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Chapter 1.  Introduction

Large quantities of sewage sludge are produced in sludge treatment plants (STPs) and require
adequate treatment to reduce the environmental impact of wastewater discharge. The activated sludge
process is a widely used technology that helps in achievingabessary effluent standards. However, the
sewage sludge also contains useful matesaish adipids (triglyceridesj)hat can be recoverednd used
as raw material to produce biodiesdlltilizing this renewable fuelkould reduce the use of natural
resouces and subsequent carbon dioxide gC€missionshelping in realizing circular economy. The
potential recovery of tis material has not been exploitednuch in NorthWest Europe (NWE).
Accumulation of lipids for biodiesel production has only beevestigated at lab and pilot scale
(Wupperverband 2019)Generallythe sludge containing all theaterialsis used in anaerobic digestion
to produce biogas. Anaerobidggstion is a mature technology used for the valorization of sewage,
however, studies have shown the significance of exploring other technologies to producevédireeend
products such as biodiesel from lipigishen et al. 2018; Mondala et al. 2009; Patifio et al. 2018)

Biodiesel is a renewable fuel that has similar heating value and properties as fossil diesel. Thus, it can
be directly used in engines or in applications where diesel is (&ddiquee and Rohani 2011)is also
biodegradable and less toxic to the environment. It is thtyfacids methyl ester (FAME) and is mainly
produced from edibleegetableoils (Olkiewicz et al. 2016Pue tathe high cost of edible oils, the biodiesel
production cost is mainlthe feedstock cost, about 76 85%(Mondala et al. 2009)Cultivating oil seeds
for biodiesel raises concerrabout food shortagesand food versus fuel competitiotHowever, ipids in
sewage sludge can be an alternate feedstock aredyaining more attention du¢o their availability in
largequantities(Olkiewicz et al. 2014)

Lipids arebasicallyfat, oil, and grease (FOG) found in wastewater. FOG represents about 30% of COD
AY GKS YdzyAOALIt 6+ adSel S NI HKIAOKMO2WBiBdaveBwdRAT B 2
2019) FOG presenta problem by blocking the sewers amequiring cleaningthat costs arounce1 per
population equivalent®B (SevernTrent 2016; Wupperverband 2019; Frkova et al. 20PB¢largerFOG
particles Bnp >Y0 OFly o6S SlLaiate O2tft SOGSR I (thednalfer Ayt S
particles impose problems in the downstream treatment by limiting the gen transfer to the
microorganisms, resulting in a decline of microbial actifitgnkel 201Q)The amount of lipids found in
the primary sludge is in the rangé 15-30 wt.% while in the secondary slud@el2 wt.%(Siddiquee and
Rohani 2011)Since the sludge is already available in the 8TIBsge quantities, it cabe considered to

be a feedstock of low costs. Waste activated sludge (WAS) contains aerobic microorganisms that grow by
5
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feeding on the soluble and suspended organic substances in the wastdwatla et al. 2018)'he lipids

in the WAS can be converted into biodiesel by transesterificatésmnerally, n this process, the lipids
which are mainly triglycerides react with methanol at sliglglevated temperature(about 70-80 °C) for

a certain time (abou2 hourg in the presence of a catalygRevellame et al. 2011Feveral oleaginous
microorganisms are capable of accumulating lipids in the sludge. Therefore, cultivating these
microorganisms for lipid production would also reduce the biodiesel production(Gistn et al. 2018)
However, if the wastewater is piteeated separately for lipids accumulation especially for biodiesel
production then those costs are also included in the biodiesel production.

The valorization of sewage sludge byodiesel production has been investigatedy several
researchersHowever, the economic potential tfe whole value chairs missing in the literature. In the
WOW project, the value chain consists of several steps includagjewater homogenization, lipid
accumuation, growth of lipid accumulating bacteria, dewatering, drying, lipid extraction,
transesterification, separatigrand purification The partners involved in developigd demonstrating
the biodiesel value chairare the University of LuxembourgUniLuy, Luxembourgand Remondis,
Germany Thelipidspilot plantuntil the dewateringstepwas developed byniLuxwhereas Remondisas
responsible fordewatering,drying extraction transesterification and purification In this report the
results of the techneeconomic evaluatiorare discussednd strategiesto optimize the process from an
economic point of vievare presentedFirstly, he overall methodologyhe process adopted ithe WOW
project to accumulate extract and convertthe lipids into biodiesehre described, includinghie process
flow diagram andhe mass and energy balancéEhe massflowrate data for the lipids pilothad been
provided byUniLux.This reportwas written at the time when the sludge from the pilot planvas
transported for fGirther procestg. Therefore the data for the downstream steps (stating from
dewatering)was obtainedrom existing literaturgGholami, Pourfayaz, and Maleki 2021; Crutchik et al.
2020; Chen et al. 2018)n the subsequent sectigrthe techno-economic assessment methodology
adopted to estimate theproduction costalso known ashe minimum selling pricéMSP)of biodieselis
presented Thenthe results key parametersand their effect on theMSPare discussedLastly, the

