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Abstract

In Denmark, the conventional method for treatingasge sludge is mechanical dewatering and
subsequent storage. However, sludge treatmenteskdystems, which are holistic sludge
treatment facilities combining the dewatering, matisation and storage of sludge, have been more
common during the last three decades. Treatmesitidfe in a sludge treatment reed bed system
can be combined with post-treatment (further dexregeand mineralisation) on a stockpile area.
This study aimed to compare the environmental perdoces of a mechanical sludge treatment
method with the sludge treatment reed bed systaategy, using the life cycle assessment
approach and a life cycle inventory based on ng@&herated data obtained from Danish reference
facilities. The scenarios based on the differezdttnent methods were initiated by sludge entering
the sludge treatment reed bed system or the aegeréind terminated by land application of the
final sludge product. The environmental impactssealby the sludge treatment reed bed system
strategy was comparable to or lower than thoseethlng the mechanical sludge treatment method.
The impacts on climate change were the same ftha@lreatment scenarios; however, the
conversion of organic carbon and nitrogen intogecies was more efficient in the sludge
treatment reed bed system compared to mechareedihtent. Thus, mechanically treated sludge
contained more nitrogen, causing higher nitrogers&ions (primarily nitrate run-off) when applied
on land. According to the results of the life cyaksessment, there were no considerable
environmental gains made by adding post-treatmeiat stockpile area to the sludge treatment reed
bed strategy. However, some practical aspectswhtded in a life cycle assessment, should also

be taken into consideration when evaluating théopmances of sludge treatment scenarios.

Keywords:

Sewage sludge, land application, eutrophicatiamatke change, environmental impact, nitrogen
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1. Introduction

Sludge Treatment Reed Bed (STRB) systems haveussehfor treating sludge in Denmark
since 1988 (Nielsen et al. 201Fhe STRB system treatment method is also emplayethier
European countries, e.g. France (Vincarai. 2011), Italy (Peruzzt al. 2013), Spain (Uggett
al. 2009) and United Kingdom (Nielsen & Cooper 20).STRB system is a holistic sludge
treatment facility that combines the dewateringyemalisation and storage of sludge. These systems
are often used for the treatment of sludge origigarom domestic wastewater treatment, but they
are also used to treat other types of sludgefrex. waterworks (Nielsen & Cooper 2011) or aqua
cultural sludge (Summerfelt et al. 199@pmmonly, an STRB system is built as a part of a
wastewater treatment plant (WWTP) and receiveslidge produced at this unit. An STRB
system consists of a number of beds, often eigh@tiNielsen & Willoughby 2005) or more, to
which sludge is applied over several years. Whitained in the beds, the sludge is gradually
dewatered and mineralised. After 8 to 12 yearseofatering and mineralisation, the final sludge
product (the sludge residue left at the end okthige treatment and storage processes) is exchvate
and applied to agricultural land as fertiliser &od improvement.

Since STRB systems were introduced in Denmarlgstbeen common practice to empty
beds during late summer or early autumn and ttersprort the excavated sludge residue directly to
agricultural land after harvest. However, in recggdrs, a new procedure has been employed by
some STRB systems: The beds are emptied in spnmh¢gh@ excavated sludge residue immediately
transferred to a stockpile area at the WWTP whearadergoes post-treatment (further dewatering
and mineralisation) until autumn. During post-treaht, the sludge residue undergoes further
mineralisation and dewatering due to increasedaaipn. This approach has the advantage that
the emptied beds can be put back into operatisnmmmer, as the reeds will regrow during

spring/early summer. If the excavation happensitaran, the emptied bed must still rest until next
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coming spring/summer, as the reeds remain dormamglautumn and winter. Originally,

stockpile areas were of a simple design, namelyuatioor area on which the sludge residue was
piled. Recently, coverage of the area by a greesdhoaof and walls has been added to the design,
adding a solar drying effect to the post-treatnpentess.

Conventionally, sewage sludge is dewatered by nmechladevices, such as decanter
centrifuges and screw presses, and subsequeniigsiatil it can be applied on agricultural land as
fertiliser (Jensen & Jepsen 2005). Only a few gsidissessing the environmental impacts of sludge
treatment technologies include STRB systems (Upee#ll. 2011; Kirkeby et al. 2013) has ben
done, as data on STRB systems suited for life gs$essment (LCA) are scarce. Furthermore, the
reliability of the results of these studies couddduestioned: A considerable part of the inventory
data used by Kirkebst al. (2013) to model the environmental impacts caugeitid® STRB system
strategy, were not based on actual data from SHRE&s but on emission data from crop land or
compost windrows. Hence, the results presentedrikely et al. (2013) are somewhat unreliable.
The LCA method, data and assumptions used in Uggelt (2011) are somewhat intransparent,
making it difficult to compare the outcome of tisady with other studies. Only in recent years,
new life cycle inventory data on STRB systems,udoig substance flows in STRB systems
(Larsenet al. 2017a), gas emissions from the mineralisationgssoccurring in STRB systems
(Larsenet al. 2017b) and fertiliser quality of sludge residuelond application (Gomez-Mufi@
al. 2017), have been generated. Combined, these studieide the first datasets on STRB systems
made with the purpose of being suitable for LCAessih datasets were not available at the time the
mentioned studies by Ugge#tial. (2011) and Kirkebt al. (2013) were conducted.

