
water

Article

Modeling and Simulation of Source Separation in Sanitation
Systems for Reducing Emissions of Antimicrobial Resistances

Jörg Londong *, Marcus Barth and Heinrich Söbke

����������
�������

Citation: Londong, J.; Barth, M.;

Söbke, H. Modeling and Simulation

of Source Separation in Sanitation

Systems for Reducing Emissions of

Antimicrobial Resistances. Water

2021, 13, 3342. https://doi.org/

10.3390/w13233342

Academic Editor: Qilin Wang

Received: 25 October 2021

Accepted: 22 November 2021

Published: 25 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Bauhaus-Institute for Infrastructure Solutions (b.is), Bauhaus-Universität Weimar, Goetheplatz 7/8,
99423 Weimar, Germany; marcus.barth@uni-weimar.de (M.B.); heinrich.soebke@uni-weimar.de (H.S.)
* Correspondence: joerg.londong@uni-weimar.de

Abstract: Antimicrobial resistance (AMR) is identified by the World Health Organization (WHO) as
one of the top ten threats to public health worldwide. In addition to public health, AMR also poses a
major threat to food security and economic development. Current sanitation systems contribute to
the emergence and spread of AMR and lack effective AMR mitigation measures. This study assesses
source separation of blackwater as a mitigation measure against AMR. A source-separation-modified
combined sanitation system with separate collection of blackwater and graywater is conceptually
described. Measures taken at the source, such as the separate collection and discharge of material
flows, were not considered so far on a load balance basis, i.e., they have not yet been evaluated
for their effectiveness. The sanitation system described is compared with a combined system and
a separate system regarding AMR emissions by means of simulation. AMR is represented in the
simulation model by one proxy parameter each for antibiotics (sulfamethoxazole), antibiotic-resistant
bacteria (extended-spectrum beta-lactamase E. Coli), and antibiotic resistance genes (blaTEM). The
simulation results suggest that the source-separation-based sanitation system reduces emissions of
antibiotic-resistant bacteria and antibiotic resistance genes into the aquatic environment by more
than six logarithm steps compared to combined systems. Sulfamethoxazole emissions can be reduced
by 75.5% by keeping blackwater separate from graywater and treating it sufficiently. In summary,
sanitation systems incorporating source separation are, to date, among the most effective means of
preventing the emission of AMR into the aquatic environment.

Keywords: microbial resistances; antimicrobial resistance genes; source separation; resource-oriented
sanitation; UASB; SAmpSONS

1. Introduction

Antimicrobial resistance (AMR) is one of the greatest threats to global health, food
security, and development to date. The World Health Organization (WHO) has identified
AMR as one of the top 10 threats to public health worldwide [1]. A major cause of AMR is
the high use of antibiotics in both human and veterinary medicine and their subsequent
emission into the environment [2]. Bush et al. [3] specified high population densities, a lack
of drinking water supply, and the inadequate purification of wastewater as further causes.
Berendonk et al. [4] attributed the growing spread of AMR essentially to three effects that
also co-occur: the horizontal gene transfer of antibiotic resistance genes (ARGs), genetic
mutations, and the selection pressure triggered by antibiotics or other pollutants, which
ultimately leads to antibiotic-resistant bacteria (ARB). The high hazard potential of AMR is
also due to the development of new antibiotics being slower than the build-up of resistance
to antibiotics, so treatment options are reduced [5,6]. The consequences of spreading AMR
are increased incidence of disease and mortality in both infected humans and animals [4].

Frequently, the economic losses due to AMR are presented to illustrate the enormous
impact of AMR [1,7]. Ignoring any other potentially significant effects, Taylor et al. [7]
considered solely the costs arising from increased mortality and increased susceptibility to
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disease in a reduced labor force available to a society. Taylor et al. forecasted an annual
decrease in the gross national product of 0.14% worldwide due to AMR over a period of
40 years, even though the current level of AMR did not increase. This decrease corresponds
to 453 billion United States dollars (USD) annually (cumulatively over 40 years: 5.8 trillion
USD). The labor force will be reduced by 14 million workers per year over 40 years. The
figures assume a rather optimistic scenario of constant resistance rates; in the pessimistic
scenario of absolute resistance, 444 million fewer workers will be available each year after
40 years. This analysis is very rationally oriented, and is not even a fully comprehensive
analysis, as it neglects the emotional and ethical aspects of death and disease. However,
the analysis shows the hazardous potential of AMR extremely acutely. Although, strictly
speaking, microbes include not only bacteria, but also other microorganisms, such as fungi
or various algae, AMR is simplistically characterized by the amounts of ARB, ARGs, and
antibiotics (ABs) [8].

1.1. Significance of the Aquatic Environment for the Dissemination of AMR

Although AMR may arise in other environments as well, the aquatic environment
is of particular importance for the spread of AMR, as it is a conducive environment for
the above-mentioned effects of AMR [3]. For example, low concentrations of ABs are
also considered conducive to selection pressure [9] and as stimulants for horizontal gene
transfer [10]. Thus, ARBs are found particularly in lakes and rivers with wastewater
discharges or agricultural use in the catchment area [11,12]. To reduce the spread of AMR,
the input of AMR-causing substances into water bodies must be lowered. One of the
starting points for reducing inputs is urban drainage.

