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Abstract: Anaerobic digestion (AD), specific incineratio(), co-incineration in coal-fired
power plants (CINP) and co-incineration in cemeimisk(CINC) are the four common approaches
recovering energy from sludge in South China, wih@reorganic-content sludge is an important
issue influencing the performance of the four apphes. In this study, the four approaches are
assessed from the aspects of environmental impaetsyy efficiency and economic performance
(3E), and the influence of sludge organic contenthe results is particularly paid attention to.
When sludge organic content decreases from 70%%q the total environmental impacts of the
four approaches change slightly by 1.6—7.1%, beit #mergy efficiencies decreases by 43—-66%
and their net present values decrease 24-317%pimject with treatment capability of 100 tons
of sludge solids per day. AD has the best eneffigiezicy and economic performance, but its
environmental burden derived from heavy metalsaspmn land is the heaviest. CINC has the

least environment impact, and its energy efficieacgt economic performance are both close to



AD. Hence, both AD and CINC are good choices fertteatment of high-organic-content sludge,

but CINC show advantage over AD when dealing wothi-brganic-content sludge. The findings

will help guide decisions about sludge handlingdgisting wastewater treatment plants and those

that are still in the planning phase in South China
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1. Introduction

Sewage sludge is a vital byproduct from wastewsd@tment plants (WWTPSs) because of its

huge quantity and heavy environmental and econbomiden derived from energy and materials

consumption on treatment and disposal. Sludgezatidin is an important step to decrease the

negative impact and simultaneously upgrade conwealtVvVWTPs to innovative producers of

clean water, energy and resources. It is a knoairiliat sludge can be converted to compost,

building materials, fuels, electricity or heat thgh different approaches. Among them,

technologies recovering energy from sludge havaa#éd much attention because the energy

recovered in different forms can be used widely miode competitive in some cases than those

products limited by local conditions or only safdspecialized markets.

Anaerobic digestion, specific incineration, co-maiation in power plants and co-incineration

in cement kilns are the four mature technologied, their cases can be seen worldwide. Owing to

functional microbial flora, anaerobic digestion @amvert biodegradable organic matter to biogas,

in which methane accounts for-5®% by volumd1]. Biogas can be burned in boilers to generate

heat or burned in power generators, and can alpoiieed to produce pure methane like natural

gas[2]. However, anaerobic digestion can only utilize@ of organic content in slud@d



despite great economic and environmental performg@icSpecial incineration has the advantage

of destroying organic substances completely anerg¢ing heat or electricity synchronously, but

its capital expenditure is commonly high and fetiesican afford the facilities, especially in

developing states. On the other hand, financialyable cities often encounter the lack of usable

land and the opposition of nearby residents. Covaration addresses these weaknesses by

treating sludge in existing power plaft$ or cement kilng5]. This can also decrease the initial

capital expenditure. Moreover, dry sludge can pkBome coal in power plants or replace some

coal and raw materials (clay, silica sand) in cemiéns [5, 6]. Certainly, some supplementary

installations are required for co-incineration,lsas transportation devices, silos and thermal

dryers.

Following consideration of the difference of thésehnologies, it is important and not easy

for decision-makers to choose an optimal one os &ased on local conditions. Life cycle

assessment (LCA) is a common method to analyze@maental impactf’], and it can give the

guantitative and overall information on resourcasstimption and environmental emissions of

systems investigatg8]. LCA studies on sludge management have been widelgiucted in

recent yearf9, 10]. In addition to LCA, economic performance is atsnsidered as an indicator

to provide an overall view when comparing differatiernativeg11]. However, there are often

inverse options owing to different regional coratis. For example, according to the refpb2i,

the combination of anaerobic digestion and agticaltiand application should be the most

environmentally friendly among different routin€n the contrary, owing to possible release of

heavy metals to soil, anaerobic digestion followgdand application does not perform better

than its combination with incineratigb3]. Similarly, co-incineration with coal is sometimes



acknowledged to be the most environmentally antv@wmically costly{3], while in other works

[5, 14], thermal drying-incineration is preferable to aovibustion and cement production.

Therefore, the difference derived from localizedditions should be stressed in LCA.

