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Abstract: Analysis of the current knowledge has revealed the lack of a method for increasing the
cost-effectiveness of wastewater and septage treatment in plants overloaded by contamination.
This was the premise for undertaking research on the process of septage pre-treatment in a
subsurface vertical flow constructed wetland (SS-VF) prior to its input into the biological section of
a municipal treatment plant. In previous research the authors have indicated that this allows for a
significant reduction in the value of pollution indicators. The objective of this paper is to assess the
cost-effectiveness of this process by means of an optimization model. The decision variable was the
coefficient of septage stream distribution into the quantity directed to the SS-VF bed in relation to
its total quantity. The optimization criterion was the minimization of the expected annual cost of
wastewater and septage treatment. Verification of the model has shown that it is reasonable to subject
all septage to the pre-treatment in a SS-VF bed for small wastewater treatment plant (WWTPs) located
in rural areas. The bigger the septage pollution load is, the greater the reduction in the treatment costs.
The proposed solution is less cost-effective in urban areas, where the construction of a SS-VF bed
requires land purchase and additional costs of its adjustment. Optimization results largely depend
on the cost function, so it is important to build it on reliable local data.

Keywords: cost optimization; wastewater treatment; septage treatment; vertical flow constructed
wetland

1. Introduction

Finding cost-effective methods of wastewater treatment is an important, but rarely studied
issue in literature [1–3]. Small wastewater treatment plants (WWTPs) are a challenge to wastewater
engineers [4,5]. Not only technical but economic and social aspects should also be taken into account
when designing them. This creates the need to optimize costs of wastewater and septage treatment.

Septage is wastewater temporarily collected in cesspools and periodically delivered to municipal
WWTPs. Septage is treated alongside the wastewater stream, although it is characterized by a much
higher concentration of pollutants than municipal wastewater.

The literature describes the problem of the negative impact of an excessive pollutant load in
septage on the process of biological wastewater treatment [6,7]. The most serious problems occur
in small, hydraulically unloaded WWTPs [8,9]. The real pollutant load significantly differs from
the design assumptions, which causes serious disturbances in the operation of activated sludge and
trickling filters [10]. This, in turn, threatens the quality of treated wastewater and, in extreme cases,
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failure of the entire system. So far, the problem has not been solved by equipping the WWTP with
receiving stations and retention tanks. While searching for a solution to this problem, the application
of a subsurface vertical flow constructed wetland (SS-VF) was proposed for pre-treatment of septage
before its input into the biological section of a municipal WWTP (Figure 1).
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Figure 1. System for wastewater and septage treatment in a municipal wastewater treatment plant (WWTP).

Constructed wetlands (CWs) are used worldwide for treatment of municipal and industrial
wastewater, reject water and landfill leachate as well as for sludge treatment [11–14]. In case of septage,
the application of CWs was aimed to dewater and consolidate the sludge-type wastewater instead of
removing pollutants [15–18]. The research results presented by the authors of this paper [19] show
that the use of the SS-VF bed for septage pre-treatment also allows to reduce the value of pollution
indicators by: biochemical oxygen demand (BOD5): 82%, chemical oxygen demand (COD): 82%,
suspended solids (SS) 91%, total nitrogen (TN): 47%, total Kjeldahl nitrogen (TKN): 71%, ammonia
nitrogen (NH4-N): 70%, total phosphorus (TP): 79%. The research was conducted over a 12-month
period using a pilot-scale installation built in one of the municipal WWTP in north-eastern Poland.
The SS-VF bed with a 5 m2 surface area and 0.65 m depth was planted with Phragmines australis.
The bed consisted of three layers: 0.15 m stones, 0.35 m gravel and 0.15 m sand. The results of research
carried out under other conditions and by means of different systems were described by Tan et al. [20]
and Bui et al. [21].

By directing septage pre-treated in the SS-VF bed to the biological section of the WWTP its
pollution load is reduced. Initially, input of the SS-VF bed into the system allows to reduce the required
treatment effectiveness in the biological section of the WWTP. In addition, it is also expected to generate
an economic effect in the form of reduced treatment costs. The use of an optimization model allows to
analyze an infinite number of variants.