1.2. Input Paths in Urban Drainage

Pinnekamp et al. [13] systematically described the input paths of AMR for urban
drainage (Figure 1). The material flows of urban drainage containing feces are particularly
relevant. Together with feces, humans also excrete therapeutically administered ABs.
Accordingly, ARG and ARB are also discharged into wastewater via feces.
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The primary sources of AMR are assumed to be feces from households, from means
of transport, such as airplanes and trains, from hospitals, and from animal production
facilities and slaughterhouses. All of these sources discharge wastewater into the urban
sewerage, which drains it to wastewater treatment plants (WWTPs). WWTPs, which
are considered a reservoir for AMR [14], discharge the wastewater back into the water
body-purified but not free of ARB and ARGs.

Hospitals, as sites of administering of antibiotics, seem to be an obvious source of
AMR. However, the literature reports that AMR detected in wastewater is not exclusive to
hospital sources and that hospitals are not the main sources of AMR load, as the flow is
comparably low (Ref. [15] cited in [16,17]).

According to Pinnekamp et al. [17], who modeled a fictitious settlement area that was
drained using a combined system, the WWTP effluent is the relevant emission pathway
for AMR. In combined systems, the combined sewer overflows (CSOs) make the largest
contribution to the emissions of ARGs and ARB.

Combined systems are drainage systems in which both wastewater and stormwater
are discharged via one sewer system [18]. Over 50% of German urban drainage systems
are combined systems [19]. It is estimated that 70% of the sewers in Europe belong to
combined systems [20]. If the inflow to WWTPs exceeds the WWTPs’ capacities, CSOs
occur: Parts of the combined wastewater are discharged-untreated-into surface waters
before reaching the WWTPs [21]. Due to climate change, the frequency of CSOs is expected
to increase further [20].

The pollution of water bodies by wastewater constituents discharged into surface
waters in combined systems is currently being critically debated anew [20,22–25]. The
debate rarely differentiates between specific constituents. It has been known for some years
that anthropogenic micropollutants and microplastics have been detected in addition to
classic oxygen-depleting pollutants [20,21,25–34]. Furthermore, AMRs are also mentioned
as constituents discharged into surface waters from combined systems [20,35,36].

1.3. Reduction of AMR Emissions into the Aquatic Environment

In the literature, various measures for reducing AMR emissions into the aquatic envi-
ronment have been discussed [37–41]. The measures were divided by Firk et al. [8] into
advanced process technologies at WWTPs, decentralized treatment of particularly polluted
wastewater, and measures for reducing emissions from CSOs. The advanced process tech-
nologies for wastewater treatment, ultrafiltration, ultraviolet (UV) treatment, ozonation,
and the adsorption with activated carbon, as well as their combination, were proposed as
the fourth treatment stage [42]. Decentralized treatment of particularly polluted wastewater
includes the separate treatment of hospital wastewater. To achieve the reduction of emis-
sions from CSOs, on the one hand, the treatment of CSOs was proposed, such as by using
retention soil filters, and on the other, the reduction of CSOs was mentioned. A reduction
of CSOs is achieved through specific measures, such as integral flow control, increasing
retention areas in the sewer network, or increasing the possible combined sewer inflow to
WWTPs. Overall, Firk et al. [8] concluded that only a combination of different measures
might significantly reduce the emissions and that measures to be taken at the source might
be useful. However, measures taken at the source, such as the separate collection and
discharge of material flows, were not considered so far on a load balance basis, i.e., they
have not yet been evaluated for their effectiveness. Thus, to our knowledge, this is the first
study to examine the effectiveness of separate collection and discharge of material flows
to contribute to the reduction of AMR emissions into the aquatic environment. The rest
of the article is organized as follows: The next section describes the option proposed, the
three sanitation systems, and SAmpSONS, which is the simulation software used. Section 3
contains the data used in the simulation, the site under investigation that was used to
compare the three sanitation systems, and the results of the simulation. Section 4 discusses
the techno-economic challenges of transforming combined systems into the proposed
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resource-separation-modified combined systems. Finally, the results are discussed, and the
conclusions are drawn.

2. Materials and Methods
2.1. Proposed Option

Separate collection and (centralized) treatment of specific loaded sub-streams (feces)
have not yet been considered in the literature as a measure for reducing AMR emissions but
should be investigated as an option. Londong [43] proposed a new long-term strategy for
transforming combined systems into a “source-separation-modified combined system” in-
corporating stormwater detachment, stormwater management, blackwater separation, and
its separate treatment. Using the SAmpSONS simulation software [44,45], the effectiveness
of this option in reducing AMR emissions is demonstrated (Figure 2).
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2.2. Sanitation Systems under Comparison

Based on two conventional sanitation systems-the combined system and the separate
system-we consider a system variant that has not been investigated so far: the source-
separation-modified combined system. In the following, each of these systems is described.

