Journal of Sustainable Architecture and Civil Engineering 2026/2/40

Mariana Koleva*

University of Architecture, Civil Engineering and Geodesy, Faculty of Hydrotechnics, 1 Hristo Smirnenski Blvd.,
Sofia, Bulgaria

*Corresponding author: mkoleva_fhe®uacg.bg
https://doi.org/10.5755/j01.sace.44335

This paper assesses the technical and economic feasibility of implementing quaternary (fourth-stage)
treatment for micropollutant removal at the Plovdiv wastewater treatment plant (WWTP) located in Bulgaria
(378 454 PE design, Qavg 129 047 m®/d). The cost structure is prepared based on a technical design calculation
that takes into account specific dosages of ozone, powdered and granular activated carbon, and on-site PSA
generation of oxygen for the ozonation step, tailored to the specific conditions of the plant. Seven scenarios
are evaluated with three ozone doses (5, 7, 10 mg 04/L) followed by a biologically active filter (03+BAF),
a combined 03+GAC scheme, GAC stand-alone, and two PAC dosing options (15 mg/L after secondary
treatment and 25 mg/L in the bioreactor).

For O3+BAF, CAPEX is estimated at 16.48 €/PE (6.24 ME). The minimum effective ozone dose (5 mg/L) yields
the lowest total annual cost of 2.89 €/PE.y, the typical operating dose (7 mg/L) yields 3.25 €/PE-y. The PAC
options are substantially more expensive, reaching 5.62 €/PE-y for dosing after secondary treatment and 7.62
€/PE-y for dosing in the bioreactor. Electricity demand is dominated by ozone production (7.9 GWh/y) and
PAC options shift costs towards consumables and sludge handling. The 0;+GAC configuration provides the
highest removal performance at intermediate costs (3.25 €/PE.y).

A tornado sensitivity analysis around the 3.25 €/PE-y baseline shows that the recommended Os+BAF
configuration remains below 4.16 €/PE-y under the tested one-at-a-time variations. The analysis confirms
that electricity price and ozone dose are the dominant cost drivers. Therefore, the final technology
recommendation is interpreted together with the multi-criteria comparison rather than as a purely cost-
based ranking. A new six-criterion multi-criteria comparison covering cost, indicative carbon footprint,
sludge implications, transformation-product risk, operational risk and sorbent regenerability complements
the cost ranking.

The results confirm significant economies of scale at large wastewater treatment plants. The recommended
0s+BAF configuration results in total annual costs of €2.89 - 3.25/PE-year for Plovdiv and a unit cost of
€0.026/m?®, which places it below the overall average of the European reference set (€7.3/PE-year).

Novelty. To the best of the author’s knowledge, this is the first systematic techno-economic comparison of
quaternary-treatment scenarios for a Bulgarian wastewater treatment plant prepared for the peer-reviewed
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literature. It additionally contributes a sensitivity-informed identification of the cost drivers that govern the
choice between 03, PAC and GAC for a large-scale Balkan agglomeration, a setting under-represented in the
existing micropollutant-removal literature, in which most studies originate from other countries.
Keywords: granular activated carbon (GAC); micropollutants; ozonation; powdered activated carbon (PAC);
wastewater treatment plant (WWTP).

European regulatory developments in the field of urban wastewater began with Directive 91/271/
EEC, which linked the obligations to build sewerage infrastructure and secondary biological treat-
ment to the size of the agglomeration. This document is the first comprehensive piece of legisla-
tion that obliges Member States to systematically build sewerage networks and treatment plants
(WWTPs) (Council of the European Communities, 1991; European Commission, 1998, 1999, 2019).

On 27 November 2024 the European Parliament and the Council adopted the recast Directive (EU)
2024/3019 (European Commission, 2024). The main requirements set out in the revised Directive
are as follows, with the deadlines shown in Table 1:

1. Quaternary treatment: discharges from urban wastewater treatment plants treating a load
of 150 000 PE and above must progressively comply with quaternary-treatment requirements
by 2033, 2039 and 2045, while additional risk-based obligations apply to discharges from ag-
glomerations of 10 000 PE and above in areas identified as being at risk from micropollutants.
The required removal efficiency is at least 80% for the selected indicator substances listed in
Annex |, Table 3;

2. Energy neutrality: the Directive introduces a national-level energy-neutrality target for urban
wastewater treatment plants treating a load of 10 000 PE and above, with interim targets of
20%, 40%, 70% and 100% of annual energy use to be covered by renewable energy by 2030,
2035, 2040 and 2045, respectively. Renewable energy generated on-site or off-site may count
towards this target, and a limited share of external non-fossil energy may be used under the
conditions set by the Directive.

3. Monitoring and reporting: Directive (EU) 2024/3019 strengthens wastewater surveillance,
treatment-performance monitoring and pollutant monitoring.

4. Extended producer responsibility: producers of pharmaceuticals and cosmetics must con-
tribute to the additional costs of quaternary treatment through extended producer responsibil-
ity schemes, covering at least 80 % of the relevant costs.

Final (overall) deadline Intermediate steps/comments

Treatment level Agglomeration

Secondary 1000 - 2000 PE 31 December 2035 | Derogations are possible under
(biological) strict conditions.

Tertiary (\/P | > 150 000 PE and 30% by 2033; 70% by x;ffﬁ;ifstei;hjﬁviuﬂ'Zﬂtfo“?fif’f
removal) sensitive areas 2036; 100% by 2039 P

cation by 31 December 2027.
20% by 2033; 40% by

2036; 60% by 2039; -

100% by 2045

Tertiary (N/P
removal)

> 10 000 discharging
into sensitive areas

For agglomerations of 10000 - 150
000 PE, quaternary treatment is
only required when the risk assess-
ment shows a need.

