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Abstract
What is an effective approach to address wastewater treatment within low- and middle-income countries (LMICs)? To answer 
this question, we developed an integrated lake management (ILM) model which proves to reduce the pollution levels in our 
study site, Lake Khojasan basin, located in LMIC Azerbaijan. We found that the inflow of the treated wastewater into the 
lake can be a reliable approach to effectively restore the lake’s ecosystem. Our model suggests that treated wastewater may 
gradually replace polluted water from the lake and support its full rehabilitation while at the same time restoring neighbor-
ing water systems. Our ILM is based on our calculated water and pollutant balance equations. According to our model, the 
increased investment around the lake will lead to an improvement of the treated water. From the results of this work, future 
studies may expand upon our cost-effective integrated lake management (ILM) model when using natural inflow patterns into 
wetlands to purify the water basin. Our study provides a model for researchers to use or expand upon when implementing 
sustainable and eco-friendly methods that can control highly polluted and mismanaged lakes within LMICs.
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Introduction

Low- and middle-income countries (LMICs) compared to 
high-income countries are more often challenged with pol-
lution management (Abbasov and Smakhtin 2012; Khan 
et al. 2017; Zurbrügg 2002). Specifically, pollution control 
of inland bodies of water within LMICs has shown to be a 
significant challenge due to limited financial support and 
resources (Jirka and Weitbrecht 2005; Mrdjen et al. 2018; 
Effler and Hennigan 1996; Kayani et al. 2020; Liu et al. 
2008; Rahman et al. 2017). It is important to investigate 
cost-effective methods to address surface water pollution 
(i.e., urban lakes) because surface water is one of the most 
susceptible natural resources that is sensitive to being pol-
luted due to its high mobility and universal solvent nature. 

Additionally, urbanization and rapid industrialization has 
caused deterioration of surface water quality, which makes 
it one of the most severe environmental problems for com-
munities to address within LMICs (Khan et al. 2020). The 
expansion of urban areas or industrial sites (i.e., mining or 
oil extraction; see Santana et al. 2014) near surface water 
makes the challenge of mitigating pollutants from urban 
water sources an increasingly difficult task for urban plan-
ners and environmental scientists to address, specifically 
within LMICs.

To manage surface water pollution is critical for eco-
nomic, ecological, and human health focused studies (Ker-
tész et al. 2019; Reynaud and Lanzanova 2017). However, 
numerous studies identify the process of restoring pol-
luted urban lakes as a difficult task (Carpenter and Lathrop 
1999; Salonen et al. 1993). Specifically, the limitations of 
resources and funding to invest in urban remediation cleanup 
projects, for surface water, are often unsuccessful and do not 
fully restore the water quality, resulting in a failed rehabili-
tation project (Kagalou et al. 2008; Le et al. 2010; Sønder-
gaard et al. 2007). In this sense, the difficulties and problems 
that arise during the cleaning of Lake Boyukshor in Azerbai-
jan can be cited as an example (Abbasov et al. 2019). Thus, 
to effectively tackle challenges of surface water pollution 
within LMICs, it is important to establish an economical 
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method that is sustainable. Therefore, recent studies suggest 
that the use of wastewater inflow patterns is a cost-effective 
method to reduce pollution and eutrophication levels within 
polluted urban lakes (Rosińska et al. 2018; Zhu et al. 2019; 
Chen and Olden 2017).

The diversity of pollutants, within urban water sources, 
can significantly vary based on location and pollutant type 
(Goher et al. 2019), this is especially true for nations with 
active oil production (see Santana et al. 2014; da Costa 
Cunha et al. 2019; Okoro et al. 2020; Takshe et al. 2010; 
Winch and Stepnitz 2011), or countries that have a combi-
nation of both location and pollution type (see Fayiga et al. 
2018), or even LMICs that have a history of unsuccessful 
environmental remediation projects aimed at reducing pollu-
tion of urban surface water, such as in Azerbaijan (Abbasov 
et al. 2019; Scandizzo and Abbasov 2021). For example, in 
Azerbaijan’s capital, Baku, located on the Absheron penin-
sula touching the Caspian Sea, there are high pollution lev-
els due to permanent industrial and municipality wastewater 
releases during the Soviet industrial expansion (Khalilova 
and Mammadov 2016).