2.2.1. Combined System

In a combined system, wastewater and stormwater are discharged together to the
WWTP. In combined systems, firstly, AMRs are released into the aquatic environment via
CSOs and, secondly, regarding the WWTP-treated fraction, are not completely removed
from the wastewater, so AMRs are discharged with the treated water into the surface water.

2.2.2. Separate System

A characteristic of a separate system is the separate collection and discharge of
stormwater and wastewater. The wastewater is discharged to WWTPs, where the wastewa-
ter is treated. The stormwater is discharged into surface waters or infiltrated. If infiltration
takes place using vegetated soil layers or discharge into surface waters is done via retention
soil filters, the stormwater is considered treated. For the sake of this study, it is assumed
that the water discharged into surface waters in the separate system is largely free of
pollution from feces, i.e., there are no misconnections, and thus no significant AMR loads
are to be expected. The treated wastewater thus remains as the input path of AMRs into
the aquatic environment in a separate system.
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2.2.3. Source-Separation System

The basic principle of source-separation systems is the separate collection (also called
no-mix), discharge, and treatment of source streams, such as blackwater (urine, feces,
and flush water), graywater, and stormwater. The energy and resources, as well as the
environmental potentials, of source separation have been frequently described in recent
years [46–49]. With respect to AMR, it is pertinent to note that blackwater contains approx-
imately 50% of the chemical oxygen demand (COD) load, nitrogen, and phosphorus, as
well as nearly 100% of ABs, ARB, and ARGs [8,49]. Furthermore, it must be considered
that the share of blackwater in the total wastewater is low, but the respective share in the
pollutant load is substantial.

As part of the separate collection of blackwater, vacuum toilets further reduce the
volume flow of blackwater [50,51]. Separate discharge of blackwater and graywater typi-
cally requires separate discharge piping systems in buildings, which are currently not the
standard equipment in buildings. Separate discharge piping systems are easy to install
in newly constructed buildings. Among the more cost-effective options for providing
separate discharge of blackwater and graywater in existing buildings is double inliner
technology [52–54]. A sensor-controlled wastewater switch that allows the separation of
blackwater and graywater in a two-chamber inspection shaft outside the building does not
require any structural intervention in the building itself [55,56].

Accordingly, the source-separation-modified combined system whose transformation
from a combined system is proposed in this article provides for blackwater to be drained
separately via vacuum system, for stormwater to be as locally discharged as possible
or discharged via a newly constructed stormwater sewer, and for the combined sewers
to be used to discharge the graywater (Figure 3). The existing WWTPs are to be used
for graywater treatment and are to be extended with a blackwater treatment system.
The blackwater treatment (Figure 4) is based on an upflow anaerobic sludge blanket
digestion (UASB) reactor. Dewatered digestate is incinerated, while the liquid phase
is subjected to phosphorus precipitation, deammonification or ammonia stripping, and
thermal disinfection.
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2.3. SAmpSONS Simulation Software

SAmpSONS [58] is a free software for static simulation and assessment of the sustain-
ability of sanitation systems [44,45]. SAmpSONS was chosen for the simulation in this
study due to its high versatility combined with its straightforward usability, which provides
easy-to-understand models. The sanitation systems to be evaluated are modeled modularly
from so-called components, such as WWTPs, sewer systems, or sub-surface drainage. The
components are subjected to material flows, such as wastewater or graywater. The material
flows are characterized by concentrations of a defined set of constituents, such as COD or
diclofenac as a micropollutant. For each component, values are specified for the removal
rates with respect to the defined set of constituents. All defined values are to be seen as
default values; they can be overwritten at any time depending on the model. The fate of
the material flows is visualized by using Sankey diagrams. The sustainability assessment
is based on parameters of each component in addition to the material flows. SAmpSONS
offers the possibility of defining three constituents in a model-specific way. This option
was used for the study presented here, and a proxy for each of the categories-ABs, ARB,
and ARGs-was integrated into the simulation models. The choices required to build a
simulation model are summarized in Table 1.

Table 1. Simulation model choices in SAmpSONS.

Choice Description

Site Under Investigation (SUI)
A study area for which a sanitation system is to be assessed must be chosen.
The SUI specifies, among other things, the quantity and type of persons or

dischargers.

Sanitation System A sanitation system is described by components, each of which is provided by
SAmpSONS.

Material Flows
The material flows assessed result from the sanitation system chosen or from
the respective components of the sanitation system. The material flows are

predefined by SAmpSONS.

Constituents SAmpSONS features a set of constituents that are considered for all material
flows. Three constituents are freely definable.

Removal Rates For all components, removal rates are to be defined with respect to each
constituent. The predefined standard values may also be used unchanged.
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3. Results
3.1. Input Data
3.1.1. General Considerations

The model area from the German Association for Water, Wastewater, and Waste (DWA)
standard A 102 [59] was selected as a practically relevant site under investigation (SUI)
(Figure 5), as it is often used in the technical discourse [22]. The source-separation-modified
combined system presented in Section 2.2.3 was modeled for this SUI, which is described
in Table 2. For comparison, the sanitation system originally described in the standard A
102, consisting of combined and separate systems, was also modeled in SAmpSONS.
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Table 2. Characteristics of the site under investigation [59].

