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1 ABSTRACT

Facing global climate change, the transformatioremérgy systems in many countries of the world has
already been progressed significantly. In line witts development, a shift towards closed loops been
iniciated in some parts of the world by separatingan solid wastes for recycling purposes. In @stfrthe
more than 5.000 year tradition of urban water syppld urban waste water discharge seems to bewvitho
any alternative: cities import fresh water fromitheinterlands and flush the sewage to areas siduat
downstream in order to avoid the appearance ofeeqiics. This longlasting practice was supplemented b
stepwise adding end-of-the pipe technologies ofagemtreatment from the early 20th century on. Now i
many parts of Europe three treatment stages anéasth The current debate in some European cosntrie
about a forth and even fifth stage rise the questihether this development of adding more and more
treatment stages to the old sewer pipe technolagybe assessed as sustainable with respect tagesou
and energy consumption on one hand and impactseoanvironment on the other hand.

During the last 20 years new and innovative infragtire systems for water supply and waste water
management have been developed and implementedpdat acale. Most of the associated technologies
make use of the separate collection and treatnfespexific waste water streams. The separate handf
these different streams requires physical modificat but also challenges behavorial patterns and
institutional frameworks. Therefore, investigatisnnecessary to know how the implementation oféhes
technologies can be made more convenient in ordeachieve a significantc impact on the urban
sustainability performance.
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Fig. 1: Water — connection between city and hiatedl

2 HISTORY OF URBAN WATER SUPPLY AND WASTE WATER DISPO SAL

2.1 The relation of cities with their hinterlands

The high aggregation of many humans within a lichigpatial dimension forms a socio-technical artefac
which is called “city”. The high concentration oégple results in a lot of advantages comparedriora
dissipated form of settling (e.g. short distanassumulation of best brains, better affordable rieszi
infrastructures) but creates relevant challengegedls Among these challenges are the supply witti@nts
and water as well as the save handling of humametxcin the long run any failings in the excreta
management result in the outbreak of epidemics whth risk of a reduced or even liquidated urban
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population. Thus, the existence of cities was anddpendent on appropriate waste water management
systems and the associated infrastructure. Archaalbexcavations of ancient cities therefore nsaely

will not only discover infrastructures of water plypbut as well technologies of waste water coietand
transport.

The water supply and waste water disposal infraktra systems from the very beginning until todagdi
the gravity as driving force of transport. Becaabéhis, upstream regions of cities are used agmaatpply
areas whereas sewage is lead to downstream regilisspattern often results in situations of wastesrcity
upstream of a city and and regularly in situatiohpollution downstream a city (compare fig. 1).

2.2 Examples of the ancient world

It can be assumed that ancient societies have dmetient about the fact that fresh water and waater
should be kept separately in order to avoid hygigmbblems and related diseases. They made ude of t
physical separation of surface water and grouneémiay the soil. In most cases, e.g. Mohenjo-darthén
Indus valley, Greece and in the Roman Empire, wiaben springs, upstream reaches of creeks andsriver
groundwater was used for water supply and wasterweds lead to agricultural areas or lead backvars

(e.g. Cloaca Maxima in Rome). In Assur, part ofiancMesopotamia (see figure 2), it seemed to theen

the opposite case: Fresh water was taken fromitiee and waste water has been collected and seeped
afterwards into the underground (fig. 3).
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Fig. 2: Ancient Egypt and Mesopotamia c. 1450 BC (8euhttp://geschichte-wissen.de/blog/assyrienigebte-ueberblick).
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This practise could have been more widespread lamgtime periode in the arid and semi-arid caestof
the Midle East, as the Greek historian Herodot@! (4 425 BC) reported 2.000 years later about the
customs of the Persians: “They never defile a nivith the secretions of their bodies, nor even wistr
hands in one; nor will they allow others to doa®they have a great reverence for rivers” (Herxia012).

2.3 Middle Ages and Modern Era in Europe

In Central Europe with the decline of the Roman Eenfhe knowledge about and the capability to hand|
the waste water infrastructures of the ancient laigitures got lost. Waste water including excretes \ed
not only into small trenches between buildings. (#yy but it was even poured out into the stretgjarflez
I'eau”), latrines were used for defecation and logater courses were used to get rid of all kinfls/aste
and waste water. Hygienic pollution of ground wased surface waters followed by severe epidemic
diseases were the consequences of this unappepréatagement of waste water.

Fig. 4: Defecation in trenches between housesdrmitdle Age (Source: Hofler and Illi 1992).