Cost optimization models differ in terms of the value of the parameter affecting costs—decision
variable: the coefficient of septage stream distribution into the quantity directed to the SS-VF bed in
relation to its total quantity. The cost function is not linear in terms of flow and treatment efficiency.
An optimization model allows to determine its value with the lowest possible expected annual cost of
both wastewater and septage. The closest cost model described in literature concerns optimization of
sewage and sludge treatment [22]. This issue is also addressed in the papers [23,24], but none of them
introduce a the SS-VF bed for septage pre-treatment. To the best knowledge of the authors, there are no
studies focusing on the economic aspects of overloading WWTPs with the load of pollutants contained
in septage. All that is known is that an excessive load of pollutants increases treatment costs [9].
The objective of this paper is to assess the cost-effectiveness of septage pretreatment in the SS-VF bed
by means of an optimization model.
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2. Mathematical Modeling

The optimization model consists of: optimization criterion (1), decision variables (2), constraints
(3), boundary conditions of decision variables (4), objective function (5), model solution algorithm (6),
computer program (7), verification of the optimization model (8) and interpretation of the optimization
results (9). Cost minimization is most often the optimization criterion (1) in the economic optimization
models. This criterion is consistent with the principle of rational management, according to which the
greatest economic effectiveness is obtained when a certain effect is achieved with the lowest cost [25].
This cost is understood as an expected annual cost, including investment outlays and operating costs.
Using the cost-effectiveness analysis, it is possible to compare variants of the process giving the same
use effect and to choose the one which has the minimum expected annual cost Kr [26,27]:

Kr = I(r + s) + Ka (1)

where: Kr—expected annual cost (PLN/year), I—investment outlays (PLN), r—discount rate (year−1),
s—depreciation rate (year−1), Ka—annual operating costs (without depreciation) (PLN/year).

The decision variable (2) is the parameter affecting the expected annual cost, whose value can
be modified within the range defined by the constraints and boundary conditions. Constraints (3)
are conditions resulting from the legal and technical requirements. Boundary conditions of decision
variables (4) are conditions resulting from the physical essence of the decision variable. The objective
function (5) is usually the expected annual cost function, determined on the basis of real data.
The solution of the optimization model requires the development of an algorithm (6). According to it,
at the beginning, the lowest possible value of the expected annual cost is determined and then the
corresponding value of the decision variable is searched. In other words, an examination is carried
out for a variant in which the expected annual cost function reaches the minimum level. A computer
program (7) is then built on the basis of the algorithm of the optimization model solution. Using real
sample data, verification of the developed optimization model (8) and interpretation of optimization
results (9) are carried out. The following variants of the process are considered:

VARIANT ZERO: no septage pre-treatment in the SS-VF bed before its input into the biological
section of a municipal WWTP (Figure 2).
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Figure 2. Block diagram of the variant zero of wastewater and septage treatment.

Septage is fed into a receiving station equipped with a mechanical treatment device and then into
a retention tank from where, after averaging the concentrations to S1, the quantity Q1 is directed to the
biological section of a municipal WWTP.
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Mechanically treated wastewater with concentration S2 and quantity Q2 is fed into the biological
section of a WWTP. There, the mixture of septage (Q1, S1) and wastewater (Q2, S2) undergoes a
treatment process with efficiency η2, allowing to reduce the concentration of pollutants in wastewater
discharged into the receiver (Q1 + Q2) to the maximum permissible level (Sp).

ALTERNATIVE VARIANT: the use of pre-treatment of septage in the SS-VF bed before its input
into the biological section of a municipal WWTP (Figure 3).
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Figure 3. Block diagram of the alternative variant of wastewater and septage treatment—optimization issue.

Septage is fed into a receiving station equipped with a mechanical treatment device and then into
a retention tank from where, after averaging the concentrations to S1, the amount of Q1 is directed to
the biological treatment. The part of that total septage quantity (Q1 · q = Q1′) is input into the SS-VF
bed, where it is pretreated with efficiency η1. The rest of the septage {(1 − q) ·Q1)} is transferred directly
into to the biological section of a WWTP. The optimization task is to determine the optimal coefficient
of septage stream distribution q = Q1′ /Q1. For technological reasons, the same septage should be
directed to the biological section of a WWTP and excluded from optimization. This is important in the
case of large WWTPs, for which a high efficiency of nutrient removal requires addition of an external
carbon source [28]. Organic compounds contained in septage may provide an external carbon source
for the denitrification process.

