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1. Introduction 
Residues of active pharmaceutical ingredients (APIs) have been detected in the environment on 
every inhabited continent (Aus der Beek et al. 2016). Most recently, several pharmaceuticals were 
detected in environmental samples in the Baltic Sea (BS) environment, in e.g. wastewater, surface 
water and sediment (Ek Henning et al. 2020). Environmental levels of several APIs, such as 
clarithromycin and diclofenac, were identified to exceed their predicted no-effect concentrations 
(PNECs). Relatively high concentrations and detection frequencies of APIs in the environment have 
given rise to discussions on the necessity of emission reduction measures.  

Assessing which reduction measures are the most efficient for certain situations and APIs would 
require implementing the reduction measures in large scale and an unfeasibly high number of 
samples. Such an assessment would be required to make informed decisions on which emission 
reduction measures to implement. However, the impacts of different emission reduction measures 
can be estimated computationally.  

This report describes work conducted within the framework of the project Clear Waters from 
Pharmaceuticals (CWPharma) that was funded by the EU’s Interreg Baltic Sea Region Programme. 
The aim of this study was to quantify the efficiency of different scenarios aimed at reducing the 
emissions of APIs into the BS environment. The emission reductions were estimated using the Baltic 
Pharma Load (BPL) model described by Äystö et al. 2020. The GIS-based model covers the entire BS 
drainage basin, dividing it into 1 km2 calculation grid cells. Country-specific sales statistics are used 
as the driving parameters in the model. BPL takes into account removal processes, such as 
metabolism, removal at wastewater treatment plants (WWTPs), and degradation in the environment 
during transport to the BS. A comprehensive description of the model is available in Äystö et al. 2020. 
The load reduction estimates were calculated for eight APIs: carbamazepine (CBZ), clarithromycin 
(CLM), diclofenac (DCF), ibuprofen (IBU), metformin (MTF), ofloxacin (OFL), tramadol (TRD) and 
venlafaxine (VFX). 

In addition, a generic evaluation of associated costs and carbon footprint (global warming potential) 
was conducted for the scenarios concerning implementation of API elimination technologies at 
WWTPs, such as ozonation or application of activated carbon in powdered (PAC) or granulated 
(GAC) form. 

The evaluation methods and results presented here can be used as a starting point when selecting 
the most suitable reduction measures for API emissions. However, the cost and carbon footprint 
evaluation focused only on implementing API elimination technologies at WWTPs. Similar 
estimations on the overall impacts should be carried out for other emission reduction options as well. 
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2. Methods 
2.1. Emission reduction estimations 

A list of possible emission reduction measures was compiled with the help of a working group 
consisting of CWPharma work package and activity leaders. These measures were aimed to include 
technical measures with proven capacity to reduce API load from WWTPs, but also non-technical 
measures, such as improvements in waste management, for which the efficacy is difficult to measure 
empirically.  

The changes in total API load to the environment were estimated using the BPL-model (Äystö et al. 
2020). As the aim was to estimate the potential reductions in loads into the environment compared 
to a baseline situation, the calculations were carried out using a scenario representing estimated 
annual average environmental conditions (scenario 1, Äystö et al. 2020). 

To our knowledge, this was the first calculation exercise to quantify and compare the potential 
impacts of different measures on API load into the environment in geographically large scale. 
Therefore, the feasibility of implementing a measure in full scale was not considered a determining 
factor to whether it should be included into the calculations. If some measures were to be found not 
only unfeasible but also ineffective, they could be excluded from any further examination or 
discussion. 

The emission reduction measures included into the load estimations are presented in the following 
chapters. Also, the levels of implementation and input data used in the calculations are presented. 

 

Technical measures 

TM1: Improved removal at WWTPs 

The first technical measure (TM1) focused on improving WWTP technology. Improving wastewater 
treatment processes is often brought up as an effective way to decrease API loads into the 
environment. The background information utilized in this approach focused on ozonation as a 
tertiary treatment. The measure was implemented by modifying the removal rates in the BPL model 
according to Table 1. 

 
Table 1. API-specific removal rates used in TM1. 

API 
Removal rate [%] 

Baseline1) Improved2) 

Carbamazepine (CBZ) 12.0 95.6 

Clarithromycin (CLM) 29.1 92.9 

Diclofenac (DCF) 6.42 95.3 

Ibuprofen (IBU) 95.0 97.8 

Metformin (MTF) 99.8 99.9 

Tramadol (TRD) 3.10 78.7 

Venlafaxine (VFX) 19.8 82.4 
1) Based on results reported by Ek Henning et al. 2020 
2) Based on data of the WWTPs Berlin, Kalundborg, and Linköping. 

Corresponds to an average reduction of the seven APIs by 80% at 
the ozonation stage, which requires a specific ozone dose of 0.5 
mgO3/mgDOC 
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The measure was evaluated using four levels of implementation. On the first level (A), the improved 
WWTP technologies are applied only to emissions originating from coastal urban clusters (CUCs, 
see Äystö et al. 2020). On the remaining three levels of implementation, the technologies were 
applied in a step-wise manner to the emissions originating from urban clusters connected to WWTPs 
of different sizes (see Table 2). 

 
Table 2. Different levels of implementation for TM1 (Improved WWTP processes implemented at WWTPs). 

Level of implementation Sites where WWTP technologies are implemented 

TM1A At coastal urban clusters (CUCs) only 

TM1B At CUCs and all cities connected to WWTPs with PE≥250,000 

TM1C At CUCs and all cities connected to WWTPs with PE≥100,000 

TM1D At CUCs and all cities connected to WWTPs with PE≥50,000 

 

Information on the locations and population equivalents (PE-values) of the WWTPs within the BS 
drainage basin were accessed through the Urban Waste Water Directive (UWWTD) database, v7 
(EEA 2019). WWTPs with PE-values higher than or equal to 50,000 are included into the BPL model 
and connected to the urban clusters nearest to the coordinates of the WWTPs in the UWWTD 
database, as described by Äystö et al. (2020). Due to insufficient information on exact areas, from 
which sewage is directed to certain WWTPs, each urban cluster was assumed to treat its sewage at 
the nearest WWTP. However, as the sewer network may cover an area wider than the nearest urban 
cluster, the API load reaching the plant may be higher. Therefore, the technical improvements were 
simulated using two different assumptions, which gave a range of likely reduction potentials. 

The PE-value is a proxy for connected persons, determined based on the biological oxygen demand 
(BOD) of the influent wastewater. Thus, it may give an overestimate of the actual number of 
connected persons e.g. in situations where industrial emissions increase the BOD. It was seen 
necessary to take this discrepancy into consideration on a country-by-country basis, using a so-called 
“PE-compensation” procedure, described in Box 1. The API-specific compensated removal rates are 
presented in Annex 1. Implementation scenarios B, C and D were calculated with and without the 
PE-compensation, denoted by 1 and 2 in the scenario name (e.g. TM1B1 and TM1B2), respectively. 
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Box 1. PE-compensation procedure. 

I Country-specific PE-sums were aggregated based on the PE-thresholds (B, C & D, see Table 2) 

II Country-specific population connected to WWTPs of different size classes were aggregated in the 
BPL model. Information on WWTP sewer network coverage, presented by Äystö et al. (2020), was 
utilized here. 

III The discrepancy between the connected population and PEs (“population deficit”) was calculated 
(PE minus population). These values were left-censored at zero, so that they were always ≥0, to 
avoid an increase of the load because of the approach. 

IV This “population deficit” was divided with the population outside relevant clusters (B, C & D, see 
Table 2), to derive the country-specific PE-compensation coefficients. The coefficients represent 
the fraction of population outside urban clusters which must also be assigned improved 
technologies to take into account the discreptancy between PEs and population in the urban 
clusters. 

V The PE-compensation coefficients were then used to derive country- and implementation level-
specific WWTP removal rates for areas outside urban clusters. The removal rates were derived as 
a weighted average of the conventional removal rate and improved removal rate, presented in 
Table 1. 

 

The approach is presented in equations (1), (2) and (3). 

