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Summary

Within NextGen, different innovative approaches for circular economy (CE) in the

(waste)water sector were investigated and demonstrated in pilot anddadle systems. This

report presents the cost assessmeaitl9scenarioon six selectedlemocasesn Euope:
Braunschweig (DE), Spernal (UK), Athens (GR), La Trappe (NL), Altenrhein (CH), Costa Brava
(ES)Thecomparison of economic impacts between a newly implemented recovery system

and itsbaselineshows the differences and emphses benefits of the innovativeircular

solution.

In the Life Cycle Costing (LCC), common cost types were calculated fromgpeqgbiee of
the operators while in theCost Effectiveness Analysis (CEH# Jife cycle costs of a demo
casescenariovere put in relation to its environmental benefits

In all the case studies examined, CARENiItal Expenditure) is the largest costype. The
sensitivity amlysis has shown that the depreciation period of the infrastructure has a
correspondingly large influence on TOTEXpital Expenditure + Operational Expendijure
doubling the depreciation period leads toostly around 30%, up to 159% decrease of
NextGen TOTEX

Except for the Piertilizer productionof Altenrhein, he implementation of NextGen

nutrient recovery systems alone is not profitable at this stage, as the revenues from
fertilisers are lower than the annual infrastructure costs (CAPEX, insurance and
maintenance), personnel costs and additibnasts for chemicals. However, these nutrient
recovery systems can bring benefits to the WWTP, especially by (1) reducing nutrient loads
in the effluent and (2) reducing sludge disposal costs compared to a given baseline, which
can help make the whole cular economy approach more economically viable.

All assessedemo casemvolve wastewater treatmentThe specific cost of wastewater
treatmentincreasesvith smallerplant size but this can b&eompensated by cost savings on
energy and infrastructure for transport. Also, organisational aspects might favour local
solutions.The scenarios improve circularity and matdo reduce climate emissions, barly
few are effective also for climate mitijan, i.e. less costly than 100 EURAEQ A total of
sevenscenariosnvolvesupgrading of the wastewater to enable reualed some can supply
water to a lower specific price than the sampled drinking water supplies.

The assessestenariosare examples fonew water techniques valid in their geographical,
regulatory and current market contextheycan serve as an orientatidn identify options
whichcan be further detailed in feasibility for other sites complemented with experimental
data as necessary.

Thecost effectiveness of the assesgedhnologies will change as they are further

developed and reach market maturifyst as @vironmentalpolicyand requirements will

change System services such as water reuse, climate mitigation or reduction of pollution are
not profitable Thus a cost assessmeirdicatesthe most costeffective solutionn a given

policy framework

¢tKAAd LINRP2SO0 KIFIa NBOSAGSR FTdzyRAy3a FTNRBY (KS 9dz
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1. Introduction

Thorough cost assessmerdisould be indispensabler potential investmat and future
policymakingIn the field of circular economy (CE), the comparison of economic impacts
between a newly implemented recovery system anddselineshows the differences and
emphasses benefits of the innovative recovery solutidrne present reporpresents the
results oflife Gycle Costing (LCC) andost Effectiveness Analy$i3EA) osixdemo casesf
CEapplicationin the water sectorwithin the framework of the EU Horizon 202@»iGen
project

This study analysis the costs of innovative recovery solutions for sesvabedded
resources jointly develope@nd implementegiby authorities learning institutionsand
industrial plant owners within the NextGen consortiutninvolvessolutions for the
followingdimensions:

1 Water (Spernal, Athens, La Trapp€psta Brava)

Itself with reuse at multiple scales supportedreyised membranefCosta Bravapdvanced
treatment technologiegfSpernal) engineered ecosystenfta Trappeand
compact/mobile/scalable systen{gthens)

1 Energy(Braunschweig, Spernalithens Altenrhein)

Treatment plants as energy factories, watemabled heat transfdor internal energy reuse
(Braunschweig, Spernal, Athers)d/or producing energy surplus (Athens).

1 Materials (Braunschweig, Spernal, Athens, Altenrhei@osta Bravpa

Such as nutrient mining and reu@@&raunschweig, Spernal, Athens, Altenrhemepurposing
membranes to reduce water reuse co$@osta Bravagnd producing activated carbon from
sludge to minimise costs of micpwllutant removal(Altenrhein)

An upscaling to a potential full scatedonefor demo cases, whergials were being
performedat pilot scalein the project(Spernal Athens, La Trappdltenrhein, Costa Braya

Twobasic questions we seek to answer are

1. How much more or less money is spégtthe operatoper year compared to the
baselin® (LCC)

2. How much more or less money is spent per uniévironmental benefit or impact?
(CEA)

programme under grant agreement RF6541
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2. Methodology
2.1 Life Cycle Costing (LCC)