The impact of these pollutant levels in post-Soviet LMIC, 
Azerbaijan, has negatively impacted inland surface waters. 
Specifically, our study site, Khojasan Lake, is one of the 
most polluted urban lakes in Azerbaijan from previous and 
current industrial and untreated municipal wastewater dis-
charges (Abbasov 2018; WB 2017). This persistent pollu-
tion and mismanagement have turned our study site into an 
industrial and domestic waste reservoir, which poses a seri-
ous public health hazard to nearby residents and ecosystems 
in Baku (i.e., the recent extinction of several fish species in 
Khojasan Lake) (Abbasov et al. 2019).

To obtain sustainable use of Khojasan Lake, we devel-
oped an integrated lake management (ILM) model (see 
“Materials and methods”). In our model, we use the natural-
treated wastewater inflow into the lake to reduce pollutant 
levels. The results of our study demonstrate that the treated 
wastewater entering into Khojasan Lake will consistently 
replace the polluted water, resulting in a gradual and long-
term recovery of the lake. The contribution of our study 
is to establish an economical model that improves ecosys-
tems” services (i.e., wildlife and recreational purposes) 
within LMICs, since LMICs are most often challenged by 
the unattended or mismanagement of urban, surface water 
pollution programs.

Study area

Azerbaijan is a Eurasian nation located in the Caucasus 
Mountains that is challenged by the mismanagement of 
Soviet legacy toxic sites (i.e., polluted surface water, soils 
and air). Therefore, in our study, we examine Khojasan Lake, 

which is located in the western part of the capital, Baku. The 
lake’s watershed occupies the syncline and is surrounded by 
two ridges from the east and west side.

Khojasan’s watershed area is 16.9  km2, surface 1.82  km2, 
and maximal length: 3.82 km, maximal width: 662 m and 
depth: 4.01 m. The climate of the Absheron peninsula, 
where Khojasan Lake is located, is semi-arid and amount 
of precipitation is notably lower than potential evapotran-
spiration. Typically, summers in the area are hot and dry, 
while winters are cool and humid. Average annual tempera-
ture for the last 25 years has been 15.2 °C. Additionally, 
the average annual precipitation for the last 25 years was 
302 mm. Most of the precipitation occurs in October–Janu-
ary. However, none of these months are particularly wet. 
Moreover, the area is predominately windy and the daily, 
maximum average wind speed for the last 15 years has been 
26.8 m/s. Lastly, the maximum speed of winds during that 
period reached 42.5 m/s.

Khojasan Lake has multiple natural inflows but only one 
outflow at the south end (see Fig. 1). The lake’s watershed 
is slopped from the north to the south with the lowest point 
at the south end. The watershed’s area is 5.32  km2 with most 
of the urbanized area being occupied by shanty houses and 
small units of food production. The sewage flowing from all 
houses and production facilities in the area is mixed with 
rainwater, in addition to 15 oil wells that directly discharge 
into Khojasan Lake.

Khojasan Lake is unique with respect to its fauna, eco-
logical, and environmental features. Spring ephemeral plant 
cover of semi-desert areas occupies the lake surroundings. 
These types of ephemerals emerge quickly due to rising 
temperatures in the spring and die back quickly because of 
long droughts of summer periods. Local tamarisk (Tamari-
caceae) plants occupy lower reaches of the temporary water-
courses. These watercourses are locally known as Gobu (dry 
riverbed). There are planted groves in the northeastern and 
western part of the lake area, which occupy nearly 0.96  km2 
of the watershed region. These groves include tree species, 
such as local eldar pines (Pinus Eldarica) and common reeds 
(Phragmites australis), which are occupying lake coastal 
areas in most places (see Fig. 1).