  , where 

𝑃𝐸𝑐𝑜𝑚𝑝(𝑖, 𝑗) = PE compensation coefficient 

for implementation scenario i in country j 

𝑃𝑂𝑃𝑑𝑒𝑓(𝑖, 𝑗) = Population deficiency in 

implementation scenario i in country j 

𝑃𝑂𝑃𝑡𝑜𝑡(𝑗) = Total population in country j 

𝑃𝑂𝑃𝑠𝑢𝑚(𝑖, 𝑗) = Population in country j 
located in urban clusters connected to 
WWTPs relevant to implementation 
scenario i in the BPL-model 

𝑆𝑁𝐶(𝑗) = Sewer network coverage in 
country j 

(1)  
𝑃𝐸𝑐𝑜𝑚𝑝(𝑖, 𝑗) =

𝑃𝑂𝑃𝑑𝑒𝑓(𝑖, 𝑗)

𝑃𝑂𝑃𝑡𝑜𝑡(𝑗) − 𝑃𝑂𝑃𝑠𝑢𝑚(𝑖, 𝑗) × 𝑆𝑁𝐶(𝑗)
 

(2)  𝑃𝑂𝑃𝑑𝑒𝑓(𝑖, 𝑗) = max({0, 𝑃𝐸𝑠𝑢𝑚(𝑖, 𝑗) − 𝑃𝑂𝑃𝑠𝑢𝑚(𝑖, 𝑗)}) 𝑃𝐸𝑠𝑢𝑚(𝑖, 𝑗) = Sum of PE-values relevant for 
implementation scenario i in country j 

(3)  𝑅𝑅𝑐𝑜𝑚𝑝(𝑖, 𝑗) = 

(1 − 𝑃𝐸𝑐𝑜𝑚𝑝(𝑖, 𝑗)) × 𝑅𝑅 + 𝑃𝐸𝑐𝑜𝑚𝑝(𝑖, 𝑗) × 𝑅𝑅𝑖𝑚𝑝 

𝑅𝑅𝑐𝑜𝑚𝑝(𝑖, 𝑗) = API-specific removal rate 

used for emissions outside relevant urban 
clusters in scenario i in country j 

𝑅𝑅 = API-specific baseline removal rate (see 
Table 1) 

𝑅𝑅𝑖𝑚𝑝 = API-specific improved removal rate 

(see Table 1) 
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TM2: Increasing sewer network coverage 

The second technical measure (TM2) considered the increase of the sewer network coverage, i.e. a 
higher fraction of API emissions were treated using conventional WWTP technologies. To do this, 
the country-specific default values for sewer network coverage used by the BPL model were increased 
to reflect different implementation scenarios. The first implementation scenario (TM2A) represented 
a situation, where 50% of the currently untreated sewage would be treated using conventional 
technologies. The second implementation scenario (TM2B) considered the situation where all 
sewage generated within the BSR would be treated with conventional technologies. The values for 
sewer network coverage used in TM2 are presented in Table 3. 

 
Table 3. Sewer network coverages used in the calculations. 

Country 
Sewer network coverage 

Baseline1) TM2A TM2B 

BY 83.0% 91.5% 100.0% 

CZ 99.0% 99.5% 100.0% 

DE 99.0% 99.5% 100.0% 

DK 99.0% 99.5% 100.0% 

EE 99.0% 99.5% 100.0% 

FI 99.0% 99.5% 100.0% 

LT 96.0% 98.0% 100.0% 

LV 92.0% 96.0% 100.0% 

NO 75.0% 87.5% 100.0% 

PL 99.0% 99.5% 100.0% 

RU 67.0% 83.5% 100.0% 

SE 99.0% 99.5% 100.0% 

SK 95.0% 97.5% 100.0% 

UA 61.0% 80.5 % 100.0% 
1) UNICEF & WHO 2019 
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Non-technical measures 

NT1: No pharmaceutical waste is generated 

The first non-technical measure (NT1) focused on minimizing the amount of medicines left unused, 
i.e. the amount of medicinal waste. The measure consisted of two alternative scenarios:  

- Scenario NT1A: Pharmaceutical sales stay at the current level, but the fraction of 
pharmaceuticals left unused is decreased. Thus, the mass of pharmaceutical consumption is 
increased by the fraction currently left unused. 

- Scenario NT1B: Pharmaceutical sales are decreased as the fraction left unused decreases, and 
the fraction left unused decreases accordingly. Thus, pharmaceutical consumption remains 
at the current level, while the medicines left unused are never sold. 

Both scenarios contained two sub-scenarios, 1 and 2, where the fraction of unused medicines was 
decreased to half the baseline value and to 0%, respectively. The input values used in NT1 are 
presented in Table 4 and country-specific sales statistics used in the scenario are presented in Annex 
2. 

 
Table 4. Wastage values used in NT1 calculations. 

Country 

Unused 

Baseline1) NT1A1,  
NT1B1 

NT1A2,  
NT1B2 

BY 8.0% 4.0% 0.0% 

CZ 8.0% 4.0% 0.0% 

DE 8.0% 4.0% 0.0% 

DK 8.0% 4.0% 0.0% 

EE 8.0% 4.0% 0.0% 

FI 4.0% 2.0% 0.0% 

LT 8.0% 4.0% 0.0% 

LV 8.0% 4.0% 0.0% 

NO 8.0% 4.0% 0.0% 

PL 8.0% 4.0% 0.0% 

RU 8.0% 4.0% 0.0% 

SE 5.0% 2.5% 0.0% 

SK 8.0% 4.0% 0.0% 

UA 8.0% 4.0% 0.0% 
1) Mehtonen et al. 2020. When no national value was available, an 

average based on available values was issued. 
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NT2: Separate collection and irreversible destruction of pharmaceutical waste are enhanced 

While NT1 focused on estimating the impacts of reductions in wastage of pharmaceuticals, the 
second non-technical measure (NT2) estimated the impacts of improved waste management. 
Improving waste management of unused pharmaceuticals is seen as a low hanging fruit when 
considering API-emission reduction measures. The assumptions in NT2 are that while the fraction 
of unused pharmaceuticals remains constant, the fraction flushed into the sewer network is 
decreased (NT2A), and the fraction delivered to proper treatment is increased (NT2B).  

NT2 focused on improvements on separate collection and irreversible destruction of pharmaceutical 
waste. The measure was divided into two complementary scenarios, further divided into sub-
scenarios: 

- NT2A: The portion of unused pharmaceuticals flushed down the drain is decreased from the 
current estimate (50%) to 25%, 10% and 0% in sub-scenarios 1, 2 and 3, respectively. 

- NT2B: The fraction of properly disposed of pharmaceutical waste is increased to cover 50% 
and 100% of the currently improperly disposed of mass in sub-scenarios 1 and 2, respectively. 

The impacts of these measures were estimated individually and as combinations. The input values 
used in scenario NT2B are presented in Table 5. 

 
Table 5. Values used in scenario NT2B calculations. 

Country 

Percentage of pharmaceutical waste destroyed 
irreversibly 

Baseline1) NT2B1 NT2B2 

BY 28.0% 64.0% 100.0% 

CZ 28.0% 64.0% 100.0% 

DE 28.0% 64.0% 100.0% 

DK 28.0% 64.0% 100.0% 

EE 28.0% 64.0% 100.0% 

FI 65.0% 82.5% 100.0% 

LT 12.0% 56.0% 100.0% 

LV 8.0% 54.0% 100.0% 

NO 28.0% 64.0% 100.0% 

PL 7.0% 53.5% 100.0% 

RU 5.0% 52.5% 100.0% 

SE 72.0% 86.0% 100.0% 

SK 28.0% 64.0% 100.0% 

UA 28.0% 64.0% 100.0% 
1) Mehtonen et al. 2020. When no national value was available, an average based on available 

values was issued. 
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NT3: The use of environmentally risky APIs is decreased 

The third non-technical measure (NT3) consisted of several different measures aimed at reducing 
the use of selected APIs. It should be noted that these measures are presented here as theoretical 
options to assess their emission reduction potential. Before implementing measures such as these, 
their feasibility would have to be assessed carefully by healthcare professionals, taking care not to 
endanger patient safety. The scenario outlines were following: 

- NT3A: Prescriptions by doctors are decreased by 50%, resulting in an API-specific reduction 
in overall sales. 

- NT3B: 25% of the population is assumed to reduce the consumption of DCF and IBU due to 
raised environmental awareness, resulting in an overall decrease of 12.5% in total sales. 

- NT3C: Over-the-counter sales of DCF and IBU are banned, resulting in a 50% decrease in the 
overall sales. 

- NT3D: Topical use of DCF decreases from the current 65% to 50%, 25% or 0% of the total 
consumed DCF mass in sub-scenarios 1, 2 and 3, respectively. The total DCF sales decrease 
correspondingly. 

 

The estimated reduction of the sales of selected APIs in scenarios NT3A, B and C are presented in 
Table 6. These scenarios did not consider whether the reduction of the sales of an API would increase 
the consumption of another API. 

 
Table 6. Estimated reductions in API sales. 

API 
Estimated reduction in overall sales 

NT3A NT3B NT3C 

CBZ 50.0% - - 

CLM 50.0% - - 

DCF 25.0% 12.5% 50.0% 

IBU 25.0% 12.5% 50.0% 

MTF 50.0% - - 

OFL 50.0% - - 

TRD 50.0% - - 

VFX 50.0% - - 

 

Scenario NT3D focused only on DCF. Orally administered DCF is metabolized efficiently, as 
approximately 1% of the administrated mass is excreted. However, a vast portion of the total 
consumption of DCF is applied topically. This increases the excreted fraction, as only a small portion 
of the topically applied DCF is absorbed through the skin and undergoes metabolic processes. For 
instance, some products state the absorbed fraction is 6% of the topically applied DCF. Therefore, it 
is expected that the higher the fraction of topical use compared to overall use, the higher the load to 
wastewaters.  