The aim of the present study was to evaluate thiea@mmental performances of the STRB
system strategy using the newest obtained dataesaitding to the international ISO standards for

LCA. The performance of the STRB systems strategy @ompared to a conventional treatment
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strategy based on centrifugal dewatering of sludgbsequent storage and final application on
agricultural land. To assure that the comparisameftreatment strategies was as up-to-date, new
process specific data for the conventional treatragategy was generated for the purpose. Three
sludge treatment scenarios, all of which refle¢tedmanagement of surplus-activated sludge
(SAS) generated at a reference WWTP, were definddcavered treatment, storage, transportation
and application of the final sludge product on agjtural land, including the substitution of minlera
nitrogen (N), phosphorous (P) and potassium (K)lifegr, and the treatment of reject water

generated during the sludge treatment process.

2. Materials and methods
2.1. The life cycle assessment approach

An LCA can be applied for comparing resource cornsion and impacts on the environment
of products or services that provide the same faniLCD 2010). The LCA in this study
complied with ISO 14040 and ISO 14044 standardghigstudy, an attributional LCA modelling
approach was chosen, and the multi-functionalitgrotesses was dealt with by employing system
expansion. LCA modelling was done with the masw{tmsed LCA software EASETECH,
developed by the Technical University of Denmar#t as described in Clavreetial. (2014).

The LCA included three sludge treatment scenargset on specific case studies of the
sludge treatment methods employed at the mainemegersite, namely a WWTP in Helsinge
(Denmark) (56°01'15N; 12°19,49E). This WWTP houaasSTRB system, a stockpile area and a
mechanical sludge treatment device, namely a decaeantrifuge. Data for the life cycle inventory
(LCI) were collected at this site and supplemeigdata from three other recent studies (Gémez-
Mufiozet al. 2017; Larsert al. 2017b, 2017a) carried out at Helsinge WWTP andhemo

comparable WWTP, namely Himmark WWTP, (Denmarky2554"N 9°45'55"E).
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Helsinge WWTP receives domestic wastewater antstieaccordingly, corresponding to
25,000 person equivalents (PE) annually. The wastavis treated by a mechanical-biological
wastewater treatment line. A more detailed desonpif the wastewater treatment line at Helsinge
WWTP is found in the Supplementary Information (SBction SI-1).

The STRB system at Helsinge WWTP was establisha®%6 (Fig. Sl-1a and 1b) and is a
representative reference for the present-day SR technology. Since 1996, it has been well
operated, delivering a final sludge residue of lgghlity. Table SI-1 provides an overview of the
operational data and system characteristics fosibigé STRB.

The stockpile area at Helsinge WWTP was establigh@012 - 2013 (Fig. SI-1a and 1c) and
has a total area of 1,675 mvith 800 nf covered by a greenhouse roof, which enhances
evaporation from the sludge residue subjectecetinient. Recently, greenhouse walls on two

sides have been added to the design.

2.2. Scope definition

Three sludge treatment scenarios were analysededhanical dewatering by a decanter
centrifuge, followed by six months of storage, 2)ykars of treatment in an STRB system and 3)
12 years of treatment in an STRB system followedoloy months of post-treatment at a stockpile

area. The scenarios were defined as:

Scenario 1: Mechanical treatment (S-CEN)

Sludge is dewatered on a conventional decanterifteyg and immediately transferred to a
container in which the sludge is stored for onekngen-site storage”). Afterwards, the dewatered
sludge is transported 70 km by truck to an exteshalge storage facility (“external storage”).

Here, the dewatered sludge is laid out in layers L5 m in height on the floor in an enclosed



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

storage building. The dewatered sludge is not maveceated during storage. The storage facility
continually receives sludge during the year unitbann, following which it is collected and
transferred to a land application site. This procedmplies that at the time of land application,
some of the stored sludge has resided at the stdaadity for almost one year, while some has
only been there for a few days; hence, the avestigage time for this study was assumed to be six
months. Finally, the dewatered sludge is excavited the storage facility, transported 200 km by

truck to a land application site and applied bygtoa

Scenario 2: Sludge treatment reed bed system (BPTR

Sludge is loaded into an STRB system and undert@gears of treatment (more information on
the STRB system technology is provided in S| (sec81-2). The sludge residue (including reeds)
is excavated and immediately transported 10 knruxgktto a land application site and applied on

land by tractor.

Scenario 3: Sludge treatment reed bed system aokipsie area (S-SPA)

Sludge is loaded into an STRB system and undert@gears of treatment (the exact same
procedure as in S-STRB). The sludge residue (imotuteds) is excavated by an excavator and
transported 0.15 km by truck to a stockpile ardwe 3ludge residue is piled and undergoes four
months of post-treatment, which is enhanced by sislang. Finally, the final sludge product is
excavated from the stockpile area, transportedid®k truck to a land application site and applied
by tractor.

The system boundaries included all unit procedsigs {) related to sludge treatment and
final land application, including the effect of tidsser substitution, the treatment of reject watad

the treatment of SAS produced from the reject wdatkee temporal scope for the emission inventory
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and the impact assessment were both defined ageHd§, and the geographical boundary was
Denmark. The functional unit (FU) was defined astilieatment and disposal of 1000 kg wet
weight (WW) of SAS with characteristics correspamyio the SAS generated at Helsinge WWTP
(Table 1). We decided to base the FU on the WW®fSAS as a central purpose of the treatment
processes are dewatering, and thereby volume eduwftthe sludge. If based on the dry weight of

the sludge, this aspect of the treatment procegsekl not be reflected in the results of the LCA.