20% by 2033; 60% by
2039; 100% by 2045

Quaternary

. > 150 000 PE
(micropollutants)

10% by 2033; 30% by
2036; 60% by 2039;
100% by 2045

Quaternary
(micropollutants)

> 10 000 PE discharg-
ing into risk areas

Member States to publish the list of
risk areas by 31 December 2030.
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For the Plovdiv case, Article 8(1) is the decisive provision because the WWTP treats a load above
150 000 PE.

Bulgaria, Croatia and Romania may benefit from specific derogations for collection and sec-
ondary-treatment obligations in smaller agglomerations. These derogations do not apply to the
Article 8 quaternary-treatment requirements for large WWTPs.

However, there is no paragraph allowing a postponement of Article 8 quaternary-treatment re-
quirements for urban wastewater treatment plants treating a load of 150 000 PE and above. Unlike
Articles 3 (collection), 6 (secondary) and 7 (tertiary), where Bulgaria, Croatia and Romania receive
an additional 12-14 years only for small and medium-sized agglomerations, in Article 8 (require-
ments for quaternary treatment) there is no such postponement.

To meet these obligations, most European countries have followed a sequence of laboratory ex-
periments, pilot installations and full-scale implementation. After more than a decade of such
studies, three families of solutions have emerged as practically dominant for municipal applica-
tions (Table 2):

ozonation (with downstream biological post-treatment);

adsorption with powdered activated carbon (PAC);

adsorption with granular activated carbon (GAC).

Other techniques — membrane filtration (UF/NF/RO0), advanced oxidation processes coupled to
UV or catalysts, photolysis, ultrasound and combined physico-chemical schemes have been in-
vestigated but are not consistently competitive at full scale once removal efficiency, costs and
operational complexity are jointly considered (Mulder et al., 2015; Pistocchi et al., 2022; Sturm et
al., 2022; Joller & Hug, 2024).

Principle of operation Strengths Limitations/risks
Ozonation (treatment efficiency > 80% with subsequent filtration)

Ozone (a strong oxidant) is generated

on site and injected into the water with Compact equip- Risk of bromate formation — a

a contact time of 10-20 min. Ozone ment, no need to carcinogenic product; control and/or
destroys the molecules of many organic | add reagents; low subsequent biofilter required; Ozone is
micropollutants or transforms them into | carbon footprint; no | a toxic gas, which requires strict safety
more easily biodegradable compounds. | sludge formation techniques (Sauter, 2024)

(EPA, 2006; VSA Micropoll Platform, n.d.)
Powdered activated carbon (PAC) (treatment efficiency 70-90% depending on the dose)

High ongoing OPEX (operating expens-
es) — single use of carbon; Increases
sludge quantities and may require
stricter sludge management, poten-
tially thermal treatment depending on
contaminant loading and final waste
classification; Largest CO; footprint (car-
bon production and combustion)

Lowest initial
CAPEX (initial capital
expenditure) — only
silo and dosing
pumps; Flexible,
easy to implement
in stages

Fine carbon (5-35 pm) is dosed into

the treated water or directly into the
biological step. Pollutants are adsorbed
onto the porous surface, after which the
carbon is separated with the sludge.
(Stapf, 2020)

Granular activated carbon (GAC) (treatment efficiency 80-95%)

Water passes through a layer of granules | High and consistent

(0.6-2 mm) on which micro-pollutants efficiency; retains Highest CAPEX (large filter cells,

are adsorbed. When capacity drops, the microplastics/parti- | washing system); Requires access to

carbon is thermally regenerated and re- | cles; carbon is reac- | a reactivation furnace; Pre-filtration is
turned to service. (Elavarthi, 2021; PDH- | tivated, resultingin | necessary due to the risk of clogging

Pro, 2018; U.S. Environmental Protection | lower long-term CO, | the pores of the GAC

Agency, 2000) and OPEX than PAC

Main methods for
quaternary wastewater
treatment
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Although the techno-economic literature on quaternary treatment has developed substantially
over the past decade with consolidated cost relationships, parametric envelopes and operational
guidance provided by Pistocchi et al. (2022), Mulder et al. (2015), Joller and Hug (2024), Sauter
(2024) and Stapf et al. (2020), among others, the geographic coverage of the published full-scale
evidence base is uneven. Comparable assessments concentrate on Western and Central European
catchments (Germany, Switzerland, the Netherlands, Austria). To the best of the author’s know!-
edge, no peer-reviewed techno-economic assessment of quaternary treatment under Bulgarian
operating and price conditions has been published to date, even though Article 8(1) of the recast
Directive (EU) 2024/3019 binds approximately three to five Bulgarian agglomerations in the >
150 000 PE class (Sofia, Plovdiv, Varna, Burgas and Ruse), to implement quaternary treatment
between 2033 and 2045, without national derogation.

The present study therefore aims to provide the first such assessment for a Bulgarian WWTP, taking
the Plovdiv plant as a representative large-scale case. In doing so, the study (i) re-derives the costs
using 2025 EU and Bulgarian unit prices; (ii) documents how the cost ranking of the three princi-
pal technologies shifts under the specific combination of conditions characteristic of the Bulgarian
setting — the absence of a domestic granular activated carbon reactivation infrastructure, warmer
wastewater temperature; and (iii) couples the cost ranking with a six-criterion comparison and a
sensitivity analysis, so that the result is reported together with the envelope of input assumptions
on which it depends. The methodological pipeline is intentionally documented in a form that can be
re-applied directly to the remaining Bulgarian agglomerations and, by extension, to comparable
Romanian and Croatian plants subject to the same unconditional regulatory deadline.