An effective excretion rate (Excreff), including not only excretion but also wash-off from unabsorbed 
topically administered DCF, was estimated using equations (4) and (5). As the aim was to estimate 
the impact of reducing topical DCF use, giving no regard to it potentially being replaced by other 
medication, the overall DCF sales were decreased in accordance to the reduction in topical use, using 
equation (6). 
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(4)  𝐸𝑥𝑐𝑟𝑒𝑓𝑓  

= (1 − 𝑓𝑜𝑟𝑎𝑙) × 𝐸𝑥𝑐𝑟𝑡𝑜𝑝𝑖𝑐𝑎𝑙 + 𝑓𝑜𝑟𝑎𝑙 × 𝐸𝑥𝑐𝑟𝑜𝑟𝑎𝑙  

, where 

𝐸𝑥𝑐𝑟𝑒𝑓𝑓  = Effective excretion rate, which takes into 

account not only excretion from orally administered 
doses, but also wash-off from topical use 

𝑓𝑜𝑟𝑎𝑙 = Fraction used orally  
    𝐹𝑜𝑟𝑎𝑙(0): default = 35% 
    𝐹𝑜𝑟𝑎𝑙(𝑖): scenario-specific value 

𝐸𝑥𝑐𝑟𝑡𝑜𝑝𝑖𝑐𝑎𝑙  = Excretion rate from topically 

administered dose 

𝐸𝑥𝑐𝑟𝑜𝑟𝑎𝑙  = Excretion rate from orally administrated 
dose (default: 1%) 

𝑓𝐴𝑏𝑠 = Fraction of topically administrated dose that is 
absorbed (default: 6 %) 

𝐸𝑥𝑐𝑟𝑈𝑛𝐴𝑏𝑠 = Excretion rate for the topically 
administered DCF, not absorbed (default: 100%) 

𝑆𝑟𝑒𝑑(𝑖, 𝑗) = Overall sales according to scenario i in 
country j 

𝑆(𝑗) = Baseline sales in country j  

(5)  𝐸𝑥𝑐𝑟𝑡𝑜𝑝𝑖𝑐𝑎𝑙  

= 𝐸𝑥𝑐𝑟𝑜𝑟𝑎𝑙 × 𝑓𝐴𝑏𝑠 + (1 − 𝑓𝐴𝑏𝑠) × 𝐸𝑥𝑐𝑟𝑈𝑛𝐴𝑏𝑠 

(6)  𝑆𝑟𝑒𝑑(𝑖, 𝑗) = 𝑆(𝑗) ×
𝑓𝑜𝑟𝑎𝑙(0)

100%−𝑓𝑜𝑟𝑎𝑙(𝑖)
  

 

Using the assumptions presented above, the default effective excretion rate for DCF was 61.5%. The 
Excreff -values and reductions in sales estimated to be achieved when implementing scenarios NT3D 
are presented in Table 7. 

 
Table 7. Effective excretion rates and reductions in overall sales estimated to be achieved by implementing NT3D. 

Scenario 𝒇𝒐𝒓𝒂𝒍 𝑬𝒙𝒄𝒓𝒆𝒇𝒇 
Reduction  

in sales 

Per  capita DCF sales [mg/person/d] 

DE DK EE FI LT LV PL RU SE 

Baseline 35.0% 61.5% 0.0% 0.90 0.44 3.1 1.2 0.71 2.7 0.58 0.37 0.78 

NT3D1 50.0% 47.5% 30.0% 0.63 0.31 2.2 0.86 0.49 1.9 0.40 0.26 0.55 

NT3D2 75.0% 24.3% 53.0% 0.42 0.20 1.5 0.57 0.33 1.3 0.27 0.17 0.36 

NT3D3 100.0% 1.0% 65.0% 0.31 0.15 1.1 0.43 0.25 0.95 0.20 0.13 0.27 
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2.2. Costs and carbon footprint of advanced wastewater treatment for API elimination 

Implementation of technical measures for API elimination at municipal WWTPs, such as ozonation 
or activated carbon in powdered (PAC) or granulated (GAC) form, will cause additional costs and an 
increasing carbon footprint of the according WWTP. Thus, a generic evaluation of costs and carbon 
footprint was conducted for the scenarios with a focus on improvements in WWTP processes (TM1, 
see p. 3). The estimation methods are briefly described in the following section. Details on the 
different API elimination technologies are available at CWPharma’s Guideline for advanced API 
removal (Stapf et al. 2020). 

Data basis 

The evaluation is based on data of the UWWTD database (EEA 2019) and includes the Baltic Sea 
states Germany (DE), Denmark (DK), Sweden (SE), Finland (FI), Estonia (EE), Latvia (LV), Lithuania 
(LT), and Poland (PL). It was assumed that the API elimination technology is designed for a 
treatment of the full WWTP treatment capacity. Total amount of treated wastewater for the 
according WWTPs was determined by using the specific amount of wastewater per population 
equivalent (m³ PE-1 d-1) from the IWAMA project (Rettig et al. 2018), which clustered the countries 
into different regions: 

• Baltic region (Estonia, Latvia, Lithuania), 165 L/(PE*d) 

• South Baltic (Germany, Poland), 120 L/(ECOD,120*d) 

• Nordic region (Finland, Sweden), 218 L/(ECOD,120*d)  

As Denmark was not included in the IWAMA evaluation, the data was derived from the statistics of 
Danish water association (Danva 2019). Considering only WWTPs with a load above 50,000 PE, 
specific amount of wastewater per PE was determined to 217 L/(PE*d), which is very similar to values 
for the Nordic region in the IWAMA project. The yearly amount of wastewater treated by the 
according WWTPs were calculated using equation (7). 

 

(7)  𝑄𝑊𝑊𝑇𝑃 = 𝑄𝑠𝑝𝑒𝑐. × 𝑊𝑊𝑇𝑃𝑙𝑜𝑎𝑑 × 365 , where 

𝑄𝑊𝑊𝑇𝑃 = Annual treated wastewater (m³ a-1) 

𝑄𝑠𝑝𝑒𝑐. = Specific amount of wastewater per PE (m³ PE-1 d-1) 

𝑊𝑊𝑇𝑃𝑙𝑜𝑎𝑑 = Load entering the WWTP (PE) 

 

Required amount of ozone and activated carbon corresponds to the DOC load (�̇�𝐷𝑂𝐶 , kg/a) at the 
WWTP effluent, which was not available in the UWWTP dataset. Therefore, DOC concentrations 
were estimated based on the COD concentrations (CCOD, mg/L) in the WWTP effluents as reported 
by the IWAMA project (Rettig et al. 2020): 

• Baltic region (Estonia, Latvia, Lithuania), 41 mg COD/L 

• South Baltic (Germany, Poland), 34 mg COD/L 

• Nordic region (Finland, Sweden), 41 mg COD/L 

COD concentrations in the Danish WWTP effluents were not available. But as the specific water 
amount per PE was similar to the Nordic region, it was assumed that WWTP effluent COD 
concentrations were also similar. Along with the annual treated wastewater and a factor of 3 mg 
COD/mg DOC, annual DOC load (�̇�𝐷𝑂𝐶 , kg/a) was calculated using equation (8). 

 

(8)  
�̇�𝐷𝑂𝐶 =  

𝑄𝑊𝑊𝑇𝑃 × 𝐶𝐶𝑂𝐷

3
 

, where 

�̇�𝐷𝑂𝐶  = Annual DOC load (kg/a) 

𝐶𝐶𝑂𝐷  = COD concentration in WWTP effluent 

 



12 

 

 

Costs 

The costs of an advanced treatment technology can be divided into capital expense (CAPEX) and 
operating expense (OPEX). CAPEX includes costs for e.g. buying land, site preparation, construction 
work, equipment, and capital interest, whereas OPEX includes costs for e.g. supplies (e.g. liquid 
oxygen, activated carbon), energy consumption, and maintenance of equipment. Currently, cost 
evaluations are available for some countries (e.g. Germany, Switzerland and Sweden). However, costs 
related to construction (e.g. land, material, transport, labour, and professionals) and operation (e.g. 
supplies, electricity, labour) can be distinctly different between the countries. 

For the generic cost evaluation, specific total annual costs per m³ (net, OPEX and CAPEX) as a 
function of the WWTP load (PE) were used, which is based on a German study (Herbst et al. 2016) 
that compiled data from feasibility studies and operational full-scale plants in Germany and 
Switzerland. The costs included all components that are required for the API elimination stage (e.g. 
construction, post-treatment, pumps, equipment, etc.). However, this cost function did not 
differentiate between technologies (ozone, PAC and GAC). In general, specific price per m3 treated 
decreases with an increase of the WWTPs treatment capacity. The total annual costs for the different 
WWTPs in the BSR countries were then estimated by linking the specific cost of the WWTP load 
with its total annual flow, using equation (9). As the German study did not include WWTPs with 
more than one million PE, a cut-off criterion was used for WWTPs with higher loading.  