Among localized parameters, sludge characteriatieshe major factor resulting in different

assessment results, especially for the approaotmssiudge to energy. Sludge energy potential is

dependent on its organic content, but the contesnt garies from 30% to 80%. High organic

content of 60680% is the common situatigh], but low-organic-content sludge is also generated

in quantity, especially in WWTPs receiving rainfatlsome industrial wastewater in those

developing cities without complete pipeline netwsjd&]. For example, several million tons of

low-organic-content sludge dry solids are produmecually in South China. It is necessary to

configure treatment facilities reasonably on thgi9af sludge characteristics because this factor

would determine sludge biogas potential and cadovilue, and even alter assessment

conclusions. However, the effect of low-organicteon sludge has rarely been considered

carefully in previous assessments on sludge-toggreggproaches.

Considering the knowledge gap and the actual denma8duth China, the above-mentioned

common sludge-to-energy approaches, anaerobictdigescineration and co-incineration are

assessed together with other necessary auxiliagepses. During the comparative assessment,

the influence of variant sludge organic conterpeesally low-organic-content sludge with VS/TS

lower than 60%, is focused on in views of life @ehvironmental impact, energy efficiency and

economic performance (3E). The average data celldcom actual treatment facilities and

relevant literatures are utilized to complete thgegsment. The findings will extend the existing

knowledge and help guide decisions on sludge treaitiand utilization for existing or planning



WWTPs in South China.

2. Materialsand methods

2.1 dudge characteristics

In order to set a uniform basis, thickened sluddk WS 5% is used as the feedstock of all the

configurations, as gravitational or mechanical emtiation is the first step in all the investigated

WWTPs. Sludge characteristics are usually steadg tertain WWTP, but vary in a large range

across different WWTPs. Based on our survey of dené WWTPs (Table S1) and the relevant

reference$16], the generalized characteristics are shown ineTabl

Sludge organic content, represented by volatiliels@VS) content in total solids (TS),

determines sludge biogas potential and calorifloejeand its change would alter many conditions

and parameters of sludge treatment processestdorpe, electricity and natural gas

consumption. Hence, the influence of variant sludiggnic content is specially analyzed by

setting four types of feed sludge with VS/TS ratdg0%, 50%, 60% and 70%, respectively. In

other words, the four types of sludge are useti@$eedstock of all the configurations. In fact,

lower VS/TS ratios are also found in some WWTPs tlis kind of ‘inorganic’ sludge should not

be treated as a potential source for energy regovhrs method can specify the influence of

sludge organic content and provide valuable infailongor different WWTPs. The four types of

sludge have the same elementary composition, anddlorific values are positively

proportional to their organic content. Half of tingper limit values in Chinese regulation “GBT

24600-2009” for land remediation are used as tiseclieeavy metal contents in sludge solids, but

a fluctuation of 30% would be considered combiningertainty analyses of heavy metals



released to soil.

2.2 System definition

The functional unit for assessment is defined @ 1of dry solid (1t TS), i.e. 20 tons of

thickened sludge containing 1 t TS enter the fgatesns listed below:

(1) AD: thickened sludge anaerobic digestiorhigh-pressure dewateringland use

(2) INC: thickened sludgedewatering>thermal drying>incineratiornlandfill

(3) CINP: thickened sludgedewatering>thermal drying>co-incineration in coal-fired

power plants>landfill

(4) CINC: thickened sludge dewatering>thermal drying>co-incineration in cement kiln

The flow charts and the outline boundary are itatsid in Fig. 1. It is assumed that all process

variants are assessed in operation only and thadtspelated to minor consumable materials and

the construction of the facilities are not consadklbecause their impacts are negligible in

comparison to those in the long operation peflddl The four configurations consume energy

(electricity, natural gas, coal and diesel) andemals (e.g. FeG) polymers, FgOs, etc.), which

are concluded in Table 2. On site, there woulddssible surplus electricity output and pollutants

emission, which are also dominated. The generdéettieity would replace some grid electricity

and the displacement effect is calculated refeianGhinese average grid electricity generation

[18]. The wastewater from dewatering and drying is bask to WWTPs, and only the electricity

consumed on transportation (1.05 kW8] and treatment cost are considered in the assessmen

The detailed information of the four configuratiaagiven as following.

