substances (PBS) (e.g.,
Comber et al., 2015), derivatives of naphthenic acids (e.g., Wang et
al., 2019), or application of the toxicity tests to evaluate the efficiency
of new treatment techniques specifically chosen for certain parameters
(Daflon et al., 2017).

The current scheme of Environmental Impact Assessment in Kaza-
khstan is weakened by the respective legislative loophole. A Kazakhstani
methodology (Equations (1) and (2)) is used to assess the environmen-
tal status of final effluent-water. There is a potential bias that maximum
admissible concentrations have been set not in accordance with princi-
ples of sustainability and have used gaps in the legislation, which lets
to discharge inappropriately treated wastewater. The whole methodol-
ogy might be affected and represent the wrong score from the first step,
which leads to environmental pollution. In contrast, the unconditional
requirements for effluents safety assessment, such as a detailed inves-
tigation of effluents characteristics using, e.g., Parameter-Specific Ap-
proach, Whole Effluent Toxicity (WET) Approach, or Bioassessment Ap-
proach toxicity tests, have shown the high efficiency in the developed
countries. The current conditions of discharges in the USA and the EU
have shown a positive trend, as requirements for them are established
based on reliable techniques of the EIA.

Also, that is a very unusual practice when the wastewater releases
into the ponds with the affection on groundwater, like in the Kaza-
khstani case. And even if it is formally eligible, the unexpected com-
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missions and complaints from the local habitats on the perception of
groundwater quality shed light on the disadvantage of those pitfalls. In
contrast, the EU directly forbids the transfer of pollutants from one envi-
ronmental media to another. This ban has contributed to environmental
improvements and promote both the governments and the industries to
follow the SWU.

However, there is not full confidence in the “safety” of treated waste-
water for two reasons. Firstly, the fate of hydrocarbons has not yet fully
explored. For example, the recent study of PAHs degradation shows that
the products of degradation are hazardous (CONCAWE 2020b). Sec-
ondly, several refineries still show high concentrations of contaminants,
permanently or accidently, which requires additional investigations.

4.3. Operational monitoring

Overview of the improvements resulted in the identification of sep-
arated compounds supported with the future establishing criteria for ef-
fluents assessment since the early 1980s (e.g., Snider and Manning
1982). Identification of new substances in the effluents supported in
the identification of hazardous substances, fractions and establishing
their permissible levels. Wake (2005) published a substantial review of
trends identified positive trends in Europe, concerned about already pol-
luted sites. The potential fate for the environment and ecosystems from
real case studies has been studied and presented for affected river and
fish there (e.g., Hoshina et al., 2008), on groundwater (e.g., Ripper
and Fruchtenicht 1989), on sediments and living species in a marine
environment (e.g., Hara and Marin-Morales 2017). All these findings
highlighted the necessity for adequate operational monitoring for both
effluents and receiving water bodies. Operational monitoring is impor-
tant as it helps to define the parameters needed to be revised as a re-
sult of the activities of the oil refineries (Bandyopadhyay 2011); or to
develop respective remediation practices for monitored pollutants (Jan-
bandhu and Fulekar 2011).

While the developed countries identified certain indicators, such as
polycyclic aromatic hydrocarbons (PAH), naphthenic acids, PFAS, or
benzene, toluene, ethylbenzene, xylene (BTEX), for better estimation
of the toxic effect of their existence in wastewater; Kazakhstani oil re-
fineries monitor only the sum of TPH, without detailed investigation of
the resulted effect on the environment. Still, mentioned petroleum com-
pounds are not degradable, which might cause risks even at low concen-
trations. Continuous update of the list of substances for operational con-
trol during the wastewater treatment and environmental monitoring in
developed countries ensures environmental safety and follows the sus-
tainable development principles positively affecting the monitoring sys-
tem. E.g., US EPA carries out permanent control of the quality of waste-
water and recipients to detect any accidental or other exceedance of per-
missible values for contaminants. In the EU, any operator of pollution
monitors their emissions under the directives on industrial emission and
integrated pollution prevention and control.

5. Conclusions

Delivery of SDGs requires a healthy and productive environment.
The situation when the industry causes risks for the environment and
public safety violates the principles of equitability and bearability of the
SWU in Kazakhstan. This work was to compare the strategies of the im-
plementation of the SWU system in the oil refinery industry between
developed and developing countries. While the oil refinery industry dis-
charges the effluents into the environment worldwide, the examples of
chosen countries show that there are different approaches to ensure or
not their safety. In order to achieve the SWU, the system of industrial
water and wastewater management should rely on legislative and nor-
mative standards. The defined criteria should be implemented to en-
sure equitable access of different water users and viable mechanisms
to achieve water safety are 1) implementation of the concept of Circu-
lar Economy (CE), via the implementation of Best Available Techniques

(BAT) and water reuse, 2) an adequate and fair system of Environmental
Impact Assessment, and 3) an adequate scheme of operational monitor-
ing for wastewater quality. The considered principles should follow the
requirement to control the amount of contamination inside the techno-
logical processes before final discharge.

It was found that the current “status quo” in Kazakhstan includes for-
mal approval for polluting activities by the industry. The system is se-
riously weakened not only by gaps in legislation, rather by the not suf-
ficient development of appropriate environmental tools (such as oper-
ational monitoring and preliminary and permanent environmental as-
sessment). The performed investigations showed that decision-makers in
Kazakhstan do not follow scientifically approved techniques and mech-
anisms to prevent pollution, which guarantees a good-status of receiv-
ing water bodies, comparatively with developed countries. The current
trend in well-developed countries is a transition towards a “closed-loop™
system. Comparatively, refineries in countries like Kazakhstan still need
to implement the aim to re-use water, which does not reflect a risk
of water scarcity in the region. Also, the current wastewater treatment
scheme does not use efficient advanced techniques on each step, includ-
ing pre-, secondary, and post- (or polishing) treatment. Thus, it is highly
emphasised to improve the wastewater treatment systems via the imple-
mentation of the BAT.