 

(9)  𝐶𝑜𝑠𝑡𝑠𝑝𝑒𝑐 = 𝑄𝑊𝑊𝑇𝑃 × 10.861 × min({𝑃𝐸, 106})−0.424 , where 

𝐶𝑜𝑠𝑡𝑠𝑝𝑒𝑐 = Annual costs for implementation 

and operation of API elimination technology 

𝑄𝑊𝑊𝑇𝑃 = Annual wastewater flow in WWTP 

𝑃𝐸 = Population equivalent in WWTP 

 

However, the cost evaluation of Herbst et al. (2016) also revealed that the specific annual costs (€/m³) 
for same-sized WWTPs within one country can vary by a factor of more than two. Often the price 
difference was not due to the choice of technology (e.g. ozonation, PAC or GAC), but attributed to 
site-specific boundary conditions, such as:  

• site conditions (space available, ground conditions, construction above / below surface); 

• water matrix (e.g. DOC, nitrite);  

• already available equipment / constructions (e.g. filters that can be used as post-
treatment);  

• treatment of the full-stream or a partial-stream; or  

• whether additional pumping is required  

Therefore, the performed cost estimation can only provide a rough overview of the expected costs 
for the application of API elimination technologies at the different scenarios and does not claim to 
precisely reflect country specific costs. 

Global warming potential 

The construction and operation of an API elimination stage requires material (e.g. for construction 
of infrastructure, liquid oxygen (LOX), activated carbon) and electricity (e.g. ozone generation, 
pumping), which results in the emission of substances that can impact global warming. The global 
warming potential (GWP, 100 a), which is expressed as carbon dioxide equivalents (CO2,eq), was used 
as an indicator to determine the impact of the different API elimination technologies (ozone, PAC 
and GAC). For the evaluation of the GWP, it was assumed that all API elimination technologies are 
operated in combination with a sand filter, which serves as ozonation post-treatment, PAC retention 
stage or pre-filtration for the GAC filter (Figure 1).  
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Figure 1: Setup of the different API elimination technologies for the evaluation of the global warming potential. 

Carbon footprint of the infrastructure, supplies (e.g. LOX, PAC, GAC), and electricity consumption 
are based on previous work (Jekel et al. 2015) in combination with updated data about the impact of 
activated carbon production (DWA 2016). In detail, the following assumptions were used for the 
different technologies: 

Sand filter 

- Electricity demand for periphery (backwash, additional lifting of wastewater):   
XCO2,SF = 0.042 kWh/m³ 

- Carbon footprint of sand filter: XCO2,SF,infr = 0.008 kg CO2-eq/m³ 

Ozonation: 

- Electricity demand for ozone production (ozone generation, injection, off-gas treatment, and 
cooling) and periphery: XCO2,O3 = 13 kWh/kg O3 

- LOX consumption for ozone production: RLOX,O3 = 10 kg LOX/ kg O3 
- Electricity demand for LOX production: 1.42 kWh/kg LOX1. Assumed that LOX is produced 

in the same country as the WWTP, thus, the national carbon footprint of energy production 
applies 

- Carbon footprint of ozonation infrastructure: XCO2,O3,infr = 0.002 kg CO2-eq/m³  
- Specific ozone dose used: 0.5 mgO3 / mg DOC 

PAC: 

- PAC is added prior to a filter, without a separate contact tank 
- Electricity demand for periphery that includes PAC dosing and enhanced backwash of sand 

filter: XCO2,PAC = 0.002 kWh/m³ 
- Carbon footprint of PAC production: XCO2,infr = 11.7 kg CO2-eq/kg AC (virgin activated carbon 

from hard coal) 
- Carbon footprint of PAC infrastructure: XCO2,PAC,infr = 0.0003 kg CO2-eq/m³  
- Specific PAC dose used: 1.0 mg PAC / mg DOC 

GAC: 

- GAC is applied as a discontinuous GAC-filter 
- Electricity demand for periphery (backwash of GAC filter, no additional lifting of wastewater 

as it will be included in sand filter): XCO2,GAC = 0.002 kWh/m³ 
- Carbon footprint of GAC production: XCO2,infr = 1.9 kg CO2-eq/kg AC (regenerated activated 

carbon from hard coal) 
- Carbon footprint of GAC infrastructure (e.g. filter): XCO2,GAC,infr = 0.007 kg CO2-eq/m³ 
- GAC exchange after 15,000 treated bed volumes 

The carbon footprint of the energy production was based on data reported by European Environment 
Agency (EEA 2020) for the year 2017 and varied strongly between the BSR countries. Scandinavian 
countries (Sweden, Finland, Denmark) and some of the Baltic States (Latvia, Lithuania) had a carbon 
footprint below the EU-27 average (0.3 kg CO2-eq/kWh), whereas Estonia, Poland, and Germany 
were above it (Figure 2). 

 
1 Data of ecoinvent v3.6 "market for liquid oxygen” 
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Figure 2: Global warming potential of energy production at the different BSR countries. 
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3. Results 
3.1. Estimated load reductions 

Technical measures 

The simulation results for TM1 are presented for diclofenac in Figure 3, for metformin in Figure 4 
and for ibuprofen in Figure 5. The baseline bars present the estimated current emissions reaching 
the Baltic Sea, while TM1A, TM1B, TM1C and TM1D present the loads after implementing the 
improved removal technologies to emissions from coastal urban clusters and WWTPs with PE values 
≥250,000, ≥100,000 and ≥50,000, respectively. 

 

 
Figure 3. Reduction in DCF-load to the BS using different emission reduction measures and assumptions. Scenario 
abbreviations are explained on pages 3–5 of this report. 

 
Figure 4. Reduction in MTF-load to the BS using different emission reduction measures and assumptions. Scenario 
abbreviations are explained on pages 3–5 of this report. 
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Figure 5. Reduction in IBU-load to the BS using different emission reduction measures and assumptions. Scenario 
abbreviations are explained on pages 3–5 of this report. 

Improvement of WWTP-technologies (scenario TM1) would have a high impact on APIs that are 
poorly removed using conventional technologies. DCF emissions reaching the Baltic Sea were 
estimated to decrease 32–47% if the improvements are implemented to emissions from coastal cities 
and all other WWTPs with PE>250,000. However, improvement of WWTP technologies was 
estimated to be relatively ineffective way to reduce the loads of APIs that are removed efficiently 
using conventional technologies, such as IBU and MTF. 
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Increasing the sewer network coverage (TM2) 
would reduce the emissions of APIs that are 
well removed with conventional wastewater 
treatment. This improvement would have a 
negligible impact on recalcitrant APIs (e.g. 
DCF), but a high impact for more degradable 
ones, such as IBU and MTF.  

Emissions after improvements in sewer 
network coverage are presented for selected 
APIs in figure Figure 6. The impact of the 
reduction varied spatially. In countries where 
the sewer network coverage is currently low 
(e.g. RU, UA) the impact was more 
pronounced. Correspondingly, increased 
sewer network coverage had less impact on 
the loads in countries where nearly all sewage 
is already treated, such as DE and SE. 
However, when looking at the entire BS 
drainage basin, the potential load reduction 
was significant. 

 

 

  

Figure 6. API-load reduction achievable through improvements 
in sewage network coverage. Scenario abbreviations are 
explained on page 6 of this report. 
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Non-technical measures 

The scenario NT1A represented the situation where API sales remain unchanged while wastage 
decreases, effectively increasing API consumption. Therefore, it was identified to potentially increase 
the API load into the environment. This counterintuitive impact was identified for DCF and MTF, 
both of which have a relatively high excretion rate (100% and 61.5%, respectively). The emissions of 
these APIs increased, if wastage was reduced by consuming the previously unused APIs. This effect 
can be expected to apply for all other APIs with high excretion rates.  

In scenario NT1B, where the currently unused APIs were deducted from current sales, resulting in 
overall sales decreasing but consumption remaining constant, similar impact was not observed. 
Thus, if unnecessary medicines were not sold, the load of all APIs into the environment decreased. 
This observation highlights the importance of focusing not only on minimizing the amount of 
pharmaceutical waste through any means necessary but giving priority to means that help minimize 
unnecessary medication. Selected results for the scenario NT1 are presented in Figure 7. 

 
Figure 7. Estimated reduction potential (Red.) with NT1-scenarios. Scenario abbreviations are explained on page 7 of this 
report. The percentages in red represent negative reductions, i.e. increases in total load. 

 

While NT1 focused on estimating the impacts of reducing the wastage of pharmaceuticals, NT2 
focused on estimating the impacts of improved waste management. Results for selected APIs using 
the emission reduction measures NT2A and NT2B, and their combinations are presented in Figure 
8. The scenario NT2A3, and combinations of NT2A and NT2B2 were excluded from the graphs, due 
to the results being identical to those from NT2B2. Despite based on different mechanisms, sub-
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scenarios NT2A3 and NT2B2 resulted in identical load reductions, since they both eliminate all 
emissions to sewer network from improperly managed pharmaceutical waste. 

Similarly to NT1, NT2 measures were most effective for APIs that go through extensive metabolism. 
For instance, it was estimated that IBU emissions could be decreased 74% by destroying all unused 
pharmaceuticals irreversibly. However, this reduction potential was only around 4% for DCF and 
MTF, which are excreted as parent compound to a much higher extent. 

 
Figure 8. Estimated reduction potential with NT2-scenarios. Scenario abbreviations are explained on page 8 of this report. 

Scenarios NT3A, B and C resulted in load reductions equalling the estimated reductions in sales. 
Thus, assuming that banning over-the-counter sales (NT3C) of IBU would result in a 50% decrease 
in overall sales, the same reduction would apply to the load emitted into the environment and 
eventually reaching the BS. 
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On the other hand, scenario NT3D had a nonlinear impact on the load into the environment. The 
estimated DCF loads reaching the Baltic Sea after the implementation of NT3D are presented in 
Figure 9. 