In an AD process, thickened sludge is heated td@3C before entering the mixed digester

tank. After digestion, the digestate is dewatecea take and then transported off site for



recycling on land. Besides feed sludge, the inpdiside chemicals, heat for warming feed sludge
and digesters, and electricity for transporting siiding sludge. The heat consumption is a
function of the size of digesters and local weatiwerdition. Thus, a completely-stirred cylindrical
digester with sludge retention time (SRT) of 22gj4gtal volume of 5280 frand working

volume of 4400 rhis assumed referring to some small and mediaeeWWTPs. The specific

heat capacity of feed sludge is 4.2 kJKJ20] and the heat transfer coefficient of the digester
wall is 2.5 kJ/(rfrh-K) referring to design specificatiofal]. The average ambient temperature is
set at 10 °C. Thus, the heat consumed by anaal@@stion should be 2.8 GJ/t TS.
Corresponding to the four VS/TS ratios, the orgaemoval rates in anaerobic digestion are 20%,
35%, 40% and 50%, respectively, and the biogasdyiate 80, 175, 240 and 356nTS,
respectively, referring to the relevant repttsl5, 22] Biogas produced from AD is first
scrubbed to remove moisture angSHA minute quantity of electricity is used by 65575 kW
compressors, and a little desulfurizer is consu(ifiable 2). Afterwards the biogas is supplied to a
combining heat and power (CHP) system, in which 28%nergy in biogas (23 MJfyis

converted to electricity and 50% is converted &riial energy in hot water at 90 fZ3]. The

latter is first used to maintain the mesophilicdition of digesters. The possible residual heat is
not further utilized in the assessment. During Giétesses, the pollutant emissions include CO
of 986 mg/kWh24], NO, of 821 mg/kwHh24], SG, of 439 mg/kWh24], dust of 164 mg/kwWh

[25] and non-methane volatile organic carbon (NMVOC)86 mg/kwhz26]. On the other hand,

if the recovered heat is insufficient for anaeratigestion itself, natural gas (38.5 MJ)ris
supplemented with a thermal efficiency of 90%, Hrelrelevant emissions use the limit values in

the Chinese regulation “GB 13271-2014" on natued boilers. This setting is also used in other



scenarios. Digested sludge is mechanically dewaiamd then spread in specific land. Sludge

water content should be controlled lower than 6@¥6ie land use according to the legal

requirement in China, and accordingly high-pres¢2+8 MPa) frame filter is often used to

dewater sludge with the assistance of inorganactiantg27]. In spite of high electrical

consumption and high dose of ferric chloride ardigm oxide, this technology needs less capital

and operational expenditure than thermal dry28j. Diesel trucks accomplish the transport of

dewatered sludge from WWTPs to a destination, whi@mpirically assumed to be a distance of

60 km. The relevant atmospheric emissions are rdudafrom the Chinese regulation

GB17691-2005 on exhausted pollutants from vehidles. setting is also for the other systems.

Finally, sludge is used to restore abandoned nandgunnels, cover municipal waste landfill

sites, level construction sites and just heap imaa’s land, and only a small quantity of digested

sludge is used in agricultural land after furthexgessing in South China. Considering the

non-agricultural use, the substitution of chemfedilizer by digested sludge is excluded in this

study. The potential risk is generally derived frbeavy metals, pathogens, hazardous organic

micro-pollutants and excess nutrients. Heavy megasle still in the stabilized sludge, whereas

pathogens and micro-organic compounds can be dihadiby anaerobic digestion and water

contamination of excess nutrients can be also ptedeby optimal land application rgte?].

Thus, only the impact of heavy metals (Table 1) tedbiogenic gas of 20 g Gldnd 1.1 g BO

per ton TY26] are taken into account.

For special incineration, thickened sludge is fingichanically dewatered with the assistance

of Polyacrylamide (PAM) and then thermally drietheTthermal energy is supplied by sludge

organic matter and supplementary natural gas ttrtluggcombustion in fluidized-bed



incinerators. Semi-dry method is used to cleandla® with the consumption of NaOH and CaO.
Incineration and flue gas treatment consume et#tgtiof 300 kWh/t TS togethdf2, 29] Some
pollutants are still emitted to atmosphere inclgditust of 15 mg/Nfh SO, of 50 mg/Nni, NO,
of 125 mg/Nn, dioxins of 0.1 ng TEQ/Nf Cd of 0.025 mg/Nrhand Hg of 0.025 mg/N#n
These are statistical data over 180 WWTPs by Minst Environmental Protection, Chiffi29].
The solid residues including bottom ash and flyaghcommonly landfillefiL2]. The transport
distance from incineration facilities to landfiltess is set at 60 km. For well-functioning landfill
sites, it is assumed that no heavy metals and pttikrtants could be released from sludge ash to
the environment.