In the 19th century narrow housing spaces as dtrekincreasing population in towns (see tableathyl
leaky latrines led to a “small water cycle” betwdatrines and wells, contaminating drinking watathw
faecal microbes. As a consequence, severe epidksaiases occurred in Central Europe during thi®ge

for example in London in 1830 and in Hamburg in& 84TV 1999].

More and more towns were cleaned at the cost ofgtrdity of rivers, which often degenerated into
cesspools. In 1907 William Philips Dunbar (sincé®2&lirector of the governmental hygienic institute
Hamburg) described the situation of some riverEngland as follows: “Children delighted in lightitige
gas bubbles, rising up from the courses of thersivEhe flames coming into being were 6 feet higl a
were running on the water surface up to 100 m. @agnumber of carcasses were drifting in the rivefs

[ATV 1999].
Town 1800 1850 1880 1910
Berlin 172.000 419.000 1.122.000 2.071.000
Frankfurt / Main 40.000 65.000 136.000 414.000
Hamburg 130.000 132.000 290.000 932.000
London 1.117.000 2.685.000 4.770.000 7.256.000
Paris 547.000 1.053.000 2.269.000 2.888.000

Table 1: Population dynamics in European towns eetwl800 and 1910 (Source: Simpson 1983)

To avoid these epidemics, the provisional wastemndling of towns and cities had to be chanfeain
1850 to 1906, a fierce discussion took place batvike advocates of the two alternatives: collectaeges
for agricultural usage or flushing them out of totwn sewerage systems. Natural scientists, for eleamp

Justus von Liebig, recommended the use as fertilideereas hygienic specialists and technicianpqsed
the introduction of sewerage systems.
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With the invention of the siphon around 1860, whicluld avoid odours from the sewerage system terent
the houses, the debate ended and the water taileédy growing popularity as a result of the inceeias
comfort. Consequently, water toilets and seweragstemis became more and more widespread.
Nevertheless, the use of drainage systems to weangglet effluents differed considerably betwetre
individual towns in Germany (table 2).

Town First drinking water line | First drainage system | Input of faeces into the drainage system
before the year 1906

Berlin 1857 1873 Yes (obliged)

Cologne 1872 1881 Yes (1029 WC in 1882)

Frankfurt 1873 1867 Yes

Freiburg 1876 1881 No

Hamburg 1849 1848 Yes

Karlsruhe 1871 1883 No

Leipzig 1866 Before 1882 No (but 5343 WC in 1882)

Table 2: Drinking water lines and drainage systenGeman towns in the 19th century (source: Gra888)1

After 1906, sewers became the standard solutiorcédiecting sewage and for draining settlements. In
Germany, it took more than a century (1880 — todayjetrofit the sewerage systems with purification
plants. At first the plants worked only mechanigaBiological decomposition of sewage still toolage in
streams and rivers. Because of the high oxygen dénthis process caused severe oxygen depletion in
water courses. To avoid this, in the 1960's ands 7®'second cleaning stage — the biological - was
implemented which transferred the biological clegrfrom rivers to purification plants.

2.4 Present design of urban water infrastructure

2.4.1 Waste water treatment plants

From the 1980's onwards, a third stage has beewndmted — the elimination of nitrogen and / or
phosphorous to avoid eutrophication of the Nortla &ed of some lakes. The introduction of this 3rd
cleaning step has not been finished when aftey¢lae 2000 the political discussion on pollutionvedter
bodies with micropollutants got more and more widead. Consequently, the attention had been drawn t
pharmaceuticals and their residues. To cope withctiallenge, in Switzerland 100 of 700 sewagetrimeat
plants (62% of the treated waste water) will beigoged until 2040 with a 4th cleaning step. The stuent
costs are an estimated 1.2 billion CHF (Reckter7201

For Germany the costs of the 4th cleaning stestinated with 2,50 € to 7,50 €/inhabitant and y&he
additional energy demand will be 5% to 15%. In shexmer of 2017, 18 of about 10.000 treatment plants
Germany had already installed this 4th cleaningestan voluntary basis. These pilot plants are dpeydy
different physico-chemical processes: Ozonizatiomliined with a biological filtering, adsorption tvit
pulverisized activated carbon and different filvgristeps, filtering with granulated activated carladth or
without a subsequent biological decomposition stepnisation combined with granulated activatedaar
filters. Different micro pollutants are decomposgthese processes to different degrees (Reckiaf)20

During the equipment phase a new challenge has apmihe pollution of water bodies with multi resist
bacteria. On February 6th 2018, the North Germapaéeast informed that scientist from two German
universities analysed 12 samples of different waturses in Lower Saxony and found multi-resistant
bacteria in each sample, which can be considered“esally alarming” result according to an expeom
German Robert-Koch-Institute (NDR 2018). Hembactalet(2017) analysed influents and effluents of 7
waste water treatment plants. In each of themetiigence of multi resistant bacteria was detedtadher,

it was found that the treatment process could redbe concentrations of these highly dangerousehact
only by one to max. two orders of magnitude, whilmuch too low to protect the receiving water lesdi
from hygienic pollution.