Subarea 1 Subarea 2 Subarea 3 Subarea 4 Subarea 5 Subarea 6

Population P 3200 970 600 1900 1100 8200

Wastewater L/s 4.8 1.1 0.9 2.9 1.5 12.4

m3/d 414.72 95.04 77.76 250.56 129.60 1071.36

Stormwater and
extraneous water L/s 4.8 1.1 0.9 2.9 1.5 12.4

m3/d 414.72 95.04 77.76 250.56 129.60 1071.36

The population-specific loads for ARB and ARGs required for the simulation could
not be identified in the literature. For this reason, data provided by Julian Firk [61] based
on the results of the research project HyReKa [62] were used. The values were calculated
from daily loads in the inflow of WWTPs during dry weather and were back-calculated to
the connected population equivalents. The daily loads were determined by 24 h composite
samples at 10 WWTPs without industrial influents.

3.1.2. Selection of Constituents

In the following, the constituents used to serve as proxies in the simulation for each
category (ABs, ARGs, and ARB) are described.
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Antibiotics (ABs). Sulfamethoxazole is one of the more frequently investigated phar-
maceutical residues in WWTPs and, for the group of antibiotics, has the most entries in
the data compilation for loads, removal rates, and concentrations in WWTP influents and
effluents. Therefore, the constituent is suitable to be used as a proxy for antibiotics. Based
on values collected for population-specific loads [8,63,64], a population-specific load of
0.1 mg/(Pxd) was assumed for sulfamethoxazole. Idealized, it is assumed in the following
that there is no mis-disposal via sinks and washbasins, and thus, there is no entry of
antibiotics into the graywater. The input of sulfamethoxazole into wastewater is completely
assigned to the sub-stream of urine (Ref. [65] cited in [66]).

Antibiotic-Resistant Bacteria (ARB). Extended-spectrum-Betalactamase E. Coli (ESBL-
E.Coli) was chosen as the representative for ARB. ESBL-E.Coli is a special subgroup of the
gram-negative escherichia coli from the enterobacteriaceae family. In general, E. Coli is one
of the most important indicator bacteria in urban drainage [64]. The ESBL-E.Coli selected
here were E. Coli strains capable of producing ß-lactamases that render a variety of different
antibiotics ineffective. Because of the high medical relevance of ESBL strains and the decent
data base for normal E. Coli strains, ESBL-E.Coli is particularly well-suited as an indicator for
assessing the spread of resistant bacterial strains through sanitation systems. For ESBL-E.Coli,
108.24 colony forming units (CFU)/(Pxd) were taken as the median of 75 measurements [61].

Antibiotic Resistance Genes (ARGs). Common ARGs include blaTEM, ermB, tetM,
and sul1, which together account for 99.8% to 99.9% of the total gene input [67]. ARGs
detected with moderate frequency in WWTP effluents include the beta-lactam-resistance
genes blaCMY2, blaCTX-M15, blaCTX-M32, and the inherited gene for carbapenem resis-
tance, blaOXA48. Only rarely detected were blaNDM-1, vanA, mecA, and mcr-1, which
encode resistance to reserve antibiotics [67]. Clinically relevant resistances, such as vanA
and ermB, are mainly detected in wastewater from residential areas affected by hospi-
tals [67,68].

blaTEM was chosen as a proxy for ARGs. The blaTEM resistance gene is a resistance
gene encoded on the resistance plasmid that enables bacteria to produce β-lactamases.
This resistance gene is among the most frequent resistance genes found in wastewater [67].
This gene was selected primarily because values for population-specific load and removal
rates-albeit low-were available. For blaTEM, 108.05 cell equivalents/(P × d) were taken as
the median of 57 measurements [61].

3.1.3. Material Flows

Wastewater was classified into the material flows of blackwater (urine, feces, and flush
water), graywater, and stormwater. Since SAmpSONS offers the possibility of adjusting the
wastewater characteristics, not only information on the amount excreted for a constituent
is required, but also information on whether the constituent enters the wastewater via
the urine (renal excretion) or the feces (biliary excretion). For this purpose, data from
the literature on excretion rates for various constituents were collected and, if applicable,
assigned to the urine or feces sub-stream.

3.2. Removal Rates of the Treatment Stages
3.2.1. General Considerations

Research into the behavior of AMR in conventional wastewater treatment is not yet
very advanced. The amount and quality of data from the literature on removal rates for
ABs, ARB, and ARGs vary considerably, and measurement series are only comparable to a
limited degree. Especially for ARGs, only a small amount of data are available for both
wastewater treatment and anaerobic digestion. Even more than for AB, the comparability
of results is hampered by the large number of different genes alone, since the same types of
ARGs have rarely been investigated under comparable conditions.