For sludge co-incineration in coal-fired power p¢anthermal drying is recommended as a
necessary pretreatment procedure so as to mathtasteady state of boilg29]. In this study,
the pretreatment procedure of sewage sludge inficedlpower plants is the same with that in
specific sludge incineration, but the thermal epday sludge drying is derived from the
combustion of sludge organic matter and supplemgctzal. Before co-incineration, dewatered
sludge should be transported 60 km to power pl&dser consumption in thermal drying and
co-incineration is estimated at 150 kWh/t TS refgrito the operational report of the thermal
power plant at Changzhou C{B0, 31} The emission from coal burning is set at halthef
thresholds in the Chinese regulation GB 13223-2614ir pollutants for thermal power plants.
Similar to specific incineration, fly ash and batt@ash are also landfilled and further utilizatien i
not included in this study in order to avoid ov&pansion of the assessed system and focus on
co-incineration itself.

For sludge co-incineration in cement kilns, mecbalhy-dewatered sludge is first dried using



the waste heat in flue gas or exhausted streamgower generation units of cement ki[B82]. In

cement processing, dry sludge can replace somdagyoximately 375 kg clay per ton inorganic

solids in sludge) and coal (based on sludge calaslue), but increase the emission of air

pollutants and the consumption of electricity (EaB), according to the research report of Huaxin

Cement plant at Yichang Cif$3]. The increased pollutants emission due to sludgeifg and

the relevant consumption of water and chemicaluengas treatment are referring to specific

incineration, but the high temperature and thelim&atmosphere in kilns can reduce dioxins

emission significantly. The cement product from ¢bencineration of sludge and other raw

materials could be used in many scend3d$ but the subsequent application and the relevant

effects are not included in this assessment.

2.3 Assessment methods

The integrated assessment consists of three secénvironmental impact, energy efficiency

and economic performance.

LCA s first carried out to assess environmentglacts. All resources and emissions that

cross the system boundary are collected to coragife cycle inventory, which is aggregated into

some concerned impacts. Based on the findings)usioos are obtained as interpretation, in

order to propose an optimal choice. The CML (bas¢lmethod is used to determine the impacts

based on the world level in 2000. Seven impactgjasatified: acidification potential (AP),

climate change (CC), depletion of abiotic resou(@8R), photochemical oxidation (PO),

eutrophication (EU), human toxicity (HTP) and egital toxicity (ETP). According to CML,

equivalence factors are used for the charactevizati each category including $@Quivalents for

AP, CG, for CC, antimony and MJ for DAR (elements and $jietthylene for PO, PQor EU

10



and 1, 4-dichlorobenzene for toxicity. The normtiian factors are the quantities of
environmental impacts that the world contribute@@®0. The three types of ecotoxicological
impacts (freshwater, marine and land) were diviggthree to make the sum of them be
equivalent to the other factdi, 35] In the same way, the two types of impacts corcgrbAR
(elements and fossil fuels) were divided by two.gken LCA package (OpenLCA) is used to
construct a model for each approach and calcultnvironmental impact.

In addition to environmental impacts, energy edfi@y is important for these sludge-to-energy
approaches. For each approach, the input enerpdasfossil energy, electricity and the energy
provided by dry sludge burning or biogas burniig; dutput energy is the surplus electricity in
this study (in some cases no electricity can beegd). The enthalpy of input and output
materials is neglected. From the view of sludgatinent, energy efficiency is defined as the ratio
of sludge energy recovered in the form of biogastzat to net energy input (the total input
energy subtracting the output energy). Energyiefiicy means the energy cost of recovering
energy from sludge. The parameter can be schernato@ressed as:

EE = Esiuage! (Ein — Eow) (1)

Where EE is energy efficiencyEguqageis the energy recovered from sludgg,andE, are the
energy input into a certain system and the outjoum the system, respectively. WheR is
greater than 100%, the system could become anyesepplier.