Furthermore, Khojasan Lake is a preferred wintering 
place for some types of valuable duck species (e.g., Anas 
platyrhynchos). Common pochard (Aythya ferina), Eurasian 
coot (Fulica atra), pygmy cormorant (Microcarbo pygmeus) 
and many other bird types, that are watched in the area. In 
addition, to these species’ wild semi-desert lake landscape 
with unique flora and fauna could be a preferred leisure area 
for Baku residents. Its closeness to the city increases eco-
nomic and recreational value of the area.

Recently, Khojasan Lake has been identified to be of 
environmental danger. Untreated municipal and industrial 
wastewater is released directly into the lake and no part of 
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the wastewater discharged into the lake is treated. On the 
northern region, located near the Khojasan town, is a coastal 
area that is heavily developed with numerous unregulated 
releases of chemical and biological pollutants from nearby 
factories and other hazardous wastes. All the houses in Kho-
jasan settlement and several industrial units without sewer-
age systems discharge their wastewater directly into the lake. 
Also, small oil extraction wells flow directly into Khojasan 
Lake, while the southern region of the lake remains rela-
tively non-urbanized.

Materials and methods

Estimation of water and pollutant budget

The water budget equation of lakes is based on the law of 
mass conservation, which shows how much water is stored 
in the lakes within a given period (Sokolov and Chapman 
1974; Swenson and Wahr 2009). The water balance equa-
tion is provided in Eq. (1): where, Vin and Vout is the water 
volume  (m3 or  km3) that is entering and leaving the lake, 
respectively, and the value for dV/dt is the rate of volume 
in change of time.

(1)Vin − Vout = dV∕dt.

Surface water, that are open and have an outflow pat-
tern is considered to be an open lake, such as Khojasan 
Lake, which has a water budget (see Eq. (2)). An open 
lake is when the inflows and outflows exchange processes 
are very active. The value of P denotes the precipitation 
on the lake surface,  (m3 or  km3), and Vsr denotes surface 
runoff, whereas E is evaporation from the lake surface  (m3 
or  km3), and the value of Vgr  (m3 or  km3) is the ground-
water. Open lakes, such as Khojasan Lake, have long-term 
stable water levels because the increase and decrease of 
the inflow is compensated by the increase and decrease of 
the outflow patterns

Therefore, disparity between water input and, as well as 
evaporation can be considered as groundwater inflow/out-
flow as displayed in Eq. (3):

Considering Eqs. (2) and (3), direct natural input is esti-
mated in Eq. (4), where, Vn is natural inflow volume, Vr, 
is the total runoff volume, Ps, is the direct precipitation on 
the lake surface.

To find the difference between natural input and direct 
flow, we calculated the wastewater input of the lake. 

(2)P + Vsr + Vin − E − Vout ± Vgr = 0.

(3)±Vgr = Vin − Vout ± E.

(4)Vn = Ps − Es + Vr.

Fig. 1  Khojasan Lake
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Knowing the amount of wastewater allows us to calculate 
both the amount of pollutant discharged into the lake as well 
as the contribution of treated wastewater in the water bal-
ance, in the near future. The input Vww is the amount of 
wastewater that entered into the surface water. Equation (5) 
calculates the pollutant budget of the surface water.

Total residence time of water in Khojasan Lake is esti-
mated and explained within Eq. (6). The value of Vt is the 
total water volume in the surface water, whereas Qout is the 
amount of outflow per second, and T is the total residence 
time of water in Khojasan Lake, or time for renovation of 
the surface water.

The average concentration of total pollutants is given in 
Eq. (7). The day-to-day change in the amount of chemical 
pollutants in the surface water depends on the differences 
between the inflow and outflow amounts of pollutants. Our 
mathematical ILM model suggests that all the inflowing 
chemical waste is rapidly mixed with the surface water. The 
value of Ct is the average concentration of total pollutants in 
Khojasan Lake, whereas Wt is the total weight of pollutants, 
and V is the water volume.

The pollution budget of the lake can be determined as the 
difference between pollution inflows and outflows. This pro-
cess is explained in Eq. (8). It is important to note that within 
our ILM model if  CVin <  CVout is true, then,  CVout −  CVin, 
will show a reduction of the total amount of pollutants in the 
lake. The changing difference between  CVin and  CVout will 
show changing concentrations of pollutant levels to be the 
following (see Eq. (8)).