conclusionsand the ideas fofuture researchare presented



Chapter 2. Methodology
In this chapterthe methodology used for the techreconomic assessment, the process flow diagram
of the pilot and largescaleplants, and the data used to calculate the mass and energy bataasavell as

the economis, are described

2.1. TechnoeEconomic Assessment

When developing innovative technologies, such asptwuction ofbiodieselfrom sewage sludge
it is important to have a clear ideaf the economic performance of the process. A teclammnomic
analysis (TEA) helps to optimize the development of a peeesl to determine the most important
parameters. Consistently applying the methodology will enhance chances of success when introducing
(innovative) processes on the market. A TEA considers the entire value chain and can be applied during
every technologyeadiness level (TRL). The methodology can be divided into four different phases. First,
a market study is performed. Second, a preliminary process design is defined and translated into a
simplified process flow diagram (PFD) and mass and energy balmog, this information is directly
integrated into a dynamic codtenefit analysis (CBA) (i.e. economic evaluation). From this analysis,
profitability is identified. Fourth, an uncertainty analysis is performed to identify the potential barriers. As
information gathering is expensive, a TEA is performectively with a go/nego decision after every
iteration. A graphical representation of the methodologytievided inFigurel. A detailed description of

the methodology can be found {ivan Dael et al. 2015)
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2.2.  Market study

The market study allows the researcher to identify the competitors and customers. It also provides
information concerning the size of the market, the needs of the market, and the alternatives on the
market. Furthermore, it will also provide information amning the costs and revenues. Moreover, a
market study contains a study of the legislation that is in place. Finally, market research provides insight
into market trends. However, the latter is more difficult to estimate when working with innovative
technologies.Within the WOW project, the market studyas performed by theproject partners and
reported in separate documents. For the prodyetsnarket potential study by Wupperverba@inbHas
the lead partneris available, as well as a factsheet per prtdWupperverband 2020)The stateof-the-
art of legal framework ialsoseparately availabl@Vupperverband 2019)The documents can be found
on the project websité Areview article on the overall assessment of biodiesel production from sewage

water-derived lipidswvas also written within this projecfrkova et al. 2020)

2.3.  Process descriptioand procesdlow diagram
2.3.1. Pilot plant

The pilot plantwas designed for a wastewater inflow of 0.E/mwith the layout shown irFigure2.
The plant consisted of mixing, anoxic and aerobic tanks, and a separatiomhaitvastewatejust after
the screen at theéSTPwas introduced into a mixing tank and continuously stirredreate homogeneity.
The mixture was pumped to an anoxic tank where the biomass from the sedimentation tank was also
recirculated. The biomass mixture at the anoxic tank outlet was pumped into an aerobic tank where the
microorganisms that accumulate lipidewe allowed to growThe biomass mixtureras then pumped into
a sedimentation tank where the think foam formeslas skimmed from the top continuously and
recirculated to the anoxic tanka case of lack of foam formation, surplus sedimented sludge @isidbe
harvested.Recirculationvas important to keep the biomass in the tanks. Awas a continuous process
(not a batch with a sedimentation mistep), therewas a constant inflow and outflow. The inflavas just

the inlet wastewater without activatedsludge microorganisms while the outflowas including the

! https://www.nweurope.eu/projects/project-search/wow-wider-business-opportunities-for-raw-materials-from-wastewater/
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microorganismsHowever, microorganisms wetgarely found in the microscopic counts and by mixed
liquor suspended solids characterization. The pilot effluent waitas visuallyclearer than the inlet. As
both tankswere also continuously stirred, Wwas necessary to keep a certain amount of biomass in the
bioreactors (anoxic and aerobic tanks). Eventuallyyas the biomass that needl to be harvested.
Samples were takenn average twice per weelotcheck the biomass and weekly to characterize the
inlet/outlet water composition and lipid content in inlet/outlet water and individtehks(anoxic, aerobic,

andsedimenation).

Lipids

Wastewater Wastewater biomass
0.1 m3/h P 0.1 m3/h . 0.17 m3/h .
Mixing tank ,| Anoxic tank Aerobic tank
(4 m3) (4 m3) (4 m3)
Lipids
biomass
Lipids biomass 0.17 m3/h
0.07 m3/h
Separation
unit (3.7 md)
Effluent
0.1 m3/h

Figure2. Pilot plant layout
The lipid productionand transesterificatiorpart was not finalized at the time of writirtlis report.