Economic performance is also a crucial factor aeitging the feasibility of sludge-to-energy
approaches. Net present value (NPV) method waseaiiol the four approaches, and a discount
rate of 4.9% is used according to the current lemgy loan benchmark interest rate in China. The
capital expenditures are the generalized valuesrie§ to the national statistical d¢2®]. For

11



unit treatment quantity (1 t TS/d), the specifipital expenditures of AD, INC, CINP and CINC

arel.25, 2, 1 and 1.5 million CNY, respectivelyeThtal operational expenditure is due to the

consumption of energy and materials, the treatroewastewater and solid residue, labor,

maintenance and depreciation. The cost of enerdyraterials can be estimated using the data in

Section 2.2 and the relevant market prices. Theafosastewater treatment is 1.2 CNY/t

referring to the relevant Charging Standard (N01[F119) set by China National Development

and Reform Commission, and the cost of waste IhglBet at 60 CNY/t referring to the common

situation[36]. The cost of labor per ton TS is estimated at BY ®ased on the number of

employees and their salaries. Maintenance cogttesmined as 2% of depreciation. Depreciation

is figured out using a straight-line method of 2@&nrs with no residual value. Other financial costs

are not included. The benefits are gained fromngpelectricity, fossil fuels and materials, while

government incentives are not considered sincesthdy focuses on the difference between these

approaches. Thus, annualized net cash flows anthédeNPVs can be summed using Excel

software for the four approaches.

2.4 Sensitivity and uncertainty analyses

In the above assessments, generalized valuesedd@aisompare the four systems, but their

fluctuations may possibly influence assessmenitseessome methods can address this issue like

one-at-a-time, method of elementary eff¢8%®, matrix perturbation [38] and exploratory

modeling[39]. In this study, four types of sludge, whose VSfatios are 40%, 50%, 60% and

70%, respectively, are used as feedstock to aByhEems, as mentioned in Section 2.1. Thus, the

influence of sludge organic content can be dise@¥separately and clearly, which would be

useful for specific WWTP. The other parameters vetassified into several types of factors like

12



energy consumption, chemical use and pollutantsams Capital and operational expenditure

and discount rate are also examined in economé&sasgent. Referring to the method of

one-at-a-time and elementary effect, these faei@®mpirically adjusted by 30% and then the

corresponding changes of assessment results aaetetThus, the sensitive factors resulting in

considerable variation of results were identifiBdsed on the fluctuations of these factors, the

uncertainty of LCA results is further calculatedhgsthe Monte Carlo method in OpenLCA.

3. Results and discussion

3.1 Environmental impacts of dudge-to-ener gy approaches

Based on CML (2000), the environmental impactscareluded in Fig. 2, and the results of

sensitivity analyses are presented in Table 3.uRertainty of the total environmental impact

derived from main contributors is also exhibiteds&@sdard deviation bars in Fig. 2.

The key environmental issue of AD is ETP, whichaaois for 92—-97% of the total impact.

The main contributors to ETP are heavy metalsuitiolg Cr (contributing 63%), As (12%) and

Cu (12%). Furthermore, almost all the heavy metlased to the environment are sourced from

the digested sludge spread on land. Thus, the iyagdrthe total environmental impact is

contributed by heavy metals, and this would higgeitifluence of variant sludge organic contents

on the final result. In fact, compared with higlgamic-content sludge with VS/TS 70%,

low-organic-content sludge with VS/TS 40% only e&se the total environmental burden by

7.1% owing to less electricity generation and numesumption of grid electricity. Thus, the

uncertainty of the result is mainly derived frone trariation of heavy metals content in sludge.

When the contents vary from -30% to 30%, the cpoeding deviation of the total environmental

13



impact is 13.5-14.4%. Hence, it is important for filchoose the sludge with low content of

heavy metals for the final land use or treat tlgeeslied sludge in other ways so as to avoid the

release of heavy metals to soil.

During INC, the total environmental impact decresasdittle by 6.2% as sludge organic

content decrease from 70% to 40%. CC and DAR arendjor categories accounting for 52%

and 30% of the sum, respectively. The main contimibto CC is biotic C@ (contributing 50—75%)

from sludge combustion and abiotic £B0-25%) from fossil fuel combustion. The main

depletion of natural resources is natural gas (rtiae 80% of the total) consumed on thermal

sludge drying, although sludge organic matter ganige a small part of heat for water

vaporization. Human toxicity is the third categeontributing to the total environmental impact.