Wastewater is subjected to pre-treatment in the mechanical section, from which (along with
the concentration S2 and quantity Q2) it is transferred into the biological section of the WWTP.
There, the mixture of septage (Q1, S1) and wastewater (Q2, S2) undergoes a treatment process with
efficiency η2, allowing to reduce the concentration of pollutants in wastewater discharged into the
receiver (Q1 + Q2) to the maximum permissible level (Sp).

3. Results

The result of the research was the development of an optimization model whose structure is
presented below.

(1) Optimization criterion:

The optimization criterion is the minimization of the expected annual cost of wastewater and
septage treatment

K = K1 + K2 → min (2)



Energies 2020, 13, 6406 5 of 13

K1—expected annual cost of septage pre-treatment in SS-VF bed (PLN/year)
K2—expected annual cost of treatment in the biological section of a WWTP (PLN/year).

(2) Decision variables:

q—coefficient of septage stream distribution into the quantity directed to the SS-VF bed in relation
to its total quantity (–).

(3) Objective function:

Function of the expected annual cost consisting of the sum of the function of the annual cost of
septage pre-treatment in the SS-VF bed (K1) and the function of the annual cost of treatment in the
biological section of a WWTP (K2):

K(q, η2) = K01(qQ1)
α1

(
η1

1− η1

)γ1

+ K02(Q1 + Q2)
α2

(
η2

1− η2

)γ2

→ min (3)

q—a.m.
Q1—septage flow (m3/year),
Q2—wastewater flow (m3/year),
η1—effectiveness of septage pre-treatment in SS-VF bed (–),
η2—effectiveness of treatment in the biological section of a WWTP (–),
K01,α1,γ1—power regression coefficients of the cost function of septage pre-treatment in SS-VF (–),
K02,α2,γ2—power regression coefficients of the cost function of treatment in the biological section

of a WWTP (–).
The values of coefficients K0, α, γ are determined on the basis of real sample data obtained from

WWTPs operators. For this purpose, it is necessary to obtain data concerning the expected annual cost
of treatment (Kr) and the effectiveness (η) of at least four WWTPs. To determine the power regression
coefficients a computer program “Modeling of wastewater treatment costs” was developed (Figure 4)
(programmer Malinowski P).
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(4) Constraints:

Constraints result from legal requirements which regard the quality of treated wastewater
discharged into a receiver. The sum of the loads (L1), (L2) and (L3) cannot be greater than the permitted
discharged load (Lp):
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L1—pollution load in septage treated in the SS-VF bed and in the biological section of a WWTP
(kg/year),

L2—pollution load in septage excluding SS-VF bed (kg/year),
L3—pollution load in treated wastewater (kg/year),
Lp—permissible input pollution load into a receiver (kg/year).
After simplification, inequality (4) is reduced to:

η2 ≥ 1−
(Q1 + Q2)Sp

S1Q1(1− η1q) + S2Q2
(5)

q, Q1, Q2,η1,η2—S/A
S1—pollutant concentration in septage (g/m3),
S2—pollutant concentration in wastewater (g/m3),
Sp—maximum permissible level of the pollutants concentration in wastewater discharged into

the receiver (g/m3).

(5) Constraints of decision variables: q (0; 1 − κ)

κ—part of septage which, for technological reasonsshould enter the biological section of a WWTP
(excluded from optimization).

(6) Model solution algorithm:

Stage 1: Optimization concentrated on η2

In the first step, the value of η2 is sought in which the expected annual cost of treatment in the
biological section of a WWTP will be the lowest, i.e.,

∂K(q,η2)
∂η2

=
∂K2(q,η2)
∂η2

= K02(Q1 + Q2)
α2γ2

( η2
1−η2

)γ2−1 1
(1−η2)

2 =

= c1
( η2

1−η2

)γ2−1 1
(1−η2)

2 ≥ 0 dla η2 ∈ [0, 1)
(6)

The cost of treatment in the biological section of a WWTP increases with the increase in η2,
therefore its minimum possible value resulting from legal requirements concerning the pollutants
concentration in wastewater discharged into the receiver should be included, i.e.,