From the literature, it appears that the determination of the removal rates of the re-
spective WWTPs is usually based on comparisons of the concentrations in WWTP influents
and effluents. This approach is problematic because it does not provide any information on
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whether a contaminant was actually removed or only a redistribution from the effluent to
the sludge occurred [69]. High treatment effectiveness in regard to effluent concentrations
does not necessarily mean high total overall removal rates [70].

3.2.2. Activated Sludge Process as Aerobic Treatment

For wastewater treatment, the activated sludge process (ASP) is widely used. Thus,
removal rates of the ASP with respect to the constituents representing AMR need to be
determined.

ABs. The removal rates found for ABs are substance-specific and process-specific. The
fluoroquinolone group of active substances, for example, tends to adsorb to sludge [68,71,72]
and is described as only moderately biodegradable [64]. Thus, this active substance is likely
not to be degraded by the ASP, but only shifted from the liquid to the solid phase. The active
substance sulfamethoxazole, on the other hand, has a very low sorption affinity [64,72,73],
which suggests that the removal rate is predominantly achieved through biodegradation.

The data for the simulation were obtained from the literature on removal rates in
conventional WWTPs for the active substances selected. Where statements were available
on the more precise behavior, i.e., on whether the substance was removed from the wastew-
ater through biodegradation or sorption, a corresponding breakdown of removal rates
was made.

The overall removal rate of conventional WWTPs for sulfamethoxazole is generally in
the range of 30% to 70%, with the majority of the removal rate being achieved by biodegra-
dation of the active substance, albeit only moderately [8,63,64,66,70,74–77] (Ref. [66] cited
in [78]). For the simulation, it was therefore assumed that 50% of sulfamethoxazole was
biodegraded. Conservatively, it was assumed that 5% of the load adsorbed to the sludge,
resulting in 45% remaining in the effluent of the WWTP.

ARB. Regarding the removal rate for ARB, it is stated that wastewater treatment
reduces the load of indicator organisms, such as E. coli and enterococci, by up to three
logarithm steps, while a relative removal of the resistant fraction of ARB and ARGs is not
achieved to the same extent [79]. Removal rates of over 99% [8,39,64,80–82] initially suggest
that only a small fraction of ARB load is discharged to surface water via the WWTP effluent.
However, this impression is deceptive due to the high concentrations, for example, from
107 CFU/100 mL, 105 CFU/100 mL, which still remain at a treatment efficiency of 99%. As
a result, conventional WWTPs emit large amounts of ARB into the aquatic environment
and contribute significantly to the spread of AMR [64,67,83].

The data on the sorption characteristics of the bacterial strains required for the simula-
tion could not be determined from the research in the literature. In the following, based
on the assessment of Mascher et al. [82], it is therefore assumed that the bacteria are not
deadened. Hence, the assumed removal rate for ESBL-E.Coli of 99.5% is fully attributed
to sorption to the sludge. The remaining 0.5% of the ARB load is passed to the effluent
of WWTPs.

ARGs. Some of the ARGs found in wastewater may be removed by conventional
WWTPs. However, as for bacteria, complete retention of the total gene load is not possi-
ble [68]. The consideration of ARGs in WWTPs and in wastewater has not been carried
out for very long, which explains the availability of measurements in the literature to
an even smaller extent than for ABs or ARB (cf. Table 3). However, it is also apparent
that removal rates for various resistance genes vary significantly. The literature does not
provide any information on whether these genes are degraded or whether the removal
rate is achieved through sorption. The conditions prevailing in the aeration basins do
not suggest deoxyribonucleic acid being degraded. Thus, it is assumed in the following
that the characteristics of ARGs correspond to those of ARB. For this reason, the removal
rates are achieved through sorption to the sludge alone. For blaTEM, a removal rate of
99.5% (corresponding to 2.5 logarithm steps) is established by sorption to the sludge. The
remaining 0.5% is discharged into the effluent of the WWTPs. To be noted is that sludge is
not only a reservoir for ARB, but also for ARGs [84].
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Table 3. Removal rates in conventional wastewater treatment plants for blaTEM.

Removal Rates Fraction into Sludge Fraction into Effluent Remark Literature

1.03 log 10 CFU/100 mL unclear rest [41]

2.6 logarithm steps unclear rest Median values, high
variation [8]

2.6 logarithm steps unclear rest [39]
2.44 logarithm steps unclear rest [85]

3.2.3. Anaerobic Treatment of Blackwater

Knowledge about the contribution of the anaerobic treatment of sludge and other
digestate substrates to the spread of AMR has also been limited so far. Thus, for ABs and
ARGs, there are only a few references describing the influence of anaerobic digestion on
the fate of these constituents in the substrate. Predominantly, these studies have been
conducted on a laboratory scale. Table 4 describes the values applied in the simulations of
this study.