Common cost types were calculattdm the perspective of the operatotzased on 2021
net costs(VAT excludedpr the operation of one year

Capitalexpenditure (CAPEX) for infrastructure

Energy

Materials

Personnel

Disposal of waste

Insurance and maintenana# infrastructure

Revenuesavings (e.gby selling materials, reducing emissions or material demand

= =4 8 8 -8 8 -9

Figurel shows a flow chart with the cost types considered for the comparison between a
givenNextGen senarioand itsbaselinein the form of input and output flowsCost benefits
and drawbacks can be determined when comparinglihselinewith the NextGen scenario
Inthe Spernal demo case a fulCC considering abovementionedcost typesvas
performed for bothbaselineand NextGen scenariogigure h). In somedemo casesctual
cumulativecosts for watey market fertiliser and pruning waste dispogathens)

wastewater (La Trapperdrinkingwater (Costa Bravef N2 Y (1 KS 2 LIS (2 NARQ LJ
were consideredsbaselinecosts(Figure b). In other demo casesvherethe NextGen
solutionsrepresentadditional recovery stages in an existing wastewater treatment plant
(Braunschweig, Altenrheinthe NextGen scenariosere considered agadd-ong to their
respectivebaselineWWTPconsidering the differences in material and energy balance
(Figure 1c)

programme under grant agreement RF6541
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a) TOTEX TOTEX
[ \ [ \
OPEX OPEX
A
\ \
Materials Materials
Personnel Personnel
Energy Insurance & Energ\/ Insurance &
CAPEX Malntenance CAPEX Mamtenance
. . Cost .
Baseline scenario benefits/drawbacks NextGen scenario
Disposal Revenues/savings Disposal Revenues/savings
b) TOTEX
[ \
OPEX
A
\
Materials
Personnel
TOTEX Energy Insurance &
,‘ CAPEX Mamtenance
[ \ l
. . Cost .
Baseline scenario benefits/drawbacks NextGen scenario
Disposal Revenues/savings
c) TOTEX
[ \
OPEX
|
\
+/- Materials

Personnel
+- Energy Insurance &
CAPEX Malntenance

NextGen scenario (as “add-on”
baseline considering dlfferences in
material and energy balance)

]

Disposal Revenues/savings

Figurel Overview on cost types considered inbaseline and NextGen scenarios
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CAPEX

Data onmvestmentsin infrastrudure (technologyequipment, piping, tankand buildings
groundwork, excavatiorwith lump sums for planning costs and risksre collected from
operators orfrom estimationsby technology providers consultation with the plant
owners.In all casedull-scalecosts were compared to alloeomparisorbetween the
baselineandNextGen scenarios

We consider the operation for one year, annualising the NextGen investment cost with an
amortisation period of 10 years for technology and 30 years for buildDgsidering an
estimated interest rate for capital expenditure of 3%, the annuity factor was calculated to be
12% and 5% for process equipment and building/construction, respectiMatyNextGen
technologies are new. Therefore, it can be expected that tlee@sses are not yet

optimised, leading to higher wear of equipment. Also, the probability that the equipment
will have to be (partly) replaced or modified once the operators gain more experience is
high. Thus, a rather short depreciation period of 10 yesjsstified, incontrast to typical
baselineWWTP (20 years).

In somecaseswithout standard WWTP dsaselinethe corresponding cost was

comparatively simple to evaluate (Athens, La Trappe). But often the standard WWTP
(baseline)nvolves longime operation with continuous and mostly depreciated

investments. CAPEX on total investment is difficult to determine and not meaningful, the
standard cost from branch averages is more practicable. Instead of systematically comparing
baselinecost andNextGen senariocost for the whole system, either a comparison of

additional costs (Braunschweig, Altenrhein, Costa Brava) or (additional) OPEX (Spernal) was
used. Where useful and possiblegselinefor certain parts (e.g. tertiary treatment) was
compared to thescenariogAltenrhein, Costa Brava).

The calculation of cost types could be appliedt due to availability and quality of data it
was adaptedWater supply and wastewater treatment has a very long lifetime and
investment history and cannot be calculatesing amortisation of a global cost. Therefore,
either the additional cost (Braunschweig, Altenrhein, Costa Brava) or absolute cost
compared to a simplifieBaseline(Athens moneted water supply, La Trappe morsetl
wastewater treatment cost, Spernal @stated OPEX) was used.