The second largest wastewater treatment plant in Bulgaria, WWTP Plovdiv, serves 378 454 PE.
The average daily design flow is 129 047 m?®/d, and the actual organic load at the inlet is
255 944 PE. The plant discharges the treated water into the Maritsa River, a river with a significant
base flow, which allows dilution but does not eliminate the risk of micro-pollutant accumulation
downstream.

The existing technological scheme includes primary mechanical treatment, a biological stage
with aerobic nitrification/anoxic denitrification, secondary radial clarifiers, anaerobic digestion of
sludge with cogeneration. However, the treatment technology designed in this way does not in-
clude a specific barrier for the treatment of organic micropollutants, which are discharged untreat-
ed into the Maritsa River. At present, the Plovdiv WWTP is operating stably after the completed
modernisation and is achieving the emission limits for nitrogen and phosphorus with a high en-
vironmental effect. The upcoming challenges are related to sludge management and preparation
for a future “fourth stage” of treatment in line with the latest European requirements.

The cost estimate for the quaternary treatment of the Plovdiv WWTP is based on the engineering
design of the seven treatment scenarios at the plant’s actual flow rate Q,yq = 129,047 m?3/day).
Ozone doses are expressed as mg O, per mg of dissolved organic carbon (DOC) in the wastewater.
Three specific doses are evaluated - 0.5, 0.7, and 1.0 mg 05/mg DOC, corresponding to 5, 7, and 10
mg 04/L. PAC dosages are assumed to be 15 mg/L for dosing in a separate reactor after secondary
sedimentation and 25 mg/L for dosing in the bioreactor (where competition with biomass requires a
higher dose). These dose ranges are consistent with pilot-scale evidence from the Lausanne WWTP,
where an ozone dose of 5.7 mg 0,/L or PAC doses of 10-20 mg/L achieved an average micropollut-
ant removal of more than 80% relative to raw wastewater (Margot et al,, 2013). The standalone GAC
configuration is hydraulically sized for an empty bed contact time (EBCT) of 30 minutes, correspond-
ing to a filter bed volume of 2,700 m®. For the preliminary economic assessment, a GAC quantity of
729 tis adopted as a simplified costing assumption for initial media loading and annual reactiva-
tion. The actual GAC inventory and reactivation requirements should be verified during detailed de-
sign, considering the selected media properties and site-specific breakthrough characteristics. The
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combined 0s+GAC scheme uses half the ozone dose (0.3 mg Os/mg DOC = 3 mg/L) and 50% of the
GAC mass compared to the standalone configuration, reflecting the role of GAC in post-treatment
following partial ozonation. The volume of the tanks for the ozone contactor (1,500 m® HRT = 15
min) and the PAC contactor (5,377 m?, HRT = 60 min) is calculated in a similar manner based on the
design flow rate. (EPA, 2006; Sauter, 2024; VSA Micropoll Platform, n.d.)

The methodology used here proceeds in five explicit steps:

Step 1. Selection of reference treatment plants and harmonization of input data. Ten preliminary
studies covering 40,000 - 1,200,000 PE were used for the analysis. For each plant, the design PE,
average daily flow, design peak flow for the 4th stage, and at least one scenario with calculated
costs were extracted.

Step 2. Volumetric sizing of the seven Plovdiv scenarios. Three ozone doses (0.5, 0.7, 1.0 mg 03/
mg DOC, equivalent to 5, 7, 10 mg Os/L) are dimensioned with HRT = 15 min in the ozone contactor.
Combined 03+GAC scheme uses 0.3 mg 0s/mg DOC (3 mg/L) with GAC post treatment at 50 % of the
GAC mass of the stand-alone configuration. GAC stand-alone is sized for 2 700 m?* (EBCT = 30 min),
with 729 t/y of GAC adopted as a simplified costing assumption for annual reactivation and two PAC
scenarios at 15 mg/L (after secondary settling, HRT = 60 min) and 25 mg/L (dosed into the bioreactor).

Step 3. Cost stack based on 2024-2025 EU and Bulgarian unit prices. Electricity at €0.094/kWh
(IBEX baseload April 2025 plus medium-voltage distribution charge; IBEX, 2025), PAC at €1.90/
kg, GAC at €1.90/kg for new production and €0.76/kg for reactivation (40% of new production),
ozone generator at 12.5 kWh/kg 03, on-site PSA O, generation at 0.4 kWh/Nm? O, uniform 30-
year asset life and a real discount rate of 3% (CRF = 0.0510), 3% maintenance and transport/
sludge-handling 0.10 M€/y for GAC and PAC scenarios.

Step 4. Independent cross-check of the obtained unit costs against (a) the PE-based relationship
proposed by Pistocchi et al. (2022, Equation 1) and (b) the empirical boundary of the ten reference
plants. The design point for Plovdiv is positioned in the resulting €/m? - PE space.

Step 5. Sensitivity analysis. The four parameters with the greatest expected impact - electricity
price, ozone dose, discount rate and CAPEX deviation are varied one by one around the baseline
level, and the resulting tornado diagram is presented in Fig. 3.

The reference dataset comprises ten European WWTP cases, dominated by German feasibility
studies and complemented by one Austrian case and one large-scale reference plant for which
detailed feasibility studies and costed scenarios are available (Wastewater treatment plant of the
city of Niederkassel, 2020; Kommunalbetriebe Emmerich am Rhein, 2013/2014; LANUV NRW,
20203, 2020b, 2021, 2022; Lugitsch & Partner ZT GmbH, 2022; PFI Planungsgemeinschaft, 2019;
Stadt Ibbenbtren, 2019; TUTTAHS & MEYER Ingenieurgesellschaft mbH, 2019). The studies use a
unified European cost-reporting framework, allowing direct comparison of CAPEX (in M€ and €/
PE) and OPEX (electricity, reagents, labour, sludge handling) across plants spanning two orders of
magnitude in PE. The fifty-five individual scenarios available across the ten plants form the empir-
ical envelope against which the Plovdiv estimate is benchmarked in the Results section.