2.3. Life Cycle Inventory (LCI)
2.3.1. Daily operation and transportation

Data and assumptions on daily operations, excavatial transportation included in the
various scenarios were based on the present-datieit and procedures at Helsinge WWTP. All
scenarios included consumption of electricity dupumping of sludge and reject water and the
consumption of fuel for excavation and transpaotatiFurthermore, the centrifuging process
included in S-CEN requires an additional input lecticity and that the sludge is pre-conditioned
by adding polymer coagulant; hence, emissionsaeltt the production of polymer coagulant were
included in this scenario. Data on emissions rdlatehe consumption of electricity and fuel in the
different scenarios, and the production of polyceagulants, were taken from the Ecoinvent v 3.3
database and the database included in the EASE™6@Ware. More details on consumption by
the three scenarios are to be found in SlI (se&led).

For S-CEN, it was assumed that the final sludgélypecbwas transported 200 km to the land
application site, while in S-STRB and S-SPA thstaince was only 10 km. Sludge residue treated
in a well-operated STRB system commonly meetstiteshold values for heavy metals and
xenobiotics in biosolids for land application, aguired by Danish legislation (Nielsen 2005;

Miljgministeriet 2017). Furthermore, sludge resistiedourless. Therefore, sludge residue can
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often be applied on agricultural land in the loaada. On the other hand, sludge, which has been
mechanically dewatered and subsequently storeeh bfis a strong odour. Even though the
dewatered sludge meets the threshold values redjoyréhe legislation, the odour makes it difficult
to find a land application site willing to takeg(ibformation provided by Grib Vand, the utility
managing Helsinge WWTP). Therefore, longer transpion distances are often required, as there

are fewer local land application sites availablecizeive the mechanical dewatered sludge.

2.3.2. Gas emission rates and flow of substances included in S-CEN

Helsinge WWTP houses a centrifuge that is commuoséd to treat SAS from other minor
WWTP’s. To be able to model S-CEN, in which the S#$& Helsinge WWTP is dewatered on
the centrifuge, it was arranged that a batch of &S dewatered on the centrifuge, instead of
being loaded into the STRB, and samples of SAS atlned sludge and reject water from the
centrifuging process were collected and charae@ri§hese data were used to calculate the
amounts of substances allocated to reject watedawatered sludge during the dewatering
process. Emission rates for carbon dioxide {C@ethane (Ck) and nitrous oxide (pO)
representing on-site and external storage weremdatdrom flux chamber measurements carried
out at the on-site storage facility, a containeHelsinge WWTP. The dewatered sludge was stored
in the container at a height of approximately 1.5omL00 days running from October to January.
Data on N and ammonia (NkJ emissions were estimated based on emission eledaded at
Helsinge WWTP and data obtained from a study mesagigas emission rates from dewatered
sludge piled on an outdoor storage area at a SW8IWTP (Samuelssos al. 2018). The
Swedish WWTP has a wastewater treatment line #na¢mtes sludge comparable to the SAS

generated by Helsinge WWTP and was therefore cerexidan appropriate reference. Gas emission
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rates, losses of carbon (C) and nitrogen (N) ancerimdormation on data sources and calculations
can be found in Sl (section SI-4).

The evaporation of water during on-site storage agssimed negligible, and during external
storage it was estimated by combining our calcdlatdues for losing organic matter and data on
the total solids content found in dewatered slutbgéore and after 200 days of storage, as
published in a publication by the Ministry of Ersiiment and Food of Denmark (Miljg- og
Fadevareministeriet (2000). As this publicationorpthat no water leached from the sludge
residue during storage, and the amount of ash resdainchanged, it was assumed that no P, K or
metals had left the system. More information oradampling procedures, calculations and the
shares of substances allocated to different stréathe treatment process can be found in Sl
(section SI-4). An overview of the flow of substarsén the S-CEN scenario based on an input of
sludge corresponding to the FU (1000 kg WW SARJsse provided in Sl (section SI-6, Table SI-

8).

2.3.3. Gas emission rates and flow of substances included in S-STRB and S SPA

Losses of C and N by mineralisation, and the rdlgtes emission rates during 12 years of
treatment in the STRB system, were modelled usavgygenerated data presented by Laeten
al. (2017b). In this study, gas emission rates {&MH, and NO) from the STRB system in
Helsinge, covering all four seasons of the yeargvmeeasured by employing static surface flux
chambersAmmonia is produced from Nfiand often constitutes a considerable part of theskl
from sludge and slurries. However, in STRB systexts,” is quickly taken up by the reeds or
converted into N@ through nitrification, thereby preventing the famon of NH;. Therefore, it
was assumed that the loss of N toNIHSTRB systems was negligible. Gas emission rafesed

to the mineralisation process during four monthsadér drying on stockpile area were modelled

10
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based on measured emission rates of, @B, and NO, also through use of static surface flux
chambers. C and N losses, gas emission rates ardimh@rmation on data sources and
calculations are to be found in Sl (section SI-5).