The key factors relating to human toxicity are €dntributing 8686%), dioxins (57%) and NQ

(4-7%) in sequence. The sensitive factors in ordenateral gas consumption, chemicals use,

pollutant emission and electricity consumption (€z®). When these factors varied in the range of

-30-30%, the total environmental impacts show uagdy degrees of 9.9-13.7%. Hence, it is

important for INC to improve thermal efficiency afying, promote energy recovery from

incineration and enhance air pollution control.

Sludge can be incinerated with coal in the existioders of power plants. Under this situation,

CC (contributing 47-50%) and AP (19-21%) becomentaen environmental issues. The key

greenhouse gas is GQvhich originates from sludge and supplementas/ far sludge drying.

The AP is owing to the emission of $&nd NQ. SG; is mainly produced from the consumption

of grid electricity and the production of chemicaidile NG, is mainly produced from chemical

production and road transportation. The third ingategory is ETP (contributing 10%), which is

14



mainly influenced by Hg emitted from coal burnigcause low-organic-content sludge needs

more supplementary coal and grid electricity, tystesm fed with this kind of sludge would

increase C@emission and consequently increase the total@mviental burden slightly by 3.1%.

Main sensitive factors include electricity consuimpt coal consumption, chemical use, and

pollutant emission. When these factors varied énrdnge of -30%—30%, the uncertainty of the

total impact reaches 8.7-11.1%. The supplementalfor sludge drying is a key contributor to

the total environmental impact. Compared with INSIhg natural gas as supplementary fuel,

CINP has more environmental burden due to morestonisrom coal burning.

Sludge can be also disposed in cement kilns. lemggrhigh temperature (1300—1400 °C) in

kilns can reduce the formation and emission of idxand the waste heat, including

low-temperature flue gas and the exhausted stel@mpiwer generation from high temperature

flue gas, can meet the requirement of thermal gluhfging. Under this situation, the main

categories associated with the total environmentphct are AP (contributing 37-43%), toxicity

(17-18%) and PO (12—-13%). Acidic gases 8d NQ are the key pollutants sourced from grid

electricity generation and sludge burning. Theaepinent of coal and clay by dry sludge reduces

the depletion of abiotic resources and fuels asd @duces the corresponding emissions. When

sludge organic content decreases from 70% to 4084ptal environmental impact increases a

little by 1.6%. Sensitive factors in consequenaduigie electricity consumption, chemicals use

and pollution emission. When these factors vaneithé range of 30%, the uncertainty of the total

impact reaches 13.9-14.5%, indicating a possibéelap of the environment impacts of CINC

and INC.

The assessment results of the four approachesgreliferent. The main contributor to the

15



total impact of AD is the heavy metals releasesidid For INC, CINP and CINC, the

consumption of energy including grid electricitgat and natural gas is the key factor influencing

the total environmental impact. On the whole, CIN&S the least environmental burden, and the

order should be CINE INC < CINP <AD according to their environmentalpacts. When

sludge organic content decreases from 70% to 408wdriation of the final result is limited in

the range of 1.6—7.1% and it would not alter theeoof the four approaches.

3.2 Energy efficiencies of udge-to-energy approaches

All the four approaches aim for energy recoveryrfraludge, and their energy efficiencies are

further calculated as shown in Fig. 3. The outmetrgy is dependent on sludge organic content

and reflected by the four types of feedstock. Tlhursgach type of feed sludge, the deviation of

energy efficiency originates from variant energpsamption, as shown in Fig. 3.

AD has a great advantage over the other three tedremical pathways, mainly because it

does not need energy for water evaporation. Slodggnic content has a significant impact on

biogas production and energy efficiency. When studigganic content increase from 40% to 50%,

the efficiency increases sharply but the valudilidever than 100%, indicating the dependence

of the system on external energy. While sludgerayeontent increases further to 60% and 70%,

the increasing of energy efficiency slowed down,the system can sustain itself without energy

input. The surplus energy can be output in the foflectricity or heat. Hence, the energy

efficiency of AD decreased by 66% when feed sIMBETS decreases from 70% to 40%.