If consider Eq. (8) in Eq. (7), then:

If  CVin = 0, then the reduction of the total weight of pol-
lutants is explained in Eq. (9):

The estimation of residence time for pollutants is nec-
essary to estimate time for surface water cleaning if pol-
lutant inflow will be stopped. The residence time of total 
pollutants, as shown in Eq. (9), can be expressed as the 
ratio between the total amount of pollutants and the dif-
ference between pollutant inflow and outflow discharges. 
The pollutant loads of the lake were calculated as a product 

(5)Vww = Vr − Vn.

(6)T = Vt∕Qout.

(7)Ct = Wt∕V .

(8)CVin − CVout = ±Wt.

Ct = Wt +
(

CVin − CVout

)

∕V .

(9)Ct = Wt − CVout∕V .

of volumetric water discharges and concentrations of the 
pollutants. In case of stopping pollution, the time for total 
reduction of pollutants can be calculated using Eq. (9). In 
Eq. (9), we are showing how concentration of the pollutants 
will be reduced, thus, if the pollutant flows into the surface 
water it should then be completely stopped. In general, pol-
lutant decay will depend on the differences between inflow 
and outflow, as well as volume of surface water.

After T days, the concentration of the pollutant in the lake 
will be the following as explained in Eq. (11):

Equation (12) defines Cf and C0 to be the final and initial 
amounts of pollutant concentrations and, T represents the 
time for reduction of the pollutants, and b is the reduction 
factor that proportionally depends closely on resident time 
of water. In general, reduction of concentrations will have 
exponential decay and will be reduced gradually.

If we know the current concentration of pollutants and the 
elements of the water balance, we can calculate the cleaning 
time in open lakes according to Eqs. (10–12). At the same 
time, based on the Eqs. (10–12), it is possible to calculate 
the downward trend of pollutants in the cleaning process.

Water quality analyses

Sampling and physical–chemical, microbiological analysis 
were determined by standard procedures that assess water 
quality. The list of the analyzed physical–chemical and bio-
logical elements for the lake and sewage water flowing into 
the lake is given in Table 1. In Table 2, we list the methods 
used for determining physical–chemical analyses of water. 
Sampling analyses were carried out within laboratories in 
Baku.

The total pollutant loads in Khojasan Lake were calcu-
lated as a product of volumetric water discharges and con-
centrations of given pollutants. There are 11 industrial and 
municipal wastewater flows, 16 lake water samples from 4 
points, and 110 water samples (monthly, 10 samples each 
time) from 11 wastewater discharge places were taken and 
analyzed. Water and wastewater quality indicators include 
physiochemical and microbiological parameters and inor-
ganic contaminants.

(10)T = Wt∕CVout.

(11)C = Win − TWout∕V .

(12)Cf = C0(1 − b)T .
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Results

Lake water budget

The total monthly natural water input is given in Fig. 2. 
According to our calculations, in January of 2018 0.14  m3/s 
of water out of 0.41   m3/s were natural runoffs, while 

0.27  m3/s or 68% was wastewater that flowed from resi-
dential areas. In February, March, and June, the portion 
of wastewater in total, was the input of 58, 61% and 91%, 
respectively. During the dry summer months, wastewater 
generally comprises nearly of all the water input (Figure 3).

Monthly multi-year evaporation values from the lake 
surface change from 30 mm in January to 320 mm in 
August. Figure 4 shows monthly evaporation values for 

Table 1  The list of the analyzed 
physical–chemical and 
biological elements for the lake 
and sewage water flowing into 
the lake

Physicochemical parameters pH, transparency Secchi (cm), total suspended solids 
(mg/l), salinity (mg/l), dissolved  O2 (mg  O2/l), Nitric 
nitrogen (mg  NO3/l), nitrous nitrogen (mg  NO2/l), 
ammonium nitrogen (mg  NH4/l), total phosphorus (mg 
P/l), total hydrocarbons (mg/l), total phosphate (mg 
 PO4