 
Figure 9. Diclofenac load reaching the Baltic Sea, after reducing (NT3D1 & NT3D2) or eliminating (NT3D3) topical diclofenac 
use. Scenario abbreviations are explained on pages 9–10 of this report. 
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Combined emission reduction measures 

To estimate the best-case emission reduction potential, the most effective non-technical measure 
was combined with the most effective technical measure. The combinations tested for each API are 
presented in Table 8. A more comprehensive list of the estimated effects on different APIs is 
presented in Annex 3. As the maximal implementation of both NT1 and NT2 result in similar emission 
reductions, but more levels of implementation were calculated for NT2, NT2 was selected in cases 
when NT1 and NT2 had the highest reduction potential in non-technical measures. 

 
Table 8. Combinations of best technical and non-technical emission reduction measures for each API. 

API 

Most effective emission reduction measures 

Technical Non-technical 

Improve 
WWTP 

technology 
(TM1) 

Increase 
sewer 

network 
coverage 

(TM2) 

Eliminate 
pharmaceutical 

waste 
generation 

(NT1) 

Improve 
pharmaceutical 

waste 
management 

(NT2) 

Decrease 
consumption 

/ Reduce 
topical use of 

DCF 
(NT3) 

Carbamazepine X  X X  

Clarithromycin X    X 

Diclofenac X    X 

Ibuprofen  X X X  

Metformin  X   X 

Ofloxacin  X   X 

Tramadol X    X 

Venlafaxine X    X 

Carbamazepine 

The single most effective measures for reducing CBZ load to the Baltic Sea were estimated to be 
improvements in WWTP technology (TM1), and reductions in emissions from waste management 
(NT2). The load reduction achievable through technological improvements at WWTPs were 
estimated to reach a maximum of 73%, when accounting for the population vs. PE-discrepancy. On 
the other hand, maximum reductions achievable through improved waste management were 
estimated to be at maximum 53%.  

To estimate a realistic best-case load reduction, the two measures were combined. It was estimated, 
that the carbamazepine load reaching the Baltic Sea could be decreased a maximum of 72–89% by 
implementing improved treatment technologies to all WWTPs above the PE-threshold 50,000, and 
by simultaneously eliminating all emissions to sewer network from waste management (Figure 10). 
The load could be decreased by more than 50% compared to baseline by reducing the fraction of 
pharmaceutical waste flushed down the drain from the assumed 50% to 10%, and by implementing 
improved technologies at the WWTPs of all the major coastal cities. 
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Figure 10. Carbamazepine emissions to the Baltic Sea after implementing reduction measures NT1 and NT2. 
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Clarithromycin 

The highest reductions in CLM load reaching the Baltic Sea were estimated to be achieved by 
implementing improved WWTP technologies (TM1) and by reducing the overall sales of the 
substance (NT3A). CLM is sold only on prescription within the Baltic Sea drainage basin. Thus, it 
was assumed that a maximum reduction of 50% in sales could be achieved if medical doctors were 
to decrease clarithromycin prescriptions. The load reaching the Baltic Sea behaves in the same way. 
i.e. a 50% decrease in sales would result in a 50% decrease in load reaching the Baltic Sea.  

The two most effective measures were combined to estimate a realistic best-case emission reduction 
scenario. According to the calculations, the combination of increasing CLM removal at WWTPs and 
reducing CLM prescriptions by doctors would result in a maximum load reduction of 84 % compared 
to the baseline (Figure 11). 

 
Figure 11. Clarithromycin loads to the Baltic Sea after implementing emission reduction measures NT1 and NT3A. 

CLM was one of the APIs that were estimated to exceed its PNEC-value in river mouths by Äystö et 
al. (2020). The PNEC was estimated to be exceeded at 45% of the river mouths discharging to the 
Baltic Sea. These exceedances could be limited to 9% if the overall sales would be decreased by 50% 
and the improved treatment technologies would be implemented to all WWTPs with PE≥50,000 
(TM1D2_NT3A, see Figure 12). 
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Figure 12. Clarithromycin concentrations at the mouths of rivers discharging to the Baltic Sea. The bars present the national 
averages, while the error bars present the variation within country (5th percentile – 95th percentile). PNEC is presented by the 
orange line. 
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Diclofenac 

The two single most effective measures to reduce DCF emissions were estimated to be technological 
improvements at WWTPs (TM1) and decreasing the topical use (NT3D). The maximal reduction 
potentials of these measures were estimated to be 71% and 98%, respectively. The combined effect 
of these measures was estimated to reach up to over 99% of the estimated baseline load to the Baltic 
Sea (Figure 13). However, the scenarios reaching these maximal load reductions assume that all 
topical use of DCF is eliminated. Therefore, the NT3D3-scenarios should be considered theoretically 
possible, but likely unfeasible in real world. 

 
Figure 13. Diclofenac loads to the Baltic Sea after implementing emission reduction measures NT1 and NT3D. 

DCF was estimated to exceed its PNEC-value in river mouth locations (Äystö et al. 2020). If all topical 
use of DCF was eliminated, and improved wastewater treatment technologies were implemented to 
all WWTPs with PE≥50,000, the PNEC-values were estimated to be exceeded no more (Figure 14). 
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Figure 14. Diclofenac concentrations at river mouth locations after implementing NT3D and TM1. The bars present the 
national averages, while the error bars present the variation within country (5th percentile – 95th percentile). PNEC is 
presented by the orange line. 
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Ibuprofen 

The two most effective ways to reduce IBU emissions were estimated to be increasing the sewer 
network coverage (TM2) and eliminating emissions to sewer network by improving waste 
management (NT2). These measures were estimated to reach the maximum reductions of 61% and 
74%, respectively. When combining these measures, the impact was estimated to reach a maximum 
of 88% (Figure 15). Reaching the highest emission reduction rate of 88% would require eliminating 
all IBU emissions into the sewer network from mismanagement of unused medicines, as well as 
increasing the sewer network coverage to all sewage generated within the Baltic Sea drainage basin. 

 
Figure 15. Ibuprofen load to the Baltic Sea after implementing emission reduction measures TM2 and NT2. 

The annual average concentration of IBU was estimated to exceed its PNEC value in 90% of the river 
mouth locations (Äystö et al. 2020). The exceedances were very high, with the baseline median 
concentration exceeding the PNEC 24-fold. Reducing the IBU concentrations to levels below the 
PNEC-value (118 pg/L) at these sites was estimated to be unachievable by implementing the scenarios 
presented here. By combining the scenarios TM1D2, TM2B, NT3A, NT3B, NT3C and NT2, i.e. the 
measures resulting in highest load reductions, the PNEC was still exceeded in 54% of the river mouth 
locations. Estimated concentrations at river mouth locations are presented in Figure 16.  

However, the BPL model may overestimate the concentrations at river mouth locations (Äystö et al. 
2020). Additionally, the PNEC value used here, 118 pg/L (Ek Henning et al. 2020), is extremely low. 
Higher values have been presented in the literature, such as 200 ng/L (Orias & Perrodin 2013) and 
1 650 ng/L (Martín et al. 2012). Thus, the estimated PNEC exceedances indicate the need to reduce 
its load into the environment, but also highlight the importance of sufficient, good quality 
ecotoxicological information to evaluate the environmental risks. To produce more robust estimates 
on whether IBU causes a risk to the water environment in the BS region, more measurement data 
and better PNEC values are required. 



28 

 

 
Figure 16. Ibuprofen concentrations at river mouth locations after implementing TM2A, TM2B_NT2B and an extreme 
combination of TM1D2, TM2B NT3A, NT3B, NT3C and NT2. The bars present the national average, while the error bars present 
the variation within country (5th percentile – 95th percentile). PNEC is presented by the orange line. 
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Metformin 

The two most effective methods for reducing MTF emissions were estimated to be increasing sewer 
network coverage and decreasing the consumption of the API through changes in prescription 
practices. These measures were estimated to result in maximum load reductions of 97% and 50%, 
respectively. Implementing these measures to the maximal extent would require all wastewaters to 
be treated at WWTPs and MTF consumption to be halved in every country. According to the 
calculations, this would result in a load reduction of over 98%. The results for MTF are presented in 
Figure 17. 

 

 
Figure 17. Estimated MTF loads when increasing sewer network coverage and reducing prescriptions. 

The estimated maximal load reduction is significant. However, scenario NT3 relies heavily on 
changes in prescription practices. Influencing these practices require good connections with 
healthcare professionals. This highlights the importance of a holistic approach to reducing 
pharmaceutical loads to the environment and working collaboration of stakeholders from several 
fields. 

Nevertheless, when treating all sewage with conventional technologies (TM2), the estimated load 
reduction is as high as 97%. Therefore, efforts should be made to have as high fraction of the sewage 
generated within the BS region treated at WWTPs as possible. 
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Ofloxacin 

OFL load was estimated to be reduced most effectively by increasing sewer network coverage and 
reducing prescriptions. These measures implemented to the maximal extent were estimated to result 
in over 66% reduction in the load emitted to the Baltic Sea. The results are presented in Figure 18. 