Multiple barriers, such as the perception of the industry of pricing
and technological changes, slow down the process of implementing the
suggested responses in the oil refineries in Kazakhstan. The primary ac-
tion should be the changing of the policy, which has not been updated
for years.
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Appendix A. SDGs related to industry.

global resource efficiency in consumption
and production and endeavour to decouple
economic growth from environmental
degradation, in accordance with the 10-year
framework of programmes on sustainable
consumption and production, with developed
countries taking the lead

SDG Targets Indicators
3.9 By 2030, substantially reduce the number | 3.9.2 Mortality rate attributed to unsafe
of deaths and illnesses from hazardous | water, unsafe sanitation and lack of hygiene
SDG3 chemicals and air, water and soil pollution | (exposure to unsafe Water, Sanitation and
“Good Health and | and contamination Hygiene for All (WASH) services)
Well-Being” 3.9.3 Mortality rate attributed to
unintentional poisoning.
6.3 By 2030, improve water quality by | 6.3.1 Proportion of wastewater safely treated
reducing pollution, eliminating dumping and | 6.3.2 Proportion of bodies of water with good
minimizing release of hazardous chemicals | ambient water quality.
and materials, halving the proportion of
untreated wastewater and  substantially
increasing recycling and safe reuse globally
SDG6 6.4 By 2030, substantially increase water-use | 6.4.1 Change in water-use efficiency over
“Clean Water and | efficiency across all sectors and ensure | time
Sanitation” sustainable withdrawals and supply of | 6.4.2 Level of water stress: freshwater
freshwater to address water scarcity and | withdrawal as a proportion of available
substantially reduce the number of people | freshwater resources
suffering from water scarcity
6.6 By 2020, protect and restore water-related | 6.6.1 Change in the extent of water-related
ecosystems, including mountains, forests, | ecosystems over time
wetlands, rivers, aquifers and lakes
8.1 Sustain per capita economic growth in | 8.1.1 Annual growth rate of real GDP per
accordance with national circumstances and, | capita
in particular, at least 7 per cent gross
domestic product growth per annum in the
least developed countries
8.2 Achieve higher levels of economic | 8.2.1 Annual growth rate of real GDP per
productivity through diversification, | employed person
SDG8 technological upgrading and innovation,
“Decent work and | including through a focus on high-value
economic added and labour-intensive sectors
growth” 8.4 Improve progressively, through 2030, | 8.4.1

Material footprint, material footprint per
capita, and material footprint per GDP

8.4.2

Domestic material consumption, domestic
material consumption per capita, and
domestic material consumption per GDP

SDG9 “Industry,
Innovation and
Infrastructure”

9.4 By 2030, upgrade infrastructure and
retrofit industries to make them sustainable,
with increased resource-use efficiency and
greater  adoption  of  clean and
environmentally sound technologies and
industrial processes, with all countries taking
action in accordance with their respective
capabilities.

9.4.1 CO2 emission per unit of value added.

9.5 Enhance scientific research, upgrade the
technological capabilities of industrial
sectors in all countries, in particular
developing countries, including, by 2030,
encouraging innovation and substantially
increasing the number of research and
development workers per 1 million people
and public and private research and
development spending

9.5.1 Research and development expenditure
as a proportion of GDP
9.5.2 Researchers (in full-time equivalent)
per million inhabitants




recycling and reuse

SDG11 11.6 By 2030, reduce the adverse per capita | 11.6.2 Annual mean levels of fine particulate
“Sustainable environmental impact of cities, including by | matter (e.g. PM2.5 and PM10) in cities
Cities and paying special attention to air quality and | (population weighted)
Communities” municipal and other waste management.
12.2 By 2030, achieve the sustainable | 12.2.1
management and efficient use of natural | Material footprint, material footprint per
resources. capita, and material footprint per GDP
12.2.2
Domestic material consumption, domestic
SDG12 materia_l cons_umption per capita, and
“Responsible domestic material consumption per GDP
c - 12.5 By 2030, substantially reduce waste | 12.5.1 National recycling rate, tons of
onsumption and : - . -
Production” generation through prevention, reduction, | material recycled

12.6 Encourage companies, especially large
and transnational companies, to adopt
sustainable practices and to integrate
sustainability information into their reporting
cycle.

12.6.1 Number of companies publishing
sustainability reports

SDG13 “Climate

13.2 Integrate climate change measures into
national policies, strategies and planning.

13.2.1 Number of countries that have
communicated the  establishment or
operationalization ~ of an integrated
policy/strategy/plan which increases their
ability to adapt to the adverse impacts of
climate change, and foster climate resilience

Action” and low g_reenhouse gas emissions
development in a manner that does not
threaten food production (including a
national  adaptation  plan,  nationally
determined contribution, national
communication, biennial update report or
other)
14.1 By 2025, prevent and significantly | 14.1.1 Index of coastal eutrophication and
SDG14 “Life redu_ce marine pollution of all kin_ds_,_ in | floating plastic debris density
below Water” partlcu_lar fror_n Iand-pased acthlt_les,
including marine debris and nutrient
pollution
SDG17 17.14 Enhance policy coherence for | 17.14.1 Number of countries with
“Partnership for | sustainable development mechanisms in place to enhance policy
the Goals” coherence of sustainable development

Appendix B. Mean concentrations and estimated loadings of contaminants in the directly
discharged treated wastewater (USEPA 2019)

Pollutant Average PoIIutar}tL(ioncentrations Eigg?j?rtlzd
(mg ) (t/y**)
Ammonia as N 3.50 1,846.1
Arsenic 0.0179 9.4
BOD:s (biochemical oxygen
demand) 8.49 4,477.0
BTEX 0.000192 0.1
Cadmium 0 0
Chromium 0.00245 1.3
COD (chemical oxygen 76.1 4,0142.9
demand)
Copper 0.00333 1.8




Cyanide 0.0122 6.4

Lead 0.000982 0.5
Mercury 0.0000860 0.04
Nickel 0.00547 2.9
Nitrate-Nitrite No Data No Data
Nitrogen, Total 16.9 8,890.4
Oil & Grease 2.16 1,138.5
PAH No Data No Data
Phenol 0.00894 4.7
Phosphorus 0.954 503.5
Selenium 0.0536 28.3
Sulfide 0.0296 15.6
TDS (total dissolved solids) 1440 762,035,2
TKN (total Kjeldahl nitrogen) 6.78 3,574.3
TOC (total organic carbon) 11.2 5,896.7
TSS (total suspended solids) 12.9 6,803.9
Uranium-238 No Data No Data
Zinc 0.0261 13.8

Appendix C

Searching methodology:

1

2.