Therefore the conventional method based on the literaturestieeen usedor the TEA as explained in the
next sectionNevertheless, the plan was to ue in-situ transesterification methovhichwas selected
due to low lipid content and low amount of available mateiethe sludge obtained from the piloin this
method, direct conversion of lipids from the sludge to biodidsappers without intermedate lipid
extraction. For the overall processonly methanol and HCI auld be necessary.The in-situ
transesterification can be done in one glass reactor afC® have a little overpressure. Thereafter,
methanol is evaporated (can be reused), and timalf product is purifiedThis method is expected to

reducethe cost of biodiesel production further.

2.3.2. Largescale plant
Within the WOW projecta techneeconomic assessmerdf the whole value chain consisting of

biodieselproduction fromsewagesludgewas performed The process flow diagram of thentire value
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chainfor a largescale plantevelopedfor the current assessmeris shown inFigure3. Theconnections

to the classicabTPare depicted by the redordered boxes in the figurdVvhen compared tahe pilot
plant, the key differencavas that about 90% of the biomasgas recirculated while the rest (10%jgas
sent to the biodiesel production procesBhe sedimentation tank was also replaced by a centrifuge for
dewatering the biomass mixtur@he downstream steps itle biodiesel production value chain (drying,
extraction, transesterificatiorand purificatior) are completelybased on the literature aka.

The wastewater passkthrough the screens toemove large solids, rags, debritc. A mixing tank
was used to homogenize the wastewater and reduce the large diffeeicdts composition. The
homogenized wastewatexas sent to an anoxic tank where the accumulation of lipicsurswith the aid
of activated sludgemicroorganisms The wastewater along with the microbiabiomasswas then
transferredto an aerobictank where thereplication orgrowth of lipid accumulatindpacteriaoccurred
Thewastewater with thelipids biomassvas then sent to aentrifuge forseparatng and dewatering the
biomasdor further processingThe effluentwas sent to be fully treated by conventional sewage treatment
processeskor removing thenoisture from the lipids biomass,vacuum dryefwas consideredbecause of
low power consumptionThe driedipids biomassvas sent to an extraction column where the lipidere
extracted from the microorganisms with the help of solvents. The solvent digbolved lipidsvas
separated in a centrifuge and sent to an evaporator column for solvent recovery. The waste biomass from
the centrifugewas sent to a digester for biogas production. The lipigse subjected to transesterification
where they reaatd with methanol in the presence of a catalyst to produce fatty acids of methyl ester
(FAME)The catalyst could either be a base or an acid and is dependent on the amount of water and free
fatty acidslIn this assessment, sodium hydroxide (Na®bh assumedsa catalyst based on the literature
data.The unusednethanolwas recovered in an evaporator. The FAMES washed with warm water and
separated fromother components in a decanter. The lighter component (biodiese removed from
the top and purified ira distillation column. The heavier component (glycena sent to a neutralization
reactor where the catalyst (NaOH) is neutralized using hydrochloric acid (HCI). The glgsexgparated
in a decantefrom sodium chloride (NaCl) thatas formedin the neutralization reactor while thglycerol
was removed from the bottom and further purified in a distillation column. HugieousNaClwas

removed from the top andvas considered a bgroductof the process.

10
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Figure3. Process flow diagram of theroducingbiodieselfrom sewage

2.4.

Technical detail®f large sale plant Mass and energy balance

The downstream process for lipids extraction and transesterificatiasdesigned based on the data

from the literature (Chen et al. 2018Themass and energgssumptions used for all the equipmeshich

were not obtained from the pilot plant are listed iFablel. Five pumps were considered to transfer

wastewater and sludge from one equipment tocdiner. The electricity required for pumpingas about

0.1 kWh/n¥. The mixing, anoxic and aerobitanks were continuously mixed tckeep the mixture

homogeneous The power consumption for mixing in these tanks was alBolitkWh/n¥. The aeration

required in the aerobi¢ank was 1.1 n¥/m? biomassand the power consumptiomas 1 kWh/kg. As

mentioned earlier, the sedimentation tank in the pilot plawas replaced by a centrifuge and it consuine

1.9 kWh/n? of electricity. Here, it i®lso assumed that about 10% lbibmasswas sent further to the

biodiesel production process and the rest (9@843 recirculated to the anoxiank. A vacuum evaporator

was considered for drying the lipidsomasswith moisture loss of up to 80% and powemsumption of

200 kWh/n? biomass The lipid extraction processas assumed to occur at 90 °C and takes 1 hour. The