3−/l), silicon (mg Si/l), BOD and COD (mg  O2/l)
Eutrophication indicators Chlorophyll a (mg/l)
Microbiological parameters Fecal coliforms (No/100 ml), total coliforms (No/100 ml)
Inorganic contaminants Arsenic (μg As/l), mercury (μg Hg/l), cadmium (μg/

Cd/l), copper (μg Cu/l), cobalt (μg Co/l), lead (μg Pb/l), 
nickel (μg Ni/l), zinc (μg Zn/l)

Table 2  The list of methods used for determining physical–chemical analyses

№ Analyses Method

1 pH EPA 150.1 Advanced pH meter 850055
2 Transparency Secchi disk
3 Total suspended solids EPA 160.2
4 Salinity Water quality meter
5 Dissolved oxygen EPA 410.1
6 Nitrous nitrogen  NO3 GOST 18826-73
7 Nitric nitrogen  NO2 GOST 4192-82
8 Ammonium nitrogen  NH4 GOST 4192-82
9 Total phosphorus P Atomic absorption spectrophotometer ZEEnit 700P
10 Total hydrocarbons by extraction EPA 1664a
11 Total phosphate  PO4 EPA 365.2 ГOCT 1067.1-74
12 Silicon Si ASTM D5184-12 Atomic absorption spectrophotometer ZEEnit 700P
13 BOD EPA 405.1
14 COD EPA 410.1
15 Chlorophyll a GOST 17.1.4.02.-90
16 Fecal coliforms MYK4.2.1884-04
17 Total coliforms MYK4.2.1884-04
18 Arsenic As ASTM D2972-08 Atomic absorption spectrophotometer ZEEnit 700P
19 Mercury Hg ASTM D3223-12 Atomic absorption spectrophotometer ZEEnit 700P
20 Cadmium Cd ASTM D3557-12 Atomic absorption spectrophotometer ZEEnit 700P
21 Copper Cu ASTM D1688-12 Atomic absorption spectrophotometer ZEEnit 700P
22 Cobalt Co ASTM D3558-08 Atomic absorption spectrophotometer ZEEnit 700P
23 Lead Pb ASTM D3559-08 Atomic absorption spectrophotometer ZEEnit 700P
24 Nickel Ni ASTM D1886-08 Atomic absorption spectrophotometer ZEEnit 700P
25 Zinc Zn ASTM D1691-12 Atomic absorption spectrophotometer ZEEnit 700P
26 PAH EPA 8270D
27 TPH İSO 9377-2
28 BTEX İSO 11423-2
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Fig. 2  Water balance diagram 
of the Lake Khojasan for Janu-
ary, 2017 that shows inputs and 
outputs in  m3/s
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Fig. 3  Average monthly water input to the lake (1990–2018)

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Sustainable Water Resources Management            (2021) 7:86  

1 3

Page 7 of 12    86 

Fig. 4  Monthly average multiyear evaporation from the Khojasan lake surface (1990–2018)

Fig. 5  Lake-wetland system
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the period of 1990–2018. According to recorded observa-
tions, the multiyear (1990–2018) evaporation rate from the 
water surface in the area reached approximately 1827 mm. 
Additionally, Figure 5 identifies the outflow from Kho-
jasan Lake into the downstream wetland.

The information about the outflow discharges measured 
is included in Table 3. Lastly, the assessment of the water 
balance model confirms that the average residence time in 
Khojasan Lake is nearly 120 days.

Water quality

The final results showed that pH levels tend to be alkaline in 
the range of 7.7–8.0. Khojasan Lake’s salinity changes from 
1647 to 1977 mg/l. In the northern region, salinity is slightly 
lower and consists of 1647 mg/l, while in the southern area, 
salinity is equal to 1920 mg/l.

Around 80% of the wastewater discharged into Khojasan 
Lake, is household and industrial wastewater discharge. The 
total amount of coliform in wastewater is somewhere in the 
range of 680–2240. Fecal coliform changes are within the 
160–1000 range. Moreover, the transparency of the southern 
part of the lake changes from 16.6 to 21.6 cm.

The total yearly nutrient loads flowing into Khojasan 
Lake are 942 kg of Phosphorus (P) and 12,345 kg of Nitro-
gen (N). The main sources of Phosphorus and Nitrogen in 
the wastewater enter into the lake flows through 11 inflows.