The amounts of substances partitioned to rejeanyviimal sludge residue, mineralisation and
evaporation during 12 years of treatment in an SAR&the four months of solar drying at a
stockpile area, were modelled based on the sulestiowe analysis presented in Larsen et al.
(2017a). The substance flow analysis presentdahinstudy was based on another Danish STRB
system, namely Himmark STRB system, albeit it wesueed that the study was an appropriate
reference for our LCA, as both systems are rurtao@ance with the operational guidelines and
produce comparable sludge residues of high qualioye information on data sampling
procedures, calculations and the shares of suledaiiocated to different streams in the treatment
process can be found in Sl (section SI-5). An oesv\wof the flow of substances in the S-STRB and
S-SPA scenarios based on an input of sludge camespg to the FU (1000 kg WW SAS) is also

provided in Sl (section SI-6, Table SI-8).

2.3.4. Long-term emissions from land application and fertiliser substitution

Emissions related to land application of the fislaldge products were modelled using
recently obtained emission data for N and C. Thesgion data representing soil application of SAS
treated in an STRB system (S-STRB) originate fralabbascale soil incubation study presented in
Gbomez-Muiozt al (2017). The fate of C and N over a 100-year mauglberiod was obtained by
using the Daisy soil-plant-atmosphere system mpagkion 5.21). Gaseous emissions of;NiAd
N0, leaching of N@ to groundwater and surface water, N-uptake by camosC sequestration
were estimated. When sludge residues are appliéahdnit reduces the need for mineral fertiliser.

The environmental savings related to avoiding tfeelpction and use of mineral fertilisers were

11
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included in the LCA. It was assumed that ammoniitmate substituted mineral N fertiliser, that
single superphosphate substituted P fertiliserthatipotassium chloride substituted K fertiliser.
To obtain similar data representing the treatm@&®AS in an STRB system combined with
post-treatment on a stockpile area (S-SPA) and weing by centrifuge (S-CEN), a similar
incubation study, following the exact same procedws described in Gomez-Mureal. (2017),
was conducted. More information on the modelling@wiissions related to land application and the

savings from fertiliser substitution can be foundsi (section SI-7).

2.3.5. Reject water treatment

The reject water generated from the centrifugec@nario S-CEN or dewatering in an STRB
system in scenarios S-STRB and S-SPA was retumgw tWWTP and treated along with
incoming wastewater, thus producing more SAS. édinarios included one re-run of the reject
water, covering its pumping back to the WWTP, tlestewater treatment process (including
related emissions to the atmosphere and aquatimements), the entire sludge treatment

processes for the different scenarios and final Epplication (including fertiliser substitution).

2.4. Life cycle impact assessment (LCIA)

Mid-point impact potentials for 14 normalised impeategories were calculated: Depletion
of Fossil Abiotic Resources; Depletion of Reserasdal Abiotic Resources; Climate Change;
Marine Eutrophication; Freshwater Eutrophicatioarr&éstrial Eutrophication; Terrestrial
Acidification; Stratospheric Ozone Depletion; Ph@xidant Formation; lonising Radiation;
Particulate Matter Formation; Human Toxicology +&@ogenic; Human Toxicology — Non-
carcinogenic and Ecotoxicity. The choice of LCIAthws for the different impact categories was

made according to recommendations provided byrttegriational Reference Life Cycle Data

12
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System (ILCD) (ILCD 2010; Hauschilg al. 2013). The normalisation reference was found in
(Blok et al. 2013) LCIA methods and normalisation references are shavi (section SI-8).

The loadings and savings calculated for each imgetefgory are presented in six sub-
processes: 1) daily operation (electricity consuamptor pumping sludge and reject water, polymer
coagulant consumption), 2) biological gas emissauring treatment and storage (gas emissions
related to on-site and external storage of cemjeifusludge or mineralisation processes in STRB
system and stockpile area), 3) transportation anewation (fuel consumption for trucks,
excavators and tractors), 4) land application (gasemissions and leaching of substances related
to land application of the final sludge product)fértiliser substitution (the effect of substingi
the production and use of mineral fertiliser) anhdepect water treatment (RWT) (pumping of reject
water back to the WWTP, electricity consumptiorated to treatment, gaseous emissions and
leaching related to treatment, the re-running efgroduced SAS through the entire sludge

treatment process, including land application antlliser substitution).

2.5. Uncertainty analysis

The robustness of the results was analysed onewvesd. First, a contribution analysis was
performed to identify substances influencing mba@nt90% of the overall environmental impact;
the results are shown in Table 2. Second, a sehgiinalysis (SA) was conducted by increasing
and decreasing mineralisation rates and transpmrtdistances for all scenarios. SA-1 tested how
increasing or decreasing the C and N mineralisattes in all scenarios by 10% of its original
value affected the outcome of the LCA. SA-2 testedd changing the transport distances affected
the outcomes of the LCA. SA-1 and SA-2 were caroetiseparately, meaning that changes made

for the mineralisation of C and N and for transpbdt not interfere.

13
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3. Resultsand Discussion
3.1. Impact categories

The results of 11 of the 14 impact categories hosva in Fig. 2. The results of the three
impact categories not included in Fig. 2 (StrateshOzone Depletion, Photochemical Oxidant
Formation and lonising Radiation) are shown insetfion S1-9). The impacts of these categories
were low compared to the impact categories shovwign2, and therefore they will not be

discussed further.