 
Figure 18. Estimated OFL loads when increasing sewer network coverage and reducing prescriptions. 
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Tramadol 

TRD was estimated to be reduced the most effectively by implementing improved WWTP 
technologies to existing WWTPs (TM1) and by reducing prescriptions. These measures were 
estimated to result in maximal load reductions of 60% and 50%, respectively. When implementing 
them simultaneously, they were estimated to result in a maximum load reduction of 80%. The results 
are presented in Figure 19. 

 
Figure 19. Estimated TRD loads when implementing improved WWTP technologies and reducing prescriptions. 
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Venlafaxine 

VFX load to the BS was estimated to be decreased the most effectively through improving WWTP 
technologies and reducing prescriptions. These measures were estimated to result in load reductions 
of 60% and 50%, respectively. When implementing them simultaneously, the expected load 
reduction was at maximum 80%. The results are presented in Figure 20. 

 
Figure 20. Estmiated VFX loads when implementing improved WWTP technologies and reducing prescriptions. 
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Estimated concentrations in river mouths 

The baseline annual average concentrations (i.e. current 
concentrations) of IBU, DCF and CLM were estimated to exceed 
the PNECs in river mouth locations (see Figure 21, Äystö et al. 
2020). Additionally, MTF concentrations were close to the 
PNEC value. The same APIs were estimated to exceed their 
PNEC values in the coastal waters outside coastal cities. 

The reduction scenario NT3D3 would suffice to reduce the 
concentrations of DCF to levels below the PNEC. Also, NT3D2 
would decrease the concentrations below PNEC in all other 
river mouths than individual rivers in Estonia. DCF 
concentration reductions estimated to be achievable through 
the implementation of selected measures are presented in 
Figure 22. 

The single most effective way to reduce DCF emissions and 
concentrations in the environment would be reducing or 
eliminating topical use. However, as estimating the exact 
effective excretion rate would require pharmacological 
expertise, and extensive information on the current portion of 
DCF used topically on a country-by-country basis, the 
uncertainties related to this result are high. Additionally, the 
topical DCF use could be replaced by some other API, or some 
other route of administration. The feasibility of this measure 
should therefore be estimated with the help of medical experts, 
to assess to which level its implementation is realistic. 
However, increasing the fraction of orally administered DCF 
from 35% to 50% of the total sales, and reducing the overall 
sales accordingly (scenario NT3D1), would already result in a 
higher reduction in loads to the Baltic Sea and a decrease in 
riverine concentrations than could be achieved by 
implementing improved WWTP technologies to wastewaters 
generated in coastal cities. Therefore, emission reduction 
measures related to the usage pattern and routes of 
administration should be further investigated. 

On the other hand, none of the evaluated reduction measures 
would reduce the concentrations of IBU and CLM to levels 
below the API-specific PNECs. In all scenarios the PNEC was 
estimated to be exceeded at least in some rivers. However, the 
PNEC value of IBU used in the comparison (118 pg/L, Ek 
Henning et al. 2020) is extraordinarily low, and therefore may 
result in overestimating the risk.  

 

Figure 21. Estimated baseline API-
concentrations at river mouths discharging 
to the Baltic Sea. The green bar presents the 
national average, while the error bar 
presents the variation within country (5th 
percentile – 95th percentile). PNEC is 
presented by the orange line. 
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Figure 22. Estimated concentrations of diclofenac in river mouths after implementing selected emission reduction measures. 
The solid bar presents the average concentration of river mouths in each country, while the error bar presents the variation 
from 5th percentile to 95 to percentile. The orange line presents the PNEC.  
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3.2. Costs and carbon footprint of advanced wastewater treatment for API elimination 

Dividing the costs for the upgrade of all WWTPs with more than 50,000 PE by the total amount of 
PE results in an overall average annual cost (net) of 3.0 €/PE. Even though no country specific prices 
were used in the simplified cost estimation approach, specific cost per PE were higher in the 
Northern Region (average between 4.5 and 5.2 €/PE) than the overall average, due to the higher 
amount of wastewater per PE in the Nordic Region (Figure 23). In contrast, overall average specific 
costs in Poland (2.2 €/PE) are lower as the selected WWTPs in Poland are bigger (higher PE) than in 
other countries. Costs normalized per m³ treated wastewater can be found in Annex 4 (SI-Figure 1).  

 
Figure 23: Specific total annual costs per PE for all WWTPs with a certain load range (net prices w/o VAT). 

The results of upscaling the costs to the according WWTPs in the four scenarios (see Table 2) are 
summarized in Figure 24 (details are available in Annex 4 at SI-Table 1). The annual costs vary 
between 46 million €/a (costal clusters only) and 177 million €/a (costal clusters and WWTPs with 
more than 50,000 PE). If only WWTPs at costal clusters are equipped with an API elimination 
technology, then countries with the highest financial burden would be Sweden, Denmark, and 
Finland. If inland WWTPs are also taken into account, Poland would have the highest financial 
burden.  
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Figure 24: Estimated overall annual costs for an upgrade of WWTPs with an API elimination technology at the four scenarios: 
Costal clusters (TM1A), Costal clusters and WWTPs > 250,000 PE (TM1B), Costal clusters and WWTPs > 100,000 PE (TM1C), 
and Costal clusters and WWTPs > 50,000 PE (TM1D). 

Based on the assumptions stated in the methods section, GWP was calculated for the different API 
elimination technologies (ozone, PAC and GAC) in the selected BSR countries. Figure 25 shows the 
specific GWP that was normalized for PE subdivided into infrastructure, liquid oxygen, electricity, 
and activated carbon. The according GWP normalized for the amount of treated wastewater can be 
found in Annex 4 (SI-Figure 2). From a GWP point of view, the countries with a low carbon footprint 
of the energy production (e.g. northern countries, Latvia, and Lithuania) should prefer ozonation 
over the use of activated carbon (PAC, GAC), whereas the countries with a higher carbon footprint 
of the energy production (e.g. Poland, Estonia) GAC would be the best option. With the exception 
of Estonia, PAC has always the highest GWP.  

 
Figure 25: Specific global warming potential per country normalized for load treated (PE). 

The estimated overall GWP of the four WWTP upscaling scenarios is summarized in Figure 26. As 
the choice of the most suitable API technology for a particular WWTP is very site-specific and should 
be based on the evaluation of multiple criteria (Stapf et al. 2020), it is safe to assume that the 
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technology with the lowest GWP will not always be used. Thus, the overall GWP for the different 
scenarios will be within the span between the best and the worst case, which is based on the 
assumption that the WWTPs use the API elimination technology with the lowest (best case) or the 
highest (worst case) country specific GWP. Detailed results are available at the Annex 4 (SI-Figure 3 
- SI-Figure 6). If only WWTPs at costal clusters are equipped with an API elimination technology, 
then the most relevant countries will be Sweden, Denmark, and Finland. However, as soon as also 
inland WWTPs would be equipped with an API elimination, Poland completely dominates the 
picture, simply due to the sheer amount of affected WWTPs. 

 
Figure 26: Estimated overall GWP at the four scenarios: Costal clusters (TM1A), Costal clusters and WWTPs > 250,000 PE 
(TM1B), Costal clusters and WWTPs > 100,000 PE (TM1C), and Costal clusters and WWTPs > 50,000 PE (TM1D). The red 
bars indicate the span between the best and worst case.   



38 

 

4. Summary and conclusions 
The potential of different emission reduction measures was estimated for eight APIs commonly used 
in the Baltic Sea coastal countries using the Baltic Pharma Load (BPL) model, developed in the 
CWPharma project (Äystö et al. 2020). The APIs were selected based on either previous information 
about their occurrence and possible risks in the environment or the results of the screening campaign 
carried out as a part of the CWPharma project (Ek Henning et al. 2020). The selected substances 
were carbamazepine, clarithromycin, diclofenac, ibuprofen, metformin, ofloxacin, tramadol and 
venlafaxine.  

The evaluated emission reduction measures contained technical measures, such as implementation 
of API elimination technologies at municipal WWTPs or increasing the coverage of sewer networks, 
and non-technical measures, such as minimizing wastage of medicines, improving the waste 
management of unused pharmaceuticals and decreasing the consumption and prescriptions of APIs. 
Additionally, the most effective non-technical and technical measures were combined for each API 
to create the best-case reduction scenario. In addition to estimating load reductions, the cost and 
carbon footprint of implementing API elimination technologies to WWTPs were estimated.  

Based on the load reduction estimates, it is apparent that different types of measures are necessary, 
if the aim is to minimize the API load to the Baltic Sea. Technical measures, such as improvements 
in WWTP technologies, were identified to be the most effective for some APIs, while improvements 
in waste management and changes in prescription patterns were estimated to be the most effective 
for others. None of the measures evaluated here were effective for all eight APIs.  

- Improvements in pharmaceutical waste management were evaluated to be most effective for 
APIs undergoing extensive metabolism in human body (e.g. ibuprofen and carbamazepine). 

- Improvements in wastewater treatment were evaluated to be most effective for the 
elimination of APIs that are removed poorly in conventional treatment processes (e.g. 
diclofenac and carbamazepine). 