K(q, η2) = min(K(q, η2))⇔ η2 = min(η2) = 1−
(Q1 + Q2)Sp

S1Q1(1− η1q) + S2Q2
(7)

Stage 2: Optimization concentrated on the decision variable q

The value of η2 determined in step 1 will depend on the decision variable q, i.e.,

η2(q) = 1−
(Q1 + Q2)Sp

S1Q1(1− η1q) + S2Q2
(8)

As a result, the problem of optimizing the objective function concentrates on minimizing the
function of the decision variable q, i.e.,

K(q, η2(q)) = K(q) = K01(qQ1)
α1

(
η1

1− η1

)γ1

+ K02(Q1 + Q2)
α2

(
η2(q)

1− η2(q)

)γ2

(9)

(7) Computer program:

The issue of optimization is solved by “Cost optimization of wastewater and septage treatment
process”, a computer program prepared for this purpose (programmer Malinowski P). It calculates
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the value of K(qi) for each variable qi = iε, assuming the discretization of decision variable q with the
step ε = 10−6, where i = 0, 1, 2, ..., (1/ε). It then selects the value of qi for which the cost reaches the
minimum value. In the next step, the value of η2 is calculated according to previous equations.

(8) Verification of the optimization model and interpretation of the optimization results:

The verification of the optimization model consists of checking the correctness of the algorithm of
its solution using real data concerning flow rates, BOD5 concentrations and the cost function coefficient.

4. Discussion—Verification of the Optimization Model

The discussion of the research results is based on the verification of the developed optimization
model. It was performed in the three examples, using real data from WWTPs. These examples differ in
the form of cost function, which was built based on the data appropriate for each WWTP. The data on
septage and wastewater stream and BOD5 load were provided by WWTPs operators.

4.1. Example One

The example concerns a small WWTP located in a rural area. The share of septage in the total
flow is 3%. The share of the BOD5 load contained therein is 12% of the WWTP total load. The input
data are shown in Figure 5. The results of optimization are presented in Figure 6.
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For the data from example one, considering the criterion of the minimum expected annual cost of
the treatment, the optimal solution will be to direct the total amount of septage to the SS-VF bed (q = 1).
This will allow to reduce the required effectiveness of treatment in the biological section of the WWTP
(η2) in the BOD5 index from 90.9% to 89.9% (Figure 6a). Figure 6b summarizes the dependence of costs
(K1, K2, K) on the value of the decision variable (q). As the value of the decision variable (q) increases,
the annual cost of septage pre-treatment in the SS-VF bed (K1) increases (Figure 6c), and the cost of
treatment in the biological section of WWTP (K2) decreases (Figure 6d) together with the total cost of
treatment (K) (Figure 6e). Comparison of costs in variant zero and in alternative variant is presented in
Table 1.
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Table 1. Example 1—comparison of costs in variant zero and in alternative variant.

Expected Annual Cost (PLN/Year) Variant Zero Alternative Variant

Cost of septage pre-treatment in SS-VF bed - 2.748
Cost of treatment in the biological section of a WWTP 136.287 121.978

Total 136.287 124.726
Savings in alternative variant 11.561 (8.5%)

For the analyzed data, by using the optimal solution—directing all septage to the SS-VF bed (q = 1)
it is possible to reduce the expected annual cost of wastewater and septage treatment by 8.5%.

4.2. Example Two

The example concerns the same small WWTP located in a rural area, however, it assumes a
significant increase in septage amount. The share of septage in the total flow is 23%. The share of the
BOD5 load contained therein is 57% of the WWTP total load. The input data are shown in Figure 7.
The results of optimization are presented in Figure 8.

For the data from example two, considering the criterion of the minimum expected annual cost of
treatment, the optimal solution will be to direct the total amount of septage to the SS-VF bed (q = 1).
This will allow to reduce the required effectiveness of treatment in the biological section of the WWTP
(η2) in the BOD5 index from 94.5% to 89.5% (Figure 8a). Figure 8b summarizes the dependence of costs
(K1, K2, K) on the value of the decision variable (q). As the value of the decision variable (q) increases,
the annual cost of septage pre-treatment in the SS-VF bed (K1) increases (Figure 8c), and the cost of
treatment in the biological section of WWTP (K2) decreases (Figure 8d) together with the total cost of
treatment (K) (Figure 8e). Comparison of costs in variant zero and in alternative variant is presented in
Table 2.
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Table 2. Example 2—comparison of costs in variant zero and in alternative variant.