3.1.1. Climate change, eutrophication and acidification

For the impact category Climate Change, the sces@rovided almost equal net loadings
into the environment. The loadings adding to thpact category is due mainly to ¢ahd NO
emissions from treatment in the STRB system (S-SaRBS-SPA), post-treatment at the stockpile
area(S-SPA) and storage of dewatered sludge (S-QHfN)2b and Table 2). However, in all
scenarios emissions of Gldnd NO from the final sludge products after being agpbe land also
added considerable to Climate Change; indeed,-foEN almost 50 % of the loadings adding to
this category was caused by emissions of @ktl NO related to land application. Methane and
N»O are strong greenhouse gasses having global waupotentials (GWPSs) corresponding to 28
and 265 CQ@equivalents, respectively, and therefore importartionsider in relation to Climate
Change (IPCC 2014).

In all scenarios the treatment processes and tlaedpplication processes also emitted, CO
and N. However, as blis not a greenhouse gas and,@@ginating from biological sources, such
as wastewater and sludge, is considered shorteegIigPCC 2007), these emissions are climate-
neutral. During the 12-year treatment process in the STYRBes in S-STRB and S-SPA, the main

share of the mineralised C and N was emitted ag(@8%) and N(94%), while the remaining

14



336  shares of mineralised C (7%) and N (6%) were ethakeCHand NO, respectively. On the other
337 hand, during the six months of storage of centgtligludge at the on-site and external storage
338 facilities in S-CEN, only 48% of the C mineralisaxd 74% of the N mineralised was emitted as
339 climate-neutral C@and N, while the remaining shares of C (52%) and N (28##)e emitted as

340 CHjand NO. The greater production and emission o,@@d N from the STRB system in S-

341 STRB and S-CEN compared to the sludge storageti@sils assigned to the efficient aeration of
342  the sludge residue in the STRB system: Air leathé&osludge residue through rhizomes (hollow
343  out-growths produced by the reeds), movementsofistreate cracks in the sludge residue surface
344  through which air enters and the joint reject waipe and ventilation system embedded in the
345 filter layer provides air to the lower parts of #ladge residue (Nielsen 2003). Aeration enhance
346  aerobic microbial activity, leading to the prodoctiof CQ and N. At the sludge storage facilities
347  centrifuged sludge was not moved or turned dutvegstorage period. An earlier study found that
348 anaerobic conditions are prone to develop in dawdtsludge stored in a storage facility without
349  being turned (Nielsen, 2005), leading to producbb&H, and NO.

350 Aerobic mineralisation is more effective compare@mnaerobic mineralisation in terms of
351 the amount of C and N converted into gas speciesce] the amounts of C and N mineralised

352 during treatment in the STRB system were almostewie amounts mineralised during storage of
353 the centrifuged sludge (Table SI-8), while the enoiss to air impacting Climate Change provided
354 by biological gas emissions were almost the samalfthree scenarios (Fig. 2). Hence, C and N is
355 more efficiently removed from the sludge subjedtetteatment in S-STRB and S-SPA compared
356 to the sludge treated in S-CEN, despite of the otgpan Climate Change are equal for all three
357  scenarios.

358 The amount of C and N found in the final sludgedoici affected the impacts from

359 greenhouse gas emissions related to land applicatlee slower mineralisation rate during the
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treatment process in S-CEN means that more of thedIN was found in the final sludge product,
which eventually would be applied on land. Indd&d,greenhouse gas emissions from land
application of sludge residue were higher for S-Gitlhpared to S-STRB and S-SPA (Fig. 2). The
share of N emitted as,® after soil application was approximately 3% fibtlaree sludge products
(SI Table SI-9); however, N content in the centgéd, final sludge product was greater compared
to the sludge residue from the STRB system, leattiraglarger contribution to Climate Change
from S-CEN compared to S-STRB and S-SPA. For alhados, small environmental savings in
Climate Change impact category were obtained bgtgubng mineral fertiliser.

For Marine Eutrophication, all scenarios showe@@oading, mainly caused by NO
leaching and run-off from land application (Fig. &id Table 2). The impact caused by S-CEN was
more than twice the impacts caused by S-STRB a8&4&-This higher loading in S-CEN was due
to the larger N content in the centrifuged sludge] higher emission factors for N@eaching and
run-off.

For Terrestrial Eutrophication, all scenarios shdaeet loading, caused primarily by NH
emissions from the land application process (a@hacos) and by NCand N from the combustion
of fossil fuels (all scenarios, but especially SMEFig. 2b and Table 2). Ammonia emissions were
highest in S-CEN, as the final sludge producedis $cenario contained more N and had a larger
NH3; emission rate for land application than the fslatige in the other scenarios (S-STRB and S-
SPA).

The impact category Terrestrial Acidification wdfeated primarily by NH emissions from
land application and by S@nd NQ from the combustion of fossil fuels (Fig. 2b arable 2). For
S-CEN and S-STRB, the overall impacts were smallasglings. For S-SPA, the overall impact
was a net saving, as the savings caused by fertdisostitution exceeded the loadings caused by

the other sub-categories.
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For Freshwater Eutrophication, net loadings weea der all scenarios (Fig. 2b). For S-STRB
and S-SPA, these loadings were caused mainly bgpbtate (PG leaching from the land
application of sludge residues, while for S-CEN ithpact potentials caused by FQeaching
from land application and reject water treatmentenegjual in size (Fig. 2b and Table 2). The
concentration of P in the reject water producedhgycentrifuge was 10 times the concentration
identified in the reject water produced by the STRBe P leaching factor from the WWTP was
relatively high compared to the leaching factonirtand application. Therefore, the impact to

Freshwater Eutrophication in S-CEN was higher iha®STRB and S-SPA.

