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Py rol y sis can lower the en vi ron men tal im pacts and im prove re source uti li za tion. A
multi-stage com pre hen sive as sess ment model was de vel oped to as sess the eco -
nomic fea si bil ity of sludge py rol y sis. The in di ca tor of gross pro cess yield was used
to eval u ate the en ergy con ver sion ef fi ciency of the dif fer ent path ways. A com pre -
hen sive techno-eco nomic anal y sis  was used to quan tify the tech ni cal and eco nomic 
per for mance of the path way through uni form mon e tary mea sure ment stan dards.
Sen si tiv ity anal y sis was used to de ter mine the un cer tainty and risk. The path way
with the high est gross pro cess yield was se lected to as sess the fea si bil ity us ing com -
pre hen sive techno-eco nomic anal y sis con sid er ing dif fer ent value. The es ti mated
break even sell ing price of bio-oil was very close to the av er age crude oil of re cent
five years when con sid er ing eco nomic, so cial, and en vi ron men tal value. The main
key fac tors af fect ing the eco nom ics of sys tem were crude oil price, bio-oil lower
heat ing value, bio-oil yield, and en ergy con sump tion of the py rol y sis pro cess.

Key words: multi-stage com pre hen sive as sess ment, en ergy con ver sion ef fi ciency,
techno-eco nomic anal y sis, sen si tiv ity anal y sis, sludge, py rol y sis

In tro duc tion

Due to rapid in crease in the world pop u la tion and in dus tri al iza tion, the safe dis posal of 
sew age sludge (biosolids) has raised in creas ing con cerns. Many re search ers have fo cused on the 
en ergy and nu tri ents re cov ery from sew age sludge. Cur rently, an aer o bic di ges tion, in cin er a tion, 
gasi fi ca tion, and py rol y sis are main sludge-to-en ergy man age ment tech nol ogy [1]. The com par -
a tive as sess ment of these tech nol o gies showed py rol y sis seemed to be the op ti mal treat ment
tech nol ogy be cause it was help ful for the en ergy sav ings and high-value added ma te ri als pro -
duc tion [2]. More over, py rol y sis can min i mize the vol ume of sludge [3], re lease less harm ful
gases, and im mo bi lize met als in sta bi lized res i due termed as bio-char [4]. Many lit er a tures have
stud ied dif fer ent re ac tors, op ti mized tem per a tures and cat a lyst in flu ences on py rol y sis of sew -
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age sludge [5, 6]. Some re search ers are try ing to de velop more eco nomic and ef fi cient mi cro -
wave-as sisted py rol y sis (MAP) unit [7]. 

Cur rent stud ies on eco nomic fea si bil ity of sludge py rol y sis, how ever, are lim ited. The
re sults of Kim and Parker [8] showed the eco nomic val ues of the oil pro duced from pri mary and
di gested sludge were es ti mated as 9.9 and 6.9 cent/kg-ds when the value of oil is 32 cent/kg-oil.
The ma jor chal lenge in eco nomic anal y sis is that dif fer ent tech nol o gies have dif fer ent eco -
nomic, so cial and en vi ron men tal per for mances. Anex et al. [9] re ported that cap i tal cost for py -
rol y sis was $200 mil lion to $280 mil lion while for gasi fi ca tion it was $500 mil lion to $610 mil -
lion. Prod uct value of py rol y sis was re ported to be $2.00-$3.00/GGE and for gasi fi ca tion it is
$4.50-$5.0/GGE. There fore, in or der to cor rectly un der stand and eval u ate a cer tain tech nol ogy
path way, not only en ergy ef fi ciency, but also cap i tal cost, op er at ing cost and en vi ron men tal im -
pacts, and so cial im pacts should be con sid ered at the same time. Karagiannidis and Perkoulidis
[10] used four cri te ria in clud ing GHG emis sions, en ergy re cov ered, ma te rial re cov ered and op -
er at ing cost and de ci sion sup port method to an a lyze dif fer ent tech nol o gies in an aer o bic di ges -
tion sludge. Ten cri te ria [11] or six cri te ria [12] were em ployed to as sess the sustainability of the
tech nol o gies for the treat ment of ur ban sludge. 