Use the list of Refineries in the Appendix A and B from the Detailed Study of the Petroleum
Refining Category — September 2019 Report, EPA, Washington D.C. (USEPA 2019);

Selection criteria: Discharge status: “Direct” or “Direct and Indirect”; 2018 EIA Refinery
Atmospheric Crude Distillation Capacity (barrels per calendar day): Top-20 refineries;
Search an individual case for each refinery (https://echo.epa.govi/trends/loading-tool/water-
pollution-search) by using NDPES ID for Facility 1D;

Select Reporting Year 2019 in the created Pollutant Loading Report (DMR);

Download all data for Top Pollutants by Pounds and for Top Pollutants by Toxic-Weighted
Pounds (TWPE);

Observe the recipient characteristics from Receiving Water Information tab;

Follow the link to create Detailed Facility Report;

In the tab Environmental conditions observe characteristics of Water body designated use.
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Appendix E. Datafrom the Pollutant L oading Report of USEPA about monitoring statusfor Top-20 Refineries. DMR

CHEVRON ELSEGUNDO REFINERY

FLINT HILLS RESOURCES PINE BEND

WOOD RIVER REFINERY

Tosiy)

)

e ATowaDle Load (6511
T TE:

Solids,total suspended
Oiland grease

BOD, 5-day, 20C
Nitrogen, nirate dissolved
Ammonia asN
Phosphorus

Znc

Sulde
Total phenols

Copper

Chromium, Hexavalent
Chromium

‘Cheical oxygen demand (COD)
Chioroform

Total Residual Chiorine

Chioride

sufate

Solds,totaldissolved

Selenium

Bicarbonate fon- (a5 HCO3)
Magnesium

Potassium

Total Kjeldah Nitogen
Perfluorohexane Sufonate

Perfluorobutane Sulfonate

Trdecafluoroheptanoic acid
Methyl ter-butyl ether

25401865 780735,

920845 975645
3696405 532170
3463008987

828444
3120885058

69204

10272
15210515

3937154497

4159784378

76243
6813090

1619801593

1407528692

1454200732

7831185 49416255
174647025
24733485 507039.75
T1172.21087
4918020795

10314.4339

564987.15

o 3702195
o 4024125

308259 515,088

o 6680.0475

886230072 4861947.825

2404126.662
7711710379
2507689752

2827.33873

0.032098218 0.08720052

ToTIETT

22
152963.6685
187985
371627.3484
11320
137788
1168936932
10839
45551
4729802616
14081
17575
1801560

111475528
2508584753
53717044

3243293222
2341252205
7432546968
564.1078835

621631201

1743240
683624.0133
831840

1186980
43800

11680
12410

1085
13870
15199330

1732256348

4380

3452850702

0033081711

3143408293

PORT ARTHUR REFINERY

PHILADELPHIA REFINERY

CATLETTSBURG REFINERY

[P

TOROTgae T
‘Solds, total suspended

Copper
Chromium, Hexavalent

Chromium

Chemical oxygen demand (COD)

Benzene, ethylbenzene, touene, xylene combination
Lead

Benzene
Hexachiorobenzene
Naphihalene

Total Residual Chiorine.
Solds, totaldissolved
Fluorde

Mercury

ron

Polychiorinated biphenyls
Cyanige

TITTIREE

1916681867

561175.6965
404645

7T
231413822

2546605

849665 697150
114245
119771429 2734371429

1 1149.75

o 25015

o 227305

4608490 16458560

20341 8030

1314 2336

103322

6006677529
180466
126945

421716

§

1724869012
1196275679

8624.345055

o 19663 50673

21576995.45
28226

55195665
236520

3386.911569

7628153733
9281683693

75092
2448

1255508586

134796
233505

100,198

13266.14349

™
112215
1031384538
2072835
736205

10950
7665

7519

8760
14134260

7875774925

0002489435

o 088

PASCAGOULA REFINERY

BP AMOCO WHITING REFINERY

‘Solids, otal suspended

Nitrogen, nirate dissolved
‘Ammonia asN

Total phenals.
Copper

Chromium, Hexavalent
Chromium

Chemical oxygen demand (COD)
Total Residual Chiorine.

Chioride

Sulfate

Solds,total dissolved

Stronium

Fluoride

Selenium

Manganese

Arsenic

Vanagium

Mercury

Chromium

Nickel

oI Pounds (5h7) Wi
TR T

209278

3328386605

229658

1848725
2068216.414
2111525
12885 73876
6371
5363
E) 8979
o 208,85
10220
1067603 15262110