The set of reference data used here is derived from a series of studies conducted in Europe. Four
specific points have been explicitly examined to support the relocation to Plovdiv:

The footprint of micropollutants in the inflow. In the majority of the studies, carbamaz-
epine, diclofenac, benzotriazole, and metoprolol predominate, which is consistent with the
list of indicators in Annex |, Table 3 of Directive (EU) 2024/3019. Routine monitoring of these
substances at the WWTP inlet in Bulgaria is still in its early stages, which is noted as a re-
sidual uncertainty and as an element for the pre-design monitoring campaign in Plovdiv.

Wastewater temperature. The average annual inflow temperature in Plovdiv (17-19 °C) is
higher than that at the monitored treatment plants in Western Europe. This slightly improves



Results

European reference
WWTPs with considered
options for quaternary
treatment

Journal of Sustainable Architecture and Civil Engineering 2026/2/40

the kinetics of biological treatment following the ozonation stage (Sauter, 2024) and, by a
conservative estimate, has not been accounted for in the present cost assessment.

Background level of bromide. Bromide has not yet been systematically measured in
Plovdiv. Since bromide is the main factor in the formation of bromate during ozonation, it is
identified as a residual risk that must be characterized during the pre-design phase, and the
recommendation in the Discussion section has been clarified accordingly.

Difference in electricity prices. The Bulgarian industrial electricity price used here (0.094 €/
kWh, IBEX baseload April 2025 plus medium-voltage distribution charge; IBEX, 2025) is materi-
ally below the German non-household equivalent. Eurostat (2025) reports non-household me-
dium-consumer prices in the second half of 2024 of approximately 0.11 €/kWh for Bulgaria and
0.20 €/kWh for Germany (incl. taxes and levies), against an EU average of 0.19 €/kWh, confirm-
ing the direction of the price differential at any consumption band. The sensitivity analysis pre-
sented in Fig. 3 quantifies how much of Plovdiv's cost advantage is attributable to this difference.

The cost assessment for the Plovdiv WWTP is conducted in two separate stages. First, the CAPEX
and OPEX for the seven scenarios are calculated based on local design parameters and unit prices
for 2024-2025, as set out in Tables 4 and 5. Second, the resulting unit costs are compared with
two independent reference sources - the cost—PE relationship proposed by Pistocchi et al. (2022)
on the one hand, and the empirical range of the ten European reference treatment plants sum-
marised on the other. In this way, the estimate for Plovdiv is compared with two reference sources
that have been derived independently of one another.

This section summarises feasibility-study data for ten European reference WWTPs, dominated
by German cases, used to assess and benchmark the implementation options for the Plovdiv
WWTP (Table 3). The documents have been developed using a unified methodology and serve as a
pre-project basis for the selection of a technological solution, dimensioning and cost forecasting.

WWTP/Location PE Qavg.d. (m%d) = Q for 4" stage (m°/h) Total [E/m?] Total [€/PE.y]
WWTP-01 40000 14000 940 0.084 10.79
WWTP-02 47000 6834 720 0.12 6.16
WWTP-03 48 000 8588 960 0.23 15.05
WWTP-04 56 000 11230 1721 0.14 9.92
WWTP-05 64000 6452 400 0.15 5.46
WWTP-06 87000 12590 400 0.09 4.62
WWTP-07 85000 13130 700 0.10 5.50
WWTP-08 88 000 13186 930 0.22 12.32
WWTP-09 195000 15182 800 0.08 2.23
WWTP-10 1200000 | 180000 8000 0.021 1.12

For each plant, a complete survey of the initial conditions was carried out, including an inventory of
the existing infrastructure and technological scheme, determination of the capacity in population
equivalent and the actual hydraulic load, analysis of the receiving water body and the regulatory
context (water body class, water protection zones, share of treated water in the effluent), and as-
sessment of operational behaviour in dry and rainy weather.

Water quantity and micro-pollutant load are characterised through targeted monitoring campaigns
and/or analysis of available data. Typically, 10-30 indicator compounds are studied, determining
the choice and dosage of processes. In cases of planned ozonation, additional requirements for
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biological treatment after ozone are also considered. For activated carbon options, adsorption
isotherms and the expected efficiency of the treated flow are assessed, as well as the logistics and
management of activated carbon (powdered or granulated).

In summary, studies show that for medium-scale plants, ozonation and PAC solutions achieve
similar and low specific total costs, while GAC and complex hybrids are more resource-intensive
but provide additional security for sensitive receptors.

The calculations per equivalent inhabitant show a mean value of 7.32 €/PE-year, with an inter-
quartile range of 4.83-10.57 €/PE-year. The lowest unit values were observed in WWTP-10 (ozone
and sand filtration - 0.021 €/m?3) and the highest at WWTP-3 (ozone + GAC - 0.23 €/m®) and in
some hybrid schemes in WWTP-8 (0.22 €/m3).

Summarised at the observed scale, the configurations with ozone and PAC, including biological
pretreatment, form the lower range of specific total costs, varying on average around 0.12-0.13
€/m?3, while the solutions with GAC as the leading step and the complex hybrids are grouped at
higher levels.

The economic part of the assessment is based on the publication by Pistocchi et al. (2022), where,
by processing data from multiple European stations, an empirical relationship for the annual costs
(sum of investment and operating costs) for quaternary treatment is derived:

C.qv = 1000 x PE~045

Where: C_4, - total cost in Euro/inhabitant/year; PE - equivalent number of inhabitants.