How ever, there is no uni form stan dard for se lect ing the cri te ria and in dex. What is
more, it is dif fi culty in de ter min ing the weights of the multi-cri te ria when in te grated eval u a tion
is ap plied. In many sit u a tions, var i ous as pects for anal y sis are re lated. For ex am ple, tech nol ogy
de vel op ment will af fect eco nomic per for mance (i. e. re duc ing the run ning cost and in creas ing
the profit), en vi ron men tal im pact (i. e. mit i gat ing CO2 emis sion and de creas ing oc cu pied land),
and also so cial ac cept abil ity (i. e. in creas ing va can cies and so cial ben e fits) [13]. There fore, in
or der to help the de ci sion-mak ers to make the cor rect de ci sion, new method of com pre hen sive
as sess ing eco nomic, en vi ron men tal and so cial as pects should be de vel oped for as sess ing the
tech nol o gies of treat ing ur ban sew age sludge.

Model de vel op ment

Multi-stage com pre hen sive as sess ment model

In or der to com pre hen sively as sess fea si ble of the tech nol o gies, a multi-stage com pre -
hen sive as sess ment model, gross pro cess yield + techno-eco nomic anal y sis + sen si tiv ity anal y -
sis (GPY + TEA + SA) was de vel oped con sid er ing dif fer ent tech nol o gies with dif fer ent eco -
nomic, en vi ron men tal and so cial per for mances.

Firstly, the in di ca tor of GPY was used to eval u ate the en ergy con ver sion ef fi ciency of
the dif fer ent path ways. The GPY is de fined as the ra tio of the re cov er able en ergy (en ergy con tent
in the tar get prod ucts e. g. bio-oil, bio-char, and bio-gas) to the en ergy in put (in clud ing en ergy in -
put in dry ing and py rol y sis). Big ger value in di cates more fea si ble pro cess.

Sec ondly, com pre hen sive TEA was used to quan tify the tech ni cal and eco nomic per -
for mance of a path way con sid er ing eco nomic im pacts, en vi ron men tal im pacts and so cial im -
pacts. The up dated net pres ent value (UNPV) and up dated in ter nal rate of re turn (UIRR) were
de vel oped to as sess com pre hen sively the tech nol o gies from the per spec tive of in cre men tal in -
vest ment, in which the cap i tal cost, op er at ing costs and all kinds of rev e nues in clud ing eco -
nomic ben e fits, en vi ron men tal ben e fits and so cial ben e fits of the pro ject were cal cu lated
through uni form mon e tary mea sure ment stan dards.

UNPV Initial investment=
- +

-
-

R
i

i

n1 1( )
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where R is the net cash in flow ex pect to be re ceived each pe riod, i – the re quired rate of re turn
per pe riod, and n – the num ber of pe ri ods dur ing which the pro ject is op er ated and ex pected to
gen er ate cash in flows. 

When con sid er ing eco nomic value, 

R = - + + -Bio oil income Biogas income P fertilizer income Op– erating cost Depreciation+ (1)

When con sid er ing eco nomic value, so cial value and en vi ron men tal value.

R = + + +(1) Carbon credit fee Sludge disposal saving cost Energy safety cost saving (2)

The UIRR is cal cu lated us ing the UNPV for mula by solv ing i if the UNPV equals zero. 
These two eco nomic in di ca tors were cal cu lated based on the cash flows gen er ated by the pro ject 
dur ing its use ful life.

Thirdly, due to the fluc tu a tion of eco nomic pa ram e ters, SA was fol lowed af ter
techno-eco nomic re sults to de ter mine the un cer tainty and risk.

En ergy con ver sion ef fi ciency as sess ment

As sum ing two dry ing path ways (tra di tional and hy dro ther mal dewatering) could be
se lected, and two py rol y sis path ways (MAP and slow py rol y sis) could be se lected, which de -
fined four tech nol ogy path ways. In put en ergy, re cov er able en ergy and GPY of each tech nol ogy
path way were listed in tab. 1. The fourth path way had the high est GPY, and would be se lected to 
as sess the fea si bil ity us ing com pre hen sive TEA.