¢tKAAd LINRP2SO0 KIFIa NBOSAGSR FTdzyRAy3a FTNRBY (KS 9dz
programme under grant agreement RF6541
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Energy and materiacosts

Specificcosts formaterial and energyvere provided bystakeholders or drawn from

statistics and literature. We usaaticesof 2021 or earlierrepresenting a stable market

before theUkraine crisisConsidering that the scope of the technology also depends to some
extent on the specific prices in the respective country, prices for energy and raw materials
were not standardisethetween case stude As theNextGen systems are spread across
Europe, there are differences in electricity prices. Raw materials (e.g. chemicals, polymers)
were purchased from differergroviders Such price variations and their influence on the
result were considered in thcrosscomparison of the system@hen necessary price

guotes were adapted to the price level of other countries using the Big Mac index
(Economist, 2022).

Personnel costs

The cost fooperatingpersonnel required to run the plant was estimated by thehteology
providersor plant owners responsible for the demo case based on local typical wages for
technicians.

Insurance and maintenance costs

Annual insurance against breakdown, damage, fire, etc. was estimated to be 0.5% of the
sum ofinvestment costs (process equipment + building/construction), while annual
maintenance was estimated to be 2% of the process equipment costs.

Disposal costs

A standardised prictor the transport ofdewatered sludgéto farm or incineration plant)
was asemed, considering an average transport distance of 50 km.

Prices for sludge valorised in agriculture;iogineration and monencineration were
approximatedbased on experience of technology providers and published offers.

Fertiliser revenues

In all cas studies, solid and liquid fertilisers with concentrated nutrient concentrations were
counted agevenuescompared to the correspondingaselineln thedemo casesf water

reuse we assume that the value of nutrients with the reclaimed water for irrayaof

arable fields is negligible due to the untargeted application and uncertain crop availability.

Costbenefits and drawbacks

All systems mass and energy balances were modelled by KWB in Umberto for the
environmental assessent and kindly provided also as a basis for the cost assessient.
NextGen scenariovas compared tats baseline The performance of gcenariois not just
the sum of the performance of the individual technologies. The technologieseo§cenario
interact with each other and influence each othegsonomicperformance Implementing
new solutions has an impact anass and energy flows and correspondiogts of existing
wastewater and sludge treatment systemgstream or downstrean(e.g.lowered polymer
consumipion (and costs) for sludge dewatering

¢tKAAd LINRP2SO0 KIFIa NBOSAGSR FTdzyRAy3a FTNRBY (KS 9dz
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2.2 Cost Effectiveness Analysis (CEA)

The Cost Effectiveness Analysis (CEA) putditteeence oflife cycle costé relation tothe
difference d environmental performancéGWP impacor product recoverybetween a
givenNextGen scenariand itsbaseline Data on GWP impa¢LCAWwere generated and
kindly provided by our colleagues from KWB.
As NextGen provide recovery solutions for waterergyand materialfrom wastewater
typicalcost effectiveness units are

1. Euro/PEa (PE= population equivalent)

2. Euro/n? of recovered water

3. Euro/kWh of recovered energy

4. Euro/kg of recovered phosphorous/nitrogen

5. Euro/kg C@eq savings

Definition of the iling cost effectiveness

Figure2 shows an examplef a CEA result diagram relating the c@stectiveness of random
systems to their C£q emissions, with the G&q balance on the-axis andhe cost balance

on the yaxis. Since both the costs and environmental imgact potentially have both

positive and negative signs, there are a total of four possible result ranges. Systems in the
range bottom left always can be considered cost effectimee both Céeq and money can

be saved compared to their respectibaseline Systems in the range top right always can be
considered not coseffective since more money is spent and more€ids emitted

compared to theirespective baselinelhe remaimg two result areas are tradeff areas.
Systems in the top left range can save€f)but require more money, while systems in the
bottom right range can save money but emit more-€fcompared to their respective
baseline There are different kind of &de-offs for systems 2 and 4. The decision as to which
of these two technologies performs better depends on the point at whichetidronmental
savings can compensate for the expenditure, or the point at which the monetary savings can
compensate for the @ditional environmentalemissions; as the money saved could
potentially be reinvested in other mitigation measures. Therefore, a ceiling cost
effectiveness must be defindd rank options This linecan be defined bgectorialKPlIs or
market prices (e.gfor CQ credits) The technologiewith lower cost/environmental impdc
ratio (on the left of this ling¢areimprovement optiondor environmental efficiencyThe

further awayperpendicular tahe linedownwards andeftwards the better they perform.