The main source for parameterisation of the processes and cost benchmarks studied for the
Plovdiv WWTP is based on the studies by Pistocchi et al. (2022), which synthesise the EU experi-
ence in quaternary treatment with ozonation and activated carbon (PAC/GAC). This study specifies
typical design parameters (contact times, dosing intervals, unit energy costs) and provides an
estimate of the total annual cost of quaternary treatment as a function of the scale of the plant
(Eg. 1), which is also used in this article to verify the plausibility of the results obtained. The same
source also systematises ranges by technology (ozone, PAC, GAC and hybrids) in €/m?* and €/
PE-year for different capacities, as well as energy components. These dependencies and assump-
tions are accepted as a reference framework for the assessment made for the Plovdiv WWTP.

The total annual cost for quaternary treatment is calculated as the sum of investment and oper-
ating costs, which are expressed both in €/m? (division of the annual volume at the actual Qavg)
and in €/PE-year. To verify the plausibility of the forecast in €/PE.year for the Plovdiv WWTP, the
function proposed by Pistocchi et al. (2022), Eq. 1, is also used, which gives a benchmark of 3.09 €/
PE.year for a capacity of 378 454 PE. The value obtained in the present study for the recommended
0s+BAF configuration at the typical operating dose (7 mg 0s/L) is 3.25 €/PE-y. The PAC configu-
rations in Table 5 are excluded from the calculation of the average value in €/PE-year due to the
excessively high operating costs for this scale of plant.

This cross-check allows the Plovdiv scenarios for quaternary treatment to be positioned in a
European context and to validate whether the unit costs obtained are within the expected ranges
for the scale and technology.

The transfer to local conditions was performed by replacing the technological and cost parame-
ters adopted by Pistocchi et al. with the actual input parameters for Plovdiv. Design capacity of 378
454 PE, Qavg = 129 047 m?3/d, Bulgarian electricity price, and 2025 activated-carbon prices. For
ozonation, the annual electricity demand was calculated as the sum of ozone-generator electricity
demand, PSA/VPSA oxygen-production electricity demand and auxiliary pumping. No purchased
liquid-oxygen cost was applied in the base-case calculation. For PAC, doses of 15 g/m?® after sec-
ondary treatment and 25 g/m?in the bioreactor were used. For GAC, the stand-alone configuration
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assumes annual reactivation of 729 t/y, with a 5% make-up of virgin GAC after reactivation; the
O3+GAC configuration uses 50% of the stand-alone GAC mass. Additional costs of 0.10 ME/y is
included for GAC transport/reactivation logistics and PAC sludge-handling where applicable. It
should be interpreted as a preliminary operational allowance rather than as a site-specific service
tariff. (Elavarthi, 2021; PDH-Pro, 2018; U.S. EPA, 2000).

The breakdown of costs is summarized in Table 5 (CAPEX in millions of euros and euros/PE, OPEX
broken down by electricity, reagents, oxygen, maintenance, total annual costs in euros/PE-year
and euros/mq). Additional costs for transporting the saturated activated carbon to the reactivation
furnace and returning the reactivated carbon are included. For ozonation, the annual electricity
demand was calculated as the sum of three components: ozone-generator electricity demand,
PSA/VPSA oxygen-production electricity demand, and auxiliary pumping. The ozone generator
was assumed to consume 12.5 kWh/kg 0s. Oxygen was assumed to be produced on site by PSA/
VPSA, using 0.4 kWh/Nm?® 0y; at an assumed 10% O; concentration in the oxygen gas and 1 Nm?®
O = 1.43 kg, this is equivalent to approximately 2.8 kWh/kg Os. No liquid-oxygen purchase cost
was included in the base-case calculation.

No PARAMETER VALUE DIMENSION
1 Equivalent inhabitants WWTP 378 454 PE

2 Hydraulic load WWTP 129 047 md/d

3 Price of electricity’ 0.094 €/kWh

4 PAC price? 1.90 €/kg

5 Price of GAC regeneration? 0.76 €/kg

6 Price of new GAC (refill)? 1.90 €/kg

7 Liquid oxygen price (not used in PSA base case)? 0.20 €/kg

8 Specific electricity demand of ozone generator using oxygen feed gas | 12.50 kWh/kg O3
9 Specific electricity demand of PSA/VPSA oxygen production 0.40 kWh/Nm?3 0,
9a | Equivalent PSA/VPSA electricity demand at 10% Os in oxygen gas 2.80 kWh/kg O3
10 | Pumps/other (PAC) 0.05 kWh/m?

11 | Pumps/other (GAC) 0.04 kWh/m?
12 | Pumps/other (Q3) 0.06 kWh/m?
13 | GAC regeneration 729 t

14 | PAC dose, when dosing after secondary clarifier 15.00 g/m?

15 | PAC dose, when dosing in biological step 25.00 g/m?

16 | Volume of GAC tank 2700.00 m?

17 | PAC tank volume 5377.00 m3

18 | Ozone tank volume 1500.00 m?

19 | Investment for contact tank 500.00 €/m?

20 | Investment for sand filter 8.00 €/PE

21 | Investments for ozone installation 6.50 €/PE

22 | 3% maintenance 0.45 €/PE.a

23 | Transport/reactivation and sludge-handling allowance for GAC/PAC | 0.10 million €/a

1. The price of electricity is calculated as 0.0850 €/kWh + 0.0090 €/kWh = 0.094 €/kWh, where
0.0850 €/kWh is the average day-ahead base-load price on IBEX for April 2025, and 0.0090 €/
kWh is the charge for transmission through the medium-voltage distribution network.
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2. The price of activated carbon in 2025 is €1.90/kg (Business Analytiq, 2025).