Com pre hen sive TEA as sess ment

Ba sic pro cess and as sump tions of TEA as sess ment

The path way with the high est GPY was based on the pi lot-scale MAP equip ment in
UMN. The op ti mal op er at ing tem per a ture were 450-500 °C. The yield ra tio of liq uid, char and
gas were 35.75 wt.%, 35.52 wt.%, and 28.73 wt.%. The wa ter con tent of the liq uid was about
42%, cal cu lated lower heat ing value (LHV) of bio-oil was 31.53 MJ/kg, LHV of sew age-char
was 8.64 MJ/kg, and LHV of gas was 9.46 MJm3. The vari able op er at ing cost was elec tric en -
ergy con sump tion of 0.5573 Kwh/kg. 

The case was set as the St. Paul wastewater treat ment Plant (SPWTP) with 250 mil lion
gal lons of wastewater, and around 265 dry tons of sludge daily. Ba sic pro cess for sludge py rol y -
sis sys tem and bound ary for eco nomic anal y sis was shown in fig. 1. The bio-oil up grad ing was
not in cluded in eco nomic anal y sis bound ary be cause cur rent tech nol ogy for up grad ing bio-oil
was not eco nom i cally fea si ble.
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Ta ble 1. En ergy con ver sion ef fi ciency of f teourchnology path ways

Tech nol ogy path way
En ergy
in put

En ergy for
dry ing

En ergy for
py rol y sis

Re cov er able
en ergy

GPY [%]

Ther mal dry ing + py rol y sis 11.044 4.514 a 6.53 c 13.19 e 119.43%

Hy dro ther mal dewatering + py rol y sis 8.647 2.117 b 6.53 13.19 152.54%

Ther mal dry ing + MAP 6.52 4.514 2.006 d 13.15 f 201.69%

Hy dro ther mal dewatering + MAP 4.123 2.117 2.006 13.15 318.94%

En ergy in put [MJ] = en ergy for dry ing + en ergy for py rol y sis
a Cal cu lated value based on the mois ture con tent of sludge and heat of wa ter evap o ra tion
b Cal cu lated value based on the mois ture con tent of sludge and [14]
c, e Cal cu lated value based on [6]
d, f Cal cu lated value based on pi lot data in Uni ver sity of Min ne sota (UMN)



Capodaglio and Callegari [7] be lieve that MAP of sew age sludge could not only ob -
tain gas eous and liq uid fuel pro duc tion, but the ob tained char could be used as P (phos phorus)
fer til ize. There fore, as sum ing bio-oil was sold to a re fin ery fa cil ity, syngas was sold as a heat ing
gas, and biochar was combusted to pro duce heat for the dry ing pro cess and the ash was sold for
phos pho rus fer til izer. In or der to pre vent cor ro sion from bio-oil ac ids, bio-oil stor age equip ment 
must be made of stain less steel ma te rial.

In or der to re duce the un cer tain ties ef fect of equip ment main te nance and the waste
biofuel pro duc tion in dus try, this pro ject was as sumed to op er ate 320 days a year.

Pa ram e ters es ti ma tion meth ods 

– Rev e nue es ti ma tion 
As sum ing bio-oil and crude oil with same LHV had the same price. As sum ing syngas

and na ture gas with the same LHV had the same price.
As sum ing P-rich ash with same phos phate con tent of phos pho rus had the same price.

Phos pho rus (P) in bio-char from py rol y sis of sew age sludge was 53 g/L. The in come tax rate
was as sumed at 35%.

The to tal car bon cred its were the sum of car bon re moval cred its mi nus car bon emis sions
dur ing waste-based biofuel pro duc tion [15]. The sav ing of sludge dis posal was not con sid ered be -
cause there was no sig nif i cant re duc tion on the sludge dis posal be tween in cin er a tion and py rol y sis. 

En ergy safety cost sav ing was one of so cial value. Based on data of U.S. Stra te gic Pe -
tro leum Re serve, hold ing in ven tory costs were ap prox i mately $0.5-$1.5 a bar rel, as sum ing $1a
bar rel.

Main sources of rev e nue and their qual i fy ing amounts rel a tive to the ca pac ity of the
SPWTP were iden ti fied in tab. 2.