LIn the Athens demo case the difference in GWP impact is not directly transferable to the difference in life
cyde costs since the LCA performed by KWB considered a full baseline WWTP, while this LCC only considered
0KS Odzydzf A0S O2ad 2F LRGFofS &1 GSNI FTNRBY (KS 2LISNTY G2

¢tKAAd LINRP2SO0 KIFIa NBOSAGSR FTdzyRAy3a FTNRBY (KS 9dz
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Extra money spent

Double losses

‘51

S2e
S5

co, s‘a:ed * — Extra CO, emitted

S3

<>
Double savings S4

v

Euro / tonne CO,eq savings Money saved
Ceiling cost effectiveness

Figure2 Exemplary CEA result plot showing the relationship between cost balance sgb@@ance
for random systems with the @€ balance on thezaxis and the cost balance on theyis

2.3 Step-by-step approach

Since both KWB for LCA afdNWor LCC used the same basic data for energy and mass
balance, we were in joint exchange with the relevant partners, technology providers and
plant operators, who were able to provide us with the data basedests or best estimates.

These were our work steps for the cost analyses:

Definescenariosvith partners

Collect data from partners & statisti¢specific costs if not provided by partners)
Crosscheck collected data in terms of plausibility

Transfer primary data intecenarios

Make LCC and CEA calculations

Validateresultswith partners

Write report

Validate report with partners

©ONOoOOGRA~LDNE
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3. Results& Discussion

3.1 Demo cases

3.1.1Braunschweig (DE): nutrient and energy recovery in
municipalwastewater treatment

The cost analysis for tH@raunschweig demo caseas carried out on the basis () the
annual NextGeinfrastructure related costs and personnel costsd (2)the annual changes
betweenthe baseling(former WWTRBraunschweigSteinhofprior to NextGen
implementation)with activated sludge treatment and anaerobic sludge treatment and
NextGen scenarias the mass balance, whereby all changes were assigned tdek&sen
scenarios

TheHydrolysis & N, P recovesgenarioaddsexcess sludge digestion, pdewatering and
thermalpressurehydrolysis of predewatered digested excess sludge followed by digestion
of hydrolysed excess sludge and primary sludge. Both sludge waters (e.qg. filtrate from pre
dewatering and cemate from final dewatering) are mixed and fed into nutrient recovery
containing struvite precipitatiotharvesting and ammonia strippifgcrubbing. The steam
needed for the thermapressurehydrolysis is generated by a steam generator using biogas
(about 10% of the entire biogas from the digesters) as energy source.

TheHydrolysis & N, P recovesgenarias supplemented with twaleviations

1 Inthe + High temperature CHfgenarigthe steam for the thermapressure
hydrolysis is generated via water boiling using the high temperature heat from the
combined heat and power (CHP), meaning that the entire biogas from the digesters is
valorised in the CHP, resulting in higher electrimtyovery comparedo the
Hydrolysis & N, P recovery scenario

1 Inthe + Max Struvite recovescenariga provisional struvite precipitation before
final dewatering is removed, to transfer more ortphosphate into the centrate and
maximee the struvite poduction. However, this resulia a higher dry mass of the
dewatered sludge.

In addition, two variants are considered in each case, which differ in the dewatering and
utilisation of the sewage sludge
1 In themid-term (2020) summersludge issalorised viarrigation and winter sludge is
valorised inco-incinerationand agriculture representing sludge management before
implementation of the NextGen scheme
1 Inthelongterm (2030) there will be yearoundsludge dewateringesulting in
sludgefit for mono-incineration.

programme under grant agreement RF6541
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Tablel provides an overview on the differehtextGen scenariosonsideredn the
Braunschweig demo case

Tablel Overview on scenarios of the Braunschweig demo case considered in the cost assessment

Mid-term (2020) Longterm (2030)
: Summer sludgealorised via Yearround dewatering &all
Scenario S ; , ; ;
irrigation & winter sludgevalorised sludgevalorised irmono-
in co-incineration/agriculture incineration
NextGen Thermalpressurehydrolysisand nutrient recovery from filtrate
Hydrolysis & N, P recovery and centrate
NextGen Hydrolysis & N, P recovenyith high temperature valorisation

+ High temperature CHP from combinedheatand power without biogas into steam

generator
NextGen Hydrolysis & N, P recovenyithout Mg-dosing into sludgewith
+Max Struviterecovery maximum struvite recovery

Systemfunction & functional unit

The function of the system under investigation is to provide wastewater treatment in
accordance with legal requirements, including all processes associated with this function.
The functional unit of this I@Is one yearof operationd & LJS, difirled by the annual
organic load of the WWTBraunschweigSteinhof which is 350,000 population equivalents
(PE).

System boundary

The system boundary of this LCC includesahstewater and sludge treatment and
management systenm the WWTPProducton of gruvite and ammonium sulphate solution
isaccounted for as potentidértiliser revenue Biogas is utilised in a combined heat and
power plant, and the electricity is accounted {&igure3).

Part of LCA
but not of the cost assessment

[ Part of LCA but not of the cost assessme|]

[ Part of LCA but not of the cost assessme]

Figure3 System boundary of the Braunschweemo casgfrom KWB)
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