3. In the base-case calculation, oxygen is assumed to be produced on site by PSA. Therefore, no
separate purchased liquid-oxygen cost is applied in Table 5. Oxygen-related costs are repre-
sented through the electricity demand of the PSA system. The liquid oxygen price in Table 4
is retained only as an alternative-scenario parameter and is not used in the base-case cost
calculation.

4. The PSA/VPSA electricity demand is calculated as 0.4 kWh/Nm?® Q.. Assuming 10% O3 in
the oxygen gas and 1 Nm?® O, = 1.43 kg, this corresponds to approximately 2.8 kWh/kg Os.
Therefore, no separate liquid oxygen purchase cost is applied in the base-case calculation.

COSTS FOR OZONE INSTALLATION GAC COSTS PAC COSTS
Technical and economic
Energy = Energy  Cost for GAC . Price )
TTERCIT-IAI\I B/I IFONGTY 0, 03 mass for O3 for 0, pure  regener- :(._:-\Izer:(r; Mass  for PAC ai(sjessn:etri]rt] of Invtestment
(kg/ = per year, gen- produc- = oxygen, ation, replacement of PAC = dosing, and operating costs
PEy) (kgOs/y) erator, tion (million  (million (rr?illion ) (t/y)  (million fqr Plovdiv WWTP for
(GWh/y)  (GWhly)  €ly) €ly) y €ly) different treatment

technologies
0,1(0.5mg0s/mg DOC) | 0.622 | 235511.15 | 2.94 0.66 0.00

0,2 (1.0mg 0s/mg DOC) | 1.245 | 471022.30 | 5.89 1.32 0.00
0,3(0.7mg 0s/mg DOC) | 0.871 | 32971561 | 4.12 0.92 0.00

0+GAC 0.373 | 141306.69 1 1.77 0.40 0.00 0.277 0.035
(0.3 mg0s/mg DOC) ' ’ ' ’ ' ' ’
GAC (standalone) 0.554 0.069
PAC1 (15 mg PAC/1) 70653 | 1.34
PAC2 (25 mg PAC/1) 117756 | 2.24
ELECTRICITY COSTS OPERATING CAPITAL INVESTMENTS TOTAL COSTS
TREATMENT Electricity
TECHNoLogY | umes:| Total /™ oe | OPEX |OPEX| opppy | CAPEX, |CAPEXA| o sppy, | TOTAL 1TOTAL
etc.  Electricity, il (million  (€/ €/PE) (million = (million €/PEy) (million  (€/
GWhiy  (GWh/y) o M PEY) e €W Y “en)  PEy)
Ol 283 643 0.60 078 1205 1648 624 032 0.84 1.09 289
(05 mgOs/mg DOC) . . . . . . . . . . .
0,2

(1.0 g 0s/mg DOC) 283 1003 0.94 111 1295 1648 624 032 084 143 379

03
(0.7 mg Os/mg DOC) 283 787 0.74 091 241 1648 624 032 084 123 325
0,+GAC

1. 4. : 9 2. 13. 2 27 71 1.2 2
(03 mg0s/mg DOC) 88 05 0.38 0.96 55 11388 525 |0 0 3 1325
GAC (standalone) 188 188 0.18 107 1283723 274 014 037 121 1320
PACT (15mgPAC/l) 1236 |2.36 022 184 4851510 572 029 [077 213 1562

PAC2 (25 mgPAC/l) 1236 | 236 022 273 7228000 303 015 041 289 | 7.62
Operating costs (€/m3) 0.029 Total costs (€/m?®) 0.107 Average 3.28

Caqv = 1000 X PE7045 1309
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Cost-driver decomposition
for the seven Plovdiv
WWTP quaternary-
treatment scenarios.
CAPEX annuity ati =3 %,
n =30 y. Numbers above
the bars are total annual
cost in €/PE-y.
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The Plovdiv wastewater treatment plant treats an average of 129 047 m®/d of wastewater gen-
erated by approximately 378 454 population equivalents (PE). Considering the revised Urban
Wastewater Directive (European Commission, 2024), which introduces a phased minimum reduc-
tion of priority micro-pollutants by at least 80%, the plant needs a fourth stage of treatment. Three
established technologies have been costed: (1) ozonation with a biologically active sand filter (O3
+ BAF), (2) ozonation combined with granular activated carbon filters (O3 + GAC) and (3) dosing of
powdered activated carbon (PAC).

For the Plovdiv WWTP, ozonation combined with a biologically active filter (Os+BAF) at the typical
operating dose of 7 mg 0s/L emerges as the recommended option, with a total annual cost of 3.25
€/PE-y. The low-dose variant of 5 mg Os/L gives the lowest nominal cost of 2.89 €/PE-y and may
be suitable during periods with lower influent loading, while the high-dose variant of 10 mg Os/L
reaches 3.79 €/PE-y. The combined 0s+GAC scheme is cost-comparable at 3.25 €/PE-y and stand-
alone GAC remains slightly lower in nominal terms at 3.20 €/PE-y. However, both GAC-containing
configurations depend on reliable access to external or regional reactivation infrastructure. Until
such infrastructure becomes operational in Bulgaria or in a nearby regional setting, Os+BAF re-
mains the practically preferred short- to medium-term option. PAC dosing in either configuration
is considerably more expensive (5.62 - 7.62 €/PE-y), driven by recurring reagent consumption at
706.5to 1 177.6 t PAC/y, and should be considered only as a temporary or emergency solution.