– Ini tial in vest ment es ti ma tion

Sludge to bio-oil need hy dro ther mal dewatering and py rol y sis sys tem, which were es -
ti mated based on the ex per i men tal scale sys tem and the pi lot scale sys tem and ad justed to the
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Figure 1. Process schematic for sludge pyrolysis system and boundary for economic analysis



full ca pac ity lev els. There fore, the scaled up hy dro ther mal dewatering and py rol y sis sys tem in -
vest ment were around $7.83 mil lion and $20.61 mil lion. Ini tial in vest ment es ti ma tion rel a tive to 
the ca pac ity of the SPWTP was shown in tab. 3.

– Op er at ing cost es ti ma tion

Op er at ing cost mainly in cluded ma te rial, power, la bor, main te nance, in sur ance, and
taxes. Due to ma te ri als was sludge, ma te ri als cost equaled zero. Power was vari able op er at ing
costs, and oth ers were fixed op er at ing costs. The per son nel em ployed in cluded four op er a tors and
one man ager. The av er age sal ary was se lected based on gross an nual in comes in the Min ne sota in -
dus try. Op er at ing cost es ti ma tion rel a tive to the ca pac ity of the SPWTP was shown in tab. 4.
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Ta ble 2. Rev e nue es ti mates for sludge py rol y sis pro duc tion sys tem

Items Amount Ex pla na tion

1
Car bon re moval

cred its from
die sel re placed

46.168.222
3.58 kg CO2 eq./kg die sel × 265 tons/day × 35.75% × (1-42%)

× 31.53/43 × 1000 kg/ton × 320 day year

2
Emis sions from

elec tric ity
con sump tion

19.896.055
0.421 kg CO2 eq./kWh × 0.557 kWhkg–1 ×

265 ton ×1000 kg/ton × 320 day/year

3 Car bon credit 262.722 (1-2)/1000×$10/ton

4 Bio-oil value 94.506X
265 tons /day × 35.75% × (1-42%)×31.53/43

(LHV ra tio) × $X /bbl × 7.33 bbl/ton × 320d ay/year

5 P-fer til izer 1.009.630
265 tons × 35.52% × 1000L/ton × 53g/L/17.5% (P Rock

con ver sion)/1000,000,000 × $110/tons × 320day/year

6 Syngas in come 1.258.300
265 tons/day × 28.73% × 9.5/35.5(LHV ra tio) × 

´ 193$/ton × 320 day/year

7
En ergy safety

cost sav ing
94.506

265 tons/day × 35.75% × (1-42%) × 31.53/43 (LHV ra tio) × $1/bbl ×
´ 7.33 bbl/ton × 320 day/year

Ta ble 3. Cap i tal cost es ti mates for sludge py rol y sis pro duc tion sys tem

Items Amount ($) Ex pla na tion

Py rol y sis sys tem 20.611.111 Es ti ma tion, scale coeffience 0.35

Hy dro ther mal 7.832.222 Es ti ma tion, scale coeffience 0.35

Green house 1.030.556 5% of py rol y sis sys tem costs

Other equip ment-pulverizer, stor age 618.333 3% of py rol y sis sys tem cost

To tal in stalled cost (TIC) 30.092.222 Sum of above

Field ex penses 3.009.222 10% of TIC

Home of fice and con struc tion fee 4.513.833 15% of TIC

Pro ject con tin gency 902.766 3% of TIC

To tal cap i tal in vest ment (TCI) 38.518.044 Sum of above

Other costs 1.155.541 3% of TCI

To tal pro ject in vest ment (TPI) 39.673.586 Sum of above



Sen si tiv ity anal y sis method

The SA was used to eval u ate the un cer tainty of sludge to bio-oil pro duc tion sys tem.
The pa ram e ters in ves ti gated were crude oil price, car bon credit price, syngas price, P-fer til ize
price, py rol y sis in vest, hy dro ther mal in vest, bio-oil LHV, bio-oil yield, and power con sump tion
for py rol y sis.