Current findings point out that the 4th cleaninggst of treatment plants cannot eliminate all b&cterthe
waste water (Jager et al. 2017). By comparing iiffetechnical set ups for the 4th cleaing staged®et
al. (2017) found that, for example, the “ozonatifrireated wastewater reduced the abundance obgexis
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and of clinically relevant antibiotic resistancenge significantly but also selected some antibigistance
determinants.” This indicates that even the 4tlarileg step might not be the final solution of therent
end-of-the-pipe systems. If the society decidehdldl on to the conventional system, additional rileg
steps seem to be unavoidable (Hiller pers. comnatioit 2017).

2.4.2 Sewer system

Not only the outflows of existing waste water treahts plants have an influence on the water qudlite
technical performance of waster water collectioytesns additionally contribute to chemical and bygs
pollution of receiving water bodies. This is esplyg true in the case of combined sewer systemshése
systems not only municipal waste water is tranggbhut in times of precipitation collected stromteva
coming from roofs or other paved surfaces is ctdgé@nd transported together in the system as reixi
waste water and strom water. Because waste wagdntent plants in general are designed for théldou
volume of waste water occuring in dry days and bseaf the fact that during (heavy) rainfalls, viodume

of combined sewage can increase up to the hundléddmpared to dry conditions, the treatment ptaamt

not take the whole volume of waste water duringhsuperiode of precipitation. The surplus volunmstfis
collected in retention basins. When the basindibed, the combined sewage overflow (CSO) is aatibd
and part of the combined waste water is led urddhainto receiving water bodies (compare fig.[unay
and colleagues (2015) could demonstrate that incse of a treatment plant situated in the Neckar-
catchment (Germany), different substances — depgrah their physico-chemical properties — behavg ve
differently and thus are emitted from the seweragg&tem into the receiving water bodies in very wide
variety via the treatment plant and/or by the C8@ereas the CSO contributed e.g. to 20% of thd tota
emission volume, in the case of COD it has been,3@%total suspended solids 50% and the range of
micropollutants varied between >90% (coffeine) a6 (Diclofenac). Therefore it will not be sufficie
just to add additional treatment steps to the @®e® running in waste water treatment plants.
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Fig. 5: Combined sewer system under rainy conditionodified after: Lehn 2002).
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Fig. 6: Emissions of different substances via at@aster treatment plant (blue) and combined sewagglow (red) (Source:
Launay et al. 2015).
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This improvement would include the treatment plém, overflow system (in case of combined systeansl)
the — often leaky — pipe system. With regard to enenergy and ressource efficiency, water saving
necessities in arid or semi-arid regions and thalityuof aquatic ecosystems, the introduction ofviye
developped waste water systems (New Alternativat&am Systems = NASS) should be analysed and
compared with a completely improved conventionatey in terms of ecological, economic and social
aspects.

3 NEW ALTERNATIVE SANITATION SYSTEMS (NASS)

Because water as a resource, in cities can beopanany and very different products and processeas (
foodstuffs, cleaning, cooling, transporting, weliag water as a waste having passed these proazsses
show very different properties in terms of quadityd quantity. Since the second half of the 20thugrihe
idea of a separate collection and optimised treatokdifferent waste water streams has grown sinblt
much more reduced compared to the topic of solistevhn the year 2008 the German Association foreéWyat
Wastewater and Waste (DWA) published a systematsedview on such new alternative sanitation
systems (NASS) focussing on the reuse of watettlamdse of waste water ingredients (DWA 2008). Wast
water contains not only ingredients such as plamtients but as well energy in different forms -ertinal
and chemical. That's why the approach of recyclirmger and reusing ingredients should be combinéa wi
approaches of a change in energy supply and ememgumption (Energiewende). As a result, the energy
saving house could be expanded to a more resofiicier building. Despite the fact, that NASS cstmow
many specific characteristics, the basic idea isdparate urban waste water streams in at leas¢ thr
fractions: a) storm water, b) grey water, and aerklwater.