ABs. The removal rate for ABs depends on the biodegradability of the active sub-
stance. In a series of laboratory-scale experiments, decent degradation performance for
most antibiotic compound groups within UASB reactors was found [86]. Substrate-specific
differences in removal rates were also noted for most antibiotic drug groups in the same
study [86]. The active substance sulfamethoxazole is removed from wastewater through
biodegradation processes, whereas active ingredients from the quinolone group are pri-
marily removed through sorption to the solid phase. Hou et al. [86] reported a removal
rate of approximately 75% for sulfamethoxazole. This removal rate was in the expected
range between the ASP removal rate (see Section 3.2.2) and the data from the literature on
anaerobic digestion of 90% to 99% [71,87]. Therefore, for the simulation, a removal rate of
75% is assumed for anaerobic digestion and sulfamethoxazole.

It should be noted that the concentrations of the active substance in the digestion sub-
strate at the beginning of the measurements were at the level of sludge from conventional
WWTPs and, thus, were significantly lower than in untreated wastewater. Since in the
simulation of anaerobic treatment, the wastewater does not first pass through a WWTP in
which part of the load is eliminated and only a small fraction is transferred to the sludge, it
is possible that the removal rate is overestimated.

ARB. Anaerobic treatment inactivates some of the ARB in the digestion substrate [30,88–90].
The removal rate depends on the duration of treatment and the temperature in the reactor. The
removal rate for E. coli in a pure mesophilic system without disinfection at 70 ◦C averages two to
three logarithm steps over a 20- to 30-day period [91,92]. The UASB process is not optimized for
pathogen removal and requires secondary treatment for achieving an effluent with a sufficient
water quality. The UASB process was able to achieve a treatment efficiency of 1.09 logarithm
steps or approximately 90% in the series of tests conducted by Espinosa et al. [93]. Of the
surviving E. coli strains, the majority were measured in the sludge of the UASB reactor [93].
A removal rate of 95% is assumed for anaerobic treatment and, thus, a fraction of 5% that
remains in the digestate. This estimation appears conservative and is also in agreement with
Moerland et al. [94].

ARGs. According to Zhang et al. [95], anaerobic digester conditions may contribute
to reducing ARGs in the digestion substrate. However, even here, resistance genes differ
significantly in their characteristics. Thus, for certain resistance genes, a reduction of more
than 90% might be achieved. However, measurements regarding other resistance genes,
such as sul1, increased during thermophilic and during mesophilic treatments [95]. The
total amount of genes present in the digestion substrate barely changed during the study
described in [95], but there was a change in the ratio of various resistance genes. Sui
et al. [96] described a reduction of ARGs ranging from 0.21 to 1.34 logarithm steps and an
increase in concentrations for various resistance genes. No data for the UASB process itself
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could be identified in the literature. Therefore, also based on the previous considerations, a
removal rate of 95% is assumed not only for ARB, but also for ARGs.

Table 4. Removal rates of antimicrobial resistances in the blanket digestion of upflow anaerobic sludge.

Constituent Category Removal Rates Fraction into Effluent Remark

Antibiotics (ABs) 75% 25% Assumption based on [86]
Antibiotic-resistant Bacteria (ARB) 95% 5% Assumption based on [91–94]

Antibiotic Resistance Genes (ARGs) 95% 5% Assumption based on [95,96]

3.2.4. Disinfection of the Liquid Phase

As already mentioned in Section 3.2.3, UASB processes require post-treatment of the
liquid phase to achieve acceptable removal rates of bacteria [93]. This requirement is met
through thermal disinfection. Table 5 describes the values applied in the simulations of
this study.

Table 5. Removal rates of antimicrobial resistances in the disinfection of liquid phases.

Constituent Category Removal Rates Fraction into Effluent Remark

Antibiotics (ABs) 0% 100% no data found in literature
Antibiotic-resistant Bacteria (ARB) 99.999% 0.001 no data found in literature

Antibiotic Resistance Genes (ARGs) 99.999% 0.001 no data found in literature

ABs. In the simulation, it is assumed that thermal disinfection has no removal effect
on the antibiotic constituent.

ARB. For the bacteria ESBL-E.Coli, a removal rate of thermal disinfection of five
logarithm steps is assumed.

ARGs. As for the UASB process, there are no data on the removal rates of resistance
genes in thermal disinfection. Therefore, the assumed value of five logarithm steps of ARB
is also applied for ARGs.

3.2.5. Advanced Oxidative Processes

Advanced oxidative processes (AOPs) are applied in the source-separation-modified
combined system for graywater treatment. Table 6 describes the values applied in the
simulations of this study.

ABs. In a study on the removal characteristics of sulfamethoxazole, Dantas et al. [97]
achieved a removal rate of approximately 90% with a 15 min ozonation at 0.4 g of ozone
per liter.

ARB. In a study on the removal of ARB, Sousa et al. [98] determined a removal rate for
enterobacteria of 99.98% (±0.03) using a 15-minute ozonation (measurements of values for
15-minute ozonation were carried out with synthetic wastewater; longer ozonation resulted
in improved degradation performance for synthetic wastewater (30 min and synthetic
wastewater: >99.999% removal rate; 30 min and real wastewater, 99.93%)). Based on the
measurements for the 15-minute ozonation and the comparative values for a 30-minute
ozonation of real wastewater, a removal rate of 99.9% was specified for the simulation.