Cost-driver decomposition — DESIGN methodology (volumetric + PSA)

124
mmm CAPEX annuity Reagents Maintenance
mmm Electricity GAC transport

101
= 8 7.62
w
e
L
o
2 6 5.62
o
©
=]
c
g 4 3.79

3.25 3.25 3.20
2.89
I |
0-
Os-low Os-mid 0Os-high 03+GAC GAC PAC: PAC:
(5 mg/L) (7 mg/L) (10 mg/L) (3 mg/L) stand-alone (15 mg/L) (25 mg/L)

First, the three 0s+BAF variants share an identical CAPEX annuity (0.84 €/PE-y) and differ only in
their electricity component, which rises from 1.60 to 2.49 €/PE-y between the low and high dos-
es. Operational electricity bill is therefore the principal lever for ozonation at the Plovdiv scale,
with on-site PSA O, generation accounting for 12 % of the ozone-related electricity. Second, the
PAC scenarios are dominated by the recurring reagent cost (3.55 €/PE-y for PAC; at 15 mg/L
and 5.91 €/PE-y for PAC; at 25 mg/L), which alone exceeds the total annual cost of all Os-based
options. Third, GAC stand-alone exhibits a low CAPEX annuity (0.37 €/PE-y) and a comparatively
high reagent component (1.65 €/PE-y, dominated by reactivation at 0.76 €/kg for 729 t/y). This
nominal advantage is structurally conditional on regular access to a reactivation furnace, which
is currently located approximately 1 000 km from Plovdiv (Pischelsdorf, Austria; Donau Carbon
GmbH, 2025).
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The decomposition therefore clarifies that the choice between the three technology families is
governed by different cost drivers — electricity for ozonation, reagent for PAC, and reactivation
logistics for GAC - and that the recommendation derived in the Discussion section depends on
which of these drivers is most exposed to upward movement under local conditions.

Fig. 2 shows the lowest reported total costs (€/m?®) for each reference wastewater treatment plant
listed in Table 3, plotted on a logarithmic scale according to its design capacity (PE), along with
the calculations made for Plovdiv (Os+BAF at a typical operating dose of 7 mg/L = 0.026 €/m?3). A
power-law fit on the ten reference plants yields costs = 59 - PE(-0.55), reflecting the significant
economies of scale that determine the costs of quaternary treatment across a range of two or-
ders of magnitude in plant size. The estimate for Plovdiv lies below the fitted curve, which predicts
0.048 €/m? at 378 454 PE, and within the range spanned by the reference plants of comparable
and larger scale. This positioning indicates that the recommended O3+BAF configuration delivers
a unit cost at the favourable edge of the European full-scale evidence for plants of comparable
scale, consistent with the lower Bulgarian electricity price, and confirms that the technological-di-
mensioning approach used here produces results aligned with the operating experience of the
reference plants.

Economies of scale — Plovdiv on the EU reference curve
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The sensitivity of the recommended 0s+BAF mid-dose configuration (7 mg/L, baseline 3.25 €/
PE-y) to the four highest-leverage parameters is summarised in Fig. 3 (tornado). The ozone dose
(50 %) and the electricity price (30 %) generate the widest envelopes of similar magnitude (2.62 -
3.88 €/PEy and 2.66 — 3.84 €/PE-y, respectively), reflecting the fact that ozone generation and
on-site PSA O, supply together account for 69 % of the total electricity demand. The discount rate
is the second one-sided lever - moving from 3 % to 10 % raises the total annual cost from 3.25
to 4.16 €/PE-y. CAPEX deviation has the smallest leverage (3.08 — 3.42 €/PE-y for a +20 % CAPEX
deviation, i.e. +5 % around the baseline total). Even at the upper edge of every excursion the rec-
ommended option remains below 4.16 €/PE-y, which is below the average of the EU reference set
(7.3 €/PE-y), confirming that the recommendation is robust under the sensitivity envelope tested.

From the comparison illustrated above, the graphs also suggest priorities for risk management
in quaternary treatment. For ozonation, energy efficiency and control of additional “harmful” pa-
rameters (presence of NO2-N, Br) are key, as they directly affect operating costs and the need

Economies of scale -
lowest reported total cost
per m® versus design PE
for the ten EU reference
plants and Plovdiv.
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e baseline 3.25 X X
Sensitivity of total annual cost — Plovdiv Os+BAF (mid dose, 7 mg/L)

Ozone dose (-50 % / +50 %) 2.62 3.88
Electricity price (-30 % / +30 %) 2.66 3.84
Discount rate (3 % - 10 %) 3.25 4.16
CAPEX deviation (-20 % / +20 %) 3.08 3.42
T T T T T
2.5 3.0 3.5 4.0 4.5

Total annual cost (€/PE-y)

for additional treatment. For the PAC approach, the focus is on carbon logistics and subsequent
sludge disposal, while for GAC itis on the reactivation strategy and useful life of the filters. Plovdiv's
ranking among the European wastewater treatment plants of similar size examined along both
axes (E/m? and €/PE-year) shows that, at the selected scale and technological integration, ozone
is an economically sustainable choice, provided that the quality prerequisites (pre-filtration/ad-
ditional treatment, nitrite and bromide control) are strictly maintained and the expected energy
optimisation of the system is achieved.

Multi-criteria comparison

The cost ranking is necessary but not sufficient. Recent literature emphasises that the choice
between ozonation, PAC and GAC is co-determined by operational and environmental dimensions
that a cost-only comparison cannot capture (Sauter, 2024; Stapf et al., 2020). A six-criterion com-
parison is therefore added, covering total annual cost, indicative carbon footprint, sludge implica-
tions, transformation-product risk, operational risk, and sorbent regenerability. The rows for cost
per m® and for the sensitivity envelope in Table 6 detail the cost criterion. The row on compati-
bility with the energy-neutrality pathway under Article 11 of Directive (EU) 2024/3019 is provided
as supplementary information only; it is not counted as a seventh criterion and does not affect
the overall qualitative score, because all four options are rated equally (High). The carbon-foot-
print indicator is computed from the modelled electricity and reagent demands. For ozonation,
oxygen-related emissions are represented through the electricity demand of the PSA system.
Reagent-related emission factors are applied to PAC production, GAC replacement and GAC reac-
tivation. On this basis the indicative carbon footprint ranges from approximately 0.030 kg COeq/
m?® for GAC stand-alone and 0.062 kg CO.eq/m? for O3+BAF (mid dose) to 0.146 kg COzeq/m? for
PAC after secondary, approximately 2.4 times the value of the recommended ozonation option.