For INC, CINP and CINC, the key factor relatingeteergy efficiency is the energy

consumption on thermal sludge drying. For dewatshedge (TS 20%), the maximum energy

efficiency should be the ratio of the calorific heasludge solids to the heat of water vaporizatio

16



in theory. According to Table 1, the maximum shduéd75% to 132% corresponding to the four

organic contents. However, the actual efficienaiesonly 3765%, 3867% and 4782%,

respectively for INC, CINP and CINC, because addii energy is supplied to sludge dewatering,

transportation, conversion and mechanical operatibarefore, enhancing sludge dewatering and

improving thermal drying are the two keys to impedkie energy efficiency of the three

approaches. For the three thermochemical systemsyiganic-content sludge (VS/TS 40%)

decreases their energy efficiencies by 43%. Furibez, CINC overwhelms CIN and CINC

owing to the utilization of waste heat in flue gaexhausted steam, which has higher thermal

efficiency than the conversion from raw fossil &1 thermal energy through combustion and

heat exchange.

On the whole, AD has the highest energy efficiefmipwed by CINC. CIN and CINC have

similar and relatively low energy efficienciesshould be pointed out that CINC performs as well

as AD when they deal with low-organic-content ski@gS/TS 40%). Hence, low-organic-content

sludge is recommended to be treated in cement it it has very limited energy potential.

3.3 Economic performance

Besides the environmental items mentioned abownauic performance is also an important

factor determining the feasibility of a certain jeicd and sometime it is even more important than

environmental impact. Thus, a project with treatheapability of 100 t TS/d is used as a model

for economic assessment. The four approaches pliecjo this project, respectively. The

resultant NPVs without government incentives amddperational expenditures (Oexp) are

calculated as shown in Fig. 4. The main factoremening the results include capital expenditure,

revenue from energy recovery, and energy cost i@agas, coal or electricity). The latter two
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factors are directly related to sludge organic eoptand the other expenditures have negligible

influence on the final comparative results. Thhe,économic performances of the four

approaches are exhibited in Fig. 4 using four tygfdsed sludge, as well as the uncertainty

derived from variant expenditure (-30% to 30%).

The NPV results show that AD is the cheapest omiiothe whole, and it can even generate

profit from electricity output when feeding highganic-content sludge (VS/TS 70%). For other

options, investors would not see a return withendperational life of the plant, unless they could

receive government subsidies. For low-organic-aurfeed sludge (VS/TS 40%), CINC has

similar economic performance with AD, indicatingNTl is a good choice when it deals with the

sludge having low potential of energy recovery.tHdagganic-content sludge can improve the

economic performance of all the four systems tfediht degrees, since it can prompt biogas

production and reduce energy consumption. On tr@eythe NPV order is AD CINC >

CINP > INC.

From the view of operational expenditure, AD id sitie best but it is close to CINC when

treating low-organic-content sludge. CINP and INfwénno significant difference, but INC has

lower NPV due to its heavy investment. The cal@ddtll operational expenditures are consistent

with the statistical data provide by Ministry of ronmental Protection, Chirja9], indicating

the results should be effective. When sludge orgemitent decreases from 70% to 40%, NPVs of

AD, INC, CINP and CINC decrease by 317%, 48%, 24% 40%, respectively. The fluctuation

of discount rate is also checked, but it wouldaltr the rank of the four approaches.

3.4 Comprehensive assessment

To combine the various results, the environmeptatrgetic and economic performances of
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the four approaches are ranked and scored betwaed 4 (Table 3). The highest score means the

least environmental burden, the best energy effigieand the highest NPV. This study assesses

the sustainability of these different approaches balance of economic and environmental

impact. The results in Table 4 show CINC has acged over AD, CINP and INC for the

treatment of low-organic-content sludge, and #&l& good choice for high-organic-content

sludge as well as AD. For the area without suitablaent kilns, AD is the best alternative with

high energy efficiency and economic superiority, the mode of land application should be

considered carefully to avoid the pollution fromaing metals. CINC is a substitute of specific

incineration for many small cities in South Chirecause it has similar environmental and

energetic performance with INC but avoid big invesint. However, INC is possibly necessary for

some big cities because no cement kilns or coadHjgower plants are available. For the latter

three approaches, decreasing the energy consungpitbthe cost of sludge drying is the most

important to improve the integrated performance.