ARGs. Furthermore, in a study on the removal of ARB, Sousa et al. [98] found a
removal rate for enterobacteria of 99.96% (±0.01) using a 15-minute ozonation. Again, the
values were determined for a 15-minute ozonation with synthetic wastewater. The value
for a 30-minute ozonation of real wastewater is 99.99%. Hence, a purification efficiency of
99.9% is also assumed in the simulation for the ozonation of the resistance gene blaTEm.
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Table 6. Removal rates of antimicrobial resistances using advanced oxidative processes.

Constituent Category Removal Rates Fraction into Effluent Remark Literature

Antibiotics (ABs) 90% 10% [97]

Antibiotic-resistant
Bacteria (ARB) 99.9% 0.1% Assumption: treatment

of real wastewater for
15 min

[98]

Antibiotic Resistance
Genes (ARGs) 99.99% 0.01% [98]

3.3. Specifics of Modeling Using SAmpSONS

Some features of the case study could not be represented out of the box in SAmp-
SONS. The specifics of modeling CSOs, as well as disinfection, are therefore explained in
the following.

CSOs. The case study shown in standard A 102 includes stormwater holding tank,
stormwater with overflow, a stormwater tank retaining the first flush of stormwater, and a
stormwater tank with overflow for settled combined sewage. Simulation of CSOs resulting
from these structures is not provided by default for SAmpSONS. However, by using the
mix and split blocks given in the SAmpSONS library, CSOs can be simulated approximately
for a fixed time, such as one day or one year, respectively. For this purpose, the construction
and discharge characteristics of the standard amendments [60] given in Table 10 are used
as a reference. The input values required for the mix and split blocks are calculated using
the annual discharged mixed water volume (Ve,MWÜ) (all formula symbols are taken
from [59]) and the mixing ratio, m (Table 7). First, the proportions of wastewater (WW) and
stormwater (SW) in the discharged fraction are calculated via the mixing ratio m. The ratio
of WW and SW in the discharged volume is calculated thereafter. The representation of the
CSO used in the simulation is simplified and distributes the discharged water evenly over
the year. The occasionally occurring heavy rain events, which lead to an overload of the
sewers and, thus, to discharges into surface waters, are not represented separately using
SAmpSONS. This simplified representation results in deviations from the calculations in
standard A 102, but the qualitative influence of the spillway structures, which has already
been described (Figure 6), is also evident in the simulation.

Table 7. Sample calculation for split components spillway structure.

Structure Ve,MWÜ Ve,MWÜ m Fraction Wastewater Fraction Stormwater

m3/a m3/d m3/d m3/d
CSO1 1744 4.7781 50 0.0956 4.6825

For the source-separation-modified combined system, the discharge volume (Ve,MWÜ)
was reduced because the separate blackwater discharge reduced the volume of wastewater
flowing through the sewer. For this purpose, Ve,MWÜ was distributed on the days on
which the combined sewage was discharged (ne). The now missing blackwater portion was
subtracted from this. The reduced wastewater volume of a discharge day was multiplied
again by the number of discharge days (ne) thereafter. The resulting reduced discharge
volume (Ve,MWÜ) was then distributed over a year using the same method as in Table 7.
The mixing ratio was retained in accordance with that of Table 10 for standard A 102 [59].
No wastewater from the industrial park (subarea 2) flowed into the stormwater overflow
CSO1. The overflow was therefore modified in such a way that the stormwater not requir-
ing treatment was completely discharged into the surface waters. All of these peculiarities
are traceable in the SAmpSONS model files, which are attached as digital resources to
this article.
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Figure 6. Modeling of the combined sewer overflow volumes in SAmpSONS.

Disinfection. For the blackwater treatment process described in Figure 4, not all
process steps were available as blocks in SAmpSONS. For this reason, the UASB reactor,
phosphate precipitation, deammonification, and thermal disinfection were simulated by
the digestion, dewatering, and drying blocks from the SAmpSONS block library, with
adapted parameters, such as removal rates. Since the digestion block does not output
a stream of treated wastewater, the centrate generated in the dewatering and drying
blocks was considered as treated wastewater. Possible removal rates that could result from
phosphate precipitation and deammonification were neglected in this simulation. The
effects of thermal disinfection were integrated into the dewatering and drying blocks.

3.4. Simulation Results

The simulation results (Table 8) indicate a substantial reduction of AMR emissions
by the source-separation-modified combined system. The source-separation-modified
combined system reduced ABs by 75.5% and ARB and ARGs by about eight logarithm
steps each. In contrast, the separate system reduced ABs by 1.2% and ARB and ARGs by
two-thirds.

The simulation results are available from the files provided as Supplementary Ma-
terials to this article. For each of the three sanitation system variants considered the
following three files are attached: (1) the project file for SAmpSONS (extension: .simu,
CaseStudy_CombSys.simu, CaseStudy_SepSys.simu, and CaseStu-dy_SourceSepCombSys.
simu), (2) a graphical visualization of the modeled system (extension: .png, Figures S1–S3),
and (3) the simulation results (extension: .xlsx, Tables S1–S3). With the help of the con-
figuration file and the freely downloadable simulation software SAmpSONS [58] it is
furthermore for interested readers possible to carry out simulations with respect to the
three variants.
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Table 8. Simulation results.