11
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solventwas a mixture of chloroform and methanol in the ratio 2:1 and the requirenvesst 5.7 t/t dried

lipids biomassThe steam requiréto provide heat duringhe extraction processvas calculated based on

the specific heat of the solventixtureandwas 0.33 t/t of driedipids biomasst was assumed that mixing

was required in the extraction reactor which consuin@.01 kW/n? of electricity. The outlet of the

extraction stepwas sent to a centrifuge wherevtas assumed that the residual biomasgas about 61.6%

of the driedlipids biomas$rom the vacuum dryer. This means that 38.4% of the dif@ds biomassvas

dissolved in the solvenas lipids (triglycerides).About 99.5% ofthe solvent was recovered in the

evaporator and the steam required the evaporatorwas 0.05 t/tinput. In the transesterification reactor,

the methanol and the NaOH requirememtas about 0.21 and 0.02 kg/kg lipids whereas the steam

requirement to provide the heatvas 14.4 kJ/kgnput. The unreacted methanalas recovered in the

evaporator columrwhich hal a steam requirement of 4607 kJ/kgput. The FAME producedaswashed

with warm water (0.001 kg/kgFAME) The mixturewas sent to a decanter where 8@t.%of the stream

was removed from the top as raw biodiesel and further purifiedaidistillation column. Thehermal

energyrequired inthe purification processvas 1668 kJ/kgnput. The heavier mixturavas sent to a

neutralization reactor where HCI in the quantity 0.1 kgifijgut was usedo neutralize the catalyst. ivas

then separated from the heavier component, glycerolthe second decanter. The raw glycersbs

further purified inadistillation column which required 1668 kJ/kgput ofthermal energy

Tablel. Mass and energy assumptions for the lasgeale plant

Equipment ltem Value Source
Pump Wastewater densitykg/mq) 1000 -
Electricity(kWh/m?) 0.1 (Crutchik et al. 2020)
. Electricity us€kWh/m?) 0.1 Crutchik et al. 2020
Mixing tank Retention timefe(h) 40 (Pilot plant )
Anoxic reactor EIectrigity gse(kWh/m*”) 0.1 (Crutchik et al. 2020)
Retention time(h) 24 Pilot plant
Aeration air(m*m?3) 1.1 (Henze et al. 2008)
Aerobic reactor Electr?c?ty mixinngh/m3) 0.1 (Crutchik et al. 2020)
Electricity aerationtkWh/kgQ) 1 (Crutchik et al. 2020)
Retention time(h) 24 Pilot plant
: Sludge to anoxic reactdwt.%) 90%  Assumption
Centrifuge 1 Electricity usdkWh/m?) 1.9 (CrutchriJk et al. 2020)
Storage tank Retention time(h) 168  Assumption
Dryer Der.15ity(kg/m 3 1000  Assumption
Moisture losgwt.%) 80%  (Chen et al. 2018)

12
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Electricity(kWwh/m?) 200  (Aquadest 2021)
Driedlipids biomasg% of inpuj 15%
Solvent (C:M 2:1) (% of inpu} 85%
Chloroform(% of solvent 67%
Chloroform densitytkg/m?®) 1490
Chloroform specific hedgkJ/kgK) 11
Methanol (% of solvent 0.3 (Chen etal. 2018)
Lipid extraction Methanol density(kg/m?) 792
Methanol specific heakJ/kgK) 3.6
Solvent densitykg/m?) 1257
Solvent specific hedkJ/kgK) 1.9
Electricity(kW/m?) 0.01  (Crutchik et al. 2020)
Extraction time(h) 1 (Olkiewicz et al. 2014)
Temperature(°Q 90 Assumption
Centrifuge 2 Residual biomag86 of dried lipids 61.6% (Chen etal. 2018)
9 Electricity us€kWh/m?) 1.9 (Crutchik et al. 2020)
Lipids out(% of dried lipids 38%
Solvent recoverywt.% 99.5% (Chen etal. 2018)
[ kJ/k 4607
oo e TN o
Steam pressuréar) 3.24 (Gholami, Pourfayaz, and Maleki 20z
Steam latent enthalpy (kJ/kQ) 2,127
Methanol (kg/kgHipids) 0.21
Transesterification NaOH(Kkg/kg-lipids) 0.02 (Chen et al. 2018)
reactor Lipids conversiofwt.%) 99%
Steam requirementkJ/kginput) 14.4  (Gholami, Pourfayaz, and Maleki 20z
Recovered methandkg/kginput) 0.09
Evaporator 2 Mixture (kg/kginput) 0.91 (Chen et al. 2018)
Steamrequirement(kJ/kg 4607  (Gholami, Pourfayaz, and Maleki 20z
Water wash Warm water (5C°C)(kg/kginput) 0.001 (Chenetal. 2018)
Raw biodiese% of inpuj 88%
Decanter 1 Mixture to neutralization% of inpuj 12% (Chen et al. 2018)
Biodiesebut (% of inpuj 99.96%
Distillation 1 Vapor out(% of inpuj 0.001 (Chen et al. 2018)
Steam requiremengkJ/kginput) 1668 (Gholami, Pourfayaz, and Maleki 20z
Hydrochloric acigkg/kg-input 0.1
Neutralization Y . . g 93 pub (Chen et al. 2018)
reactor Density of mixturgkg/m?) 1260
Electricity mixindkWh/m?) 0.1 (Crutchik et al. 2020)
Sodium chlorid€% of inpuy 19%
Decanter 2 Raw glycerof%é of inpuj 81% (Chen et al. 2018)
Distillation 2 Glycerol out(% ofinput) 79%  (Chen et al. 2018)