3968 2190

e ATGwable Load (5570
T T
027325
55369.6525

1330790
1542792934
1518765
144930
a75950.
562406348
8aaLs
o 742045

1161225298
692,

o 73365

1768864 11067805
o 7300
10236216

6864810

0385329062
7235




Appendix E. DMR

CITGOPETROLEUM CORP GARYVILLE REFINERY BATON ROUGE REFINERY
e [Toral ot (bs/yr Max Alowabe Load (Bsryr | Toral Pounds Vax Alowable Load (=/yr) | TolPounds (behy Wi Alowalte Loa0|
ToTaTOrgame Carbon
‘Solids, totalsuspended 3103553549 1267620721 26772218 1073488 379) 676614 2171150975
Gl and grease. 1108.83959 561996.1909] 120990.686 475745.1749) o 101411387
, 52y, 197796.0095. 995011939 104627 2170275 596610
Nirogen, niate dissolved 9295588 228467
45001 953380) 10385 639120 5728266667 1143020
Phosphorus 735385 251047
Zinc 1023723013
Sulfide 545 742 577 60955 2221 12702
Total phenols 332 13213 na 7774 0224 171915
opper 6301043179
Chiomium, Hexavalent ] 1095 146 1022 0 20805
Chromium o 110355 4015 12775| o 241265
(Chemical oxygen demand (COD) 1336760 8371275 4244808 17817475
24-Dintrophenol 1825 131.4)
Acrylonirle 1095 10.95|
Benzene, ethylbenzene, toluene, xykene combination 5133021327 138.6049494] 9.46778424. 286 9954954) o 9569437605
Lead 1053397616 27.72008089| 573000992 57.3990015] 49.9108849 1913887521
Benzene 5655081937 27.72008089| 3.40536778 64.6990919] o 1913887521
Hexachiorobenzene 365 219
Benuoffloranthene. 365 365
Acenaphthene 365 268
Chrysene 365 3.65]
Carbontetrachioride 385 124
rene 365 3.65)
Benzo(b)fuoranthene. 365 365
Phenol 365 3.65]
mDichlorabenzene 385 1a4]
xachoroeth 365 219
Diethy phihalate 385 3.65)
Benzfalanthvacene o 278,19 365 365
vacene 385 365
Acenaphinylens 365 3.65]
p-Dichlor 365 144
Di2-ethyhexy) phihalate 365 10,95
Nirobenzene. 285 2445
Naphhalene 365 3.65]
e 365 3.65)
o-Dichiorobenzene 365 219
Hexachorobuadiene 285 144
Dimethy! phihalate 365 3.65]
Dibutyl phthalate. 365 365
Benzofalpyrene. o 278.13 365 3.65]
24-Dimethy phenol 385 3.65)
Phenanthvene 365 365
woranihene. 385 Fre
12.4-Trchlorobenzene 365 21.9|
11.2-Trchloroethane o 3.65)
1.3-Dichloropropene o 219
1 73
o 3.65]
o 3.65]
o 219
o 1095
Trichioraethylene: o 3.65]
Met oride o 365
Chioroethane o 1095
Tetrachioroethylene. o 73
L-Dichioroethylene o 365
1,11 Trchloroethane: 1 365
Nitrophenol o 7.3
Chiorobenzene o pre!
Vinyl chloride o 1095
thylbenzene 1 14,
1,2-Dichlroethane. o 18.25)
Nirophenol o 18.25|
Toluene o 3.65]
Hloroform o 1095)
TotalResidual Chiorine 59.58656613
BEAUMONT REFINERY FLINT HILLS RESOURCES, LP- EAST PLANT _|_SHELL OIL COMPANY DEER PARK REFINERY | _LYONDELLBASEL - HOUSTON REFINERY Phillps -Lake Charies Refiner
[ToralPounds (beiy] e Alowalle L6ad (GSlyr| Total Pounds (slyr) Vax Alowalbe Load (shyr) [ TotalPounds (bsiyr ax Alowable Load (bsryr) | Total Pounds (s/yr) Max Alowable Load (s m‘wmﬁwm 1) Max Alowable Load -
ToTaTOrgamc Carbon
‘Solds, totalsuspended 4737586026 o 10650| 73 7221 38274818 30830.7 360456
Oiland grease 4587464057 545500 9457 6472612326 46556.43362) 1168133901 711816731 137140,0401 2895425721 39615 1608950 14¢
BOD, 5-day,20C 166545.771 206117 514650] 34127.3082 34 894 142507.0
Nirogen, irate dissolved 8712888645 2318522
Ammonia asN 2068274615 o 53200) 35923 182500| 712133 1187804
Phosphorus 1350633311 185923
2Zinc 6798423587 5267230444 9229.16948
Sulfde 2025.119506 o 6935| 67963 3650]
Total phenols 5538700795 11334 83443 244 1606 170,004 52560
Copper 637.5002186 1215.45
Chromum, Hexavalent o 1275168873 ] 83695
Chromum o 127516887 o 035 5| 53382 48180
Chemical oxygen dermand (COD) 1212016619 7651013239 9216919608 842386 1051] 894524312 6243459.1 1011078 22127474
Auminum
PAH 5026 558362
Benzene 1003847859 19127.5331]
‘ EXXONMOBIL REFINING & SUPPLY BAYTOWN
PORT ARTHUR OIL REFINERY. GALVESTON BAY REFINERY [ERY, BAYTOWN. TX 7752
[Polutant Name Total Pounds (bs/ Load (bsfyr) [ Total Pounds (bsyr) M isiy) | Total Pounds (bsiyr) (bsiy
Imﬁ'mmm e sy e o i
‘Solds, total suspended 569430 2176065313 1721620778 153358 3149 2007168 540893
Ol and or 298690.7877 6485394271 1348201570 446157.5806) 8941618683 1311131761
BOD, 5-day,20C 2288130673 359502 194 4366130] 571409 2849921
Nirogen, nirate dissolved 162067
ia asN 50890 754067.9972) 4050376504 2324320) 102452 7301
2626.946 95905| 22205.49997
Sufide 5024 0 792¢ 322808
Total phenols 1266 17210.40825) o 7ad) 766,32 77263
Copper. 79.98893003
Chromum, Hexavalent o 142152154 4797611587 80121 89353) 3651
Chromiu 158 4728303498 [} 8774 o 1900
Chemical oxygen demand (COD) 4079397 15850456,97]
Auminum 268311720
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Appendix E. Datafrom the Pollutant L oading Report of USEPA about monitoring statusfor Top-20 Refineries. TWPE

Phillps -Lake Charies Refinery

LYONDELLBASEL - HOUSTON REFINERY

SHELL OIL COMPANY DEER PARK REFINERY

Ammonia as N 79046763 1318 56234
Chromium 115381 7.336411677 7206763183
Chromium, Hexavalent 1040196 5343015 6271333063 5500796566 300915
zine 5106421367 2106892178 369.1667794
Copper. 2005136071
Hexachlorobenzene 8450.92182
Benzofalpyrene o 115366426 24248.904
Chryss 1299.9392
Benzlajanthracene 35173800 o 21659775 70571655
Benzo(b)fluoranthene 7365.994
Benzofluoranthene 7050267
Anthracene 564073
Fluoranthene 336384
Fluorene 160965
Hexachiorobutadiens. 1310715
Carbon tevachloride 64532
Diz-ethylexy) phinalate. 2601875
Hexachoroethane 042
Pyrene 39384 23652
p-Dichlorobenzene 10,9865
2:4-Dinirophenol 6030301297
Acenaphthene 68085
Benzene 2267757161 2483015452 11607
Phenol 5176570472
1.2,4-Trchlorobenzene 14235
o-Dichlorobenzene. 803
Dibutylphtnalate 28105
Nirobenzene 268105
m-Dichlorobenzene 32485
Napfihalene o 1809641076 22005
2,4-Dimetnyiphenol 1785759795
Acenaphhylene 1936421083
Dimethyphthalate. 05645270588
Diethylphthalate 05623867
Tetrachioroethylene. 52,8885
657
3674491921
0460564543
0.058354708 00168248365 0118106657
trans-1,2-Dichloroethylene 0020145611
Trichioraethylene 219
Chloroethane 3468668062
Vinyichioride: 239204
Methylene chioride 0.421458864
Chioromethane 4811990318
Ghloroform 0.455167167
1,3-Dichloropropene 169652
1,2-Dichloropropane 47961
Toluene 7:300444044 1520074182
L1-Dichloroethylene 78013
1020232615
Ethylbenzene 0358809345 3578289847 0474281
Total Residual Chiorine. 89.61854265
Mercury 2304158706
Nickel 2658263381 21535
Xylene 7182455225
o-Chiorophenl 162425
Phenanthrene 21112 66,6855
1.2:Dichioroethane 7175
2,4-Dichlorophenol w792
26-Dinivotoluene 293005
Acrylonile 22785125
48:Dinito-0-cresol 8139
Chrysene 71207495
24-Dinirotoluene 518738
Cadmium 966.0734747 61889.72479
Indeno[1.2 3-cdlpyrene. o 554835,9538
Dibenzla hlanthracene o 556826559
2 Metnyinaphtnalene 304212
CHEVRON EL SEGUNDO REFINERY FLINTHILLS RESOURCES PINE BEND LLC CONOCOPHILLIPS CO, ROXANA
TomT 7 Tour ) r
Ammonia as N 410300955 590.7087 5459013072 627.1357365 125852 13175478
Chromium 7.1004 533701 o 467.603325 123025 709
Chromium, Hexavalent 0 949,365 15721209 26269488 738531 s58.45
Cyanide 1751068291 as518
Zine 1385563595 4675747729
Copper 1949918301 204866703
Hexachiorobenzene 0 28436712
Carbon tevachioride o 203524
Tetrachioroetylene 0.10360751
Chloroform 0008132038
Toluene 0001204528
Total Residual Chiorine: 2070892180 557.3766398 8661281738
Selenium 1814177784 3166619378 3632488400
Arsenic 4884124562 257.0093798
Chloride 5853525786 6107858520
Manganese 2411489864
Vanadium 157.9754074
Mercury 0780868422 3530803051 9592068165 224983 9636
Nickel 1454299732 222,076409
Polychiorinated biphenyls o 2056002411
ron 1019745424
Boron 1256905635
Barium 1237516788
Magnesium 4823316521
Potassium 1882403889
Chlorodibomomethane 004217847
Dichiorobromomethane 0.036035732
Antimony 0023896150
Xylene 0,008050476
Methyl ter-butylether 0000265491 Pegel
Berylium 0 22095
Heptachioreporide o 2208.40208
1.2-Diphenylnycrazine o 3164915
Heptachior o 280199088
NeNirosodra-propylamine 0 2782395
2,46 Trchlorophenol o 926.443
Acrylonitie 0 149130
Bis(2-chioraethy) ether o 313380
Endin 0 2371478
Toxaphene o 43625.404
33-Dichiorobenzidine. 0 1078575
Aldrin o 16262473
Benzidine o 1336946455
Dieidrin 0 26982804
Endosulfan 0 1826095
Thallum o 37969.125
Tributyin 0 567.721