3.1.2. Ecotoxicity and human toxicity (non-carcinogenic)

Among all the impact categories, the most affegtece Ecotoxicity and Human Toxicity —
Non-carcinogenic (Fig. 2a). However, metals divettethe reject water in S-CEN are eventually
also land applied, leading to that the contributmf{uman Toxicity — Non-carcinogenic and
Ecotoxicity were equal for all scenarios. For bintipact categories, all scenarios provided a net
loading, caused primarily by the presence of zimt @opper in the final sludge product when
applied on land (Table 2). As these impact categaare affected by the same substances, the
overall results are the same, except for the madeiof the values. For both categories, the net
loadings were the same for all scenarios. In S-SARBS-SPA, the loading caused by land
application was slightly higher compared to S-CHDE to the larger amounts of metals transferred

to the final sludge product produced in S-STRB SA8PA (Section SI-6, Table SI-8 in Sl).
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3.1.3. Human toxicity (carcinogenic), resour ce depletion and particul ate matter

For all scenarios, Human Toxicity — Carcinogenic\aéected primarily by the presence of
nickel and lead in the final sludge product whepligg on land (Fig. 2c and Table 2). Small
savings were provided by fertiliser substitutiors. far Human Toxicity — Non-carcinogenic and
Ecotoxicity, the overall impacts were similar fdlrscenarios.

The impact of Depletion of Fossil Abiotic Resour¢emy. 2c) was higher for S-CEN than for
the other two scenarios (S-STRB and S-SPA), dlerger fossil fuel demand related to daily
operation, transportation and excavation in th&nacdo. The main impacts were caused by the
consumption of hard coal and crude oil, while treermmpacts in S-STRB and S-SPA arose solely
from the consumption of hard coal (Table 2). F8THRB and S-SPA, the overall results were
small net savings, as savings from the substitudfanineral fertiliser exceeded loadings. For S-
CEN, daily operations included the production aodstimption of polymer coagulant required for
pre-conditioning the sludge prior to centrifugifidne production of this polymer coagulant caused
the consumption of crude oil and the higher envirental loading. Furthermore, the transport
distances, earlier addressed in section 2.3.1yded in S-CEN were 70 km from the WWTP to the
external storage facility, followed by 200 km t@ tland application site, compared to 0.150 km
from the STRB system to the stockpile area in S-S 10 km to the land application sites in S-
STRB and S-SPA, resulting in a considerably gredgenand for fuel in S-CEN.

For the impact category Depletion of Reserve-b@g®dtic Resources, all scenarios showed
net savings, as the resource consumption avoided thie substitution of mineral fertiliser
exceeded the resources needed for sludge managem8rSTRB and S-SPA, positive loadings
were negligible compared to savings. For S-CENdilmpwas caused mainly by the consumption
of lead in relation to the consumption of crude Bor S-CEN, savings as a result of fertiliser

substitution were slightly greater compared to ®Band S-SPA, as more mineral fertiliser was
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assumed to be replaced in this scenario. Howevertalthe larger loading in S-CEN, this scenario
provided a lower net saving compared to the otbenarios.

For Particulate Matter, all scenarios showed neéihga, due to the substitution of mineral
fertiliser. Positive contributions arose mainlyrfremissions of Nkland sulphur dioxide (Sp

related to the combustion of fuel, and Ntthissions from land application.

3.2. Sengitivity analysis
3.2.1. Mineralisation rates

In SA-1, the mineralisation rates for C and N matieed were increased and decreased by
10% of their original values in all three treatmsoénarios (Fig. 3). Changes in the mineralisation
rates during the treatment of sludge in the STRiesy, in the stockpile area or while storing
mechanical dewatered sludge at the external stdaagities affected the impact category Climate
Change, as CHand NO emissions were affected (Fig. 3). Furthermorangmg the
mineralisation rates affected Marine Eutrophicatesithe amount of N found in the final sludge
product from the various scenarios depended oartimunt of N mineralised earlier in the
treatment process. The effects of SA-1 on the neimguimpact categories can be found in Sl
(section SI-10).

For Climate Change, S-CEN was more affected by gésm the mineralisation rates than
the other two scenarios (S-STBR and S-SPA) (FigT8¢ reason for this was that a larger share of
the C and N mineralised in S-CEN was emitted ag &td NO than in the other two scenarios
(Table SI-4 in section SI-4 and Table SI-6 in seT®I-5 in SI). When the mineralisation rates for
C and N were decreased by 10% of their originalesifor all scenarios, S-CEN showed a lower
Climate Change impact than the other scenariodewthwas higher in the default scenario and

when mineralisation rates were increased by 10%h @i
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Changing the mineralisation rates for C and N halgl a small effect on the impact of Marine
Eutrophication in the S-CEN (Fig. 3). Due to a maagher mineralisation rate in the STRB system
than while storing centrifuged sludge, S-STRB arfsP3\ showed changes in Marine
Eutrophication. With a 10 %higher mineralisatioterdess N remained in the sludge product,
leading to a lower impact on Marine Eutrophicatiahjle with a 10 % lower mineralisation rate,
more N remained in the sludge product, leadingha@ber Marine Eutrophication impact.
However, regardless of the mineralisation rate iadpthe impact on Marine Eutrophication impact
caused by S-CEN was always more than twice asdugipared to S-STRB and S-SPA.