AB ARB ARG

Sulfamethoxazole
[kg/a]

ESBL-E.Coli
[CFU/d]

blaTEM
[Cell Equivalent/d]

Load Influent 0.5475 9.5145 × 1014 6.1431 × 1014

Emission combined system 0.2494 1.4112 × 1013 9.1118 × 1012

Emission separate system 0.2464 4.7572 × 1012 3.0715 × 1012

Emission source-separation-modified
combined system 0.0612 9.0764 × 104 5.8602 × 104

Reduction combined vs. separate system 1.2% 66.3% 66.3%

Reduction combined vs.
source-separation-modified system 75.5% >99.999999% >99.999999%

4. Techno-Economic Challenges

Source separation usually requires the separate discharge of material flows (e.g.,
graywater, blackwater, and urine). In the construction or renovation of buildings, graywater
and blackwater might be discharged separately. Vacuum toilets and vacuum drainage
systems might be used for the collection and discharge of blackwater. As mentioned above,
solutions for existing buildings include a double inliner technology [52–54] and a house-
based sensor-controlled wastewater switch [55,56] to separate black- and graywater over
time. For transformation from combined to separate systems or to the source-separation
system that we favor, extensive re-routing of underground pipelines on properties and
in street space is necessary [22]. Thus, a long-term transformation concept that includes
economic feasibility must be formulated [99]. Economic feasibility needs to be evaluated
against the backdrop of the enormous financial significance of the discharge of ARM
into the aquatic environment, as outlined in the introduction. Trenchless installation of
vacuum systems and installation in an existing combined sewer or as a double liner during
sewer rehabilitation may significantly reduce costs compared to conventional rehabilitation
solutions [43]. Based on a definition of a target sanitation system and a sewer rehabilitation
strategy aligned with it, moving away from rehabilitation of small sections, implementation
may proceed in a stepwise manner:

Step 1: Partial disconnection and management (storage and treatment) of stormwater
and, thus, reduction of the proportion of wastewater in combined sewer overflows.

Step 2: Successive decoupling of blackwater in new and existing buildings with the
new construction of pressure and/or vacuum systems for the discharge of blackwater and
the use of existing buildings as a graywater mixing system.

Step 3: Conversion of existing and/or new construction of blackwater treatment plants
with removal of micropollutants and AMR.

Parallel to this stepwise process, the identification and elimination of the miscon-
nections in the separate system are required. In summary, such a reconstruction requires
courage, time, and effort. The great current need for the rehabilitation of sewer systems
might be perceived as an excellent window of opportunity to start a system change [43].

5. Conclusions

Antimicrobial resistance (AMR) is one of the most serious challenges we face in the
future, causing—besides the emotional and ethical aspects of death and disease—immense
economic burden. Current urban drainage promotes AMR. Pollution of surface waters by
feces, the most significant input path of AMR, can be avoided if urban drainage material
flows are no longer being mixed and purposeful treatments are implemented. The study
described here used a simulation to demonstrate significant mitigation—i.e., a reduction of
about six logarithm steps for antibiotic-resistant bacteria and for antibiotic resistance genes
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and a reduction of 75% for antibiotics—of AMR emissions into the aquatic environment
with a sanitation system designed according to the principles of source separation (“source-
separation-modified combined system”). The purposeful transformation of combined
systems described here is thus by far one of the most effective measures for reducing AMR
emissions. The limitations of the study include uncertain data from the literature, which
was addressed with conservative estimations that likely render the results meaningful.
Furthermore, the results are considered to be robust, since the major emission paths
of UASB sludge and UASB centrate are largely eliminated through effective measures
(incineration and disinfection). While the retrofitting of existing sanitation systems with the
goal of mitigating AMR emissions appears to be time-consuming and costly, the currently
huge demand for rehabilitation of sewer systems [24] should be regarded as a favorable
chance—as a window of opportunity—to start retrofitting sanitation systems and, thus,
effectively contribute to mitigating AMR emissions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13233342/s1. For each variant, three files are provided: The .simu file is the SAmpSONS
project file, which is to be loaded with SAmpSONS; the .png file visualizes the variant as a schematic
plan; the .xlsx file contains all results calculated by SAmpSONS. CaseStudy_CombSys.simu: SAmp-
SONS project file of the SUI equipped with combined systems. Figure S1: CaseStudy_CombSys,
Table S1: CaseStudy_CombSys_Results, CaseStudy_SepSys.simu: SAmpSONS project file of the
SUI equipped with separate systems. Figure S2: CaseStudy_SepSys, Table S2: CaseStudy_ Sep-
Sys_Results. CaseStudy_SourceSepCombSys.simu: SAmpSONS project file of the SUI equipped with
source-separation-modified combined systems. Figure S3: CaseStudy_SourceSepCombSys, Table S3:
CaseStudy_SourceSepCombSys_Results.
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