The concentration of nitrites in the lake changes from 
0.05 to 0.11 mg/l. This is because surface water flowing 
into the lake is of household origin (80%). Coliform total 
amount in the lake’s surface water changes in the range of 
72–142 mg/l, and the fecal coliform changes in the range 
of 21–24 mg/l. Lastly, the amount of petroleum products in 
sediments range from 960 to 3100 mg/kg (0.09–0.3%) origi-
nated from small-size oil wells located in the lake watershed. 
Furthermore, water which contains petroleum products, 
originated from the oil wells, is mixed with wastewater and 
flows into Khojasan Lake.

Concentrations of heavy metals in the surface waters are 
shown in Table 4. Arsenic and cadmium concentration levels 

in the samples ranged between 0.029 and 0.032 mg/l, and 
lead concentrations changes between 0.034 and 0.045 mg/l. 
National threshold value for both arsenic and lead is 
0.01 mg/l. Iron concentrations were 1.1 mg/l, while the 
national threshold value for this metal is 0.05 mg/l. Con-
centrations of other heavy metals were lower than threshold 
values.

Lastly, chlorophyll level in the northern region of the lake 
is very high, ranging from 45.3 to 69.9 μg/l. In the south-
ern region, the chlorophyll levels reduce in range between 
17.2 and 34.5 μg/l. The same pattern is observed for total 
phosphorus levels, which vary between 5.51–5.56 mg/l 
and 1.11–2.54 mg/l, respectively. According to Secchi disk 
measurements, transparency in the lake water is very low. 
The transparency in Khojasan Lake in the southern region, 
varies from 16.6 to 21.6 cm, while in the northern region, 
the transparency values range from 12.1 to 17.3 cm. The 
physical–chemical properties of wastewater are shown in 
Table 5.

Table 3  Water budget of the Lake Khojasan for selected months

Water balance component Water budget for selected months

January, 2019 February, 2019 July, 2019 November, 2019

Direct natural inflow,  m3/s 0.14 0.12 0.02 0.16
Wastewater inflow,  m3/s 0.27 0.26 0.23 0.29
Precipitation to lake surface,  m3/s 0.025 0.023 0.001 0.031
Groundwater leak,  m3/s 0.053 0.042 0.047 0.032
Evaporation from the lake surface, mm  (m3/s) 0.012 0.011 0.038 0.014
Outflow,  m3/s 0.37 0.35 0.28 0.49

Table 4  Concentrations of heavy metals in a lake water

Targeted 
concentration, 
mg/l

Accepted standard (Azerbaijan 
maximum allowable concentra-
tion), mg/l

Arsenic 0.79 0.010
Barium 6.9 2
Cadmium 0.31 0.005
Chromium (total) 3.1 0.1
Copper 0.005 0.01
Iron 0.25 0.3
Lead 0.51 0.015
Mercury 0.021 0.002
Nickel 0.01 0.01
Zinc 0.01 0.01
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Discussion

According to our proposed integrated lake management 
(ILM) model, wastewater will be treated and discharged 
into Khojasan Lake. The wastewater will then be discharged 
into the wetland below the lake to establish long-term reha-
bilitation of the surface water and downstream wetland. 
The assessment of the water balance confirms that average 

residence time in Khojasan Lake is 120 days. This means 
that replacing wastewater with treated water can help clean 
and fully rehabilitate the lake in a short period of time. 
According to Eqs. (11) and (12), rapid reduction of pollution 
levels and full restoration of the lake will occur in 526 days 
(see Table 6).