The results of SA-1 reflect a trade-off betweenithpact on Climate Change and on Marine
Eutrophication for the mineralisation rates of @ &hduring treatment or storage. Higher
mineralisation rates led to a higher Climate Changeact for S-CEN, but a lower Marine
Eutrophication impact for S-STRB and S-SPA, whileér mineralisation rates had the opposite

effect.

3.2.2. Transport distances

In SA-2, transport distances in the various scesasiere changed. The total transport
distances included in the various scenarios we@ek@¥ for S-CEN, 10 km for S-STRB and 10.15
km for S-SPA. First the transport distances wetedbfor all the scenarios. Second, the transport
distance included in S-CEN was reduced to 10.15trmatch the transportation distance in the
other scenarios. The impact category mainly aftebtethese changes was Depletion of Fossil
Abiotic Resources. The effects of SA-2 on the imhgategory Depletion of Fossil Abiotic
Resources are shown in Fig. 3, while the effecttherremaining impact categories can be found in

section SI-10 in SI.
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For S-STRB and S-SPA, halving the transport digtarntid not affect the net impact on
Depletion of Fossil Abiotic Resources (Fig. 3), lehithe net impact for S-CEN was reduced by
almost 50%. However, despite this reduction, thgaot potential of S-CEN remained higher than
for the other scenarios. Reducing the transportdto S-CEN so it equalled the transportation
distance in STRB and S-SPA drastically decreasedhbpact on Depletion of Fossil Abiotic
Resources for S-CEN, though it remained greater ithéhe other two scenarios, due to a high

contribution from producing polymer coagulant.

3.3. Discussion

The results of the LCA revealed that in terms dfaghication of marine environments, the
treatment scenarios based on the STRB systemggtrg8eSTRB and S-SPA) caused lower impacts
compared to the conventional strategy using mechhdewatering on centrifuge (S-CEN). This
difference between the treatment strategies aralyndile to that treatment in STRB systems
provides a fuller mineralisation of C- and N-contag compounds, without causing a higher
emission of greenhouse gasses. This means thabhdme strategies are more favourable when
considering impacts on climate change; howeverStieB system strategy is favourable in terms
of avoiding eutrophication of marine environmemtgostal zones. Eutrophication of costal zones
due to nutrient run-off from agricultural land rgring the last decades been a major problem in
Denmark, meaning that this difference between titategjies is highly relevant in Denmark and
other countries with similar environmental problems

The LCA study presented in Kirkeby et al. 2013 dtamd that eutrophication caused by N-
containing compounds was higher for sludge trebjed conventional strategy based on
mechanical dewatering and subsequent storage cethfzasludge treated in an STRB system.

However, due to a lack of data for the STRB systtnategy at the time Kirkelst al. (2013)
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conducted their study it difficult to make validnabusions based a comparing those results to those
of our study.

Uggettiet al. (2011), a Spanish study comparing the treatmesiuoige in a STRB system
with dewatering on centrifuge, did not include esioas of NO from the STRB systems, while the
results of our study show that emissions gDMrom mineralisation processes are highly relewant
include for both the STRB system method and thehaugcal treatment method. Furthermore,
Uggettiet al. (2011) did not include final disposal (land apation), as the emissions related to this
step were expected to be the same for all scenditresresults of our LCA suggests that this is not
true but that emissions related to land applicasienhighly relevant when comparing the
environmental performances of sludge treatment oaksth

Toxic impacts due to heavy metals were found tthbesame for all three treatment
scenarios. However, the effect of xenobiotics presethe final sludge products were not included
in the impact categories addressed in this LCA. ddrgents of nonylphenol ethoxylates (NPE),
di(2-ethylhexyl)phthalate (DEHP), linear alkylbeneesulfonates (LAS) and polycyclic aromatic
hydrocarbons (PAHS) in sludge products for landiagpon are of concern if the threshold values
for these compounds, defined by the Danish Minisfrignvironment and Food (Miljgministeriet
2006), are not met. Hence, the flow of xenobiaiticke treatment scenarios would be a relevant
topic for future studies.

Overall, the environmental impacts of S-STRB angFA are almost the same. However,
adding post-treatment on to stockpile area to thiRESsystem strategy has some practical
advantages that are not expressed in the resule &CA. The presence of a stockpile area makes
it possible to empty STRB system beds in springrghy allowing the reeds in the excavated bed to
regrow within a few months, compared to almost yer if excavation happens in autumn. Faster

regrowth of the reeds implies that the bed carebdroduced faster into the loading cycle with a
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full loading programme, which enhances the treatroapacity of the STRB system. The stockpile
area also provides more flexibility in terms of éifor excavating and collecting the final sludge

product by the recipient.