13
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Vapor out(% of inpuj 21%
Steamrequirement(kJ/kginput) 1668 (Gholami, Pourfayaz, and Maleki 20z

2.5.  Economic analysis

To check whether the process is economically feasible andviloathwhile of investigating from an
investors point of view the mass and energy balance calculations are directly coupled with the economic
analysis. The economic analysis should give a clear idea of the capital expenditures (CAPEX) and
operational expeniures (OPEX) of the technology. The combination of both provides the total production
costand can be translated into the minimum selling price (M&Paddition, the revenues are calculated
by using the assumed market prices in this studging this iformation, the net present value (NPV),
internal rate of return (IRR), and discounted payback period (DR&B)Xalculated.

Equipment costsvere obtained from thepartners, theliterature, and/or quoted by the vendors for a
certain cost basis. This basis may be a land area, capacity in terms of volume catfipwperating
pressure, etc. When the values used in the analysis differ from these cost bases, those equipment prices
needtobe ®F ft SR (G2 NBTESOG GKS ySg RIGlI o -hF Bl KSNIKR R E 2
mainly used for an ordeof-magnitude estimation. The rule relates the fixed capital investment cost of a
new process to the fixed capital investment cost cfirmilar previously constructed plant with a known
capacity by an exponential ratio relying on the nonlinear relationship between plant capacity and plant
cost. This is done using equation [1] by applying a scaling exponential specific to each equlpment
investment costgor the plantwere obtained from the literature or the vendormsnd are listed for each
equipment inTable2. It is to be noted that the cost of a sequencing batch reactor was assumed for the
anoxic and aerobic tank¥o scale up the plant to larger flowse reference capacities as shownTiable
3 were used The general scaling exponent used iS0.6K Sy OS (i Sy i K NoSidlz §he E

exponents are different for different equipment andedisted inTable2.

6 £ 06QNGQKXE EXROTQNGQE6—— [1

One problem that might arise with the previous method is that the estimates are based on historical
data and that these need to be updated to current prices and economic conditions. The prices that are not
up-to-date can be adjusted using the Chemical B@gjing Plant Cost Indices (CEPCI) according to
equation [2](CEPCI 2011%omething to consider is that this method is accurate for cost estimates based

on data not older than 10 years. If data is older, one needetcareful with using this indebn this report,

14
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the plant lifetime assumed i$5 years and all the costsvere estimated based orthe year 2019or
converted into2019eurosusing the CEPClThe operating hours for the plamtere assumedo be 8000
h/y. It was expected that withthe startup, therewould certainly beseveralthings that wouldneed
adjustment The process, howevesias developed to run continuously but for such a new technology and
new design the actual running hoursvould be different. Therefore, the assumption in the current

assessment seems valid.
01 Qi Regidvdi QQUAE Ho—— [2]

The capital coste/ere annualized usinghe equation [3]. The formula for the weighted average cost
of capital (WACC) is described in equation [4]. The WACC is the average cost of capital, taking into account
the different sources of capital that a firm usés.this report a WACC of.1%was assumedrhis values
is based on equity ratio = 20%, debt ratio = 80%, discount rate = 7.84%, tax rate = 29.58% (Belgium), and

interest rate = 4.5%.