This period of restoration time may be notably prolonged 
by mixing the bottom sediments with lake water. However, it 
is believed that the constant supply of clean water to the lake 

Table 5  Physical–chemical 
properties of wastewater

Unit Sample 1 Sample 2 Sample 3 Sample 4

Physicochemical parameters
 pH – 7.2 6.05 6.51 7.15
 Total suspended solids mg/l 479 274 1548 435
 Salinity mg/l 1560 927 825 721
 Dissolved  O2 mg/l 4.0 0.7 0.6 1.4
 Nitric nitrogen  (NO3) mg/l 0.38 0.22 0.05 4.04
 Nitrous nitrogen  (NO2) mg/l 0.08 0.14 0.02 0.97
 Ammonium nitrogen  (NH4) mg/l 4.938 1.98 0.98 1.86
 Total phosphate  (PO4

3−) mg/l 0.07 0.04 0.01 0.53
 BOD mg/l 76 48 27 19
 COD mg/l 68 79 46 36

Inorganic contaminants
 Total phosphorus (P) µg/l 12.32 11.52 18.65 11.24
 Silicon (Si) µg/l 0.15 0.18 0.11 0.17
 Arsenic (As) µg/l 2.63 3.35 2.14 1.36
 Mercury (Hg) µg/l 7.72 4.65 2.69 1.59
 Cadmium (Cd) µg/l 8.09 8.74 9.05 7.94
 Copper (Cu) µg/l 3.48 3.79 2.00 3.08
 Cobalt (Co) µg/l 0.78 0.48 0.65 0.78
 Lead (Pb) µg/l 3.64 3.11 5.05 4.62
 Nickel (Ni) µg/l 0.55 0.87 0.59 0.97
 Zinc (Zn) µg/l 0.64 3.89 7.61 5.67

Table 6  Decay of pollutant concentrations of the lake, after cessation of pollution

Pollutant Concentra-
tion, mg/l

Total, kg Daily reduction of 
pollutants, kg

After 30 days cut of pol-
lution

After 1 year cut of pol-
lution

After 526 days cut of 
pollution

Concentra-
tion, mg/l

Total, kg Concentra-
tion, mg/l

Total, kg Concentra-
tion, mg/l

Total, kg

Arsenic 0.79 2458 4.7 0.65 2317 0.27 1705 0.00 1.48
Barium 6.9 21,466 40.8 5.1 20,242 2.3 14,887 0.00 12.9
Cadmium 0.31 9645 18.3 0.27 9095 0.11 6689 0.00 5.8
Chromium 3.1 16 0.03 3.0 15.9 1.7 11.1 0.00 0.01
Copper 0.005 778 1.5 0.004 733 0.002 539.5 0.00 0.47
Iron 0.25 1587 3.0 0.21 1496 0.12 1100 0.00 0
Lead 0.51 65 0.12 0.49 61 0.28 45.08 0.00 0.95
Mercury 0.021 31 0.06 0.012 29 0.06 21.5 0.00 0.04
Nickel 0.01 31 0.06 0.01 29 0.01 21.5 0.00 0.02
Zinc 0.01 31 0.06 0.01 29 0.01 21.5 0.00 0.02
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will eventually lead to the gradual cleaning of the bottom 
sediments of Khojasan Lake. Additionally, our ILM model 
does not provide the direct removal and treatment of bottom 
sediments. Removal of the bottom sediments may cause the 
surface water to become very polluted in a short period of 
time and degrade the already vulnerable ecosystem.

In 2019, the Azerbaijani water company, Azersu, began 
to build a new wastewater system in attempt to eliminate the 
polluted wastewater from Khojasan Lake’s watershed. At 
first glance, cutting all of the wastewater input was consid-
ered the best solution to reduce pollution levels in the sur-
face water. However, in our ILM model, the water balance 
calculations confirm that a total wastewater inflow comprises 
60–90% of the total water input into the surface water. This 
is an issue because it will reduce inflows to the lake and will 
continue evaporation from the surface, driving the miner-
alization (e.g., salinity) of the surface water to gradually 
increase. This would raise the biological oxygen demand 
(BOD) level and intensify eutrophication of the lake making 
Khojasan Lake a lifeless body of water. The results of this, 
allude to the fact that any inaccurate management may lead 
to unexpected consequences, which are explained in Table 7.