Appendix E. TWPE

PHILADELPHIAREFINERY CATLETTSBURG REFINERY
6667412058 255.2: 43561284 817.1875
Chromium o 21717 565348 613,
Chomium, Hexavalent o 13030: 5110008 383.46
inc 0050220343
Hexachiorobenzene 2330010065
Lead o 2436950597
Berzene o 5174607
Phenol o 172.48690;
ihalene o 196 63506
Total Residual Chiorine o 39.378874
Fiu 84678 7095
Polychiorinated bptenys 847244371
Jron 18.96670479 7430160352
o
e TI5D 57 G ST 0
Ammonia as N 2151735 Tesszsd 6358376 12754122 2295784822 1 59,1519
Chromium 28.105 894 21 o 1688 o 892 6182112] o 683,98
hrormium, Hexavalent 7448 52124 o 1061058 o 0 45,2304
zinc 4094895652 0271936043
Copper 30255499
Hexachlorobenzene 7100.178 42655062
Benzofalpyrene 367.408 367,404
Chrysene. 1131865 113 186¢
flarihracene 1120185 112018
Benzoniuoranthene 111,909 111,90
BenzofKfuoranthene 111909 111,909
Acrylonitle 24,8565 24.856¢
Lead 1285739822 1285739822 1118003822 4287108047
Anthracene 9271 927
Fluoranthene 4572 457:
Fluorene 2555 255¢
Hexachlorobutadiene 22095 a1
Carbontetachioride 1241 2,964
ene 10585 1,058
Diz-etryhey) prinaiate 0.0125 2.731!
Hexachloroethane 0657
0.3285 0.328¢
02555 102
0148529580 10694130
0.1005 0,100
0102161633 194097297 o 0.574166256] 0301154358 573.8250920]
0073 0.07:
0073 0.43¢
0.0365 021¢
Dibutylphihalate 00365 0.036¢
0.0365 2485
m-Dichlorobenzene 00365 o.14
ne 0.0365
2,4-Dimethylphenal 0034341535 0.034341535]
Acenaphitylere 0.030736342
Dimetnylphihalate 0012023520 0.012023529)
Diethylphithalate: 0.002510287 102
Tetrachioroethylene: o 16
11,2 Trichoroethane: o 0.10
pNirophenol o 0.089186691
Chlorobenzene o
4.6-Dinioocresol o 0.7
L1-Dichioroethane 0 0.0018747
rans-1.2-Dichoroethylene o 0.0002357
ichioroethylene. o 0,036
Choroethane o 0.03491047;
Viny chioride. o 2
1.2Dichioroethane o o
e chiorde. o 0,003697
Choromethane o 0.0586825
rofom o 0227
1,3-Dichloropropene o 12264
1,2-Dichloropropane o 0,657
o 0.020541543]
o 0.011845842]
o 1715t
o 0.01715%7
o 0.020620013]
1430235 8200238 [ 417,308 9.4312815
o 7154 o 610,64 0
o 4635139 ] a7a.1614 0 o
0 453.7¢
241724 550.3017] 137.75153 716.20425
o 27996.565:
o 8535.8097
657.2384 17087 2359610659 620950173
Benzene 0169652458 083162065
Total Residual Chioine o 3651 2979328307
Selenium 549416
Fluoride 53523
Arsenic 47358285
Chioride 249.220607
Manganese 74.60393
Vanadum 25,858 126
Mercury 1021447058 4238616 14154 2569,
Swontum 0442867833
Nickel 3968 16
Ammonia as N 56.4870 £37.0154769| 4ag501792 2579905 1372172 810,
Chromium 126 3309312445 o 6141 0 1330.3
Chromium, Hexavalent [ 724.975085%| 244678191 40862165 0 1861,
zine 11307784 383 885 2199989
Auirium 1600870344
Nirogen iate dissolved 1210100267
Copper 49.83310007
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Appendix F. The identified exceedance of permssible limits

Facity Loading Calculations
THQD04871- SHELL OIL COMPANY DEER PARK REFINERY, DEER PARK, TX 77536 2019
Monitoring Period-Level Loads for 00680 from Outfall 004

selow Average Average Woritoring

Wonitoring Dicharge  Discharge  Discharge  Detection Daly  umt  Dal FlowNumber Period Load  Load Over Numberof

Period Date  Poluant Name. Outall  Occured?  Repored?  Estmated? Ltz Mesurement Type Ve Ve (MGD)  ofDays (biy) Umt ceedances