Re sults and dis cus sion

The TEA re sult con sid er ing eco nomic value 

In or der to re move the im pact of short-term price change, four av er age crude oil equiv -
a lent prices, that was 48 months from July 2013 to June 2017 ($67.11), 60 months from July
2012 to June 2017 ($74.14), 24 months from Sept. 2013 to Aug. 2015 ($80.43), 36 months from
Sept. 2012 to Aug. 2015 ($85.15) were se lected.

When con sid er ing eco nomic value, cash flows can be cal cu lated by us ing eq. (1). The
UIRR of sys tem were cal cu lated as 5.62%, 7.92%, 9.85%, and 11.23% re spec tively, which
dem on strated that the al ter na tive crude oil price had an im por tant ef fect on eco nomic fea si bil ity.

Tak ing i = 10%, when UNPV = 0, the es ti mated break even sell ing price of biofuel was 
$80.95 /bbl, or $1.93/gal lon, or $0.52/L, which dem on strated that the MAP of sludge was not
eco nomic fea si ble when al ter na tive crude oil price be low $80.95 /bbl. How ever, crude oil av er -
age price was be low $80.95 /bbl in re cent years, which showed the MAP of sludge was not eco -
nomic fea si ble at pres ent.

The TEA re sult con sid er ing eco nomic value and en vi ron men tal value

When car bon credit value was con sid ered, cash flows can be cal cu lated by us ing eq.
(2). The UIRR of sys tem were cal cu lated as 6.55%, 8.79%, 10.67%, and 12.03%, re spec tively.
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Ta ble 4. Op er at ing cost es ti mates for sludge py rol y sis pro duc tion sys tem

Items Amount ($/yr) Ex pla na tion

Dry ing sludge Char heat ing

Elec tric ity for py rol y sis 3.643.672
0.557 kwh/kg × 265 tons/day × 1000 kg/ton × 320 day/year 

× $0.077/kwh

To tal vari able op er a tion cost
(TVOC)

3.643.672 Sum of above

Man ager sal ary 100.000 1 per son

Shift op er a tors sal ary 160.000 4 per sons, 8 hr shift/day, av er age sal ary $40,000/pear year

To tal sal a ries 260.000 Sum of above two items

Over head 130.000 50% to tal sal ary

Depiation 1.504.611 TIC/20

Maintenancerec 601.845 2% of TIC

In sur ance and taxes 601.845 2% of TIC

To tal fixed op er at ing costs
(TFOC)

3.098.300 Sum of above

To tal op er at ing costs 6.741.972 TVOC + TFOC

An nual de pre ci a tion = (cost of as set – sal vage value)/es ti mate use ful life, as sum ing sal vage value is zero,
es ti mate use ful life is 20 years



Tak ing i = 10%, when UNPV = 0, the es ti mated break even sell ing price of biofuel was $78.15
/bbl, or $1.86/gal lon, or $0.50/L, which was very close to the av er age price of crude oil in re cent
five years. The MAP of sludge would be eco nomic fea si ble and prof it able pro ject if other en vi -
ron men tal and so cial value, such as sav ing of sludge dis posal and less emis sion of harm ful gases 
were cal cu lated. 

As sum ing the crude oil price of $74.14 and $80.43, if P-rich char had not been used as
P-fer til izer in the sys tem, the UIRR would be 5.39% and 7.49%. If syngas had not been sold in
the sys tem, the UIRR would be 4.49% and 6.58%. If car bon credit had not been cal cu lated in the
sys tem, the UIRR would be 7.92% and 9.85% fig. 2(a). These dif fer ent UIRR re sults dem on -
strated co-prod ucts uti li za tion and the op ti mi za tion de sign of in te grated sys tem had an im por -
tant im pact on eco nomic fea si bil ity of sludge py rol y sis sys tem.

The TEA re sult con sid er ing eco nomic value, so cial value and en vi ron men tal value

When en ergy safety cost sav ing was also con sid ered, cash flows can be cal cu lated by
us ing eq. (2). The UIRR of sys tem were cal cu lated as 6.88%, 9.09%, 10.96%, and 12.31%, re -
spec tively. Tak ing i = 10%, when UNPV=0, the es ti mated break even sell ing price of biofuel
was $77.15 /bbl, which was much closer to the av er age price of crude oil in re cent five years.
There fore, it can be con cluded the pro ject would be eco nomic fea si ble if all value of eco nomic,
so cial and en vi ron men tal fac tors were con sid ered.