d& & o QWA B 3]
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The NP\indicatesthe profitability of the technology using equation [5], whélres the life span of the
investment,CF isthe difference between revenues and costs in yeds is the initial investment in year
0, andi is the discount rate. A technology is consideiiateresting when the NPV is positijeevy and
Sarnat 1994)The NPV compares the amowfitmoney invested in a project today to the present value of
the future cash receipts from the investment. In other words, the amount invested is compared to the
future cash amounts after they are discounted by a specified rate of return (i.e. discoeht Tae NPV
considers the investment today and the revenues and expenses from each year of the lifetime of a project.
The riskier an investment, the higher the estimated discount rate must be. Typical discount rates are (i)
10% for cost improvement of coemtional technologies, (i) 15% for the expansion of conventional
technologies, (iii) 20% for product development, and (iv) 30% for speculative veiMareken 2004)
However, in most articles discount rate of 1415%was opted in combination with a life span of-16-

20years.
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Other popular measures for evaluating whether an investment is financially worthwhile are the DPBP
and the IRR. The payback period is defined agptint in time when the initial investment is paid back by
the net incoming cash flows, but it has the disadvantage of not taking into account the time value of
money. Therefore, one can use the DPBP that does take into account the time value of menBy.Bh
can be calculated usirthe equation [6]. In the equatioHs the difference between revenues and costs,
i is the discount rate antp is the initial investment cost. The shorter the DPBP the more attractive the
investment is. The IRR is the dignbrate at which the NPV is zero. It thus equates the present value of
the future cash flows of an investment with the initial investment and provides the effective interest rate
being earned on a project after taking into consideration the time peridasnithe various cash amounts
are flowing in or out. For an IRR to be attractive for an investor it must be higher than the return rate that
can be generated ilower-risk markets or investments than the project, e.g. saving the investment money
in a bank o investing in safe, lowisk bonds. Because the IRR is a percentage, it can only be used as a
decision rule for selecting projects when there is only one alternative to a status quo and should certainly
not be used to select one project from a group oftoally exclusive projects that differ in si@@oardman
et al. 2006) Therefore, when one has to choose between more than one technology or process (i.e.

alternatives), the NPV ranking is mostly preferred over the IRR raflong and Savage 1955)

(6]

The performance indicator for this economic assessment is chosen dsottieselminimum selling
price (MSP)TheMSP is the total production cqsncluding annualized CAPEX and OPEX, per amount of
product. The formula for the calculation of the MSPrisvided inthe equation[7].

0 YO o 7]

Table2. Equipmentcost and operating labor assumptions

Plantequipment / I LIA G £ Scalefactor Personnel (per shift)
Pump 1,333 0.67 0.1
Mixing tank 55,147 0.57 0.2

16



Anoxicreactor
Aerobicreactor
Centrifuge
Storage tank
Dryer

Extraction reactor

Evaporator

Transesterification reactor

Water wash
Decanter

Distillation column

Neuralization reactor

263,947
263,947
235,000
128
180,000
105432
74,520
278,760
105,432
30,377
164,772
22,724

0.78
0.78
0.6
0.57
0.6
0.78
0.78
0.53
0.78
0.6
0.78
053
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0.5
0.5
0.35
0.2
0.5
0.35
0.35
0.5
0.35
0.35
0.35
05

Table3. Biodieseplant equipmentand reference capacity

Plant equipment Type Reference capacity Source
Pump Centrifugal 10m?h (Axflow 2017)
Mixing tank Polyester buffer tank 60 m3/d (VITO 2010b)
Anoxicreactor Squencing batch 30m%d (VITO 2010a)
Aerobicreactor Squertingbatch 30m%d (VITO 2010a)
Centrifuge Continuous 4m3h (Evodos 2019)
Storage tank Horizontal vessel 1.1m?3 (Mudliar et al. 2008)
Dryer Vacuum evaporator 0.13m%h (Aquadest 2021)
Extractionreactor Column 6705 kg/h
Evaporator Distillation column 8122 kg/h
Transesterification reactor Heated 8122 kg/h

(Gholami, Pourfayaz
Water wash Column 6705 kg/h _
Decanter Separator 6705 kg/h and Maleld 2021)
Distillation column Distillation column 6659 kg/h
Neutralization reactor Agitated 772 kg/h
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Table4 lists the assumptions used for estimating tbegpitaland operating and maintenancO&M)
costs.The economic life of the plant is assumed as 15 years and all the values are presentecein@819
The equipment costs obtained from the literature and the vendors are increased by 96% of the purchase
cost to account for the installation and other costs (piping, instrumentation, electrical, engineering costs,
civil works, and startip). For laborestimation,the number of personnel required per equipment per shift
is estimatedusingthe methodologyby Peter and Timmerhau®eters, Timmerhaus, and West 200R)e
personnel per shiftvere taken fromthe samereference andarelisted inTable2. An average labavage
rate of €31.2/h was assumed for plant operators and maintenance workers in Eutbg@®stat - Data
9 E LJ 2 NB Ni& assumpiigns used for estimatiihg overall labor costs artie labor burden(30% of
base labor)overhead charge rat@25% of total labor)insuranceg(1% of CAPEX(rutchik et al. 2020and
maintenance(2% of CAPEX§or scaling labor requirement along with the plant scalscaling exponent
of 0.25 was assumed bed on the recommendations givday Peter et al(Peters, Timmerhaus, and West
2003) Furthermore, the variabl©&M costsfor the electricity, steanwater, solvenfandchemicalsvere

estimated based on the unit prices giverTiable4.