032015 Total organic Carbon ves ves No No Concentation (me/l) 7 n e 3 2esenen o o

0212872019 Total Organic Carbon aves ves No No Concentation (me/t) 22 0 e 28 1er.c00us o o

03/31/2019  Total Organic Carbon 4 Yes Yes. No Yes Concentration (mg/L) 25 70 021 31 135.8299294 o o

0420/2019  Tota Organic Carbon ves ves No No Concentation (me/t) 105 0 om 0 asss o o

05/31/2015  Totl rganic Carbon aves ves No No Concentation (me/t) 129 o e 3 eon7isse o o

06/30/2019  Torl Oganic Carbon aves Yes No No Concentraton (ma/t) 7 w o n 0 76250021 o o

07/31/2013  Total Organic Carbon 4 Yes Yes. No. No Concentration (mg/L) 137 70 045 31 1595.031456 0 o

08/31/2015  Totl rganic Carbon ves ves No No Concentation (me/t) 109 o om 3 2soaszears o o

09/20/2019  Tota Organic Carbon aves ves No No Concentation (me/t) 04 o as 30 sasns70009 o °

10/31/2019  Total Organic Carbon 4 Yes. Yes No No Concentration (mg/L) 229 70 156 31 10049.86243 o o

13/30/2019  Total Organic Carbon aves ves No No Concentation (me/l) 18 0 o, 0 25083407 1033559 1

12/31/2019  Total Organic Crbon aves ves No No Concentraton (ma/t) sa 0 1 s ass2s0m o o

2019 Monitoring Period-Level Loads for Total Organic
Carbon (00680) from Outfall 004
sok
Facility Loading Calculations
LAOD03026 - PHILLIPS 66 LAKE CHARLES REFINERY, WESTLAKE, LA 70669 2019
Monitoring Period-Level Loads for 00530 from Outfall SUM
Monitoring  Pollutant  Outfall  Discharge  Discharge Discharge Below MeasurementType ~ Average  Limit Number  Monitoring Load Over Number of
Period Date  Name Occurred?  Reported? Estimated?  Detection Daily Value ofDays  Period Load Limit Exceedances
Limit? Value (Ib/yr)

01/31/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 176.8707  2102.494 31 12090 0
02/28/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 253.9683  2102.494 28 15680 0
03/31/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 4544218 2102.494 31 31062 0
04/30/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 824.0363 2102494 30 54510 0
05/31/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 9433107  2102.494 31 64480 0
06/30/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 500.2268 2147.392 30 33090 0
07/31/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 532.8798 2147.392 31 36425 0
08/31/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 404.9887 2147392 31 27683 0
09/30/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 167.3469  2147.392 30 11070 0
10/31/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 141.4966  2147.392 31 9672 0
11/30/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 4185941 2147392 30 27690 0
12/31/2019  Solids, total s SUM Yes Yes No No Quantity (kg/day) 673.0150  2147.392 31 46004 0

2019 Monitoring Period-Level Loads for Solids, total
suspended (00530) from Outfall SUM

50k

40k

Jan 19 Mar 19 May 19 Jul 19 Sep 19 Nov 19

cocoooooroooo



Facility Loading Calculations

PAODL1533 - PHILA ENERGY SOL REF/ PES, PHILADELPHIA, PA 19145-5208 2019

Monitoring Period-Level Loads for 00745 from Outfall 015

Load Over Limit

26133

Load Over Number of

Below Average Average Monitoring
Monitoring  Pollutant Discharge Discharge  Discharge Detection Daily Limit Daily Flow Number Period Load
Period Date Name Outfall Occurred? Reported? Estimated? Limit? Measurement Type  Value Value (MGD) of Days (Ib/yr)
01/31/2019  Sulfide 15 Yes Yes No No Quantity (kg/day) 0.798186 3.492063 753 31 54.56
0272872019 suifide 15 Yes ves No Yes Quantiy (ke/day) 0612265 3.492063 675 = 378
03/31/2019 Sulfide 15 Yes No Yes No Quantity (kg/day) 0 3492083 714 3 0
04/30/2019 Sulfide 15 Yes No Yes No Quantiy (kg/day) 0 3492083 634 30 3
05/31/2019  Sulfide 15 Yes No Yes No Quantity (kg/day) 0 3.492063 6.84 31 0
06/30/2019  Sulfide 15 Yes No Yes No Quantity (kg/day) 0 3.492063 7.06 30 0
07/31/2019  Sulfide 15 Yes No Yes No Quantity (kg/day) 0 3.492063 7.05 31 0
08/31/2019  Sulfide 15 Yes No Yes No Quantity (kg/day) 0 3.492063 463 3 0
09/30/2019  Sulfide 15 Yes Yes No Yes Quantity (kg/day) 1.952381 3.492063 378 30 129.15
10/31/2019  Sulfide 15 ves Yes No No Quantity (kg/day) 7315193 3.492063 391 31 50003
11/30/2019  Sulfide 15 Yes Yes. No No Quantity (kg/day) 1378685 3.492063 323 30 912
12/31/2015 Sulfde 15 Yes Yes No No Quantity (kg/day) 1310658 3492063 372 3 8959
Facilty Loading Calcultions
0005991 - PREMCOR REFINING GROUP INC - PORT ARTHUR REFINERY, PORT ARTHUR, TX77640 2019 Moritorng
Periocavel Loads for 00745 from Outal 001
Moritorin aelow Average Average Monitoring
gperiod  pollutant Oicharge  Discharge  Disharge  Detection Measurement Oaly  Umt  OaiFlowNumber  Period load  Load Over Numberof
oae  mame Outal Occurmed?  Repored?  Estimated? imi? Trpe Vae  vae (GO} ofoas (i) Umit Exceedances
01/31/201 Sulfide 1Yes Yes No No Quantity (kg/day) 0671202 14.19501 178 31 4588 o I
o287201 suifide Lves ves No No Qunty () 0263039 1419501 7 2 1624 o o
03317201 sulfide Tves ves No No Quantiy (e/day) 0417234 1619501 7a 1 s 0 o
04207201 sulfide 1ves ves No No Quaniy (g/dey) 0430839 1419501 o5 0 25 o o
os/31/201 sulfide 1ves ves No No Quantiy (/dey) 101226 169501 s 2 54 o 3
06307201 sulfide e Yes No No Quantiy kg/dey) 0548753 1619501 146 0 33 3 13
07/31/201 Sulfide 1 Yes. Yes No No. Quantity (kg/day) 4875283 14.19501 166 31 333.25 0 3
08317201 sulfide 1ves ves No No Quantity (g/day) 048261 1619501 126 a By 0 o
091307201 suifide Lves ves No No Quantiy (e/day) 1192748 1619501 264 0 9 0 o
10/33/201 sulide 1ves ves No No Quany (kg/can) s 1419501 162 n a6 o o
11/30/201 Sulfde 1ves ves No No Quantiy (g/dey)  05e218 1619501 13 0 6 o o
12/31/201 sulfide 1Yes Yes No No Quantity (kg/day) 0430839 14.19501 9.4 31 2945 0 o
2019 Monitoring Period-Level Loads for Sulfide (00745)
from Outfall 001
800
\
600 \
\
‘é
5 400 /
3 |
200
- o
o
Jan 19 Mar 19 May 19 Jul 19 Sep 19 Nov 19
Faclty Loading Calculations
PAODL1533 - PHILA ENERGY SOL REF/ PES, PHILADELPHIA, PA 19145-5208 2019 Monitorin
Monitoring Perioc-Level Loads for 00556 from Outfall 015 aetow Average - period
Monitoring Discharge Discharge Discharge Detection oaily it Dally Flow Number  Load
Period Date  Pollutant Name  Outfall Ocured?  Reported?  Estmated?  Uimit? Measurement Type Value Vaue  (MGD)  ofbays (b mit
01/31/2019 Ol and grease 15 Yes Yes No. Yes Quantity (kg/day) 6122449 200.4535 7.53 31 4185
2/28/2019  Oil and  grease 15 Yes Yes No. No Quantity (kg/day) 1741497 2004535 675 8 10752
oot e e 15 Yes ves No ves Quantity (kg/da) 560007 2004535 710 3 ames
05/31/2015 Ol and grease 15 Yes ves No ves Quantity (kg/day) 446712 2004535 634 0 2055
06/30/2019  Oil and grease 15 Yes Yes No Yes Quantity (kg/day) 4195011 200.4535 684 31 2867.5
07/31/2019 Ol and grease 15 Yes Yes No. Yes Quantity (kg/day) 3197279 200.4535 7.06 30 2115
08/31/2019  Oil and  grease 15 Yes. Yes No Yes Quantity (kg/day) 4829932 200.4535 7.05 31 33015
‘;Z;i‘j’gzﬁ o e 15 Yes Yes No Yes Quantity (kg/day) 2071655 2004535 463 31 16895
10008 il grease 15 Yes Yes No. Yes Quantity (ke/day) 2834067 2004535 378 30 1875
12/31/2019  Oil and grease 15 Yes Yes No No Quantity (kg/day) 53.06122  200.4535 391 31 3627
15 Yes Yes No Yes Quantity (kg/day) 2811791 2004535 323 30 1860
15 Yes Quantity (kg/day) 29.2517  200.4535 372 31 19995