Expected Annual Cost (PLN/Year) Variant Zero Alternative Variant

Cost of septage pre-treatment in SS-VF bed - 16.485
Cost of treatment in the biological section of WWTP 280.548 141.979

Total 280.548 158.464
Savings in alternative variant 122.083 (43.5%)

For the analyzed data, by using the optimal solution—directing all septage to the SS-VF bed (q = 1)
it is possible to reduce the expected annual cost of wastewater and septage treatment by 43.5%.
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4.3. Example Three

Example three is based on data from a WWTP located in an urban area, where the construction of
CWs for septage treatment would require the purchase of land and additional costs of its adjustment.
The share of septage in the total flow is 1%. The share of the BOD5 load contained therein is 3% of
the total load of the WWTP. The input data are shown in Figure 9. The results of optimization are
presented in Figure 10.

Energies 2020, 13, x FOR PEER REVIEW 10 of 14 

Expected Annual Cost (PLN/Year) Variant Zero  Alternative Variant 
Cost of septage pre-treatment in SS-VF bed  - 16.485 

Cost of treatment in the biological section of WWTP 280.548 141.979 
Total 280.548 158.464 

Savings in alternative variant  122.083 (43.5%) 

For the analyzed data, by using the optimal solution—directing all septage to the SS-VF bed (q 
= 1) it is possible to reduce the expected annual cost of wastewater and septage treatment by 43.5%. 

4.3. Example Three 

Example three is based on data from a WWTP located in an urban area, where the construction 
of CWs for septage treatment would require the purchase of land and additional costs of its 
adjustment. The share of septage in the total flow is 1%. The share of the BOD5 load contained therein 
is 3% of the total load of the WWTP. The input data are shown in Figure 9. The results of optimization 
are presented in Figure 10. 

 
Figure 9. Computer program “Cost optimization of wastewater and septage treatment process”, 
example 3—summary of the input data. 
Figure 9. Computer program “Cost optimization of wastewater and septage treatment process”,
example 3—summary of the input data.

Energies 2020, 13, x FOR PEER REVIEW 11 of 14 

 
Figure 10. Example 3—summary of the dependence of decision variable on: required effectiveness of 
treatment in biological stage of WWTP (a) and costs K1, K2, K (b), cost K1 (c), cost K2 (d) and cost K (e). 

For the data from example three, considering the criterion of the minimum expected annual cost 
of treatment, the optimal solution will be to direct 43% of septage amount of septage to the SS-VF 
bed. This will allow to reduce the required effectiveness of treatment in the biological section of the 
WWTP (η2) in the BOD5 index from 90.2% to 90.1% (Figure 10a). Figure 10b summarizes the 
dependence of costs (K1, K2, K) on the value of the decision variable (q). As the value of the decision 
variable (q) increases, the annual cost of septage pre-treatment in the SS-VF bed (K1) increases (Figure 
10c), and the cost of treatment in the biological section of WWTP (K2) decreases (Figure 10d). The total 
cost of treatment (K) is the lowest at q = 0.43 (Figure 10e). Comparison of costs in variant zero and in 
alternative variant is presented in Table 3. 

Table 3. Example 3—comparison of costs in variant zero and in alternative variant. 

Expected Annual Cost (PLN/Year) Variant Zero  Alternative Variant 
Cost of septage pre-treatment in SS-VF bed  - 2.597 

Cost of treatment in the biological section of WWTP  268.957 266.220 
Total 268.957 268.817 

Savings in alternative variant  140 (0.05%) 

For the analyzed data, by using the optimal solution—directing 43% of septage amount (q = 0.43) 
to the SS-VF bed it is possible to reduce the expected annual cost of wastewater and septage treatment 
by 0.05%. The savings are therefore minimal. 

4.4. Comparison of Examples One to Three 

A comparison of the input data and results of the optimization model verification performed in 
examples one to three is presented in Table 4. 
  

Figure 10. Example 3—summary of the dependence of decision variable on: required effectiveness of
treatment in biological stage of WWTP (a) and costs K1, K2, K (b), cost K1 (c), cost K2 (d) and cost K (e).