According to scenario 1, cutting off all wastewater inflows 
and redirecting them into the centralized sewage system 
of the capital, Baku, will result in fatal consequences for 
Khojasan Lake’s hydrology and ecology. Restriction of all 
inflows will cut the lake outflow as well, making Khojasan 
Lake a closed system. This will result in a reduced eco-
system and recreational importance. Reducing the inflows 
may have some negative consequences in the downstream 
wetland as well, which may fully dry up as a result of inflow 
cuts. According to scenario 2, construction of a new water 
treatment plant is suggested. After the proper treatment, 
all wastewater and rainwater can be directed into Khojasan 
Lake. This approach is intended to improve the hydrological 
regime of the surface water, while simultaneously improving 
the ecosystem and environmental values of the lake.

Our proposed equations suggest that the process of clean-
ing the surface water can be accelerated. The polluted water 
will be replaced by the inflow of the treated water flowing 
into the lake. Looking toward the near future, Azerbaijan’s 
urban expansion will continue, which will directly affect the 
increase of water inflow of the treated wastewater in Kho-
jasan Lake, and in turn, will accelerate its recovery pollutant 
build-up.

According to scenario 2, it is also possible to separate 
stormwater from wastewater. The stormwater system sepa-
rates the rain and sewage water flows, which enables rain-
water release directly to Khojasan Lake. Scenario 3, as a 
basic business-as-usual scenario, suggests that the current 
situation around the lake will remain. Taking into account 
our integrated lake management (ILM) model, the local 
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company, Azersu Water, agreed to apply our model by build-
ing a water treatment plant at the location we identified.

Table 7 shows that future water budget will be strongly 
affected by management decisions and good governance 
regarding recreational use, fishing, and tourism. Respec-
tively, a functioning institutional setup will most likely play 
a key role in sustainable management of Khojasan Lake.

Our model supports the practice of implementing a waste-
water management approach as demonstrated within sce-
nario 2. According to scenario 2, treated wastewater and 
stormwater input into the lake will be increased, resulting 
in an accelerated cleanup. Also, we observed in our tested 
scenarios excess water can be redirected into the wetland 
located downstream.

To keep water levels in Khojasan Lake stable, it is essen-
tial to implement correct regulation of the outflow through 
gateway. This gateway includes a meter that will monitor the 
water level regularly. Additionally, activities involving deep 
drilling or digging around the south areas of the lake will 
increase groundwater outflow as well.

Conclusion

In this study, we proposed an integrated lake management 
(ILM) model to restore Khojasan Lake located in Azerbai-
jan’s capital, Baku. The results of our model showed that 
we can successfully eliminate pollutant levels through the 
treatment of treated wastewater flowing into the upper sec-
tion of Khojasan Lake.

In this study, we explored the possibility of rehabilitat-
ing lakes in urban areas without direct intervention, because 
remediation programs are generally costly and challenging 
to successfully conduct in LMICs. For this purpose, we con-
sider Khojasan Lake, located in Azerbaijan’s capital, Baku, 
because of the long-term influx of domestic and industrial 
pollutants impacting the quality of its surface water and pre-
vious implemented projects failing to remedy the pollutant 
levels.

Our results confirmed that active intervention measures 
are not required for rehabilitation in open lakes of an urban 
areas because our developed model demonstrates that stop-
ping the flow of pollutants into the lake will lead to the grad-
ual recovery of the lake from wastewater. Additionally, our 
results suggest that if wastewater is treated and transported 
into Khojasan Lake, increased urbanization may accelerate 
the process of cleaning the surface water. Thus, the treated 
water entering Khojasan Lake will gradually remove the pol-
lutants while flowing downstream.

Our ILM model does not provide treatment of the con-
taminated bottom sediments, because when the bottom 
sediments are cleaned, the water quality of Khojasan Lake 

becomes extremely polluted, which has a negative impact 
on the existing ecosystem. Lastly, our ILM model demon-
strates that the areas surrounding the surface water become 
more urbanized, since the amount of treated water entering 
Khojasan Lake will increase because the treated water will 
gradually remove pollutants that will transfer into the wet-
land flowing southward. To expand among our ILM model, 
we suggest future studies to consider the impact of treated 
urban water systems, specifically on the eutrophication pro-
cess in urban lakes.

Data availability The data that support the findings of this study are 
available on request from the corresponding author.
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