4. Conclusions

This study assesses environmental impact, enefigieety and economic performance of

four common sludge-to-energy approaches, and thetelff sludge organic content on the results

is particularly paid attention to. Sludge orgarootent has slight influence on the total

environmental impacts of the approaches, but lggsfisiant influence on their energy efficiency

and economic performance. Anaerobic digestion coimdiland use is recommended for the

treatment of high-organic-content sludge becaulsastthe best energy efficiency and economic

performance, but its environmental burden derivethfheavy metals spread on land is the
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heaviest. Co-incineration in cement kilns is algmwad alternative from a comprehensive
perspective, and particularly it is the best chdardow-organic-content sludge due to less fossil

energy consumption.
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Figure captions

Fig.1 Flow charts and system boundaries of foufigarations (1 anaerobic digestion; 2
Incineration; 3 Co-incineration in coal-fired powsants; 4 Co-incineration in cement kilns)
Fig.2 Life cycle impacts of four approaches usiegd sludge with different organic contents (1.
anaerobic digestion + land use; 2. incineratioog-8acineration in coal-fired power plants; 4.
co-incineration in cement kilns)

Fig. 3 Energy efficiencies of four approaches trgpsludge with different organic contents

Fig. 4 Net present value (NPV) and operational 0sixp) of four approaches treating sludge

with different organic contents
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Table 1 Average characteristics of the sludge irsétiis assessment

Organic and nutrients Values Heavy metals Values
Sludge VSI/TS (%) 40-70 Cd (mg/kg TS) 2.5
Calorific value (kJ/kg TS) 6800-11900 Hg (mg/kg TS 2.5

C (%, in VS) 45.1 Pb (mg/kg TS) 150

H (%, in VS) 7.6 Cr (mg/kg TS) 300

O (%, in VS) 38.8 As (mg/kg TS) 37.5

N (%, in VS) 6.8 B (mg/kg TS) 50

S (%, in VS) 1.4 Cu (mg/kg TS) 400

P (%, in TS) 2.3 Zn (mg/kg TS) 1000

K (%, in TS) 0.3 Ni (mg/kg TS) 50




Table 2 Inventory of main energy and materials oonstion on processes

Processes Unit Value Source
Anaerobic digestion
electricity kWh/t DS 50 survey
heat GJ/it DS 2.8 survey

Biogas utilization
electricity kWh/t DS 1.3-1.8 producer

desulfurize g/Nm 3.6 producer
High-pressure dewatering
electricity kWh/t DS 100 [19]
FeCk kgt DS 30 [19]
CaO kgt DS 50 [19]
Dewatering
electricity kWh/t DS 50 [17]
polymers kg/t DS 5 [20]
Thermal drying
electricity kWh/tHO 40 [20]
heat GJ/it DS 10.5 [20]
Incineration and flue gas
treatment
Electricity (INC) kWh/t DS 300 [20]
natural gas(INC) Nift DS 11 [20]
Electricity (CINP) kWh/t DS 150 survey
Electricity (CINC) kWh/t DS 125 survey
NaOH kg/t VS 33.4 [20]
CaO kg/tVvs 16.7 [20]
water t/t DS 15.6 [20]
Wastewater transport
electricity kWh/t HO  1.05 [13]
Road transport

diesel L/(tkm) 0.02 survey




Table 3 Volatility of the total environmental imgaorresponding to each factor’s variation from
-30% to 30%
Resultant volatility (%)

Factors
AD INC CINP CINC
Electricity consumption 0.1 4.5 10.2 19.9
Fossil fuel consumption 0.2 8.4 5.7 /
Chemicals use 0.2 7.1 4.6 8.9
Pollutant emission 29.9 6.4 4.2 6.8
Sludge transport 0.1 0.1 0.1 0.1




Table 4 Ranking scores of the four approaches

System Environmental Energy Economic Combined
impact efficiency performance total
AD 1 4 4 9
INC 4 2 1 7
CINP 2 2 2 6
CINC* 4 4* or 3** 4* or 3** 12* or 10**

* The score is for low-organic-content feed sludge
** The score is for high-organic-content feed sladg
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Highlights

> Four approaches recovering energy from sewage sludge are assessed from 3E perspective
> Influence of sludge organic content on the assessment result is concluded

> Energy efficiency and economic performance decrease sharply dueto low sludge VS/ITS

> Co-incineration in cement kilnsis the best choice for low-organic-content udge