4. Conclusions

The environmental impacts caused by the sludgénesa scenarios based on the STBR
system strategy performed comparable or better aoedpo the scenario representing a
conventional sludge treatment strategy includinglmeaical dewatering on a centrifuge and
subsequent storage. Carbon and nitrogen was niwertfly removed by the treatment processes
included in S-STRB and S-SPA, resulting in a loa@ntent of C and N in the final sludge product
compared to S-CEN, despite of the impacts on Cénttange caused by gas emissions from the
treatment process were equal for all scenario® IdWwer content of C and N in the final sludge
product produced by S-STRB and S-SPA resulted msiderable lower impacts on Marine
Eutrophication compared to S-CEN. A sensitivitylgsia revealed that the performances of S-
STRB and S-SPA were more robust to changes infeeiats of C and N mineralised during the
treatment process and changes in transport distaorepared to S-CEN. In terms of human
toxicity and ecotoxicity, the impacts for all threeatment scenarios were comparable. According
to the results of the LCA, there were no considerdiiferences in the performances of S-STRB
and S-SPA. However, adding a stockpile area t&RRB system strategy had some practical

advantages, which should be considered.
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[Type text]

Table 1. Quality of the surplus-activated sludge produced at the Helsinge wastewater treatment

plant (WWTP).
Wastewater treatment at Helsinge WWTP
Sludge type Surplus-activated Sludge (SAS)
Sludge age (aerobic days) 20-25
Phosphorous removal PIX
Characterisation of surplus-activated sludge (SAS)
Parameter Parameter

Tota solid (TS) (% of WW)
Volatile solid (VS) (% of DW)
Tota nitrogen (TN) (% of DW)
Total carbon (TC) (% of DW)
NO;-N (% of DW)

NH,*-N (% of DW)

Mg (% of DW)

P (% of DW)

Ca (% of DW)

0.6790

61.483

3.9700

27.890

0.000015153

0.000000001

0.4234

2.2900

2.8255

Cr (% of DW)
Mn (% of DW)
Fe (% of DW)
Ni (% of DW)
Cu (% of DW)
Zn (% of DW)
Cd (% of DW)
Pb (% of DW)

K (% of DW)

0.0023

0.0747

6.3970

0.0022

0.0314

0.0573

0.0001

0.0030

0.3911

WW: wet weight, DW: dry weight
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Table2. Compounds responsible for > 90% of the total impadtl impact categories for the three

scenarios. The compounds vary among the followixgjfe cycle stages: daily operation,

biological gas emissions, transportation/excavatemd application, fertiliser substitution and

reject water treatment (RWT).

Impact Category S-CEN S-STRB S-SPA
Climate change CH,, N,O CH,, N,O CH,, N,O
Freshwater 3. 3. 3.
eutrophication PG P PQ”, P PQ”, P
Marine eutrophication NOs NOs NOs
Terrestrial acidification NHj;, SQ,, NO NH;, SQ,, NO, NH;, SQ,, NO,
Terrestrial
eutrophication Mk, MO Mg, O Mg, O
Human tox[cny —non- 7n 7n 7n
carcinogenic
Ecotoxicity Zn, Cu Zn, Cu Zn, Cu
Human '[OXI'CI'[y - Ni Ni Ni
carcinogenic
De_plt_atlon of fossil Hard cqal, crude Hard coal Hard coal
abiotic resources oil
Depletlon. of reserve- In, Cd In, Cd In, Cd
based abiotic resources
Particulate matter NHs;, SO NHs;, SO NHs;, SO
Photochemical oxidant NO NO, NO,
formation NMVOC SO, SO
Stratospheric ozone CFC-11, CFC-13, i i
depletion HCFC-12 et et
[Type text] [Type text] [Type text]
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E SAS STRB system Excavation/ Land Fertilizer ;
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i treatment E

Fig. 1. Unit processes for three sludge treatment scenddicenario S-CEN (dewatering on a centrifuge,voeek of on-site storage and 6
months’ external storage until land application)eigario S-STRB (12 years of treatment in an STResy, excavation in autumn and
immediate application on land) and Scenario S-SPAygars of treatment in an STRB system, excavati@pring, four months’ solar

drying at an SPA and, finally, application on lahding the following autumn).
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Fig. 2. Life cycle impact assessment of 11 impact categories for three treatment scenarios: 1)
dewatering on a centrifuge (S-CEN), 2) 12 years of treatment in STRB (S-STRB) and 3) 12 years of
treatment in STRB, followed by four months of post-treatment in a stockpile area covered by a

greenhouse roof
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(S-SPA).
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Fig. 3. Results of the sensitivity analysis (SA) testing tobustness of the results in relation to
mineralisation rate (SA-1) and transport distar(&-2) in the treatment scenarios S-CEN, S-
STRB and S-SPA. “Default” bars represent total iotp@aused by the different scenarios in the
LCA modelling. For SA-1, “-10%” and “+10%" repregeshanges in the impact categories

“Climate Change” and “Marine Eutrophication” froimetdifferent scenarios, if the amounts of
mineralised C and N are decreased or increase@%y Eor SA-2, “-50%” represents the impacts

to “Depletion of Fossil Abiotic Resources”, if tiransport distances in all scenarios are reduced by

50%. “Equal” represents impacts caused if the praridistances in all scenarios are set to 10 km.
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Highlights:

A life cycle assessment comparing sludge treatment scenarios was performed

* The assessment focused on environmental impacts related to 14 impact categories
*  One scenario was based on mechanical dewatering, two on treatment in reed beds
* Newly generated process specific inventory data was used to model the scenarios

e Overdl, the treatment in reed beds performed better than mechanical dewatering
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