- Increasing sewer network coverage was evaluated effective for decreasing the loads of APIs 
that are removed efficiently in conventional treatment processes (e.g. ibuprofen and 
metformin). 

- Decreasing the topical use of diclofenac in ointments etc. was evaluated to be the single most 
effective way to reduce the load of diclofenac into the Baltic Sea.  

The results for individual emission reduction measures and their combinations contain different 
levels of uncertainty. For instance, reductions in the consumption of some individual APIs might 
increase the consumption of other APIs suitable for the treatment of the disease of concern. As an 
example, decreasing the consumption of diclofenac might increase the use of ibuprofen. 
Additionally, the very high emission reduction potential identified for reducing the topical use of 
diclofenac is contrasted by the similarly high uncertainty of its feasibility. To assess whether and to 
which extent the topical diclofenac use could be reduced would require close collaboration with 
healthcare professionals. Similarly, the feasibility of technical measures, such as increasing sewer 
network to cover all municipal wastewaters generated within the Baltic Sea drainage basin, should 
be further analysed.  

Based on the generic cost evaluation, application of API elimination technologies would result in 
annual costs between 46 million €/a (costal clusters only) and 177 million €/a (costal clusters and 
WWTPs with more than 50,000 PE). The corresponding average load reduction of the eight APIs 
would range from 11.4% to 49.7%. More specifically, the emissions of individual APIs would be 
affected to a different extent, the estimated load reductions ranging from 0.3% to 1.6% for metformin 
and from 19.8% to 70.7% for diclofenac.  

The associated carbon footprint is country specific and depends strongly on the chosen technology. 
From a global warming point of view, countries with a low carbon footprint of the energy production 
(e.g. northern countries, Latvia, and Lithuania) should prefer ozonation over the use of activated 
carbon (PAC, GAC) and vice-versa. If only WWTPs at costal clusters are equipped with an API 
elimination technology, then countries with the highest financial burden and global warming 
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potential would be Sweden, Denmark, and Finland. However, if inland WWTPs are also taken into 
account, then Poland would be the most relevant country.  

This evaluation can be used as a starting point when selecting the most suitable reduction measures 
for API emissions. When deciding to implement API elimination technologies at WWTPs, the 
evaluation method and results presented in this report can be used to find a balance between 
increased costs and carbon footprint, and reduced API emissions into the environment. However, 
according to the results, improving WWTP technology is not the most effective way to reduce the 
overall load of certain APIs (e.g. metformin and ibuprofen) to the BS. To estimate the overall impacts 
of the reduction measures identified to be effective for those APIs, their costs, carbon footprints and 
potential other effects should be assessed.  
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Annex 1 – PE-compensated WWTP removal 
rates 

Country 
Removal rates outside clusters, TM1B2 

CBZ CLM DCF IBU MTF OFL TRD VFX 

CZ 12.00 % 29.13 % 6.42 % 95.00 % 99.80 % 86.50 % 3.10 % 19.80 % 

DE 24.30 % 38.51 % 19.50 % 95.41 % 99.82 % 86.50 % 14.22 % 29.00 % 

DK 12.00 % 29.13 % 6.42 % 95.00 % 99.80 % 86.50 % 3.10 % 19.80 % 

EE 14.82 % 31.29 % 9.42 % 95.09 % 99.80 % 86.50 % 5.65 % 21.91 % 

FI 29.76 % 42.68 % 25.31 % 95.59 % 99.83 % 86.50 % 19.16 % 33.09 % 

LT 33.99 % 45.90 % 29.80 % 95.74 % 99.84 % 86.50 % 22.98 % 36.25 % 

LV 13.86 % 30.55 % 8.40 % 95.06 % 99.80 % 86.50 % 4.78 % 21.19 % 

PL 50.37 % 58.40 % 47.22 % 96.28 % 99.86 % 86.50 % 37.79 % 48.51 % 

SE 30.90 % 43.55 % 26.52 % 95.63 % 99.83 % 86.50 % 20.19 % 33.94 % 

 

Country 
Removal rates outside clusters, TM1C2 

CBZ CLM DCF IBU MTF OFL TRD VFX 

CZ 12.00 % 29.13 % 6.42 % 95.00 % 99.80 % 86.50 % 3.10 % 19.80 % 

DE 26.46 % 40.16 % 21.79 % 95.48 % 99.82 % 86.50 % 16.17 % 30.62 % 

DK 23.39 % 37.82 % 18.53 % 95.38 % 99.82 % 86.50 % 13.40 % 28.32 % 

EE 14.82 % 31.29 % 9.42 % 95.09 % 99.80 % 86.50 % 5.65 % 21.91 % 

FI 54.74 % 61.74 % 51.87 % 96.43 % 99.87 % 86.50 % 41.74 % 51.78 % 

LT 41.46 % 51.61 % 37.75 % 95.99 % 99.85 % 86.50 % 29.74 % 41.85 % 

LV 13.86 % 30.55 % 8.40 % 95.06 % 99.80 % 86.50 % 4.78 % 21.19 % 

PL 68.45 % 72.20 % 66.44 % 96.89 % 99.89 % 86.50 % 54.13 % 62.04 % 

SE 48.21 % 56.75 % 44.92 % 96.21 % 99.86 % 86.50 % 35.83 % 46.89 % 

 

Country 
Removal rates outside clusters, TM1D2 

CBZ CLM DCF IBU MTF OFL TRD VFX 

CZ 28.95 % 42.07 % 24.45 % 95.57 % 99.83 % 86.50 % 18.43 % 32.49 % 

DE 50.07 % 58.18 % 46.91 % 96.28 % 99.86 % 86.50 % 37.52 % 48.29 % 

DK 52.99 % 60.40 % 50.01 % 96.37 % 99.87 % 86.50 % 40.16 % 50.47 % 

EE 23.52 % 37.92 % 18.67 % 95.39 % 99.82 % 86.50 % 13.51 % 28.42 % 

FI 79.33 % 80.50 % 78.02 % 97.25 % 99.91 % 86.50 % 63.97 % 70.18 % 

LT 60.01 % 65.76 % 57.47 % 96.61 % 99.88 % 86.50 % 46.50 % 55.72 % 

LV 18.40 % 34.01 % 13.23 % 95.21 % 99.81 % 86.50 % 8.89 % 24.59 % 

PL 86.99 % 86.34 % 86.16 % 97.51 % 99.93 % 86.50 % 70.89 % 75.91 % 

SE 64.63 % 69.28 % 62.39 % 96.76 % 99.89 % 86.50 % 50.68 % 59.18 % 
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Annex 2 – Sales figures used in NT1 
Country 

National API sales [mg/person/d] 