Sincea part of thewastewater is directed towardsbiodiesel production, thex would be savings in
energy personnel,and sludge disposal costs. BeeOPEX savingsn offset some of thebiodiesel
productioncoststo some extat. However, tiese savings are expected to be small arelnot considered
in the current assessment. Maoger, these savings are ngresentwhen a standlone production fant

is built for lipids accumulation and biodiesel production.

Table4. Generalkapital (CAPEXNd operational cost (OPEx§sumptions

Item Unit Value
Plant lifetime y 15

Base year - 2019
Piping % CAPEX 15%
InstrumentatioriElectrical % CAPEX 25%
Engineering costs % CAPEX 10%
Civil works % CAPEX 34%
Startup % CAPEX 12%
Operating hours hly 8000
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Insurance %CAPEX 1%
Labor wage ratébase labor) €/h 31.2
Laborburden %base labor 30%
Overhead charge rate %total labor 25%
Maintenance &bor YCAPEX 2%
Electricity ekaz K 93
Steam € ki 24.6
Warmwater (50 °C) € K3 1.2
Chloroform € kg 0.61
Methanol ekil3 0.39
Sodium hydroxide ekl3 0.39
Hydrochloric acid ekl3 0.03

2.6.  Sensitivity analysis

As the values used for the calculatiowsre uncertain, a sensitivity analysisvas performed. The
prediction of the valuesvas often based on literature and checked with expert opinion. The values are
therefore deterministic rather than stochastic. A Mort@Garlo simulation (5000 trialsyas performed to
identify the parameters thahad the highest influence on economic feasibility. Within this analysis, the
variables (technical as well as economigye varied following a triangular distributionver specified
ranges depending on the variabl€he goal of this kind of quick scan is to determine the parameters that
have the highest impact on the variance of MSP. The analysis searches for the parameters that should be
investigated in more detail. For tee parametersa local sensitivity using whitanalysisvas performed

to see how changes in these parameters influence the economic feasibility.
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Chapter 3. Resultsand discussion

In this chapterthe resultsof each step of the techreconomic assessmenf a largescale plantare
described Firstly, the results for the base casghen biodiesel is producedre discussedin the next
section,the outcomes froma sensitivity analysiare presented wher¢he key parameters that affect the
biodiesel MSRre identified

3.1.  Production ofbiodiesel
3.1.1. Mass and Energpalances

The mass and energy balances of ldrge scalebiodiesel productiorplant areillustratedin Figure4.
Themass balance until the centrifuge is based onphiet plantdata and wagprovided bythe University
of LuxembourdUniLuy. The energyequirement for pumping and mixing in these prosesepsvastaken
from the literature. The mass and energy balancetii@ rest of theplant (starting fromthe dryer) was
also developed based on the literature data. The plaas designed for a wastewater flow of 206/m
whichwas pumped into a mixing tank fereatinghomogeneity. The outlet of the mixing tamkas pumped
into the anoxictank where the lipidswere accumulatedy the microorganismsHere, most of theipids
biomass(117.8m%h) from the centrifugewas recirculatedo keep the biomass balance in thenks The
outlet of the anoxidank (317.8 ni/h) was pumped into an aerobi@ank where the growth of the lipids
accumulating bacteriavas aided by aeration. Thipids biomassfrom the aerobictank outlet was
dewateredusinga centrifuge. About 186.9 #h of effluentwas separated and sent to the STP for further
treatment. Only 10% of the lipids biomass which correspond$3d n¥/h was sent to a vacuum dryer
while the restwas recirculated to the anoxiank to maintan the microorganism balancén the dryer,
10.5 t/hof waterwas removed as vapor (80% of the moisture) ardlt/h ofthe driedlipids biomassvas
forwarded to an extraction reactoChloroform and methanomixture wasused asa solvent andwere
requiredin the quantitiesof 11.7 and 3.1 t/h, respectivelyn the extraction process, the lipidgere
recovered from the microorganisms by breaking their cell wall. The Jigsolventwas separated from
1.6 t/h of residual biomass in a centrifuge (not shawthe figure).About 14.7 t/h ofthe solvent mixture
was recoveredrom the evaporatomwith a loss of just 0.1 t/h. The amount of the triglycerides obtained
was ~1 t/h andwas sent to the transesterification reactor. Methanol and Na®éte supplied to this
reactor in the quantitie®f 0.2 t/h and 0.02 t/h, respectively. The outlet mixture (1.1 tAgs further sent
for separation and purification. A single block is useithe figureto combine the processes of separation,