2019 Monitoring Period-L:

12.5k

Load (Ib/period)

Jan 19

ves o ves
evel Loads for Oil and grease

(00556) from Outfall 015

Mar 19

May 19

Jul1e

sep19

Nov 19

Exceedances



Facilty Loading Calculations

TX0004871 - SHELL OIL COMPANY DEER PARK REFINERY, DEER PARK, TX 77536 2018 Monitoring Period-

Level Loads

Monitorin

g Period
Date

01/31/201
02/28/201
03/31/201
04/30/201
05/31/201
06/30/201
07/31/201
08/31/201
09/30/201
10/31/201
11/30/201
12/31/201

Load (Ib/period)

for 00556 from Outfall 008

Polluant
Name outtall

Oiland gre

Oiland gre

Olandgre

Oland re

Oiland gre

Oiland gre

Oilandre

Oiland gre

Oiland gre

Oilandre

oland gre

Oiland gre

Discharge

Occurred?

BYes
8Yes
8Yes
8Yes
BYes
8ves
8Yes
8Yes
8Yes
8Yes
8Yes
8Yes

Discharge

Reported?

Discharge
Estimated?
No
No
No
No
No
No
No
No
No
No
No
No

Below
Detection

Lmit?

Measurement Type

Concentration (mg/L)

Concentration (m/L)
Concentration (mg/L)

Concentration (me/L)

Concentration (mg/L)
Concentration (mg/L)

Concentration (me/L)

Concentration (mg/L)
Concentration (mg/L)

Concentration (me/L)

Concentration (mg/L)

Concentration (mg/L)

2019 Monitoring Period-Level Loads for Oil and grease

Facilty Loading Calculations
PAOD11533 - PHILA ENERGY SOL REF/ PES, PHILADELPHIA, PA 191455208 2019 Monitoring Period:

Level Loads

Monitoring
Period Date
01/31/2018
02/28/2019
03/31/2019
04/30/2013
05/31/2019
06/30/2019
07/31/2018
08/31/2019
09/30/2019
10/31/2019
11/30/2019
12/31/2019

for 00530 from Outfall 015

Pollutant Name
Solds,total suspende
Solids, total suspende
Solids, total suspende
Solds,total suspende
Solids, total suspende
Solds,total suspende
Solids, total suspende
Solds,total suspende
Solids, total suspende
Solids, total suspende
Solds,total suspende

Solids, total suspende.

outfal

(00556) from Outfall 008

May 19

Discharge
Occurred?

15 ves

15 ves

15 Yes

15 ves

15 ves

15 Yes

15 ves

15 ves

15 Yes

15 Yes

15 ves

15 ves

Discharge

Reported?

Discharge
Estimated?
No
No
No
No
No
No
No
No
No
No
No
No

Sep 19

Below
Detection
Limie
No

No

No

No

No

No

No

No

No

No

No

No

Average
Daly Limit
Value Value
25
25
25
25
25
25
25
25
25
168
25
25
Nov 19
Average
Dally
Measurement Type Value
Quantity (ke/day) 7619048
Quantity (ke/day) 6621315
Quantity (ke/day) 553288
Quantity (ke/day) 4807256
Quantity (ke/day) 7165533
Quantity (ke/day) 535147
Quantity (kg/day) 117014
Quantity (ke/day) 399,093
Quantity (ke/day) 943311
Quantity (kg/day) 5668934
Quantity (ke/day) 1455782
Quantity (ke/day) 115.1927

Average Monitoring
Daily Flow Number Period Load Load Over Number of
(MGD) of Days (Iofyr) umit Exceedances
15 306 31 1979236114 o o0
15 274 28 1600748415 o 0
15 221 31 1429448300 0 0
15 262 30 1639974263 o 0
15 136 31 7477114208 o o0
15 657 30 4112450540 o o
15 25 31 1617022069 0 0
15 ERt) 31 2018084665 o 0
15 105 30 6572415938 0 o
15 a8 31 1347257868 2086348 1
15 195 30 1220591531 0 0
15 136 31 879660495 o 0
Average Monitoring