Sen si tiv ity anal y sis re sult

The SA re sult of sludge py rol y sis pro duc tion sys tem was shown in fig. 3. It can be
found that the main sen si tive fac tors of the sys tem were crude oil price, sludge oil LHV, bio-oil
yield ra tio, en ergy con sump tion for py rol y sis. 

Key fac tors im prove ment had im por tant im pact on UIRR. For in stance, up grad ing the
py rol y sis equip ment to re duce in vest ment and im prov ing pro duc tiv ity would im pact on UIRR,
figs. 2(b) and 2(c). It can be found that im prov ing bio-oil yield ra tio had more im pact on UIRR
than re duc ing py rol y sis equip ment in vest ment. There fore, it can be con cluded that more sen si -
tive fac tor has big ger im pact ing on the eco nomic fea si bil ity of sys tem.

Dis cus sion

The es ti mated break even sell ing price of biofuel based on sludge py rol y sis un der dif -
fer ent con di tions ($1.92/gal lon, or $0.51/L; $1.86/gal lon, or $0.50/L; $1.84/gal lon, or $0.49/L)
were very close to the study re sult of Orfield et al. [16] i. e. the cost to pro duce al gal bio-oil
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Fig ure 2. Key fac tors im pact ing on UIRR; (a) the im pact of co-prod ucts uti li za tion, (b) the im pact of
reducing py rol y sis equip ment in vest ment, (c) the im pact of im prov ing pro duc tiv ity.



would need to be less than $0.55/L to be con sid ered vi a ble with a cost of fos sil crude oil of $80
per bar rel. These es ti ma tions were less than centrate-based al gal biofuel pro duc tion ($0.59/L)
[15] which in di cated the sludge py rol y sis based on the MAP sys tem in UMN had cer tain fea si -
bil ity.

There fore, MAP of sludge can not only lower the en vi ron men tal im pact of wastewater
treat ment and pro mote cleaner and more sus tain able trans por ta tion fuel al ter na tives, also has
eco nomic fea si ble when con sid er ing eco nomic, so cial and en vi ron men tal value. Cer tainly, due
to the dif fer ence of source, com po si tion, heat ing value of the sludge and dif fer ent tech nol ogy
pro cess, the eco nomic re sults may dif fer. What is more, there are still some lim i ta tions that af -
fect MAP in dus tri al iza tion: un cer tainty about the de sign and de vel op ment of full-scale mi cro -
wave-as sisted con ver sion unit, and un cer tainty about the ac tual cost of the pro cess. It is worth
point ing out that this study aims at de vel op ing a com pre hen sive as sess ment method for sci en -
tific as sess ment of the tech nol ogy for the treat ment of ur ban sew age sludge; thus, the us ers can
change pa ram e ters ac cord ing to the ac tual con di tions.

Con clu sion

Py rol y sis was con sid ered as the op ti mal sludge treat ment tech nol ogy. This study de -
vel oped a com pre hen sive as sess ment method to as sess the eco nomic fea si bil ity of sludge py rol -
y sis. En ergy con ver sion ef fi ciency as sess ment shown the path way with the high est GPY was
based on the pi lot-scale MAP equip ment at the UMN. Fur ther com pre hen sive TEA showed
MAP of sludge had eco nomic fea si bil ity when con sid er ing eco nomic, so cial and en vi ron men tal
value. How ever, the sys tem did not have eco nomic fea si bil ity when en vi ron men tal and so cial
value was not con sid ered at the pres ent crude oil price. The main key fac tors af fect ing the sys -
tem eco nomic fea si bil ity were crude oil price, bio-oil LHV, bio-oil yield ra tio, and en ergy con -
sump tion of the py rol y sis. 
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Figure 3. The SA of sludge pyrolysis production system
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No men cla ture

GGE – gallon of gasoline equivalent
HHV – higher heating value
LGE – liter of gasoline equivalent
NPV – net present value
PV – product value with NPV = 0

   in 20 years and 10% IRR

MACRS – modified accelerated
   cost recovery system

TPI – total project investment
TCI – total capital investment
IRR – internal rate of return