purification, and neutralization. For neutralizing ti¢aOH ~0.02 t/h of HCivas consumed to form NacCl
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The producs obtainedwere biodiesel, glyceroland NaCl in the quantitiesf 1 t/h, 0.1 t/h, and 0.03 t/h,

respectively.
117.8 m3/h
Wastewater Lipids biomass Lipids biomass
Wastewater 3
200 m¥/h / v m?/
Mixing tank Anoxic tank ~ | Aerobic tank Centrifuge
' 0.02 MW 0.03 MW 0.13 MW 0.6 MW
Electricity (MW)
Steam (t/h)
13.1 mé/h
Biodiesel HC Viethanol  NaOH Chloroform  Methanol ¥
1.0t/h 0.02t/h ethano @
0.2t/h 0.02t/h 11.7t/h  3.1t/h Effluent
) 186.9 m3/h
Mixture Triglycerides
— - 1.1t/h 1.0t/h Dried biomass |
Distillation & ‘ - - 2.6t/h
. . . Transesterification | Extraction . Vacuum Dryer
Purification ) 2.7t/h 0.03 MW/1.73 t/h 2.1 MW
0.88t/h : . : .
10.5t/h
v
0.1t/h isti
0.1t/h 0.03t/h  0.03t/h / 0.1t/h 14.7t/h 1.6t/h Distillate
Glycerol Nacl Vapor Recovered Methanol Loss Recovered Residual

solvent

solvent

biomass

Figure4. Massand energy balancef biodieselproduction

3.1.2. Economicaanalysis

The economic assessment resutis the base casare discussed in this sectioRigure5 shows the
breakdown of capital costs (CAPEX) and O&M costs (FREX)ebase casgannualized CAPEX and OPEX
weree 5,731,581 | y R7,588580, respectivelyThe major contribution to CAPEX comes fromahexic

(40%) and aerobic tank (40%) since these tanks werefed with large inflows ofwastewater and

recirculatedlipids biomassand thus requird a larger volume.lt is to be noted that these twdanks

constitute 80% of the overall CAPEX. Therefore, a cheaper alternative reactor configuratiprothaes

similar performanceould lower biodiesel production costBhe cost of a sequencing batch reactor (SBR)

is assumed for these tanks as it is known that these reactors can be modified to suit the requirements

(Quan and Gogina 2019 sensitivity analysis was performed in the later section to estimate the effect of

CAPEX on the biodiesel M3e centrifugeand the storage tank constitute about 10% of the overall

CAPEXSincethe sludgewas dewatered in the cenfuge, the volume requiredn the storage tankvas
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relatively bwer. The vacuum dryer alone contribdatabout 6% while the extraction equipment (reactor,
centrifuge and evaporator) and mixing tambout3% and 1%, respectiveljhetransesterification reactor
(0.3%), separation/purification equipment (0.3%) and the pumps (0.2%) have very small contribution to
the overall CAPEX.

The OPEX breakdovimFigure5(b) shows that the largest contributiois from electricity (30%)which
wasmainlyrequired in thedrying process. It consurdebout 69% of the overall electricity consumption.
The steam requirement during the extraction and figedtion processediad a share ofl4%.Thus, a
significant part of the OPEXas due to the energy requirement of the plant (44%). The fixed OPEX
including labor, maintenance, and insurance contriltbt®0%, 12%, and 25% the total OPEX
respectively Thefinal 10% of OPEX contributiamame from solvents and chemicals required in the

process.

Figureb. Biodieseproduction (a) Capital cost and (b) Operating cost breakdown

The overall breakdown dfiodieselMSPor the production cost is shown Figure6. ThebiodieseIMSP
SaGAYIFGSR Ay (LEWky biddigsahBnickishighérithaki K Se Y N) SG Law&k OS den
the pricesreported in the literature(see Table5). The production costs using sewage sludge as the
feedstock arerepddi SR (i 2 @oRpafédvith the liteBatbrestudies in which other feedstocks were
used,the production cost estimated in the current assessmismélativelyhigher. A complete comparison
cannot be made since thestudies did not provide details aine economic assessment methodology
used and thus the results cannot be verifidfioreover, these studies wemmainlybased on the regions

outside Europe and it is expected that the cost estimations will differ consider@bl.commercial
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