Ad a): Depending on the climatic conditions and tlegree of impervious surfaces, storm water can
contribute to a very high percentage of the totabtw water volume, and its occurance is not cothgtan
Therefore it has to be calculated very carefullyif is possible to manage storm water onsite witthie
settlement e.g. by irrigation of green areas, greehand green facades and infiltration into thderground
after an appropriate treatment. If possible, thég/wf using storm water can contribute to cool tngan
atmosphere (due to the evaporation of water) ans tih counteract the urban heat island effect,tantbe
ground water levels (Mann 2013). Because the stoater volumes in this case no longer have to be
transported to treatment plants those can be @uembre efficiently and the costs for a large disi@med
sewer system could be avoided.

Ad b): Grey water is domestic waste water comirmgrfrshowers, bath tubs, washing machines, and dish
washers. Compared to black water it is less pallitet warm. Therefore the separated treatment @f gr
water offers the chance to recover thermal energg oomperatively high level of temperature byrapse

heat exchanger. In an apartement house in Bertim 4ii flats built according to the German Passiveid¢
Standard this is already in practise. After thet me@hanger a biological cleaning step and UV-dgsition
follow before the treated water is used to flusé thilets of the building — compare fig. 7 (Nolde13).
Treated grey water can also be used for other gegparrigation, evaporation and cooling.

Biological Grey
Water treatment

Grey Water
heat exchanger .

Fig. 7: Heat exchange and biological treatmenepbsated Grey Water in an apartment house in B@lmmany). Foto: H. Lehn

2

EXPANDING CITIE REAL CORP 2018:
DIMINISHING smﬁ EXPANDING CITIES — DIMINISHING SPACE



Helmut Lehn, Franka Steiner, Jasmin Friedrich, Dé@vaaya Valenzuela

Ad c): Black water is waste water coming from ttslehe volume of black water is comparatively small
compared to grey water, especially if vacuum teilete used instead of traditional flush toiletscdese
black water does not only contain plant nutriemMgrégen, Phosphorous, Potassium) but as well carbo
compounds, black water with little dilution can b&ed to produce biogas through an unaerobic tregitme
The energy output of this process can be increbgeamb-fermentation of the black water fraction tinge
with organic kitchen waste and other organic wastahe city of Hamburg the conversion area “Jaidel
Au” will be equipped with this black water treatméschnology (Hamburg Water Cycle)

housing estate

\ black water
treatment
anaerobic
" grey water Waste Water
L I treatment / Treatment
=

biomass \ combined
|

— — vakuum- o heat and
- station power plant
- ™ -
L =l ; dige-
i TR ! state

ge
black water 1 f [—I
grey water 1

heat

evaporation

%E caskade‘__'. e

|

artificial lake

\niﬂ:ga

Fig. 8: Separate treatment of storm-, grey- andkaleater in the new settlement Hamburg JenfelderSawrce: Hamburg Water
Cycle

treated effluent

electricity

4 CONCLUSION

Despite the fact that traditional sewer systemSentral Europe have been equipped with tretmemtplaf
more and more stages, the receiving water bodeestdirat risk to get polluted chemically by netnis and
micropollutants and hygienically by protozoa, viessand bacteria. Especially the multiresistant evect
species seem to survive even very modern treatstages constructed for the removal of micropolligan
To avoid theses risks, the conventional systems btawbe improved at the level of the treatment tpldre
overflow system (in case of combined sewer syst@md)the pipe system.

Rural Hinterland

Ty

Recycling of
water in the city

Fig. 9: Water — more sustainable connection betve@grand hinterland.

New Alternative Sanitation Systems = NASS are aotito achieve a better outflow quality, to be more
energy and ressource efficient and to save fresbrwBhus these systems represent a big chancdtiés to
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improve their sustainability performance and toecbptter with the challenges of global changesmpawe

fig. 9. These systems partly work on other priregplthan the traditional system, which means that
technologies, awareness, attitudes and handlingusefrs, professionals and institutions have to be
harmonized to make these systems run smoothly. eromerely technical point of view these systems can
be established rather easily in new built-up ared®reas the change of supply and disposal infretsires

in the existing building stock is more difficultuBalso in new built-up areas legal, institutioaall social
framework conditions make the transformation a demghallenge. Therefore, more research is neealed t
support decision makers if and under which conadgidt is preferable to stick to the well-establghe
technologies of the conventional system and improaad when time is ready to change to NASS.
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