CBZ CLM DCF IBU MTF OFL TRD VFX 
B

a
se

li
n

e
 &

 N
T

1A
 

BY1) 1.44 0.409 0.608 12.9 50.6 1.35e-02 0.870 0.698 

CZ1) 1.44 0.409 0.608 12.9 50.6 1.35e-02 0.870 0.698 

DE2) 1.22 0.368 0.898 11.4 54.0 1.61e-02 0.717 0.636 

DK3) 0.875 0.225 0.437 30.5 44.1 8.16e-06 3.08 1.1300 

EE2) 2.16 0.858 3.14 31.6 47.5 7.64e-03 0.670 0.2410 

FI2) 1.53 0.108 1.23 60.7 74.6 5.38e-03 0.861 0.980 

LT4) 0.559 0.182 0.706 5.48 26.3 1.35e-02 0.870 0.698 

LV2) 1.98 0.626 2.72 28.3 40.7 3.70e-02 0.501 0.0787 

NO1) 1.44 0.409 0.608 12.9 50.6 1.35e-02 0.870 0.698 

PL4) 1.96 0.621 0.576 0.613 48.2 1.35e-02 0.870 0.698 

RU5) 1.44 0.409 0.374 12.9 50.6 1.35e-02 0.870 0.698 

SE2) 1.55 0.174 0.779 32.3 31.8 3.59e-06 0.968 0.986 

SK1) 1.44 0.409 0.608 12.9 50.6 1.35e-02 0.870 0.698 

UA1) 1.44 0.409 0.608 12.9 50.6 1.35e-02 0.870 0.698 

N
T

1B
1 

BY 1.38 0.393 0.584 12.4 48.6 0.0130 0.835 0.670 

CZ 1.38 0.393 0.584 12.4 48.6 0.0130 0.835 0.670 

DE 1.17 0.353 0.862 10.9 51.8 0.0152 0.688 0.611 

DK 0.840 0.216 0.420 29.3 42.3 7.83e-06 2.96 1.08 

EE 2.07 0.824 3.01 30.3 45.6 0.00733 0.643 0.231 

FI 1.50 0.106 1.21 59.5 73.1 0.00527 0.844 0.960 

LT 0.537 0.175 0.678 5.26 25.2 0.0130 0.835 0.670 

LV 1.90 0.601 2.61 27.2 39.1 0.0355 0.481 0.0756 

NO 1.38 0.393 0.584 12.4 48.6 0.0130 0.835 0.670 

PL 1.88 0.596 0.553 0.588 46.3 0.0130 0.835 0.670 

RU 1.38 0.393 0.359 12.4 48.6 0.0130 0.835 0.670 

SE 1.51 0.170 0.760 31.5 31.0 3.50e-06 0.944 0.961 

SK 1.38 0.393 0.584 12.4 48.6 0.0130 0.835 0.670 

UA 1.38 0.393 0.584 12.4 48.6 0.0130 0.835 0.670 

N
T

1B
2 

BY 1.32 0.376 0.560 11.9 46.6 0.0124 0.800 0.642 

CZ 1.32 0.376 0.560 11.9 46.6 0.0124 0.800 0.642 

DE 1.12 0.339 0.826 10.5 49.7 0.0148 0.660 0.585 

DK 0.805 0.207 0.402 28.1 40.6 7.51e-06 2.83 1.04 

EE 1.99 0.789 2.89 29.1 43.7 0.00703 0.616 0.222 

FI 1.47 0.104 1.18 58.3 71.6 0.00516 0.827 0.941 

LT 0.514 0.167 0.650 5.04 24.2 0.0124 0.800 0.642 

LV 1.82 0.576 2.50 26.0 37.4 0.0340 0.461 0.0724 

NO 1.32 0.376 0.560 11.9 46.6 0.0124 0.800 0.642 

PL 1.80 0.571 0.530 0.564 44.3 0.0124 0.800 0.642 

RU 1.32 0.376 0.344 11.9 46.6 0.0124 0.800 0.642 

SE 1.47 0.165 0.740 30.7 30.2 3.41e-06 0.920 0.937 

SK 1.32 0.376 0.559 11.9 46.6 0.0124 0.800 0.642 

UA 1.32 0.376 0.559 11.9 46.6 0.0124 0.800 0.642 
1) Calculated as population weighted per capita consumption based on countries with sales statistics available. 
2) Ek Henning et al. 2020 
3) The Danish Health Data Authority 2020 
4) Kaiser et al. 2019 
5) HELCOM 2014 
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Annex 3: Estimated reduction potential for all scenarios 
Emission reduction measure CBZ CLM DCF IBU MTF OFL TRD VFX 

TM1A Improved WWTP 
processes implemented at 
WWTPs 

A) At coastal urban clusters 
(CUCs) only 

11.5 % 9.7 % 19.8 % 7.9 % 0.3 % NA 16.4 % 13.9 % 

TM1B B) At CUCs and all cities 
connected to WWTPs with 
PE≥250,000 

27.8 -  
48.2 % 

25.7 -  
45.1 % 

31.6 -  
47.2 % 

8.5 -  
9.8 % 

0.6 -  
1.0 % 

NA 
26.9 -  
39.8 % 

25.7 -  
40.3 % 

TM1C C) At CUCs and all cities 
connected to WWTPs with 
PE≥100,000 

34.2 -  
61.0 % 

31.6 -  
56.8 % 

36.2 -  
57.9 % 

8.9 -  
11.4 % 

0.8 -  
1.3 % 

NA 
30.8 -  
49.1 % 

30.0 -  
50.1 % 

TM1D D) At CUCs and all cities 
connected to WWTPs with 
PE≥50,000 

39.9 -  
73.0 % 

37.1 -  
68.0 % 

42.3 -  
70.7 % 

10.0 -  
14.1 % 

0.9 -  
1.6 % 

NA 
35.2 -  
60.1 % 

34.4 -  
60.3 % 

TM2A Sewer network coverage is 
increased 

A) To cover 50 % of the sewage 
not currently covered 

0.4 % 1.2 % 0.2 % 30.7 % 48.5 % 16.4 % 0.1 % 0.7 % 

TM2B B) To cover 100 % of the sewage 
generated 

0.8 % 2.3 % 0.3 % 61.4 % 97.0 % 32.8 % 0.2 % 1.3 % 

NT1A1 Pharmaceutical sales 
remain the same, but 
wastage is decreased by 

A1) 50 % 24.5 % 1.7 % -1.3 % 36.0 % -2.3 % -2.1 % 9.3 % 17.0 % 

NT1A2 A2) 100 % 
49.0 % 3.5 % -2.6 % 72.1 % -4.6 % -4.2 % 18.6 % 34.0 % 

NT1B1 Pharmaceutical sales are 
reduced by XX percent of 
the current wastage, and 
wastage is reduced 
similarly 
  

B1) wastage reduced by 50 %, 
corresponding mass reduced 
from sales 

27.4 % 5.6 % 2.4 % 38.4 % 1.7 % 2.0 % 12.7 % 20.1 % 

NT1B2 B2) Wastage reduced to 0 %, 
corresponding mass reduced 
from sales 

52.8 % 11.0 % 4.9 % 74.0 % 3.6 % 4.1 % 24.7 % 38.8 % 

NT2A1 The portion of wasted 
pharmaceuticals flushed 
into the sewer is decreased 
from 50% to 

A1) 25% 26.4 % 5.5 % 2.4 % 37.0 % 1.8 % 2.0 % 12.4 % 19.4 % 

NT2A2 A2) 10% 42.3 % 8.8 % 3.9 % 59.2 % 2.9 % 3.3 % 19.8 % 31.0 % 

NT2A3 A3) 0% 
52.8 % 11.0 % 4.9 % 74.0 % 3.6 % 4.1 % 24.7 % 38.8 % 
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Emission reduction measure CBZ CLM DCF IBU MTF OFL TRD VFX 

NT2B1 The fraction of proper 
disposal of unflushed 
pharmaceutical waste is 
increased to cover 

B1) 50% of the mass currently not 
covered 

26.4 % 5.5 % 2.4 % 37.0 % 1.8 % 2.0 % 12.4 % 19.4 % 

NT2B2 B2) 100 % of the unflushed mass 
52.8 % 11.0 % 4.9 % 74.0 % 3.6 % 4.1 % 24.7 % 38.8 % 

NT2A1B1 Combinations of measures NT2A1 to NT2B2 39.6 % 8.3 % 3.7 % 55.5 % 2.7 % 3.1 % 18.5 % 29.1 % 

NT2A1B2 52.8 % 11.0 % 4.9 % 74.0 % 3.6 % 4.1 % 24.7 % 38.8 % 

NT2A2B1 47.5 % 9.9 % 4.4 % 66.6 % 3.3 % 3.7 % 22.2 % 34.9 % 

NT2A2B2 52.8 % 11.0 % 4.9 % 74.0 % 3.6 % 4.1 % 24.7 % 38.8 % 

NT2A3B1 52.8 % 11.0 % 4.9 % 74.0 % 3.6 % 4.1 % 24.7 % 38.8 % 

NT2A3B2 52.8 % 11.0 % 4.9 % 74.0 % 3.6 % 4.1 % 24.7 % 38.8 % 

NT3A Prescriptions by doctors are reduced by 50 % 50.0 % 50.0 % 25.0 % 25.0 % 50.0 % 50.0 % 50.0 % 50.0 % 

NT3B 25% of the general population reduces consumption of DCF & 
IBU 

NA NA 12.5 % 12.5 % NA NA NA NA 

NT3C OTC sales of IBU and DCF are banned NA NA 50.0 % 50.0 % NA NA NA NA 

NT3D1 Topical use of DCF is 
decreased from the 
baseline 65% to xx %. The 
total DCF sales decreased 
correspondingly. 

D1) 50% NA NA 45.2 % NA NA NA NA NA 

NT3D2 D2) 75% NA NA 80.2 % NA NA NA NA NA 

NT3D3 D3) 100% 
NA NA 97.7 % NA NA NA NA NA 
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Annex 4: Costs and carbon footprint of AWT for 
API elimination 
 

 
SI-Figure 1. Specifc total annual costs per m³ treated for all WWTPs with a certain load range (net prices w/o VAT). 

 

SI-Table 1: Details on overall annual costs for an upgrade of WWTPs with an API elimination technology at the four scenarios: 
Costal clusters (TM1A), Costal clusters and WWTPs > 250,000 PE (TM1B), Costal clusters and WWTPs > 100,000 PE (TM1C), 
and Costal clusters and WWTPs > 50,000 PE (TM1D). 

 
TM1A TM1B TM1C TM1D  

Costal clusters Costal clusters +  
WWTPs > 250,000 PE 

Costal clusters + 
WWTPs > 100,000 PE 

Costal clusters + 
WWTPs > 50,000 PE 

Denmark 13.7 13.7 15.1 18.9 

Estonia 1.2 1.2 1.2 2.8 

Finland 8.2 9.4 16.4 22.9 

Germany 2.9 2.9 2.9 6.1 

Latvia 1.8 1.8 1.8 3.1 

Lithuania 0.8 4.4 4.9 8.1 

Poland 2.0 37.4 58.8 81.4 

Sweden 15.3 17.7 24.4 33.5 

Total 46 88 125 177 
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SI-Figure 2: Specific global warming potential per country normalized for m³ treated. 

 

 
SI-Figure 3: Global warming potential per country for scenario TM1A. 
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SI-Figure 4: Global warming potential per country for scenario TM1B. 

 
SI-Figure 5: Global warming potential per country for scenario TM1C. 
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SI-Figure 6: Global warming potential per country for scenario TM1D. 

 