For the data from example three, considering the criterion of the minimum expected annual cost
of treatment, the optimal solution will be to direct 43% of septage amount of septage to the SS-VF bed.
This will allow to reduce the required effectiveness of treatment in the biological section of the WWTP
(η2) in the BOD5 index from 90.2% to 90.1% (Figure 10a). Figure 10b summarizes the dependence
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of costs (K1, K2, K) on the value of the decision variable (q). As the value of the decision variable
(q) increases, the annual cost of septage pre-treatment in the SS-VF bed (K1) increases (Figure 10c),
and the cost of treatment in the biological section of WWTP (K2) decreases (Figure 10d). The total
cost of treatment (K) is the lowest at q = 0.43 (Figure 10e). Comparison of costs in variant zero and in
alternative variant is presented in Table 3.

Table 3. Example 3—comparison of costs in variant zero and in alternative variant.

Expected Annual Cost (PLN/Year) Variant Zero Alternative Variant

Cost of septage pre-treatment in SS-VF bed - 2.597
Cost of treatment in the biological section of WWTP 268.957 266.220

Total 268.957 268.817
Savings in alternative variant 140 (0.05%)

For the analyzed data, by using the optimal solution—directing 43% of septage amount (q = 0.43)
to the SS-VF bed it is possible to reduce the expected annual cost of wastewater and septage treatment
by 0.05%. The savings are therefore minimal.

4.4. Comparison of Examples One to Three

A comparison of the input data and results of the optimization model verification performed in
examples one to three is presented in Table 4.

Table 4. Comparison of optimization model verification.

Example Septage Share Savings in Alternative Variant

1. Small WWTP in a rural area 3% of flow 12% of BOD5 load 8.5%
2. Small WWTP in a rural area 23% of flow 57% of BOD5 load 43.5%
3. WWTP in an urban area 1% of flow 3% of BOD5 load 0.05%

Verification of the optimization model carried out in examples one and two has shown that it is
reasonable to subject all septage to pre-treatment in the SS-VF bed. For small WWTPs located in rural
areas, the application of SS-VF beds for septage pre-treatment is beneficial, even in the case of small
shares of septage in the WWTP load. However, the bigger the septage pollution load, the greater is the
reduction in the treatment costs. As shown in example three, the proposed solution is less cost-effective
in urban areas where the construction of the SS-VF bed requires land purchase and generates additional
costs of its adjustment. The results of the optimization showed that it is justified to direct 43% of the
total amount of septage to the SS-VF bed, however the savings achieved in this way are negligible.

5. Conclusions

To assess the cost-effectiveness of the septage pre-treatment process, an optimization model
was used as a power objective function. The decision variable was the coefficient of septage stream
distribution into the quantity directed to the SS-VF bed in relation to its total quantity. The optimization
criterion was the minimization of the expected annual cost of wastewater and septage treatment.
The optimization problem is solved by the program “Cost optimization of wastewater and septage
treatment process”.

Verification of the optimization model, carried out for small WWTPs located in rural areas,
has shown that it is reasonable to subject all septage to pre-treatment in the SS-VF bed. It provides
benefits even in the case of a small share of septage in the WWTP load. However, the bigger the septage
pollution load of a treatment plant, the greater is the reduction in treatment costs. The application
of SS-VF beds for septage pre-treatment is considerably less cost-effective in urban areas where the
construction of the SS-VF bed requires land purchase and generates additional costs of its adjustment.
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Therefore the savings are negligible. Analyzing the examples, it can be seen that the optimization
results largely depend on the cost function built by software “Modelling of wastewater treatment costs”
using operators data. Therefore, it is important to build functions based on reliable local data.

The high cost-effectiveness of the septage pre-treatment process in the SS-VF bed results from
the lower costs of its construction and operation as compared to the costs of conventional wastewater
treatment facilities. By applying pre-treatment of septage in the SS-VF bed, the required degree of
treatment in the biological section of a WWTP is reduced and in consequence, the cost of the process
is decreased. This reduction is possible due to a decrease in electricity consumption costs in the
biological section operation, as well as the costs of sewage sludge management as a consequence of
their reduction.
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