Because PAC and GAC scenarios are strongly controlled by reagent economics, an additional
screening sensitivity was considered for activated-carbon price and GAC reactivation cost. A +30%
variation in PAC/GAC unit costs does not change the rejection of PAC as a near-term base-case
option and reinforces that their selection remains conditional on reliable reactivation logistics. This
supports the recommendation of O3+BAF not as the universally cheapest technology, but as the
most robust near-term option under current Bulgarian infrastructure conditions.
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o 0;+BAF 03+GAC GAC
Criterion Gl 7 ) (3 mg/L) stand-alone PAC after secondary
Total annual cost (€/PEy) | 3.25 3.25 3.20 5.62
Total annual cost (€/m3 | 0.026 0.026 0.026 0.045
ﬁg‘ys)'“v'ty envelope €/ 5 42416 276-3.74 256-384 44-70
Indicative carbon foot- 0.062 0.040 0.030 0.146
print (kg COeq/m3) : : : :
Sludge quantities

No additional Marginal (rinse | No additional increase by more
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9 Y polished by GAC
. High (foreign
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o Yes (every 12 Yes (every 12 .
Sorbent regenerability n/a months) months) No (single use)
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way under Article 11 of
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+ (recommended, | mended once o
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Overall qualitative score | short / medium regional GAC onall .
term) reactivation operationally gency option)
; exposed)
exists)

Implementation pathway and financing

Article 8(1) of Directive (EU) 2024/3019 binds Plovdiv to the 2033/2039/2045 phasing without na-
tional derogation. A pragmatic implementation pathway distinguishes three decisions. First, the
legal and procedural step requires an update of the existing IPPC discharge permit, alignment of
the local urban wastewater management plan with Article 8, and registration of the indicator-sub-
stance monitoring programme under Articles 18-20. Second, financing may rely on the Extended
Producer Responsibility (EPR) mechanism introduced by Article 9 of Directive (EU) 2024/3019,
under which producers of pharmaceuticals and cosmetics are expected to cover at least 80% of
the relevant costs of quaternary treatment, subject to national transposition. If an illustrative 20%
public co-financing share is assumed for the CAPEX component, the remaining contribution for
the 6.24 ME 03+BAF option would be approximately 1.25 ME. The final allocation of investment,
operational and monitoring costs should, however, be defined after national transposition of the
EPR mechanism.

The technical and economic assessment carried out for the Plovdiv WWTP shows that the re-
quirements of the recast Urban Wastewater Directive for micropollutant removal can be achieved
at competitive cost levels using ozonation followed by biologically active filtration (0s+BAF) at

D

Multi-criteria comparison
of the four technologies
for the Plovdiv WWTP.
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low to typical operating doses of 5-7 mg 0s/L, yielding total annual costs of 2.89-3.25 €/PE-y.
Although stand-alone GAC shows a slightly lower nominal tabulated cost, this ranking is not de-
cision-robust under current Bulgarian conditions because it depends on access to external reacti-
vation infrastructure. The two PAC scenarios are flexible to deploy and CAPEX-light. However, the
dominance of recurring reagent costs (706 — 1178 t PAC/y at 1.90 €/kg), together with a sludge
increase of more than 10 % that may require stricter management - potentially including thermal
treatment, depending on contaminant loading and final waste classification - places them in the
most unfavourable position on the multi-criteria comparison.

The economies of scale of the Plovdiv WWTP further reduce the cost per equivalent inhabitant -
the recommended 03+BAF configuration places Plovdiv at 0.026 €/m? below the European econ-
omies-of-scale curve (Fig. 2), between WWTP-09 (195 000 PE, 0.08 €/m? and WWTP-10 (1 200
000 PE, 0.021 €/m?), and below the overall average of the European reference set (7.3 €/PE-y). The
recommendation is robust under the sensitivity envelope tested in Fig. 3, remaining below 4.16
€/PE-y under the one-at-a-time sensitivity tests applied to the four highest-leverage parameters.

A phased and flexible implementation is recommended, through the introduction of a technologi-
cal scheme with ozonation at a minimum effective dose and biologically active filtration, supported
by strict online monitoring (UV(zs4/DOC and bromate-BrQOs7). The design of “modular” type facili-
ties is an advantage to ensure smooth retrofitting with GAC when requirements are tightened or
when a higher degree of removal is required. The final selection and settings should be validated
through energy optimisation and a sludge management plan to achieve minimum overall costs
and a sustainable environmental impact.

Use of Artificial Intelligence Tools

During the preparation of this manuscript, the author used Anthropic's Claude Al assistant to
support language editing, improve readability, identify possible inconsistencies in terminology and
presentation and the formatting of figures and tables from the author’s own data and calculations.
The technological dimensioning of the seven treatment scenarios, cost calculations and all nu-
merical results were developed and validated by the author using self-developed engineering and
financial spreadsheets. Al assistance is clearly distinguished from the data analysis and has not
generated or created any technical content, design parameters, methodological conclusions or
interpretations presented in this work. The author reviewed and revised the content independently
and assumes full responsibility for the accuracy, originality and integrity of the work.
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