Lmit Dally Fiow Number Period Load Load Over Number of
Value (M) of Days (Iofyr) Limit Exceedances

5265306 753 31 5208 o

5265306 675 % a088 o

5265306 714 E 3782 o

5265306 634 30 3180 o

5265306 684 31 858 o

5265306 7.06 0 3000 o

5265306 705 E 5549 o

5265306 463 31 27280 o

5265306 378 30 3270 o

5265306 301 E 3875 o

5265306 323 0 %630 o

5265306 3 E 7874 o0



Facilty Loading Calculations
TH0008904 - VALER(

2019 Monitoring Period-Level Loads for 00610 from Outfall 001

Monitoring  Pollutant
PeriodDate  Name

01/31/2019  Ammonia as
02/28/2019  Ammonia as
03/31/2019  Ammonia as
04/30/2018  Ammonia as
05/31/2018  Ammonia as
06/30/2018  Ammonia as
07/31/2018  Ammonia as
08/31/2019  Ammonia as
09/30/2018  Ammonia as
10/31/2019  Ammonia as
11/30/2019  Ammonia as
12/31/2019  Ammonia as

Discharge

Outfall  Occurred?
1¥es

1ves
Lves
1ves
1ves
1ves
1ves
1ves
1¥es
1¥es
1ves
1ves

Discharge.
Reported?

(0 CORPUS CHRISTI REFINERY EAST PLANT, CORPUS CHRISTI, TX 78407

2019 Monitoring Period-Level Loads for Ammonia as N

12.5K

10k

0

Facility Loading Cal
TX0006904 - VAL

Jan 19

leulations
ERO CORPUS CHRISTI REFINERY EAST PLANT, CORPUS CHRIST, TX 78407

(00610) from Outfall 001

Mar 19 May 19

2018 Monitoring Period-Level Loads for 00310 from Outfall 001

Monitoring Discharge
Period Date  Pollutant Name Outfall  Occurred?
01/31/2019 80D, 5-day, 20d Yes
02/28/2019 80D, 5-day, 20d 1ves
03/31/2019  BOD, 5-day, 20d 1ves
04/30/2019 80D, 5-day, 20d 1ves
05/31/2019  BOD, 5-day, 20d 1ves
06/30/2019 80D, 5-day, 20d 1ves
07/31/2019  BOD, 5-day, 20d 1ves
08/31/2019  BOD, 5-day, 20d 1ves
09/30/2019 80D, 5-day, 20d 1ves
10/31/2019  BOD, 5-day, 20d 1ves
11/30/2019  BOD, 5-day, 204 1ves
12/31/2019  BOD, 5-dy, 204 1ves

2019 Monitoring Perio
co

Discharge
Reported?

Monitoring
Discharge  Measurement  Average Average Daily Number Period Load
Estimated?  Type DailyValue Limitvalue  Flow (MGD) of Days (Ibfyr)
No Quantity (kg/day) 004535147 1260770975 E
No Quantity (kg/day) 009070295 1260770975 126 2 56
No Quantity (kg/day) 213151927 1260770975 1201 31 1257
No Quantity (kg/day) 004535147 1260770975 126 0 3
No Quantity (kg/day) 027210884 1260770975 121 31 186
No Quantity (kg/day) 716553288 126.0770975 126 30 a7
No Quantiy (kg/day) 3.44671202 1260770975 1125 E 256
No Quantiy (kg/day) 013605442 1260770975 116 E o3
No Quantiy (kg/day) 027210884 126.0770975 178 30 18
No Quantiy (kg/day) 802721088  126.0770975 109 3 5487
No Quantiy (kg/day) 189.251701  126.0770975 15 0 12519
No Quantiy (kg/day) 76.1451247  126.0770975 1639 B 52049
t

. —

Jul'19 Sep 19 Nov 19
Below Average Average

Discharge. Detection Lmit  Daily Flow Number

Estimated?  Limit? Measurement Type  Vale  Value  (MGD)  of Days

No No Quantity (ke/day) 5804989 1895692 124

No No Quantity (ke/day) 4535147 1895692 124

No No Quantity (ke/day) 9977324 1895692 1241

No No Quantity (kg/day) 4988662 1895692 126

No No Quantity (kg/day) 6802721 1895692 121

No No Quantity (kg/day) 1133787 1895692 124

No No Quantity (kg/day) 1043084 1895692 1125

No No Quantity (kg/day) 8163265 1895692 116

No No Quantity (kg/day) 1088435 1895692 178

No No Quantity (kg/day) 1079365 1895692 109

No No Quantity (kg/day) 1197732 189.5692 15

No No Quantity (kg/day) 7029478 1895692 1639

d-Level Loads for BOD, 5-day, 20 deg.
0310) from Outfall 001

Contains.
Load Over Potential

Limit

No
oo
oo
oo
oo
oo
oo
oo
oo
oo
4179 Yes
0ves

Outliers?

Number of

Exceedances.

Monitoring
Period Load  Load Over Number of

(byr)

7
4805

Uimit

Exceedances



Appendix G. Statistics of wastewater quality of European refineries. (CONCAWE 2020)

Number of Average Annual Industry Total
Analyte Sites Concentration (mg/L) Effluent Load
(Reported) (t)
Organics
Oil in Water (OiW) or Total
Petroleum Hydrocarbons 54 1.42 257.1
(TPH)
Phenol Index 44 0.084 29.6
Total Benzene, Toluene,
Ethylbenzene and Xylene 61 0.023 6.6
(BTEX)
Total Polyaromatic
Hydrocarbons (PAHSs) e o .
General parameters
Total Nitrogen 51 8.57 1,855.8
Total Phosphorus 52 0.78 157.9
Biochemical Oxygen Demand
(BOD) 54 14.7 2,396.6
Chemical Oxygen Demand
(COD) 64 64.0 16,150.9
Total Organic Carbon (TOC) 39 13.1 1,499.6
Total Suspended solids (TSS) 62 15.1 4,098.4
Metals
Cadmium 48 0.003 0.62
Lead 47 0.006 1.12
Mercury 45 0.004 0.39
Nickel 47 0.012 2.87
Vanadium 27 0.05 8.09

Appendix H Groundwater quality around the receiver of refineries’ wastewater compared to WHO

limits (Radelyuk et

al. 2020)
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